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SUMMARY

Crystallization is one of the most widely used purification and separation
processes applied in a multitude of industries such as pharmaceuticals,
food & beverages, agriculture, and fine chemicals. However, the initial
step of the crystallization process, nucleation, is still poorly understood
and highly stochastic. As a result, most crystallization processes lack
proper control over the properties of the crystals produced. Among many
techniques for achieving better control over the nucleation process, the
application of non-photochemical laser induced nucleation (NPLIN) has
gathered significant interest. This is because of its potential to improve
product quality in crystallization processes by directly controlling the nu-
cleation rate, both spatially and temporally. Additionally, NPLIN can in-
duce crystallization in solutions that would otherwise take a long time to
nucleate, offering a unique advantage over traditional methods. How-
ever, despite its promising capabilities, NPLIN is not widely used in prac-
tice yet. The fundamental mechanism behind NPLIN is not fully under-
stood, making it unclear how it should be applied effectively in practice
and for which systems NPLIN could be beneficial.

This Ph.D. project aims to delve into the fundamental mechanisms
of NPLIN, by examining how specific laser and solution parameters in-
fluence nucleation kinetics, leveraging innovative experimental setups.
Laser parameters being studied include laser-exposed volume, laser ir-
radiation position, laser intensity and laser wavelength, and solution pa-
rameters include supersaturation levels, solution filtration, and the pres-
ence of impurities or dopants, particularly nanoparticles.

The thesis begins with a comprehensive review of the experimental
and computational literature on NPLIN. It then presents a detailed study
on the effect of the laser-exposed volume and laser irradiation position
on the nucleation probability within partly illuminated supersaturated
aqueous potassium chloride solutions. An increase in the laser-exposed
volume resulted in a higher nucleation probability and a higher number
of crystals per nucleated sample. Furthermore, laser irradiation, partic-
ularly through the air/solution interface, not only enhances nucleation
probability but also influences the formation of different crystal mor-
phologies. These observations are partly explained by the Nanoparticle
Heating mechanism and the Dielectric Polarization model (Chapter 2).

The research then transitions to a microfluidic platform, which allows
for high-throughput and crystallization detection using the deep learn-
ing method. This innovative approach addresses the need for large data
sets in NPLIN research, which has been a significant challenge due to

XVii



XViii Summary

the manual nature of traditional experiments. The study examines the
effects of laser intensity, wavelength, supersaturation, solution filtration,
and intentional doping on nucleation probability in supersaturated potas-
sium chloride solutions. Higher laser intensities and increased supersat-
uration significantly enhance nucleation probabilities. The laser wave-
length effect was only observed for 355 nm at higher laser intensities.
Solution filtration suppresses the NPLIN effect, whereas the addition of
nanoparticles as dopants into the solution not only increases the NPLIN
probabilities but also affects the crystal morphology. The results highlight
the importance of impurities in the solution and support the hypothesis
that nanoparticle or impurity heating could be the key mechanism in un-
derstanding NPLIN (Chapter 3).

The study finally investigated the effects of solution filtration, laser
intensity, and nanoparticle properties including nanoparticle concentra-
tion and material on NPLIN probability in supersaturated aqueous urea
solutions. The study highlights the significant role of impurities in NPLIN,
demonstrating that doping with different nanoparticle materials leads
to varied nucleation probabilities. In particular, gold nanoparticles were
found to enhance nucleation more effectively than silica nanoparticles.
Additionally, it was observed that NPLIN probabilities followed a poisson
distribution to changes in nanoparticle concentration and laser intensity
respectively. The findings in this chapter enhance our understanding of
the critical role of impurities in comprehending the NPLIN mechanism
(Chapter 4).



SAMENVATTING

Kristallisatie is een van de meest gebruikte zuiverings- en scheidingspro-
cessen die wordt toegepast in een groot aantal industrieén, zoals de
farmaceutische industrie, voedingsmiddelen, dranken, landbouw en fijn-
chemicalién. De eerste stap van het kristallisatieproces, kiemvorming, is
echter nog steeds slecht begrepen en zeer stochastisch. Als gevolg hier-
van missen de meeste kristallisatieprocessen een goede controle over de
eigenschappen van de geproduceerde kristallen. Van de vele technieken
om een betere controle over het kiemvormingsproces te bereiken, heeft
de toepassing van niet-fotochemische lasergeinduceerde kiemvorming
(NPLIN) aanzienlijke belangstelling gekregen. Dit komt door het poten-
tieel om de productkwaliteit in kristallisatieprocessen te verbeteren door
de kiemvormingssnelheid rechtstreeks te controleren, zowel ruimtelijk
als tijdelijk. Bovendien kan NPLIN kristallisatie induceren in oplossin-
gen waarvan het anders lang zou duren om te kiemen, wat een uniek
voordeel biedt ten opzichte van traditionele methoden. Ondanks de
veelbelovende mogelijkheden wordt NPLIN in de praktijk echter nog niet
veel gebruikt. Het fundamentele mechanisme achter NPLIN wordt niet
volledig begrepen, waardoor het onduidelijk is hoe het in de praktijk ef-
fectief moet worden toegepast en voor welke systemen NPLIN nuttig zou
kunnen zijn.

Deze Ph.D. Het project heeft tot doel zich te verdiepen in de funda-
mentele mechanismen van NPLIN, door te onderzoeken hoe specifieke
laser- en oplossingsparameters de nucleatiekinetiek beinvloeden, waar-
bij gebruik wordt gemaakt van innovatieve experimentele opstellingen.
Laserparameters die worden bestudeerd omvatten aan de laser bloot-
gesteld volume, laserbestralingspositie, laserintensiteit en lasergolflengte,
en oplossingsparameters omvatten oververzadigingsniveaus, oplossings-
filtratie en de aanwezigheid van onzuiverheden of doteermiddelen, met
name nanodeeltjes.

Het proefschrift begint met een uitgebreid overzicht van de experi-
mentele en computationele literatuur over NPLIN. Vervolgens presen-
teert het een gedetailleerd onderzoek naar het effect van het aan de
laser blootgestelde volume en de laserbestralingspositie op de kans op
kiemvorming in gedeeltelijk verlichte oververzadigde waterige kalium-
chlorideoplossingen. Een toename van het aan de laser blootgestelde
volume resulteerde in een hogere kiemvormingswaarschijnlijkheid en een
groter aantal kristallen per kernhoudend monster. Bovendien vergroot
laserbestraling, vooral via het grensvlak lucht/oplossing, niet alleen de
waarschijnlijkheid van kiemvorming, maar beinvloedt ook de vorming

Xix



XX Samenvatting

van verschillende kristalmorfologieén. Deze waarnemingen worden gedeel-
telijk verklaard door het nanodeeltjesverwarmingsmechanisme en het
diélektrische polarisatiemodel (hoofdstuk 2).

Het onderzoek gaat vervolgens over naar een microfluidisch platform,
dat high-throughput- en kristallisatiedetectie mogelijk maakt met behulp
van de deep learning-methode. Deze innovatieve aanpak komt tege-
moet aan de behoefte aan grote datasets in NPLIN-onderzoek, wat een
aanzienlijke uitdaging is geweest vanwege het handmatige karakter van
traditionele experimenten. De studie onderzoekt de effecten van laser-
intensiteit, golflengte, oververzadiging, oplossingsfiltratie en opzettelijke
doping op de kans op kiemvorming in oververzadigde kaliumchlorideo-
plossingen. Hogere laserintensiteiten en verhoogde oververzadiging ver-
groten de kans op kiemvorming aanzienlijk. Het lasergolflengte-effect
werd alleen waargenomen voor 355 nm bij hogere laserintensiteiten.
Oplossingsfiltratie onderdrukt het NPLIN-effect, terwijl de toevoeging van
nanodeeltjes als doteermiddelen aan de oplossing niet alleen de NPLIN-
kansen vergroot, maar ook de kristalmorfologie beinvioedt. De resul-
taten benadrukken het belang van onzuiverheden in de oplossing en on-
dersteunen de hypothese dat het verwarmen van nanodeeltjes of onzuiv-
erheden het sleutelmechanisme zou kunnen zijn bij het begrijpen van
NPLIN (Hoofdstuk 3).

De studie onderzocht uiteindelijk de effecten van oplossingsfiltratie,
laserintensiteit en eigenschappen van nanodeeltjes, waaronder de con-
centratie en het materiaal van nanodeeltjes, op de NPLIN-waarschijnlijkheid
in oververzadigde waterige ureumoplossingen. De studie benadrukt de
belangrijke rol van onzuiverheden in NPLIN, wat aantoont dat doping
met verschillende nanodeeltjesmaterialen tot uiteenlopende kiemvorm-
ingskansen leidt. In het bijzonder bleken gouden nanodeeltjes de kiemvorm-
ing effectiever te bevorderen dan nanodeeltjes van silica. Bovendien
werd waargenomen dat de NPLIN-kansen een poissonverdeling volgden
op veranderingen in respectievelijk de concentratie van nanodeeltjes en
de laserintensiteit. De bevindingen in dit hoofdstuk vergroten ons begrip
van de cruciale rol van onzuiverheden bij het begrijpen van het NPLIN-
mechanisme (hoofdstuk 4).



INTRODUCTION

Crystallization - how loosely correlated atoms in a solvent arrange
themselves to flawless ordered structures - has long captivated scientists
and engineers alike. It is ubiquitous in nature and industrial practice,
from the production of nanostructured materials, catalysts, organic
electronics, pharmaceuticals, to the formation of teeth and bones [1-4].
Given its ability to separate a compound from a mixture in a single
step while achieving high purity, crystallization is a preferred method in
various industries.

Crystallization consists of two primary phenomena: nucleation and
growth and a number of secondary phenomena including secondary
nucleation, agglomeration and attrition.

1.1. NUCLEATION

Nucleation, also referred to as primary nucleation is the emergence of
an ordered solid structure of solute molecules in the solution[5]. This
phenomenon, termed primary nucleation, occurs without the influence
of pre-existing material. In contrast, secondary nucleation relies on
the presence of existing crystals to initiate further crystal formation.
Primary nucleation can be further classified into two distinct categories:
homogeneous and heterogeneous. Homogeneous nucleation refers
to the spontaneous formation of a crystal nucleus within the bulk
of the solution, entirely independent of external stimuli. Meanwhile,
heterogeneous nucleation occurs in in the vicinity of foreign particles
such as walls of the container, agitator, dust, and impurities, which act
as catalysts for crystal formation [6]. The elimination of such interfaces
is practically unfeasible, thus achieving purely homogeneous nuclei is
only possible at high levels of supersaturation[5].
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Growth & Design 2023 23(5), 3873-3916



The driving force for nucleation is the supersaturation ratio of the
solution and is derived fundamentally from the difference in chemical
potential between the solution and the crystalline phase, state 1 and
state 2, respectively [6].

Ap=py— (1.1)

The chemical potential, u, is a function of temperature, T, and
depends on the standard potential, ug, the activity, a, and the
Boltzmann constant, kg:

U=Uo+ksTIna (1.2)

and hence, the driving force of crystallization in dimensionless form
can be written as

Au a
—=In—=1InS (1.3)
kBT a*
where a* is the activity of a saturated solution and S is the
supersaturation ratio [6]. Assuming an ideal solution, supersaturation
can be directly defined in terms of solute concentration as

S5(M)= (1.4)

cs(T)

Here, ¢ denotes the solute concentration, and cs(T) signifies the
saturation concentration at a given temperature, both measured in g
solute/g solvent, respectively.

To rationalize the primary nucleation process, two models are
proposed. Classical nucleation theory (CNT) and two-step nucleation
theory (TSN) [3, 7]

Classical nucleation theory, widely used due to its analytical simplicity,
explains nucleation as a balance between the tendency to form a new
phase and the energy cost associated with forming a new surface. In
more formal terms, it describes nucleation as a one-step stochastic
process dictated by the Gibbs free energy change for the phase
transformation and the free energy change for the formation of a
surface. Since the free energy change of surface formation and the
free energy change of phase transformation depend differently on the
cluster radius, the total free energy change of cluster formation passes
through a maximum [6]. Nucleation occurs when the pre-nucleated
cluster grows to a critical radius, and surpasses the critical free energy
change of cluster formation, known as the nucleation barrier. The
nucleation rate, a measure of the quantity of stable nuclei generated
per unit volume and unit time, is typically represented by the Arrhenius
reaction rate given by equation 1.5, incorporating pre-exponential factor
and activation energy term.
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(1.5)
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Here, J represents the nucleation rate as a function of supersaturation
(S), interfacial tension (y), molecular volume (v), Boltzmann’s constant
(kg), Temperature (T), and the pre-exponential factor (A).

The pre-exponential term (A) represents the frequency at which nuclei
form without energy barriers. It accounts for both the frequency
of molecular collisions that lead to the formation of stable nuclei
and the availability of suitable sites for nucleation. The exponential
term represents the probability of overcoming the energy barrier for
nucleation at a given temperature. This emphasizes the probabilistic
nature of nucleation, illustrating that not all collisions result in successful
nucleation due to energy considerations. Additionally, the nucleation
rate in Equation 1.5 depends on the operating conditions such as
the temperature, supersaturation and therefore in order to control
nucleation, a precise control over the operating conditions is necessary.

Recently, there has been a shift in the prevailing perspective towards
classical nucleation theory (CNT) as the most acceptable mechanism
for nucleation. Shortcomings of CNT in explaining observations,
particularly in protein crystallization experiments, led to the proposal
of the two-step nucleation model (TSN). TSN assumes that the clusters
of solute molecules have to overcome two barriers one associated
with the density increase of solute molecules between solution and
solid phases, and another arising from the formation of an ordered
crystalline structure necessary for stable nucleus formation[8-11]. The
nucleation rate becomes dependent on the rate-limiting step under
such a multi-step mechanism. Despite these proposed mechanisms,
further development is needed, and a gap remains in the fundamental
understanding of nucleation.

o O o Classical nucleation theories Two-step nucleation mechanisms
(o]

Reaction coordinate Reaction coordinate

Figure 1.1.: Free energy diagrams of the proposed pathways for the
Classical Nucleation Theory (left) and Two-step nucleation theory (right)
[12].




1.1.1. CRYSTAL GROWTH, ATTRITION AND AGGLOMERATION

Thus, crystal growth fundamentally involves the incorporation of solute
molecules from the supersaturated solution into the crystal lattice. The
growth of a crystal is often described by the linear growth rate, which is
defined as a change in length of a certain dimension over time. Various
theories have been proposed to elucidate the process of crystal growth.
It is important to control the supersaturation in the suspension because
high levels of supersaturation can result in rough crystals with surface
imperfections and impurity inclusion in the crystal lattice[6, 13, 14]. In
addition, due to the turbulent conditions in a crystallization process,
crystals collide with each other, with the walls of the crystallizer, and
with the impeller. These collisions will cause attrition, where the
breakage of the crystals into smaller crystals gives rise to new nuclei.
The new nuclei can potentially serve as nucleation sites, and will
compete for the available supersaturation to grow into larger crystals[6].
Agglomeration on the other hand, occurs when multiple crystals stick
together and form a single, larger crystal. Agglomeration is generally
undesirable, as it can detrimentally alter the properties of the crystal
product and often contain impurities due to enclosed mother liquor. [6].

In industrial practice, nucleation and growth often occur in turbulent
conditions in well-stirred vessels. These two fundamental phenomena
are always followed by secondary crystallization phenomena such as
attrition, aggregation, and secondary nucleation - unless the process is
specially designed to suppress these secondary phenomenal[l5]. Nu-
cleation, growth, and these secondary physical phenomena collectively
dictate the crystal quality parameters: crystal size distribution, purity,
polymorphism and morphology, also referred to as the four pillars
of industrial crystallization [1, 2, 15-17]. Controlling these physical
properties is crucial, as characteristics such as solubility and flowability
depend on the attributes of the crystal products. Inadequate control
over crystal size and shape not only compromises the quality but also
impacts downstream processes such as filtration and drying, potentially
leading to significant product loss[18].

1.1.2. NUCLEATION CONTROL : CHALLENGES & ADVANCEMENTS

Primary nucleation is the critical step to control in the crystallization
process for the formation of a crystalline product with desired properties.
It is important to control both the rate of nucleation and the type
of polymorph, as both are strongly dependent on the level of
supersaturation. This control is crucial to avoid an excessive number
of nuclei, as it can lead to broad, undesired size distributions, impurity
inclusions, growth artifacts, or even undesired form of the crystals[1,
6]. However, the process of nucleation is strongly stochastic i.e. it
is very hard to predict when and where the nucleation will happen
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inside the solution volume during the crystallization process. Accurately
determining the nucleation rate poses a challenge. This often relies on
detectable crystals under the assumption that all initiated nuclei will
eventually grow into larger crystals. Furthermore, classical nucleation
theory predicts a homogeneous nucleation rate; however, real-world
observations typically reveal a heterogeneous nucleation rate influenced
by the presence of surfaces and impurities[6].

The inaccessibility of the nucleation time and spatial scales and the
steep dependence of the nucleation rate on supersaturation have made
the control of primary nucleation difficult. Although significant advances
in understanding the mechanism of nucleation from solution have been
made[11l, 19-22], many aspects of the nucleation process, such as
the mechanism of polymorph selection and on-demand spatial-temporal
control, are far from being completely understood. This makes the
deterministic design and scale up of industrial crystallization processes
challenging. To improve and optimize the industrial crystallization
process, a better understanding of the crystallization process on both a
fundamental and molecular level is necessary. Such an understanding
would enable control over the crystal product properties.

A variety of tools and techniques, including molecular simulations,
high-throughput microdevices, spectroscopic methods, aid in under-
standing and characterizing nucleation processes. Molecular simulations
such as Molecular Dynamics (MD) and Monte Carlo (MC) simulations
offer atomic or molecular level insights, predicting nucleation rates and
elucidating factors influencing nucleation[23]. High-throughput microde-
vices, particularly microfluidic platforms, facilitate the rapid screening
of nucleation conditions across thousands of micro-environments to
optimize crystallization parameters[24-26]. Spectroscopic techniques
like Raman spectroscopy, FTIR, and NMR provide real-time molecular
structure and composition monitoring, crucial for observing the early
stages of nucleation[27, 28]. These approaches provide valuable insights
into the nucleation mechanisms and contribute to the development of
strategies for enhancing nucleation control in crystallization processes.

Research on nucleation control aims to improve the prediction and
manipulation of nucleation rates. Seeding, in particular, has obtained
significant attention as a promising alternative method for primary
nucleation. This technique involves introducing pre-existing crystals into
a supersaturated solution, serving as nucleation sites to initiate crystal
growth. Addition of seed crystals under the proper conditions can result
in desired crystal forms with enhanced uniformity and purity[29-32].
Although seeding is used to avoid primary nucleation completely, it
is not without its drawbacks. For seeding to be effective, the seed
crystal must have a purity and structure that matches the desired end
product. Finding or producing such a seed can be difficult, particularly
for complex or new compounds. Moreover, any impurities present in the




seed can lead to defective growth or unwanted inclusions in the final
crystal. Additionally, the timing of seed addition is critical and must be
carefully controlled to coincide with optimal supersaturation levels in
the crystallizer, avoiding excessive secondary nucleation and promoting
desired crystal growth[30].

Innovative methods like attrition based nucleation control, sono-
crystallization, laser induced nucleation are being explored to enhance
primary nucleation control. Attrition based nucleation control involves
the deliberate agitation or abrasion of materials to initiate nucleation.
By subjecting the solution to controlled mechanical forces, such as
stirring or milling, nucleation can be triggered at specific sites. The
effectiveness of attrition-based nucleation control lies in its ability to
create localized regions of high supersaturation or to directly generate
physical imperfections that serve as nucleation sites. For example,
during high-energy ball milling, particles are fractured and broken down,
creating new surfaces and defects that can act as favorable sites for
nucleation. Similarly, vigorous stirring can introduce shear forces that
disrupt the solution’s equilibrium, leading to enhanced supersaturation
and the formation of micro environments conducive to nucleation[1, 6].

Sono-crystallization utilizes ultrasound waves to induce nucleation
events within the solution. The application of ultrasound energy
generates localized cavitation, where alternating compression and
rarefaction of sound waves lead to the formation and collapse of
bubbles.  Although the exact mechanism remains unclear, these
cavitation bubbles act as nucleation sites, facilitating the formation of
nuclei and influencing subsequent crystal growth. This process not only
initiates nucleation but also aids in creating new particles by disrupting
existing crystals through a process known as sonofragmentation[33-35].
However, it is important to acknowledge that both attrition-based
nucleation control and sono-crystallization share a significant drawback:
the processes can lead to the breakage and disruption of larger crystals,
which can detrimentally affect the overall crystal quality[1, 33-35].

In contrast, laser-induced nucleation presents an intriguing method for
controlling nucleation under low supersaturation conditions with precise
spatial and temporal control. Significantly reducing nucleation induction
times in slightly supersaturated solutions, laser-induced nucleation
offers the advantage of being a non-contact method, minimizing the risk
of contamination from equipment surfaces. Moreover, by understanding
and controlling nucleation both temporally and spatially, industrial
crystallization can be revolutionized, by moving from equipment-based
methods to those based on predictive physicochemical design. However,
at this stage, the mechanism behind laser-induced nucleation is not fully
understood[36], thereby presenting an opportunity for research that
could redefine our approach to crystallization processes.

Moving forward, this chapter delves into a more detailed discussion of
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laser-induced nucleation.

1.1.3. LASER INDUCED CRYSTALLIZATION

The light-material interaction experiments which we collectively refer
to as laser-induced crystallization (LIC) have often, but not always,
been conducted by exposing a solution carrying a solute dissolved in
a solvent to a light source of a given wavelength, intensity, exposure
time, and pulse width. The exact experimental details including
experimental geometry (e.g., container geometry, how the beam
interacts with confining surfaces and solution), laser characteristics
(intensity, wavelength, polarization, continuous or pulsed laser, pulse
width), exposure time (ranging between femtoseconds to hours)
and solution characteristics vary considerably across the literature.
Moreover, distinct mechanisms based on molecular effects as well
as continuum approaches have been proposed depending on these
experimental details.
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Figure 1.2.: Laser induced crystallization phenomena. Classification
of non-photochemical laser-induced nucleation (NPLIN), high-intensity
laser-induced nucleation (HILIN), and laser-trapping-induced crystalliza-
tion with optical tweezers (LTIC) based on energy density and laser pulse
width or exposure time in case of continuous lasers used in LTIC.

In the literature, three different methods leveraging light-material
interactions for LIC have evolved as semi-independent research fields.
These methods are namely non-photochemical laser-induced nucleation
(NPLIN), high-intensity laser-induced nucleation (HILIN), and laser-
trapping-induced crystallization with optical tweezers (LTIC-OT), each
varying in energy density and pulse width. Figure 1.2 illustrates efforts
to classify existing LIC literature based on the energy of the light



irradiation and pulse width or exposure time when continuous lasers are
concerned.

In this thesis, we will limit our classification to methods that are
non-photochemical in nature. The term 'non-photochemical’ implies
that the laser beam does not induce any photochemical reaction[37]
and the solution does not absorb light at the irradiated wavelength.
NPLIN involves the use of a nanosecond laser pulse to induce immediate
crystallization in supersaturated solutions. Ordinarily, these solutions
would take several weeks to nucleate without any external intervention
[38].

Non-photochemical Laser Induced Nucleation (NPLIN) represents a
paradigm shift in our approach to crystallization. Unlike traditional
mechanisms that rely on supersaturation, NPLIN acts directly on the
nucleation energy landscape at the molecular level, offering a new
avenue for precise nucleation control. This process has shown promise
in a wide range of compounds, from simple salts to small proteins,
suggesting a broad applicability [25, 39-43].

1.2. NON-PHOTOCHEMICAL LASER-INDUCED NUCLEATION
(NPLIN)

1.2.1. PHENOMENOLOGY

In 1996, while attempting to observe second-harmonic generation
in supersaturated aqueous urea solutions, Garetz et al.[39] noticed
unexpected instantaneous crystallization upon light irradiation in
solutions that would otherwise take several weeks to crystallize
spontaneously. In this study, Garetz and co-workers exposed milliliter
size vials as shown in Figure 1.3, using a series of linearly polarized,
unfocused (50-250 MW cm—2), nanosecond light pulses with 1064 nm
wavelength.

Garetz et al.[39] referred to this observed light-induced phenomenon
as non-photochemical laser-induced nucleation, NPLIN. This phenomenon
was considered as non-photochemical since: (i) neither the solute nor
the solvent has strong absorption bands at irradiated wavelengths
and (ii) the applied laser intensity (~ MWcm 2) is considered too low
to trigger photochemical reactions through non-linear optical effects.
They reported the formation of needle-like urea crystals aligned with
the polarization plane of the laser, suggesting an electric-field-induced
origin of the underlying mechanism. Over the following decades, various
groups have reported enhanced nucleation probabilities upon laser
irradiation, quantified by counting the fraction of vials nucleated after
a given time, compared to spontaneous nucleation in a broad range
of solute/solvent systems with comparable experimental parameters
reported by Garetz et al.[39] (one or more unfocused laser pulses of ~ns
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Figure 1.3.: NPLIN in action (a,b) Solution of NH4Cl before and
approximately 1.6s after irradiating by a single laser pulse[44]. The
path of the laser beam through the solution is indicated by the dashed
white lines, with the start of nucleation visible as white dots between
the lines. (c) Nucleation of carbon dioxide bubbles within carbonated
solution caused by the passage of the laser pulse from left to right[45].

duration and 532 nm/1064 nm wavelength). Moreover, NPLIN has also
been reported to offer control over the polymorphic form nucleating from
solution[46, 47]. Thus, the observations of locally enhanced nucleation
probability at the laser irradiation position, and the potential to control
the polymorphic form, point out that NPLIN may be a promising primary
nucleation control method (Figure 1.3). A solid understanding of the
underlying NPLIN mechanism-a discussion that has yet to be settled in
the literature-has the key to fulfilling its potential as a broadly applied
nucleation control method. In this section, common observations in
NPLIN experiments reported in the literature will be summarized, along
with the proposed mechanisms, Particularly, a critical discussion on to
what extent the proposed mechanisms hold to explain the observations.
Finally, future directions will be highlighted in the summary section.
The experimental observations and observed trends in NPLIN experi-
ments may shed light on the underlying mechanism. To this end, we
present an extensive list of observations compiled from the literature.

1. A broad range of compounds under NPLIN: NPLIN has been reported
for a range of systems (predominantly in agueous media), including
small organics [47-49], metal halides[50], single component
systems [51, 52], dissolved gases[45, 53] and a macromolecule -
lysozyme[54].

2. Not all solutions undergo NPLIN: Ward et al.[44] reported that
acetamide (CH3CONH;), an organic molecule with relatively high
solubility and molecular structure similar to urea (CH4N>0), does
not exhibit NPLIN. In the unpublished work of Barber[55], aqueous
sodium chlorate was also reported to not undergo NPLIN.
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. The NPLIN probability depends on laser peak intensity and

supersaturation: the fraction of samples nucleated under NPLIN
was reported to increase with both laser peak intensity and solution
supersaturation[39, 56].

Laser pulse duration matters: For similar peak intensities (jpeak
~ 30MWcm 2 per pulse), aqueous solutions of CO2, KCI, NH4Cl
and CH4N;O exposed to unfocused femtosecond-laser pulses (
~ 110fs) did not nucleate while exposure to nanosecond (=
5ns) pulses triggered nucleation[44]. Although both femtosecond
and nanosecond pulses had the same peak intensity, the total
energy per pulse (Jcm—2) is 5 orders of magnitude higher with the
nanosecond pulse due to its longer pulse duration. Yet beyond
nanoseconds, further increase in pulse width (6 ns to 200 ns) was
reported to not alter the crystallization probability[57].

. Laser wavelength dependence: Kacker et al. [56] reported that

nucleation probability of supersaturated aqueous KCI| exposed to a
single pulse of 355, 532 and 1064 nm is not strongly dependent on
the laser wavelengths. Yet, shorter wavelengths, namely 355/532
nm, led to slightly higher nucleation probability for KCI[50, 56],
KBr[50] and ureal48].

. Dependence of the number of crystals/bubbles on laser peak

intensity: with an increase in the laser peak intensity, a linear
increase in the number of crystals for KCI[58, 59] and glycine[60],
and a quadratic increase in the number of CO3 bubbles[45] was
observed.

. Polarization switching: Laser polarization is reported to influence

the polymorphic form of several simple organic molecules such
as glycine[49], L-histidine[47], carbamazepine[61] and sulfathia-
zole[62]. However, this observation could not be reproduced for
glycine by Liu et al.[63], nor later by Irimia et al.[64], indicating a
subtle effect in the experimental conditions is at play.

. Laser intensity threshold: Several authors report a threshold

laser intensity below which laser irradiation does not trigger
nucleation[39, 48, 63]. Moreover, this laser intensity threshold is
observed to be dependent on the solute, the wavelength of the
laser light, and the temperature[48, 50]. Between solutes, small
organics[48, 49] such as urea and glycine are observed to have a
higher laser peak-intensity threshold (>50 MW cm~—2) compared to
metal halides[50] (>3 MW cm—2) such as KCI and KBr.

. Dependence on solution aging: several authors[46, 60] report

that aging of glycine aqueous solutions improved the nucleation
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probability under NPLIN. However, the nucleation probability of
metal halides was found to be invariant to aging[65].

10. Effect of filtration and nanoparticle doping: Ward et al.[44] studied
how the filtration and intentional addition of impurities, namely
Fe3O4 nanoparticles, alter NPLIN probability. Filtration decreased
the NPLIN probability while the addition of nanoparticles increased
the NPLIN probability reported at a fixed observation time.

11. Product crystal alignment: In the experiments performed in aqueous
urea by Garetz et al.[39], the direction of the needled-shaped
crystals of urea were reported to be aligned with the polarization
plane of the laser. However, Liu et al.[66], in their experiments
using aqueous urea, observed the angle between crystal alignment
and laser polarization to be random.

12. Irradiation pathway matters: When compared to laser intensity
threshold values reported in the literature, Clair et al. [67] observed
a lower value in experiments when passing the laser light via an
air-liquid interface (from the vial top) through a supersaturated
aqueous glycine solution. Unfortunately, in the same experiments,
no trials were performed to pass the laser through the glass-liquid
interface for comparison.

13. Direct solution-laser interaction matters: Kacker et al.[56], in their
experiments with aqueous KCI, measured the pressure signal after
a laser pulse at a fixed distance from the laser path within the
vial. Even though the samples where laser light was masked with
a black tape recorded higher radiation pressure compared to the
samples which allowed the laser to pass through the solution, the
former was not observed to undergo NPLIN.

In conclusion, while the observations from published experiments
provide valuable insights into the NPLIN phenomenon, addressing the
uncertainty surrounding its underlying mechanism is critical for realizing
its full potential in industrial practice. Hence, the subsequent section
will provide an overview of the proposed mechanisms for NPLIN.

1.2.2. PROPOSED MECHANISMS

In this section, we critically discuss the proposed NPLIN mechanisms and
to what extent these mechanisms explain the experimental observation
listed above.

OPTICAL KERR EFFECT (OKE)

The first hypothesized mechanism was based on the optical Kerr effect.
This hypothesis states that the laser produces a weak torque that aligns
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all anisotropically polarizable molecules (or clusters of molecules) with
their most polarizable axis parallel to the direction of polarization of
the incident light (Figure 1.4a). For instance, the observed alignment
of urea crystals to the laser direction by Garetz et al.[39] was argued
based on the urea molecule’s ability to align their C, axes parallel to
an applied laser’'s electric field. Consequently, it was proposed that
the electric-field-induced alignment reduces the free energy barrier for
nucleation. Later, a similar approach was used by the same authors
and Sun et al.[49] to explain the polarization switching of both glycine
and L-histidine polymorphs. It was shown that repeated units of a-
and 7y-polymorphs of glycine (or orthorhombic A and monoclinic B
polymorphs of L-histidine) contain disc-like and rod-like polarizabilities,
respectivily. Subsequently, they argued that circular polarized light
would preferentially align disc-like structures, while linearly polarized
light would align rod-like entities, and therefore different polarized
light results in a change in polymorphic form. The effect of the
laser’s polarization on the polymorph of the product crystal has also
been observed for several other simple organic molecules such as
carbamazepine, and sulfathiazole [61, 62].

The plausibility of the OKE being responsible for the NPLIN effect was
tested when Monte Carlo simulations of a Potts lattice gas model cast
doubt on the amount of energy needed to properly align molecules in
precritical solute clusters [68]. The field strength needed to lower the
nucleation barrier by a sufficient amount to match NPLIN observations
was found to be orders of magnitude higher than the field strengths
employed in the experiment [68].

Although the Kerr effect hypothesis supports the observed correlation
between the urea crystal and laser polarization by Garetz et al., Liu et
al.[66] reported the crystal orientation angle to be quite random under
similar experimental conditions (observation 11). Sun et al.[49] in their
experiments with glycine, observed a narrow window of temperature
and supersaturation within which the circularly polarized light favored
a-glycine while linearly polarized light favored y-glycine (observation 7).
This reported influence of laser polarization on glycine polymorphism
by Sun et al. contradicts the results from Irimia et al.[64]. When
using a single laser pulse in aqueous glycine solutions, Irimia et al. did
not observe any effect of laser polarization on the type of polymorph
formed in the experiment. Upon comparing the results of Irimia et
al. with those of Sun et al., who employed hundreds of laser pulses,
one might suggest that the interaction of laser light with microscopic
crystals after nucleation can trigger polymorphic transitions through
polarization-dependent ablation and secondary nucleation. Interestingly,
the experiments of Irimia et al., when employing multiple pulses of
1064 nm, showed an increase in the solution temperature. However, the
effect of temperature rise on polymorph control is yet to be quantified.
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Figure 1.4.: Plausible mechanisms for NPLIN. (a) Field-induced
alignment of molecules - optical Kerr effect. (b) Stabilization
of otherwise subcritical clusters under electric field[45] - dielectric
polarization (where r-(0) and rc(E) are the critical cluster radius in the
absence and presence of laser light, respectively). (c) Evaporation of
solvent surrounding a nanoparticle due to local heating.
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In addition, the Kerr effect hypothesis fails to explain the reported
laser peak-intensity threshold and the weak wavelength dependence on
the nucleation probability. The whole basis of the Kerr effect lies in
the ability of laser light to polarize a solute molecule, yet the NPLIN
of solutes without anisotropic polarizability, such as metal halides,
lacks explanation. Thus below we present the dielectric polarization
hypothesis that attempts to explain the observed NPLIN of potassium
halides such as KCI[65] and KBr[50].

DIELECTRIC POLARIZATION (DP)

The dielectric polarization mechanism suggests that isotropic polariza-
tion of pre-nucleating clusters by an electric field modifies the cluster’s
free energy by which it becomes stable. This means that a dielectrically
homogeneous cluster smaller than the critical size, rc, can be stabilized
by an electric field if its dielectric constant exceeds that of the
surrounding medium (Figure 1.4b). Unlike OKE which works on induced
polarization of solutes under laser light, DP stems from differences in
the dielectric permittivity of solutes compared to solvents. Including this
effect in classical nucleation theory (CNT), the free energy of a cluster
of radius r in the presence of an electric field E is given by[65]

4
AG(r, E)=4nr2y—§nr3(AIn5+ aE?), (1.6)

where 7y is the solution-crystal interfacial tension, A = pRT/M, in which
p is the mass density, R is the gas constant, M is the molar mass of
the solid and S is the supersaturation ratio. The coefficient a defines an
effective dielectric constant

3€p€ Ep—E€E
a= 0 s( P s)' (1_7)
2 €p + 265

For a particle with dielectric constant €, immersed in a medium of
dielectric constant €g, the free energy is lowered in the presence of an
electric field provided that €p is greater than €s - a critical criterion for
DP to work. Assuming a Poisson distribution, the probability of obtaining
at least one nucleus is calculated using

p(n>1)=1— e Mipeak (1.8)
where mjpeqk is equal to the mean number of nuclei produced by a
given laser peak-intensity jpeak and m is the lability. For lower peak
intensities, using a truncated Taylor series for the exponential term
in the above equation, a linear relation between probability and jpeak
can be achieved[65]. From CNT, the probability of a cluster of size
r within the solution is expressed using the Boltzmann distribution,
e~AG(rE)/(ksT) |n the presence of laser light, under the conditions where
the change in a cluster’s bulk energy due to the light's electric field
is significantly small (aE2 < AInS), we can analytically calculate the
lability as[50]

3NmoleculesYQ e—AG(rc,0)/(kgT)

m= X (1.9)
2mp3(kgT InS)? fgc(o) r3e—AG(r,0)/(ksT) gy
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where rc(0) is the critical radius in the absence of an electric field.
Nmolecules is the number of ion pairs within the volume illuminated by
the laser, indicating an increase in the nucleation probability with an
increase in the irradiated volume.

The dielectric polarization model successfully predicts the linear
relation of the nucleation probability to low laser peak intensity for
KCI[50] (Equation (1.8)). By doing so, it also hypothesizes a mechanism
under which ionic solutes such as KCl and KBr[50], that have no preferred
orientation under laser, can nucleate under NPLIN. Yet, it cannot explain
the experimentally observed intensity threshold, jo (observation 8).
Therefore, phenomenological models use a corrected value for the
number of nuclei produced, m(jpeak —jo), to replicate the observed zero
probabilities below jo. Together with the laser peak-intensity threshold,
the dielectric polarization model fails to answer the observed probability
dependence on laser pulse duration, wavelength, and the polymorph
selectivity under different laser polarizations[47, 49, 69] (observations
4, 5, and 7). Moreover, NPLIN of dissolved gases shown in Figure 1.3c
in which the dissolved gas phase has a lower dielectric constant than
water cannot be explained by the dielectric polarization hypothesis
(observation 6). To explain the observed NPLIN of dissolved gases and
the effect of impurities on NPLIN probabilities of NH4CI[44], we present
below the impurity heating hypothesis, which attempts to explain
NPLIN as a function of inherent impurities rather than the solute-laser
interaction.

IMPURITY HEATING (IH)

The impurity heating hypothesis suggests that the interaction of the
laser irradiation with impurities plays a significant role in NPLIN. This
hypothesis emerged from the inability of the OKE and DP mechanisms to
explain certain observations common in NPLIN experiments, particularly
the existence of a threshold below which no nucleation is observed
and the pronounced effect of filtration on NPLIN (observation 10).
In a nutshell, this hypothesis assumes a scenario where insoluble
impurities such as nanoparticles absorb laser energy at the wavelength
of irradiation and rapidly heat and evaporate the surrounding solution.
This phenomenon is expected to trigger nucleation by locally enhancing
the supersaturation.

In order to test this, Ward et al.[44] studied how the intentional
addition of impurities, namely Fe3z04 nanoparticles and a surfactant
(polyethylene glycol, M, = 8000), alter the NPLIN probability and number
of crystals nucleating in supersaturated aqueous NH4ClI solutions. First,
they compared filtered and non-filtered aqueous NH4Cl solutions. The
filtration was carried out using a 0.2uym pore-size membrane with
freshly prepared samples at high temperatures to justify that only the
impurities were filtered out as opposed to the solute clusters. A strong
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difference in nucleation probability and the number of crystals was
observed between filtered and unfiltered samples. The filtered samples
showed a lower nucleation probability and a lower number of crystals.
In the same work, a similar effect due to filtration was observed in other
systems, such as in aqueous urea and glycine. Furthermore, supporting
the role of impurities, the addition of both nanoparticles and surfactant
showed an increase in the NPLIN probability. While the impurities due
to nanoparticles and surfactant would serve as active sites for the
local increase in supersaturation, the surfactant was also expected to
stabilize the dispersion of impurities - promoting more viable nucleation
sites.

Javid et al.[70] performed NPLIN experiments with glycine for
both filtered and unfiltered samples. Irrespective of whether the
solutions were irradiated or not, filtration of glycine solutions across all
supersaturations resulted only in an a-polymorph under the influence
of the laser. The unfiltered samples at higher supersaturations (1.5
and 1.6) showed a significant presence of a y-polymorph (40%) when
irradiated, while non-irradiated solutions nucleated almost exclusively
the a-polymorph at all supersaturations.

Ward et al.[44] reported that for systems with CO;, KCI, NH4Cl and
CH4N20O, NPLIN was not observed using unfocused femtosecond laser
pulses (~110fs, jpeak = 30 MW cm~—2), while nanosecond pulses (~5ns,
Jpeak = 12 MW cm~—2) induced nucleation. The total energy per pulse,
~ jpeak % pulse duration, limits the energy available for a nanoparticle
to absorb. This absorbed energy is hypothesized to evaporate the
solvent surrounding the nanoparticle and form a local vapor-filled cavity
(Figure 1.4c). Consequently, a region of high solute concentration at
the vapor-liquid interface is expected to emerge, due to the solvent
that evaporated. This increased solute concentration at the vapor-liquid
interface is expected to contribute to a higher local supersaturation and
therefore trigger nucleation. The observed differences in nucleation
probabilities between the aforementioned pulse durations were argued
based on the energy available for the local cavity formation surrounding
the nanoparticle (observation 4). This supports the hypothesis that
heating solid nanoparticle impurities, which are intrinsically present
within a solution, act as active sites to nucleation.

The nanoparticle heating hypothesis explains the observed laser
intensity threshold because enough energy must be supplied to induce
cavitation around a nanoparticle. The nanoparticle heating hypothesis
however fails to explain two sets of reported experimental results,
namely the alignment of urea crystals[39] and the influence of laser
polarization on polymorphic form[49] (observation 7). Interestingly, Liu
et al.[66] failed to reproduce this alignment effect in aqueous urea
upon exposure to linearly polarized nanosecond pulses. One possible
explanation for this observed alignment of crystals might be due to
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hydrodynamic interactions between the crystal and the surrounding
fluid. The Marangoni flow induced by local heating of the solution could
apply torque and align the crystals. At the current time, this explanation
is merely our speculation without quantification of the flow fields and the
local sample heating under studied experimental conditions. Irimia et
al.[64] quantified the temperature increase of agueous glycine solutions
when subjected to one or more pulses of 532 and 1064 nm. Both
Alexander et al. and Irimia et al. observed that laser polarization does
not influence the polymorph formed. A possible explanation for the
difference in the observations made could rely on the nature of the
impurity rather than the solute. Moreover, the ability of nanoparticles
to have a difference in absorption, based on the ellipticity of laser
polarization (circular or linear), is left unexplored. This difference in laser
absorption could dictate the magnitude of the local supersaturation and
thus the polymorph formed.

1.3. RESEARCH GAPS

The proposed mechanisms for NPLIN, including the Optical Kerr effect
(OKE), Dielectric polarization (DP), and Impurity heating (IH), offer
intriguing explanations for part of the observed phenomena discussed
in section 1.2 . However, none of these mechanisms alone can fully
account for all experimental observations. Hence, more efforts are
required to extend our understanding of NPLIN from both experimental
and theoretical perspectives. Furthermore, a thorough literature review
on NPLIN reveals several additional research gaps:

e A significant research gap exists in the methodology employed
for studying NPLIN, particularly concerning the manual nature of
traditional experiments within mL vials. In literature these methods
are frequently criticized for their limited statistical accuracy
and reproducibility. Additionally, the influence of various laser
characteristics, such as intensity, wavelength, and duration, on
nucleation kinetics has not been studied in a continuous setup for
micro-litre solution volumes.

e While extensive research has focused on specific laser parameters
such as laser intensity, laser pulse duration and laser wavelength
on NPLIN kinetics, others like laser exposed volume and irradiation
position relative to air/solution interface within glass vial remain
largely unexplored.

e Although the nanoparticle heating mechanism could explain the
majority of the experimental observations listed in section 1.2,
a notable research gap exists in understanding the nanoparticle
heating mechanism, particularly concerning the nature and origin
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of impurities. Furthermore, there is a lack of comprehensive under-
standing of how laser pulses interact with impurity nanoparticles
and how factors such as their size, material, and concentration
affect NPLIN kinetics.

e Despite numerous experimental observations related to NPLIN,
there remains a gap in integrating these observations with
mechanistic models. Bridging this gap is crucial for validating and
refining existing theories, as well as for guiding future experimental
design to advance our understanding of NPLIN mechanisms.

1.4. RESEARCH QUESTIONS AND OBJECTIVES

Having identified critical research gaps in NPLIN literature, the overar-
ching aim of this Ph.D. project is to address some of these questions
to attain a better understanding of the fundamental mechanism behind
NPLIN. Innovative experimental setups spanning solution volumes from
microliters to milliliters were designed and implemented to facilitate this
investigation

The primary research questions that guide this project are the
following:

e Chapter 2: How do laser parameters, such as the laser
exposed volume and the laser irradiation position, influence
the NPLIN kinetics of supersaturated potassium chloride solutions?
Furthermore, what can the results and analysis of these experiments
tell us about the mechanism behind NPLIN?

e Chapter 3: How can we leverage a droplet-based microfluidic
platform to quantify the effects of various laser and solution
parameters on NPLIN kinetics? And how do these results compare
with traditional vial-based methods, especially in relation to the
proposed mechanisms in the NPLIN literature?

e Chapter 4: How do nanoparticle properties, such as material
and concentration, affect NPLIN kinetics in supersaturated urea
solutions, within the context of the proposed nanoparticle heating
mechanism?

In Chapter 2, the effects of laser-exposed volume and laser irradiation
position on nucleation probability within milliliter-scale volumes of
supersaturated aqueous potassium chloride are investigated. These
results are then analyzed within the context of the dielectric polarization
mechanism and nanoparticle heating mechanism.

Chapter 3 introduces a transition from traditional vial-based NPLIN
investigation to a droplet-based microfluidic platform, enhanced by
deep learning for automated crystallization detection. The microfluidic
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setup was used to explore how laser intensity, laser wavelength,
supersaturation, solution filtration and intentional doping influences
nucleation probability in supersaturated KCl solutions. Furthermore,
the results are analyzed within the context of the nanoparticle heating
mechanism, emphasizing the potential role of nanoimpurities through
these experiments.

In Chapter 4, a traditional vial based method was used to investigate
the impact of solution filtration, as well as variations in nanoparticle
concentration and material type on the NPLIN probability of supersatu-
rated urea solutions. Furthermore, the findings were discussed in the
perspective of nanoparticle heating mechanism.

Chapter 5 describes conclusions and recommendations related to this
research.
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EFFECT OF LASER EXPOSED VOLUME AND
IRRADIATION POSITION ON
NON-PHOTOCHEMICAL LASER-INDUCED
NUCLEATION OF POTASSIUM CHLORIDE
SOLUTIONS

The influence of the laser exposed volume and the irradiation position on
non-photochemical laser induced nucleation (NPLIN) of supersaturated
potassium chloride solutions is studied in water. The effect of exposed
volume on NPLIN probability is examined by exposing distinct volumes
of aqueous potassium chloride solutions in vials of millilitre volume at
two different supersaturations (1.034 and 1.050) and laser intensities
(10 and 23 MW/cm?). Higher NPLIN probabilities were observed
with increasing laser-exposed volume as well as with increasing
supersaturation and laser intensity. The measured NPLIN probabilities
at different exposed volumes are questioned in the context of dielectric
polarization mechanism and classic nucleation theory. No significant
change in NPLIN probability was observed when samples were irradiated
from the bottom, top or middle of the vial. However, a significant
increase in nucleation probability was observed upon irradiation through
the solution meniscus. We discuss these results in terms of mechanism
proposed for NPLIN.

This chapter is based on Vikram Korede, Mias Veldhuis, Frederico Marques Penha,
Nagaraj Nagalingam, PingPing Cui, Antoine E.D.M. Van der Heijden, Herman J.M.
Kramer, and Hiiseyin Burak Eral, Crystal Growth & Design 2023 23(11), 8163-8172
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2.1. INTRODUCTION

Controlling nucleation in a crystallization process has direct implications
on production of crystals we encounter in products ranging from
pharmaceuticals to explosives[1-6]. Alternative crystallization methods,
including Non-Photochemical Laser Induced Nucleation (NPLIN), have
been extensively studied over the past decades, to provide spatio-
temporal control over crystal nucleation. In NPLIN, a supersaturated
solution is exposed to an intense laser pulse that induces nucleation in
a drastically reduced induction time without absorbing any light at the
irradiated wavelength[5, 7].

Ever since its discovery, NPLIN has been observed in many systems:
small inorganic compounds [8-10], small to large organics [11-16],
proteins [17, 18], liquid crystals [19], supercooled liquids [10] and
even gas bubbles [20, 21]. Subsequently, the NPLIN effect with
key experimental observations can be summarized as: (i) Nucleation
probabilities appears to be independent of the tested laser wavelengths
and are a function of supersaturation and peak intensity of the laser
[13, 17, 22, 23]; (ii) There exists a threshold peak intensity below
which nucleation is not induced [8, 10, 13, 23, 24]; (iii) Whilst not
a requirement for NPLIN, aging of samples has shown to have an
influence on the nucleation probabilities upon laser irradiation [11, 23,
25]; (iv) The presence of added nanoparticles acting as impurities
enhances the nucleation probability of NPLIN[26, 27].These observations
are summarized and discussed at length in a recent review article [5, 7].

Several mechanisms have been proposed to explain the aforemen-
tioned experimental observations. The first proposed mechanism is
based on the Optical Kerr Effect (OKE), where the molecules in precritical
clusters may align with the direction of the laser electric field facilitating
the nucleation [28]. This mechanism corroborates observations that
some polymorphs could be favoured, depending on laser characteristics
(intensity, wavelength, polarization). However, Monte Carlo simulations
of a Potts lattice gas model cast doubt on the amount of energy
needed to properly align molecules in precritical solute clusters, as the
field strength needed to lower the nucleation barrier to match NPLIN
observations was found to be orders of magnitude higher than the field
strengths employed in the experiments[21]. In addition, later studies
on aqueous potassium chloride systems showed that NPLIN of small
inorganic compounds without a preferential polarization axis was also
possible, ruling out OKE mechanism in KCI[23].

Alexander et al.[23] proposed the Dielectric Polarization (DP) model
to quantitatively describe the influence of a laser beam incident on
aqueous potassium chloride solutions. The model exploits the difference
in the dielectric constant of a cluster of solute molecules, €p, and the
dielectric constant of the surrounding medium, €s. In the presence
of an electric field and under the constraint that the €, > €5, the
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free energy change of cluster formation (AG) is lowered by a number
proportional to —v(€, — €s)E?, where v is the volume of the cluster and
E is the electric field strength[5]. In the presence of electric field, the
critical radius, r¢(I), and the height of the nucleation barrier, AG.(I), are
calculated using the Classical Nucleation Theory approach. As a result
of the decreased nucleation barrier, any existing precritical clusters
become critical following exposure to the laser, inducing nucleation.
According to Alexander et al., the number of precritical clusters to
become viable crystals (Ncrystais) is a function of the lability constant
m and the peak laser intensity I so that Ncrystais = mI, where m is a
function of the solute/solvent characteristics and the number of solute
molecules present in the volume irradiated by the laser. However,
studies investigating the NPLIN effect on carbon dioxide bubbles showed
that NPLIN is also possible when €, > €5 is not satisfied [20, 29], casting
doubt on the applicability of the DP model.

The third potential mechanism proposed is based on the heating
of nanoparticle impurities inherently present in the system as soluble
molecular impurities (intrinsic) and/or dust particles (extrinsic) when
exposed to the laser beam. The heating of the nanoparticle results
in vaporizing a volume of liquid surrounding them, leading to the
formation of a vapor cavity, following which a region of increased solute
concentration may form near the vapor/liquid interface upon which the
solute molecules are more likely to cluster and nucleate. A consensus
on which model accounts for all observations was still not reached.
While the Optical Kerr Effect and the Dielectric Polarization model can
explain several observations in NPLIN experiments, they fail to explain
the nucleation of carbon dioxide bubbles, the lowering in nucleation
probability by filtration of the solution, or the increase in nucleation
probability by intentionally doping with nanoparticles [20, 21, 26, 27].

Among the many studies published in NPLIN literature, various
parameters including supersaturation, laser intensity, and polarization
[8, 10, 13, 14, 30], sample filtration [26], and intentional doping with
impurities [27] have been shown to influence measured nucleation
probabilities. Despite the broad literature on NPLIN, a comparison
between different reports is challenging due to variation of many crucial
experimental parameters such as geometry (e.g. container geometry,
impurity content, how the beam interacts with confining surfaces and
solution), laser characteristics (intensity, wavelength, polarization, type
of laser: continuous or pulsed and pulse width), the time scale of
exposure (ranging between femtoseconds in case of single pulse to
series of pulses repeatedly exposing solutions as long as one hour[27])
and solution characteristics.

Interestingly, the effect of the solution volume exposed to the laser
beam, a critical experimental parameter for industrial implementation
of NPLIN, has been previously explored to a certain extent. Fang et
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al. reported a significant volume dependence when comparing the
nucleation rate of aqueous KCl in a test tube to that in a levitated
microdroplet, where the ratio of irradiated volumes is as dramatic as
40 million times[31]. In addition, a study by Hua et al.[32] provides
insights into a microfluidic laser-induced nucleation of supersaturated
KCI solutions. This work outlines a continuous flow system for NPLIN
where each volume element of the solution is subjected to laser pulses.
The system allows for a varied irradiated volume by changing the flow
time, and it has been shown that the number of crystals formed, was
directly proportional to the laser intensity. In light of these studies,
our current investigation builds on the existing knowledge to provide
a comprehensive understanding of how varying the laser-exposed
volume impacts the nucleation probability in millilitre scale volumes
of supersaturated aqueous potassium chloride. The results were than
analysed with dielectric polarization mechanism and classic nucleation
theory. The effect of supersaturation and intensity have also been
studied to determine their influence on the laser exposed volume
dependency. Secondly, the position of laser irradiation with respect to
air-solution interface (near the bottom of a cylindrical vial, in the bulk of
the solution and near the air/liquid interface and directly at air/solution
interface as illustrated in Figure 2.1) was studied to quantify how laser
positioning alters nucleation probability.

2.2. EXPERIMENTAL

2.2.1. LASER EXPOSED VOLUME EXPERIMENTS
SOLUTION PREPARATION

Stock solutions were prepared by adding weighed amounts of ultrapure
water (ELGA Purelab, UK, 18.2 MQ cm) to potassium chloride (Sigma-
Aldrich, molecular biology > 99.0 % purity, CAS: 7447-40-7) in a
flask corresponding to concentrations of 0.370 and 0.375 gkci/gH,0.,
which yielded solutions with supersaturations of 1.034 and 1.050 at
a temperature of 24°C, respectively. The supersaturated solution was
placed in an oven at 50°C overnight to ensure complete dissolution of
the potassium chloride crystals. The solution flask was then transferred
to a hot plate and stirred (50°C and 400 rpm) to be distributed to
over one hundred 8 mL borosilicate HPLC vials (BGB, dimensions 61 x
16.6 mm). Each vial was filled with 7 mL solution using a bottle-top
dispenser. All sample vials were stored in the oven operating at
50°C for at least one night before use. Before conducting the laser
experiment, the hundred sample vials were than transferred from the
oven to a thermostatic bath (Lauda Eco RE620) operating at 50°C and
then subsequently cooled down overnight to 24°C. Furthermore, for
every experiment, the samples were aged in a thermostatic bath set



2.2. Experimental 33

to 24°C for a duration of 6 hours. It should be noted that the 6 hour
ageing period commenced only once the bath temperature stabilized at
24°C, and this duration does not include any cooling time from higher
temperatures.

LASER SETUP AND SAMPLE HANDLING

A schematic of the setup used in the laser exposed volume experiments
is shown in Figure 2.1A.A Q-switched Nd:YAG laser (Continuum, Powerlite
DLS8000) was used to generate 7 ns pulses of linearly polarized light at
a wavelength of 532 nm and a frequency of 10 Hz. The direction of the
generated light was changed by use of a mirror (NB1-K13, Thorlabs) or a
beamsplitter (BSN10, Thorlabs) depending on the intensity requirements
of the laser. The fundamental beam of 9 mm diameter was then passed
through a Galilean telescope with lens configurations of different focal
lengths to reduce or increase the laser beam diameter in order to enable
the variation of laser exposed volume. An iris adjusted to a slightly
bigger size than the beam diameter served as a filter for any artefacts
produced by the laser. An overview of the mirrors, lenses and resulting
beam diameters is given in Table 1.

Table 2.1.: Mirrors and lens configurations used in the laser exposed
volume experiments. Laser exposed volume of vial containing agueous
potassium chloride solutions with S = 1.034 at 24 °C9 . Position of
lenses interchanged?.

Mirror reflectance, | Focal length plano-
%! convex, fq, [mm]

Focal length plano- | Resulting beam
concave, fp, [mm] | diameter, [mm] | volume?, Vigser, [cm3]

10 200 -50 0.047
10 or 100 150 -75 4.5 0.179

Resulting laser exposed

100 N/A 0.705
100 100 1.230
100 150 1.538

Prior to irradiating the samples, the average pulse energy of the
laser beam was recorded by taking the average over 20 pulses using
an energy meter (QE25LP-H-MB-QED-DO, Gentec EO). For experiments
focussing on effect of exposed volume, the position of the light incident
on the sample vial was chosen to be in the middle with respect to the
bottom of the vial and the meniscus of the solution.

Care was taken to not induce nucleation by any mechanical shock and
to keep the vials vertical at all times while transferring the solutions
from the thermostatic bath to the setup during the experiment. One by
one, the samples were moved from the bath, carefully dried with a fabric
cloth and subsequently checked for crystal formation. If at this point,
crystals were observed, the sample was omitted from the data set. If
not, vials were exposed to a single laser pulse by varying the laser beam
diameters (2.3 mm, 4.5 mm, 9 mm, 12 mm and 13.5 mm) at different
laser intensities (10 MW/cm?2, 23 MW/cm?2). After laser irradiation, the
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Figure 2.1.: Panel (A) shows the experimental setup used throughout the
laser exposed volume experiments. The exposed volume is controlled
by the Galilean telescope. The height of liquid in vial from air/solution

interface to bottom of the vial is denoted as H. Panels (B) to (E)
illustrate the different the irradiation locations, the location of exposed
volume with respect to air-solution interface, at fixed laser intensity and
supersaturation. The laser beam is illustrated as a green line.

sample was immediately moved back to the bath operating at 24°C.
Vials were checked for crystals after 80 minutes. The observation time
of 80 minutes were chosen considering previous literature[8], where a
detection time of 60 minutes is reported to be sufficient for crystals
to be detected by eye. The vials were carefully analysed and the
number of nucleated samples was counted and the fraction of nucleated
samples to the total number of samples irradiated was described as the
nucleation probability P(tops = 80 min).

2.2.2. LASER PULSE POSITION

A similar experimental approach was used to study the effect of the
irradiation position on the nucleation probability of aqueous potassium
chloride solutions. 100 vials of potassium chloride solutions (S = 1.034,
24 °C) were prepared as previously described. The position in which
the laser pulse would reach the sample vials was adjusted by changing
the height of the sample holder to four different positions with respect
to distance from air/solution interface as illustrated in Figure 2.1b-e:
(1) slightly above the glass/solution interface at the bottom of the
vial. The distance from the air-solution interface is 0.9H where H is
the height of liquid column ; (2) at the middle of the vial with respect
to the air/solution interface (0.5H) ; (3) slightly below the air/solution
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interface at the top of the vial (0.1H), and (4) through the meniscus
of the solution. All samples were irradiated with a single pulse of
the fundamental beam with a maximum peak intensity of 10 MW/cm?,
following the sample handling procedure.

2.3. RESULTS & DISCUSSIONS

2.3.1. EXPERIMENTAL REPEATABILITY & STATISTICAL ANALYSIS

In order to check the repeatability of the NPLIN experiments, the
entire experimental procedure, from sample preparation to sample
checking has been performed in triplicate. Samples containing aqueous
potassium chloride solution with a supersaturation of S = 1.034 were
irradiated in the middle of the vial with a maximum peak intensity of 10
MW/cm?2 and a beam diameter of 9 mm.

Figure 2.2 shows a bar plot containing the results in terms of nucleation
probability per experiment. In total 39, 56 and 48 samples nucleated out
of a set of 95, 99 and 97, respectively. This led to nucleation probabilities
of 0.41, 0.57 and 0.49. The arithmetic mean of the three nucleation
probabilities was calculated to be 0.49 with a standard deviation of 0.06,
shown in Figure 2.2 with a black error bar.
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Figure 2.2.: Nucleation probability in three consecutive NPLIN exper-
iments under identical laser parameters at fixed supersaturation of
1.034. The arithmetic mean of the three experiments is shown in
orange. The number of nucleated samples and total number of samples
are given next to error bars in parenthesis.

In light of the laborious nature of the current experimental procedure,
performing every experiment in triplicate is very time consuming.
Hence, throughout the rest of this study, the experimental error in NPLIN
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experiments is approximated by calculating statistical (95%) confidence
intervals using the Wilson’s score method. Applying the Wilson’s score
method on the data obtained for the repeated experiments, it is found
that the widths of the confidence intervals are 0.19, 0.19 and 0.20
for Experiment 1, 2 and 3, respectively (shown in Figure 2.2 as red
error bars). Thus, the statistical error calculated from a single set of
observations is found to be significantly larger than the experimental
error computed from the outcome of repeated experiments (0.12, two
times the standard deviation). Judging solely from the size of the
errors computed by Wilson’s score method, the nucleation probabilities
observed in the repeated experiments in Figure 2.2 are statistically
identical.

2.3.2. LASER EXPOSED VOLUME DEPENDENCY OF THE NUCLEATION
PROBABILITY

The effect of laser exposed volume of the solution is studied by
varying the laser beam diameter using a homemade Galilean telescope
illustrated in Figure 2.1. Theoretical beam diameters have been obtained
using the lens configurations given in Table 2.1. Using these values,
the laser-exposed volume of the solution for each experiment has been
derived assuming a refractive index of the sample[33] (see Appendix
A section A.2[34]). The effects of changing the supersaturation at a
constant maximum peak intensity of 10 MW/cm? is shown in Figure
2.3A. The effects of changing the maximum peak intensity at a constant
supersaturation of 1.034 are shown in Figure 2.3B.
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Figure 2.3.: The effect of laser exposed volume on the nucleation
probability at (A) constant maximum peak intensity of 10 MW/cm? at
two distinct supersaturation values, and at (B) constant supersaturation
of 1.034 for two distinct peak intensities, respectively. Error bars are
computed using the Wilson’s score method. Fits have been constructed
following the Dielectric Polarization model.

Several observations can be made from the data shown in Figure
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2.3. First and foremost, by increasing the laser-exposed volume of the
solution, an increase in nucleation probability is observed. To the best of
our knowledge, this is the first report in literature identifying the exposed
volume as an experimental parameter influencing NPLIN probability.
Second, the extent to which the nucleation probability increases as an
effect of the increasing laser exposed volume is influenced by both the
degree of supersaturation of the solution and the magnitude of the
maximum peak intensity of the laser.

To better understand these experimental observations, a mathematical
basis was constructed using a modified Dielectric Polarization model.
Under the constraints of constant intensity and supersaturation, the
average number of crystals produced, Ncrysta, IS predicted to be
proportional to the volume of the laser beam (Vigser), Ncrystat =
m(I, S)Viaser, Wwhere m(I,S) serves as a intensity and supersaturation
dependent lability constant given by

3poW
ma,S) = Pt
41ps
frrcc((zt))) exp [—AG(r, 0)/kgT1dr =y
fgc(o) r3 exp[—AG(r, 0)/kBT] ar

where p; is the density of the surrounding medium, W is the solute
mass fraction, ps is the density of the solute molecule, kg is the
Boltzmann constant, T is the temperature of the solution, S is the
supersaturation ratio of the solution, AG.(r,I) is the free energy barrier
to form a cluster of radius r at laser intensity I, r-(0) is the critical cluster
radius at zero laser intensity and rc(I) is the critical cluster radius at
laser intensity I. The critical cluster radius rc(I) and free energy barrier
AGc(r,I) under the influence of an electric field is given by

2y
red)=———F— (2.2)
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where 7y is the interfacial tension between the cluster and surrounding
solution and the constant a contains the dielectric contrast between
solute cluster and the surrounding medium [29] given by

3es(ep—€
_ s( p s) (2.4)
c(ep + 2€5)
The NPLIN nucleation probability can then be computed as a function
of lability constant (m) and laser exposed volume (Vigser) assuming a
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Poisson distribution and is given by the equation 2.5.[23]. This model
can be used to fit experimental data without having to correct for
an experimental intensity threshold. The curves shown in Figure 2.3
are constructed by fitting the parameter m(I,S) in equation 2.5 using
non-linear least squares regression. The only parameter that is not
estimated in this analysis is the interfacial tension between the cluster
surface and the surrounding medium or y, which is present as a function
of r¢ in the limits of the integrals in equation 2.1. Hence, by numerically
solving equation 2.1, a phenomenological value for the interfacial
tension can be derived. An overview of the physical parameters used
for the calculations is shown in Table 2.2. The values for the dielectric
constant of a cluster of solute molecules, €p, and of the surrounding
medium, €s, have been computed by squaring the refractive indices of
solid potassium chloride (nkc; = 1.4940 [35]) and the sample solution,
respectively [36]. The complete derivation of the laser exposed volume
dependency on nucleation probability using modified DP model is shown
in the Appendix A section A.1[34]

P(tobs) = 1—exp[—m(, S)Viaser] (2.5)

Table 2.2.: Physical parameters used to derive the phenomenological
value of the interfacial tension. Parameters are assumed to be properly
estimated at a temperature of 24 °C.

Solute mass Solid density, | Solution density, Molar mass,
fraction, W, [-] | ps, [kg/m3] ou. kg/m3] M, [g/moll

1.034 0.2698 1984 1184 1.3758 2.232 1.893 74.55
1.050 0.2729 1984 1184 1.3763 2.232 1.894 74.55

Solution refractive
index, n3, [-]

Rel. permittivity
solid, €p, [-]

Rel. permittivity
solution, €s, [-]

Supersaturation,
1

Table 2.3 shows an overview of the parameters derived from the
Dielectric Polarization model and the numerical values computed by
applying the best-fit value for the interfacial tension to the Classic
Nucleation Theory. Observing both plots in Figure 2.3, it was found that
in case of increasing supersaturation or higher maximum peak intensity,
the samples become more labile to nucleation hence shows a higher
lability constant.

From the fitted lability constants, phenomenological values for the
interfacial tension are computed. Asymmetrical errors are calculated due
to the non-linear relation between the lability constant and the interfacial
tension. The absolute values of the interfacial tension observed are of
the same order of magnitude compared to values derived from previous
intensity-dependent NPLIN experiments conducted on similar aqueous
potassium chloride systems by Alexander et al. [23] (y = 2.19 m)/m?2),
Ward et al. [37] (y = 5.283 m)/m?) and Fang et al. [38] (y = 3.16
mJ/m?2).

Even though the Dielectric Polarization model can be employed to
yield quantitative information from the current NPLIN experiments, using
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Table 2.3.: Derived parameters using the Dielectric Polarization model.
In addition the parameters computed by applying the value for the
interfacial tension to the Classical Nucleation Theory are also shown.

Max. peak intensity,
Ipaair [MW/cm?]

Lability constant, Interfacial tension, Nucleation barrier
m(1,5), [em™3] v, [mJ/m?] height, AG(0)/kpT, [-]

(+ 0.004)
(- 0.003)
(+ 0.002)
(- 0.002)
(+ 0.001)
(- 0.001)

Critical radius,
re(0), [nm]

Difference in critical
radii, re(0) = re(D), [nm]

Dielectric free energy,
AGer/keT, [-]

Supersaturation, S, [-]

1.034 10 0.787 (+0.088) | 3.674 41.9 3.34 -4.07-1073 1.62:1074

1.034 23 3.352 (+0.202) | 3.656 41.2 333 -9.22.1073 3.71.1074

1.050 10 4367 (0.114) | 4.660 40.2 291 -2.66:1073 0.96-10~*

the fitted value of the interfacial tension to compute absolute values of
nucleation barrier height and critical radius from the Classical Nucleation
Theory reveals ambiguous results. For all the conducted experiments,
a classical nucleation barrier of AG-(0) = 40 - 42 kgT with a critical
radius of ro = 2.91 - 3.34 nm has been calculated. According to
these calculations, in combination with the electric field strength of the
laser, the classical nucleation barrier is only lowered by a minuscule
amount (AGgr = -9.22:1073 kgT to -2.66-1073 kgT). Hence, the
resulting decrease in critical radius is of the order 10=4 nm for all three
experiments. These results indicate that while the Dielectric Polarization
model in other NPLIN experiments provided useful information [8, 10],
the effect of the laser electric field on the nucleation process is relatively
small.
If the nucleation rate, J, is expressed in the form of an Arrhenius
equation [39],
J=Aexp[—AG/kgT] (2.6)

where A is the pre-exponential factor assumed to be constant
for spontaneous and laser-induced nucleation experiments, then the
nucleation rate from laser-induced experiments, Jiqser, should relate to
the spontaneous nucleation rate, Jspontaneous, by

Jspontaneous exp[—AG(0)/kgT]

Juser  exp[—(AGc(I))/ksT]
= exp[—AGgr/kgT] (2.7)

where AGgr is the change in free energy due to the introduction of
an electric field (AGer = val). Here v is the volume of the precritical
cluster. Hence, by substituting the values for (AGgr = -9.22:1073 kgT
to -2.66:1073 kgT) found in this study, the laser-induced nucleation
rate should increase by a factor of 1.003 to 1.009 compared to the
spontaneous nucleation rate.

However according to Classical Nucleation theory[39], the nucleation
rate (J) is inversely proportional to the induction time (ting)[39].
Thus, laser-induced nucleation should increase at least a hundred-
fold compared to spontaneous nucleation under similar experimental
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conditions. Consistent with this theory, spontaneous nucleation of
aqueous potassium chloride solutions typically takes 1-2 weeks under
such conditions. However, Kacker et al.[40] have shown that nucleation
can occur within 80 minutes in laser-induced experiments, indicating a
significant increase in the nucleation rate. Unless laser irradiation of
the samples plays a significant role in the value of the pre-exponential
factor, the massive decrease in nucleation time can not be explained
quantitatively in the context of the Dielectric Polarization model and
thus highlights the limitations of the current approach. Ward et al.
[37] explained similar ambiguous results by introducing the Two-Step
Nucleation model. It was argued that the low electric field strength
might play a significant role in structurally reorganizing the amorphous
liquid-like clusters, lowering the second nucleation barrier and hence
accounting for the observations made from NPLIN experiments [37].
However, quantitative evidence to substantiate such a claim proved
challenging to obtain. We acknowledge that the proposed two-step
nucleation explanation may also be valid for our observations. However,
providing supporting experimental evidence is beyond the scope of the
current work.

Alternatively, the experimental findings could be explained qualita-
tively through the nanoparticle heating mechanism. By increasing the
laser beam diameter, a larger volume of the solution is irradiated. If
it is assumed that the nanoparticles are homogeneously suspended
throughout the sample volume, it inevitably means that the number of
nanoparticles irradiated increases with increasing beam diameters. This,
in turn, would lead to an increased number of vapour cavities and more
locally increased supersaturations, from which an increase in the nucle-
ation probability would be expected. The increase in supersaturation of
the solution would lead to higher locally supersaturated regions upon
laser irradiation with similar conditions, resulting in a higher nucleation
probability. Likewise, increased intensity is expected to create larger
vapour cavities due to more extensive heating of the nanoparticles. This,
again, would result in higher locally supersaturated regions and subse-
quently increase the probability of nucleation. Although the nanoparticle
heating mechanism provides the basic qualitative explanation for the
current experimental observations, further research in the direction
of various nano-impurity size distributions and impurity compositions
could provide a more in-depth understanding of this mechanism through
experiments.

2.3.3. CRYSTAL MORPHOLOGY AND NUMBER OF CRYSTALS PER
NUCLEATED SAMPLE

In addition to studying the number of samples nucleated in an effort
to relate the nucleation probability to the laser exposed volume of the
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Figure 2.4.: Bar plots showing the relative number of crystals per
nucleated sample in experiments on aqueous potassium chloride
solutions under distinct supersaturation,S, and maximum laser peak

intensity,IFr,”e%’,i. Panel (A) S = 1.034 and I&%’; = 10 MW/cm?, Panel (B) S

= 1.050 and Ini% = 10 MW/cm?, and Panel (C) S = 1.034 and I7% =

23 MW/cm?. The number of samples nucleated and the total number of
samples irradiated per experiment are shown in parentheses above the
corresponding bar.

solution, the number of crystals and type of crystal morphology per
experiment is reported in this study. Figure 2.4 shows the distribution of
the number of crystals and crystal geometries per nucleated sample for
each laser exposed volume experiment.

In general, the following observations can be made from the Figure
2.4. The combination of a low supersaturation (S = 1.034) and a low

maximum peak intensity (Il’;’;ﬁ = 10 MW/cm?) resulted in predominantly

single cubic crystals for each of the beam diameters (see Figure 2.4A).
Some accounts of two cubic crystals per nucleated sample have been
observed as well as the combination of cubic and needle-like crystals.
However, no clear relationship between amount of crystals per sample
and the laser beam diameter is found. Increasing the supersaturation of
the aqueous potassium chloride solutions revealed a general increase
in multiple crystals nucleated per irradiated/nucleated sample the more
the beam diameter is increased (see Figure 2.4B). The same effect is
observed by increasing the maximum peak intensity (see Figure 2.4C), in
accordance with previous reported experiments on agueous potassium
chloride solutions under similar conditions [23, 37, 40]. Apart from
observing a relation between number of crystals per nucleated sample
by increasing the maximum peak intensity of the laser, the use of large
beam diameters in combination with high maximum peak intensities
clearly favors the formation of large number of cubic crystals (=3 cubic)
or mixtures of cubic and needle shaped crystals.

Increasing the laser beam diameter and maximum peak intensity or
bulk supersaturation can lead to the formation of more nucleation sites
as a larger area of the solution is exposed to the laser beam. This
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can result in the formation of multiple cubes or a mixture of cubes and
needles due to the increased number of nucleation sites and less solute
available for each nucleus[41].

2.3.4. EFFECT OF IRRADIATION POSITION ON NPLIN PROBABILITY

The experimental configuration in experiments addressing the effect of
irradiation position is shown in Figure 2.5B-E. No significant change in
nucleation probability is observed when the unfocused incident laser
beam passed through close to the bottom, top, or through the middle of
the cylindrical vial, respectively. In contrast, laser irradiation through the
meniscus of the solution yielded an increase in nucleation probability by
approximately 40 - 50%.

At the bottom, middle, and top positions, there is no change in the
solution’s refractive index or change in the geometry of the sample
container. Hence, the laser beam is expected to act identically on the
solution volume. By assuming a homogeneous distribution of precritical
clusters and considering that the laser-exposed volume is the same
for the bottom, middle, and top positions, no significant change in
nucleation probability is expected according to the Dielectric Polarization
model. The observations of the position-dependent experiments can
also be explained similarly in the context of the Nanoparticle Heating
mechanism. Again, taking into account that the laser acts identically on
the solution volume for the bottom, middle and top positions, and by
assuming a homogeneous distribution of nanoparticles/nanoimpurities
throughout the sample volume, no change in nucleation probability is
expected.

In an attempt to better understand the nucleation probability results
and the laser focusing effect at the meniscus, a ray tracing simulation
using Zemax optic studio (v.23.2.01) was used, since analytical estimates
proved challenging. Geometries were created with dimensions identical
to those of an HPLC vial (BGB, dimensions 61 x 16.6 mm) using the CAD
functionality tool. Glass, aqueous KCI solution, and air, with individual
refractive indices of 1.5, 1.4940 and 1 respectively, were assigned as
materials within the vial to carry out the simulation. To understand how
light rays operate when interacting with the meniscus in our system,
the concept of total internal reflection becomes important. Governed
by Snell’'s law, the total internal reflection occurs when a light ray,
traversing a medium of a higher refractive index, meets a boundary of
a medium with a lower refractive index at an angle greater than the
critical one, resulting in the ray reflecting back. In this context, the
critical angle is approximately 42°, derived from ¢ = arcsin (1/1.494),
as light rays travel from the solution medium to the air medium at the
meniscus. Given the concave nature of the meniscus and the collimated
nature of the incident laser beam imply that most rays reach the
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Figure 2.5.: Bar plots showing the nucleation probability for different
positions of the laser beam with respect to the interfaces within the
glass vials. Experiments are performed on aqueous potassium chloride
(S = 1.034) using a maximum peak intensity of 10 MW/cm?. Error bars
are computed using the Wilson’s score method. The number of samples
nucleated and the total number of samples irradiated per experiment
are shown in parentheses above the corresponding bar.

air/solution boundary at an angle larger than this critical value, resulting
in downward reflection (total internal reflection) of the light rays as can
be seen in the Appendix A Figures SVA (side view) & SVB (top view).
As the Gaussian laser beam (9 mm diameter) with a peak intensity of
5 MW/cm? irradiates the supersaturated solution horizontally, the HPLC
vial acts analogously to a cylindrical lens, focusing the beam behind it.
Meanwhile the concave meniscus of the solution and the rear wall of
the vial reflect the incoming light rays into solution medium following
total internal reflection. The overlap of these two optical phenomena
leads to a significant accumulation of laser peak intensity just below the
meniscus. At this stage, to acquire a comprehensive understanding of
the laser intensity distribution beneath the meniscus in simulations, a
volume detector was placed directly below it with bottom region of the
meniscus encompassed (orange color rectangle) within the detecting
volume. The volume detector was positioned based on the location of
crystal formation observed experimentally on the meniscus following
the laser shot. The intensity distribution was than visualized using 2D
slices from the 3D volumetric detector. Specific visual representations
across the XY and YZ planes, along with the associated laser peak
intensity at one such particular coordinate as an example, are detailed
in the Appendix A Figures SVC & SVD.

Possible scenarios that could explain the increased nucleation
probability at the meniscus, within the context of the Dielectric
Polarization model, include (1) preferential adsorption of the solute onto
the air-solution surface, suggesting a higher number of critical clusters at
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the interface, and (2) the observed intricate refraction of the laser beam
due to the complex vial geometry and meniscus curvature creating
areas with higher laser intensities at the meniscus, thereby lowering the
nucleation barrier by a greater amount, and thus changing the outcome
of the laser-induced nucleation experiments compared to the other
irradiation positions. Similarly, from the perspective of the Nanoparticle
Heating mechanism, an increase in peak intensity at the meniscus could
lead to more intense light absorption by nanoparticles/nanoimpurities at
the air/solution interface, altering the vapor cavity radius and enhancing
supersaturation.

From the perspective of Nanoparticle Heating mechanism, an addi-
tional scenario arises. At the air-solution interface, dust particles may
adhere and hence locally increase the 'impurity’ concentration, which
has shown to have an increasing effect on the nucleation probability in
NPLIN experiments [26, 27, 42].

Previous reports explaining the increase of nucleation probability at
the air/solution interface have been provided in the literature. Ikni
et al. [16] and Liu et al.[43] observed an increase in crystallization
probability at air/solution interface with respect to carbamazepine and
glycine supersaturated solutions irradiated with femtosecond laser and
nanosecond laser respectively. The authors attributed this observation
to the interplay between molecular adsorption and surface deformation,
resulting in a distinct solution flow from the surface due to its
free boundary characteristic. This unique flow resulting in surface
deformation might contribute to enhancing crystallization probability at
the air/solution (meniscus) interface. Similarly, Clair et al.[44] observed
that glycine crystals obtained through NPLIN nucleate at the meniscus
and exhibit different morphologies, even when the laser was directed
through the air/solution interface from above.

Figure 2.5B gives an overview of the relative amounts of crystals (or
crystal morphology) per nucleated sample in the position experiments.
The bottom, middle and top experiments show a dominance in single
crystals per nucleated sample and no clear distinction in crystal number
or morphology could be observed. In contrast to this, the experiments in
which the meniscus of the solution was irradiated, a significant increase
in multiple crystals observed per sample, as well as an increase in the
combination of cubic and needle-like geometries was observed. This
supports the presence of multiple nucleation sites at the meniscus,
either caused by an increase in generated supersaturation due to
irradiation [45], multiple peak intensity hot spots or from dust adhesion
to the surface leading to heterogeneous nucleation. A similar increase in
number of crystals for KCl supersaturated solutions with an increase in
the laser peak intensity was also observed in the literature[46, 47]. Hua
et al.[47] studied microfluidic laser-induced nucleation in supersaturated
KCl solutions ranging from 1.06 to 1.10 and observed that number
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of crystals formed in the microfluidic device was proportional to the
laser intensity. Meanwhile, Duffus et al.[46] observed crystal nucleation
behavior in KCl-agarose gels prepared using 0.12-0.75% w/w powdered
agarose in 1.06 supersaturated KCI solutions. Their findings also
indicated a direct relationship between laser peak intensity and crystal
formation.

2.4. CONCLUSIONS

This study focused on how NPLIN probability of supersaturated aqueous
potassium chloride solutions is influenced by laser-exposed volume
and laser position. Despite their significance in industrial scale
implementation of NPLIN, these topics have not been extensively
discussed in the NPLIN literature, if at all.

The NPLIN probability was found to depend on the laser-exposed
volume under the constraints of constant supersaturation and peak
intensity. Also, an increase in the number of crystals per nucleated
sample was observed by enlarging the laser-exposed volume. Both the
Nanoparticle Heating and the Dielectric Polarization model can partly
explain these observations. However, in absence of data that exclusively
favors one of the models, we cannot definitively conclude which which
mechanism is dominant in presented experiments. Further experiments
exploring the effects of different nanoparticles (size, concentration) on
nucleation probability could provide valuable insights into the underlying
mechanisms of NPLIN.

Regarding the effect of laser position, irradiation away from interfaces
or in the vicinity of the air/solution or glass/solution interface yielded no
change in nucleation probability. Only irradiation through the air/solution
interface (meniscus), a significant increase in nucleation probability
was observed. This observation was accompanied by an increase
in number of crystals observed per sample along with an increase
in cubic and needle-like geometries observed. This is attributed to
preferential adsorption at interface, increased laser peak intensity at
the meniscus caused by complex laser refraction, or laser induced
heating of dust/impurity particles adhered at the interface resulting in
evaporation. The presented results will contribute to the rational design
of potential industrial applications of NPLIN, where controlling crystal
quality parameters, such as morphology, is of paramount importance
[48, 49].
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DESIGN AND VALIDATION OF A
DROPLET-BASED MICROfIUIDIC SYSTEM TO
STUDY NON-PHOTOCHEMICAL
LASER-INDUCED NUCLEATION OF POTASSIUM
CHLORIDE SOLUTIONS

Non-Photochemical Laser-Induced Nucleation (NPLIN) emerged as a
promising primary nucleation control technique offering spatio-temporal
control over crystallization with potential for polymorph control.
So far, NPLIN was mostly investigated in millilitres vials, through
laborious manual counting of the crystallized vials by visual inspection.
Microfluidics represents an alternative to acquiring automated and
statistically reliable data. Thus, we designed a droplet-based microfluidic
platform capable of identifying the droplets with crystals emerging upon
Nd:YAG laser irradiation using the deep learning method. In our
experiments, we used supersaturated solutions of KCI| in water and
the effect of laser intensity, wavelength (1064 nm, 532 nm, 355
nm), solution supersaturation (S), solution filtration and intentional
doping with nanoparticles on the nucleation probability is quantified
and compared to control cooling crystallization experiments. Ability
of dielectric polarization and the nanoparticle heating mechanisms
proposed for NPLIN to explain the acquired results is tested. Solutions
with lower supersaturation (5=1.05) exhibit significantly higher NPLIN
probabilities than those in the control experiments for all laser
wavelengths above a threshold intensity (50 MW/cm?2). At higher

This chapter is based on Vikram Korede, Frederico Marques Penha, Vincent de Munck,
Lotte Stam, Thomas Dubbelman, Nagaraj Nagalingam, Maheswari Gutta, PingPing
Cui, Daniel Irimia, Antoine E.D.M. van der Heijden, Herman J.M. Kramer, and Hiseyin
Burak Eral, Crystal Growth & Design, 2023, 23(8), 6067-6080
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supersaturation studied (5=1.10), irradiation was already effective at
lower laser intensities (10 MW/cm?2). No significant wavelength effect
was observed besides irradiation with 355 nm light at higher laser
intensities (= 50 MW/cm?). Solution filtration and intentional doping
experiments showed that nanoimpurities might play a significant role in
explaining NPLIN phenomena.

3.1. INTRODUCTION

Crystallization is arguably the most widely used separation and
purification techniques applied in a multitude of industries such as
pharmaceuticals, food & beverage, agriculture, fine chemicals and
many more [1-8]. The process of crystallization consists of two main
stages, namely nucleation and growth. Significant advances in the
understanding of the mechanism of nucleation from solution have been
made[9-13], yet many aspects of the nucleation process, such as the
mechanism of polymorph selection and on-demand spatial-temporal
control, are far from being completely understood.This makes the
deterministic design and scale up of industrial crystallization processes
challenging.

In an attempt to improve control over nucleation and consequently over
crystal properties, more advanced crystallization methods are sought.
One promising technique is Non-Photochemical Laser Induced Nucleation
(NPLIN), where a nanosecond laser pulse is used to trigger instantaneous
crystallization in supersaturated solutions that would otherwise take
several weeks to nucleate without any external interference [14]. This
physicochemical process is termed ‘non-photochemical’ because the
solution does not absorb any light at the irradiated wavelength, and
hence the laser pulse does not induce any photochemical reaction[15].

Numerous studies have been conducted on this phenomenon,
gathering data on experimental parameters influencing NPLIN such
as laser intensity, laser polarization, supersaturation, and impurities
[15-18]. Many compounds, including small organics [19-21], metal
halides[22], single component systems [23, 24], dissolved gases[25, 26]
and a macromolecule - lysozyme[27] have been crystallized with NPLIN.
Based on the collected observations, three mechanistic hypotheses
were proposed to explain the NPLIN phenomena. The first mechanism
is based on the Optical Kerr Effect (OKE), i.e., the electric field of the
laser induces a dipole moment in the system and can further produce
a torque to align the molecules in the cluster along the field direction
accelerating the structural order in the cluster to form a crystal [14].
This light induced alignment of the molecules have also been proposed
to explain reports on polymorphic form control with polarization of light,
reported for supersaturated solutions of glycine [28], sulfathiazole[29]
and carbamazepine[30]. The second mechanism was proposed by
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Alexander et al.[16], suggesting an explanation based on the Isotropic
Electronic Polarization (IEP). The hypothesis is based on the fact that,
in the presence of an applied optical electrical field, the free energy of
a dielectric particle is reduced when immersed in a medium of lower
electric permittivity. The reduction in free energy of the pre-nucleating
clusters leads to reduction in the size of critical nuclei and thus enhances
the nucleation kinetics. However, this mechanism fails to explain how
NPLIN favours the preferential formation of certain polymorphs in NPLIN
experiments. The third potential mechanism proposed is based on the
heating of impurity nanoparticles existing in the system - molecular
impurities (intrinsic) and/or dust particles (extrinsic). The nanoparticles
are hypothesized to heat up on absorbing the incident laser light and the
resulting heat is then transferred to the surrounding liquid vaporizing
volume of liquid around them. Upon evaporation of liquid, the growth
of the vapour bubbles promotes the aggregation and accumulation of
the solute molecules at the vapour liquid interface driving them to
nucleate and form crystals. Yet, no clear consensus on mechanism has
been reached, as the proposed mechanisms fail to fully describe all the
reported experimental results in literature[15].

Research on NPLIN is largely hindered by the stochastic nature of the
phenomenon, requiring a substantial number of repeated experiments
to draw definitive conclusions. Therefore, past research on NPLIN studies
often used large numbers (order 10 to 100) batch samples to reach
statistically significant data points, a labor intensive procedure[18, 31].
In 2014, Clair et al.[32] developed the first high throughput controlled
setup for NPLIN studies. The setup used an automated carousel
holding 90 HPLC vials that a laser could irradiate through the air/liquid
interface. Even though this setup takes away much of the manual
labour, it still results in long processing times needed to obtain large
data sets because of manual crystal detection. Microfluidics represents
an alternative to acquire automated and statistically reliable data and
has already proven its value in the investigation of crystal synthesis of
pharmaceuticals, nanocrystals and proteins [33-40].

So far, only two studies on NPLIN in continuous systems have been
reported in the literature. Hua et al.[41] presented a single phase
microfluidic device that exposed a continuously moving supersaturated
solution of KCI to pulsed laser beams. In their device, supersaturation
is regulated by strict temperature control of the microchannel, which
permits cooling of the solution upon entry and reheating near the exit
to avoid clogging of the channel. This study provided insight into the
effects of supersaturation, laser energy, pulse duration, and the number
of pulses on the number of crystals and their size. The authors further
expanded their work with their set-up to study NPLIN on supersaturated
aqueous glycine solutions [42]. Upon irradiation of freshly prepared
supersaturated glycine solutions (S = 1.4 - 1.6), no NPLIN effect was
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observed. However, a significant increase in nucleation probability was
seen when the glycine solutions were left to age for 24 hours in a
sealed syringe. The effect of ageing glycine solution had already been
reported in experiments conducted with milliliter size vials[18, 43].
Moreover, results of Hua et al.[41] also agreed with prior batch studies
that observed a change of glycine crystal morphology with increasing
supersaturation.[20, 44].

In this study, we present a droplet-based microfluidic setup tailored
for NPLIN studies where the droplets containing crystals identified
using the deep learning method. Using this tailor designed setup,
we performed a systematic study of NPLIN-affecting parameters (laser
wavelength, peak laser intensity, solution supersaturation, solution
filtration and intentional doping with nanoparticles) on supersaturated
aqueous KCI solutions. The microfluidic device was designed to create
stable, supersaturated droplets of the solution with desired volume,
allowing every droplet to act as a separate micro-reactor. In comparison
to the traditional manual methods used in NPLIN experiments which
only allow for a limited number of experiments (10 to 100)[16,
32], our device enables the collection of a much larger quantity of
independent data points, typically over 1000 experiments, effectively
addressing the stochastic nature of the crystallization process. The
NPLIN experiments are conducted by exposing aqueous KCI droplets
of designated supersaturation (1.05 and 1.1) created by cooling the
droplets from 40 °C to room temperature. The droplets are exposed to
continuous 10 Hz laser pulses at designated peak laser intensity (varied
between 10 to 100 MW/cm?) and wavelength (1064, 532 and 355 nm)
with an unfocused laser beam diameter of 1.35 mm. Moreover, we
report how filtration and addition of nanoparticles influences the NPLIN
probability and discuss our results in the context of dielectric polarization
and the nanoparticle heating mechanisms proposed for NPLIN.

3.2. EXPERIMENTAL

3.2.1. MATERIAL

KCI (Sigma Aldrich, molecular biology, 99.0 %, CAS: 7447-40-7) solutions
in Ultrapure water (ELGA Purelab, UK, 18.2 MQ.cm) and Silicone oil,
with a viscosity of 10 cSt (Sigma Aldrich, CAS: 63148-62-9) were
used, respectively, as dispersed and continuous phase. The solutions
were prepared by adding the designated amount of KCl to reach
desired supersaturation at room temperature and stirred rigorously. The
prepared solutions are then placed in the oven at 50°C to ensure the
complete dissolution of all crystals. The solutions were maintained at
this temperature until they are used in experiments. Supersaturated
solutions were prepared based on 352.4 g KCl/kg water solubility at 25
°C [45].
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3.2.2. SOLUTIONS DOPED WITH NANOPARTICLES

In order to produce supersaturated solution samples doped with known
amounts of solid nanoparticles, a stock solution of KCI with concentration
C = 5.42 mol/kg (S = 1.127) was prepared and filtered into cleaned
beaker at 50°C. A known quantity (1.25 g) of liquid dopant was added to
the filtered solution to give a resulting concentration of C = 5.29 mol/kg
(S = 1.1). The liquid dopant included aqueous dispersion of iron oxide
nanoparticles (=97%, CAS: 1317-61-9, 50-100 nm nominal diameter),
with pure water as a control, prepared in the similar way as given in the
article from Ward et al.[46]. Dispersion was than subjected to ultrasonic
treatment (750 W, CV334) for a period of 2 h before use to ensure
maximum dispersion.

3.2.3. MICROfIUIDIC SETUP

A droplet-based microfluidic system to study NPLIN was designed and
developed to generate large data sets (=~1000 droplets) for each
parameter investigated, where each droplet acts as an independent
crystallization reactor. The schematics of the system are shown in
Figure 3.1. The system is divided into three main sections: the droplet
generation zone, the laser exposure zone and the crystal observation
zone.

Droplet Generation Zone ...... Laser Exposure Zone

Laser Source

=
IR Detector
W —

Syringe Pump - 2
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Mixing Zone

Figure 3.1.: A schematic representation of the droplet-based microfluidic
system designed for this study. The system consists of three different
zones: droplet generation, laser exposure, and crystal observation.

DROPLET GENERATION ZONE

The droplet generation zone is placed within a temperature controlled
environment, kept at 40°C, to ensure that no crystallization takes
place during the droplet generation process. Two microfluidic syringe
pumps (NE-1002X-ES, New Era Pump Systems Inc.) are used: one
for the dispersed phase, namely aqueous KCI solution, and one for
the continuous phase, i.e., silicone oil. Both dispersed and continuous
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streams flow through polytetrafluoroethylene (PTFE, 900 um diameter)
tubes connected to the syringes, at 10 and 100 uL/min, respectively.
Immediately after being pumped into the system, aqueous KCI solution
encounters a mixing zone of ten bends to ensure homogeneous solution
concentration. Bends are reported to break the symmetry in the
velocity field within the fluid direction by promoting variations in wall
drag forces, thus inducing passive mixing[47, 48]. After leaving the
mixing zone, the dispersed phase meets the continuous phase at a
T-junction, for the coaxial formation of the droplets. The dispersed
phase flows through an inner round capillary (Vitrocom Inc., borosilicate,
700 um diameter) surrounded by a squared glass capillary(Vitrocom
Inc., borosilicate, 900 um side) through which the continuous phase
flows, leading to the formation of the droplets at the edge of the inner
capillary. It is worth noting that both material and geometry changes,
from round PTFE tubes to glass squared capillary, were necessary. PTFE
tubing is not suitable to withstand the incident laser light while the
square geometries help minimise reflection and refraction of the laser.
The glass capillary was hydrophobized (see Appendix B section B.1[49])
to minimize the interaction between the droplet and square capillary,
which could otherwise induce crystal nucleation within the droplets.

LASER EXPOSURE ZONE

As the droplets form and flow through the square glass capillary,
they enter the laser exposure zone, located outside the temperature-
controlled environment (40 °C). Hence, droplets undergo cooling to
room temperature (25 °C) and become supersaturated after travelling
approximately 15.6 mm, a distance much smaller than the distance
between the T-junction and location of the laser irradiation, (see
Appendix B section B.2[49]) for details of this calculation). An infrared
(IR) sensor set was implemented at the beginning of the laser exposure
zone. Data from the set of IR sensors is used to count and measure
droplet velocity and volume.

Droplets are irradiated 8 cm after leaving the temperature-controlled
environment by an unfocused pulsed laser beam (10 Hz, 9 mm diameter,
Nd-YAG laser, Continuum Powerlite DLS 8000). The beam was redirected
towards a set of two lenses, positioned in a telescopic fashion, by a
first mirror, as shown in Figure 3.1. In this arrangement, the reduction
of the beam size (from 9 to 1.35 mm diameter) and amplification of
the laser intensity are achieved. As the droplets are irradiated 8 cm
after leaving the temperature-controlled environment, a distance much
greater than 15.6 mm predicted to reach desired saturation, we can
safely assume that the droplets are irradiated after they reach the
designated supersaturation.
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CRYSTAL OBSERVATION ZONE

The observation zone is located 16 cm after the droplets were exposed
to the laser beam. Within this distance, KCl crystals can nucleate and
grow within the droplets. Droplets in the capillary are imaged using an
objective lens (4X, 0.1 NA), a microscope camera, and a diffuse white
LED light source. The observation time here, limited by the length
and cross-sectional area of the squared glass capillary, positioning of
the imaging system, flow rates of continuous and dispersed phases
was found to be approximately 70.7 seconds. Droplets containing
crystals were counted manually and automatically through a tailored
image processing code for comparison. The results of automatic count
of droplet containing crystals were used in evaluating the cumulative
nucleation probability at a fixed time lag of 70.7 seconds, defined here
as the ratio of the droplets containing crystals to the total number of
droplets for a given experiment.

3.2.4. DROPLET IDENTIfiCATION
INFRARED SENSORS

The infrared sensors (IR) were used as a non-invasive measuring
techniqgue to detect interfaces between the continuous and the
dispersed phase through the refracting and reflecting nature of the
curved interface between them. Each IR sensor consists of an IR LED
and photodiode (BPV10NF), located on opposite sides of the capillary.
Both parts were held in place by a 3D-printed sensor holder, and
mounted in a circuit with two operational amplifiers (Op-Amp MCP6241)
to improve signal quality. The recognition of the droplets by the IR
sensors is based on the differences in light transmission from the LED to
the diode at the edge of the oil water interface of the droplets compared
to that in the continuous phase respectively. Since the curvature of the
interface deviates the light emitted by the LED, fewer photons reach
the photodiode and a drop in the voltage generated can be seen. The
sensors were connected to a hardware prototyping platform (Arduino
Mega, ATmega 328P, Arduino LLC, lvrea, ltaly) that provided data
collection and analysis. The data was used to identify the peak of each
voltage drop, i.e., the liquid-liquid interfaces, and to count, estimate the
volume and determine droplet velocity. An example of data collected by
Arduino can be found in Figure 3.2A.

DEEP LEARNING METHOD

Parallel to the IR sensors, another droplet identification technique was
developed to count the droplets, estimate their length and determine
their velocity from experimental videos using deep learning method.
In addition, the algorithm developed was also capable of counting the
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Figure 3.2.: Droplet identification using (A) Infrared (IR) sensors,
(B) Ilustration of deep learning method implemented to calculate
cumulative nucleation probability automatically.

droplets containing crystals automatically. The algorithm includes object
detection and crystal classification based on two deep learning models
as shown in the flowchart in the Figure 3.2B.

For the object detection, an experimental video was divided into
frames firstly. The frames were then used as an input to YOLOv3 for
droplet detection. YOLOv3 gives the probability of a droplet being
present in an image and generates a bounding box around the image.
This bounding box allows us to find the droplet location in the image,
and further can be used to calculate its velocity. The bounding box
around the droplet is than used to crop only the droplet area as it is
much easier to see crystals in a cropped image than in a complete
image. The cropped area is then padded to increase the image size to
128 x 128. At this point, another deep learning routine (ResNet50) was
used to classify the image based on whether or not there was a crystal
in the droplet.

Classification of the cropped images to detect the presence of the
crystal is more challenging than droplet detection. One of the primary
reasons for this difficulty is attributed to the different morphology of
KCl crystals, as shown in the Appendix B Figure SIII[49]. To solve
these problems and to accurately detect the presence of the crystal, a
parameter called alpha (a) defined as the ratio of the frames in which
the crystal is seen within the droplet to the frames in which the droplet
is seen was optimized. In addition to this, a ResNet50 algorithm was
used to get high accuracies and Fl-scores for different experimental
videos. Furthermore, details regarding training process of the algorithm
and output quality of the classifier in the form of confusion matrix
numbers for all the experimental videos of S = 1.1 is provided in the
Appendix B Table SIII[49].
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STATISTICAL ANALYSIS

The microfluidic device allows for statistically significant number of
experiments (= 1000 experiments) under identical conditions to be
conducted in comparision to classic NPLIN experiments (10 to 100
experiments), with low consumption of solute and solvents. The
advantage of those large amounts of virtually identical experiments
is the statistical significance of the obtained results, with major
improvements regarding reliability over batch experiments[50-54]. In
the experiments performed in this study, the number of droplets
containing crystals was divided by the total number of droplets to obtain
the cumulative nucleation probability at fixed time lag. Nevertheless,
the droplets generated in the microfluidic device are not exactly the
same and a distribution is expected regarding droplet volumes, which
are intrinsically related to the nucleation probability[54-56]. Thus, it is
essential to analyse mean droplet volumes (uy), standard deviation (oy),
variance (0\2/) and coefficient of variance (¢ = o,/uy) in all experiments,
to make sure volume variation will not significantly affect the nucleation
probabilities. To account for the error in the nucleation probability,
the Wilson’s score method was chosen to calculate statistical (95%)
confidence intervals [57].

3.2.5. LASER IRRADIATION EXPERIMENTS

The developed microfluidic system is used to quantify NPLIN probability
as a function of supersaturation, laser wavelength, laser intensity,
solution filtration and intentional doping. Table 3.1 offers an overview
of the experimental conditions for all experiments. Supersaturated
aqueous KCI solution used as the dispersed phase are prepared with two
different supersaturations (S = 1.05 and 1.10). The cooling crystallization
experiments with identical supersaturations were performed as controls
for the laser irradiation experiments. In both irradiation and control
experiments performed, the desired supersaturation was created by
allowing the droplets to cool down from the temperature of the droplet
generation zone, illustrated in Figure 3.1. For the NPLIN experiments,
droplets of solution were irradiated with the laser beam 8 cm after
droplet generation in the temperature-controlled environment. Laser
wavelengths (1064, 532 and 355 nm) commonly used in NPLIN literature
were utilized to investigate the effects of laser wavelength on the
nucleation probability. Four different laser intensities (10, 25, 50 and
100 MW/cm?2) were tested at each wavelength. Moreover, the role of
impurities facilitating nanoparticle heating mechanism was examined by
filtering KCl solutions through different pore size filters and intentionally
doping Fe304 nanoparticles into the filtered solutions.Each experiment
consisted of at least 1000 droplets.
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Table 3.1.: Overview of experimental conditions used during laser
irradiation experiments varying supersaturation, laser wavelength and
laser intensity.

Experimental condition Value Unit
Dispersed phase fluid KCI
Dispersed phase flow rate 10 uL/min
Continuous phase fluid Silicone oil
Continuous phase flow rate 100 uL/min
Supersaturation ratios (S) 1.05,1.1
Laser wavelengths 1064, 532, 355 nm
Laser diameter 1.35 mm
Laser intensity 10, 25, 50, 70, 100 | MW/cm?
Laser frequency 10 Hz

3.3. RESULTS & DISCUSSIONS

3.3.1. DROPLET CHARACTERIZATION

The droplet length distribution was characterized via both the IR sensors
and the deep learning method for all the experiments performed and
the results are shown in the Appendix B Table SI[49]. An example of
the droplet length distributions for one of the experiment (S = 1.1,
1064 nm, 25 MW/cm?) in the form of histograms can be found in the
Appendix B Figure SI[49]. The length distribution based on histograms
for both the methods employed displays no outliers, and the coefficient
of variance was found to be 27% and 10% respectively. The absence
of outliers indicates that neither droplet coalescence nor breakage is
taking place in the system. The length data obtained through the IR
sensor yields a broader distribution and, consequently, a lower average
length compared to the length distribution data from the deep learning
method. This is most likely due to the susceptibility of the IR sensor
to external light sources. On the other hand, despite relying on an
external light source to record the passing droplets in the capillary,
the method of detecting droplet size by video microscopy coupled with
deep learning method was less prone to interference from the light
source. Also we compared a small sample of manually measured
average droplet lengths (consisting of 100 droplets) with the average
length data obtained from both the IR sensor and the deep learning
method. These results can be found in the Appendix B Table SII[49]. The
manually measured average droplet length closely matched the data
obtained from the deep learning method, reinforcing the conclusion that
the deep learning method provides more accurate droplet length data
than the IR sensor. Consequently, further calculations were performed
using the average length data obtained from the deep learning method.

Droplet volume variation affect nucleation probability distribution,
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since nucleation rates and detection times are intrinsically related to the
volume of the crystallizer [54]. Moreover in NPLIN literature, the sample
volume exposed to the laser has a significant effect on the nucleation
rate of NPLIN according to Alexander et al.[16]. Thus, characterization
of the droplet size is essential for robust statistics in studying NPLIN
through microfluidics .

When comparing all the experiments performed under S = 1.05 and
1.10, we observed that the volume of droplets created varied. This
variation was caused by slightly different inner capillaries used, with
capillary diameters varying between 300 and 400 um. The variation
of capillary diameters accross experiments was unavoidable in the
experiments, as the capillaries were fragile. They were replaced several
times due to breakage while assembling the setup. Despite the error
bars of volume distributions overlapping, the average volume changed
significantly between experiments (more information is provided in the
Appendix B Figures SIIA & SIIC[49].

To test whether the measured nucleation probabilities were dominated
by unavoidable volume variations between experiments, we performed
three independent cooling experiments where the mean droplet volume
was intentionally altered. Figure 3.3A shows the nucleation probability
of three droplet populations with varying mean volume at S = 1.1. We
ensured that the variation in mean droplet volume in Figure 3.3A was
similar to the experiments reported. No significant differences in the
measured nucleation probability were observed in Figure 3.3A, as the
error bars overlapped for the three independent cooling experiments with
three different average droplet volumes. The range of average droplet
volume values changed in these three experiments was approximately
the same as the variations observed in NPLIN experiments reported in
this study. Hence, we conclude that the unavoidable variations in droplet
volume in controlled cooling and NPLIN experiments do not significantly
alter the measured nucleation probabilities.

Since the laser is irradiating the glass capillary at 10 Hz, both
continuous and dispersed phase get irradiated by multiple laser pulses.
As a result, the average number of pulses per droplet vary from 11 to
15 between different experiments due to variation in droplet volume
and is shown in the Appendix B Figure SIIB & SIID[49]. Previous
reports have demonstrated that the number of laser pulses per unit
volume does not influence nucleation probabilities[16, 18, 41]. Irimia et
al.[18] compared nucleation probabilities in 8 ml vials containing glycine
solutions, irradiated with a single pulse and 1 minute laser exposure
(600 pulses) using a 1064 nm laser, and found no significant difference.
Nonetheless, with the presented experimental setup, it is not possible
to expose droplets to a fixed number of pulses. This is a shortcoming
of the developed system. A solution to this issue would be developing
a microfluidic system in which droplets are temporarily stopped and
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Figure 3.3.: Nucleation probabilities and average droplet volumes for
cooling experiments. (A) Results are shown for three distinct average
droplet volumes conducted at S = 1.1 to evaluate the impact of average
droplet volume on measured cumulative nucleation probabilities with
a fixed time lag of 70.7 seconds. Here time lag refers to the time
between laser irradiation and detection of crystals within the droplets (B)
Average droplet volumes and nucleation probabilities for three different
cooling experiments conducted at S = 1.1 are presented to assess the
experimental reliability of the developed microfluidic system.

then exposed to a single pulse, similar to the technique used in
stop-flow lithography[58]. However, designing and implementing such a
system would require advanced microfluidic techniques and coordination
between the detection system and the laser, which is beyond the scope
of this current work.

3.3.2. COOLING EXPERIMENTS & REPEATABILITY

The repeatability of the microfluidic setup is checked by performing three
independent cooling crystallization experiments at fixed supersaturation,
S = 1.1, under identical conditions(laser intensity, wavelength and
cooling profile) including similar average droplet volumes. The results
of these experiments are shown in the Figure 3.3B. No significant
difference was observed in the nucleation probabilities recorded as the
error bars of measured nucleation probability overlapped for the all the
independent cooling experiments.

The nucleation probabilities measured for the control (cooling)
experiments were lower than 3% for S = 1.10 and lower than
1.5% for S = 1.05. We attribute the measured non-zero nucleation
probabilities to the high surface area to volume ratio of the droplets
facilitating heterogeneous nucleation. Hua[41] used comparable KCI
supersaturations (from 1.06 to 1.10) and detected no nucleation for
the control experiments in single-phase microfluidic NPLIN experiments.
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The solution flow was continuous in that study, providing a much
lower surface area to volume ratio. Another potential reason is the
temperature variation between experiments. Despite the fact that
the lab is temperature-controlled, we cannot rule out the possibility of
minute fluctuations affecting the supersaturation.

3.3.3. LASER IRRADIATION EXPERIMENTS

Figure 3.4 displays the nucleation probabilities at fixed observation time
for varying laser intensity (MW/cm?2) at three different wavelengths.
To facilitate quick comparison with NPLIN experiments, the results of
the control (cooling) experiments included in the plot as a solid line
with error bars represented as dotted line. It is worth mentioning that
the average nucleation probability obtained in this study is fairly small
when compared to previous reports [16, 17] for KCI. This difference
is due to much lower volumes (three orders of magnitude lower) used
in microfluidic scale [55] for laser irradiation and to the substantially
different detection times of crystal observation. Alexander et al.[16],
while conducting experiments with supersaturated KCI solution, used
a fixed detection time of 20 minutes, to check the samples for
crystal formation after laser irradiation. Kacker et al.[17] used a fixed
detection time of 60 minutes to ensure nuclei had sufficient time to
grow to a detectable size, even though after 20 minutes the authors
observed no significant change in the nucleation probability. On the
other hand, Hua et al.[41], in their microfluidic device, varied the
detection times from (1 - 20 minutes) in their experiments for different
combinations of supersaturation, laser intensities and laser pulses in
order to record number of crystals. In our experiments, the detection
time is approximately 70.7 seconds and it is limited by the flow rates
of dispersed and continuous phase solutions, length of the square glass
capillary and the position of the imaging system. Furthermore, the
nucleation probabilities found in the cooling experiments will serve as
a reference for the laser irradiation experiments. In hindsight, the low
nucleation probabilities measured in our experiments can be improved
by increasing the length of the capillary in order to accommodate longer
detection times for crystal observation. However our attempts to work
with longer capillaries were hampered by clogging issues due to poor
hydrophobization [59]. Additionally, the use of a silicone tubing in
combination with 30 cm capillaries to prolong the droplets residence
time caused leaks at the point where tubing was connected to the
capillary tube. Therefore, capillary tubes longer than 30 cm were not
used in this study.
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Figure 3.4.: Nucleation probabilities for the experiments performed
under supersaturations of (A) S=1.05 and (B) S=1.10, irradiated by
1064, 532 & 355 nm laser wavelengths. The dotted lines refer to the
nucleation probability from control cooling experiments that serve as a
reference to laser irradiation experiments. Note: An example of the
nucleation probability numbers for one of the experiments (S = 1.1,
1064 nm, 25 MW/cm?2), P(tobs = 70.7s)) ~ 0.049 signifies that out of
1483 droplets, there were N = 73 crystallization events.

EFFECT OF LASER INTENSITY

No laser intensity effect was observed at S = 1.05 (Figure. 3.4A). For laser
irradiation up to 50 MW/cm? peak intensity, the measured nucleation
probability was identical to the control experiments - except for 532
nm at 50 MW/cm?2. Only for peak intensities higher than 50 MW/cm?
the laser pulses did the laser pulses increase the nucleation probability
for all the wavelengths, as the probabilities recorded exceeded those
of the control experiments. No significant effect of wavelength on the
nucleation probabilities was observed as error bars overlapped.

For S = 1.10 (Figure. 3.4B), the overall trend showed that irradiation
with increasingly higher laser intensities increased the nucleation
probability. At 532 nm, an increase in the nucleation probability is
observed for 25 and 100 MW/cm?, yet the probabilities for 25 and
100 MW/cm? are not statistically different. The slow increase in
nucleation probability for 532 nm and 1064 nm between 25, 50 and
100 MW/cm?2, may indicate a saturation value above which increasing
the laser intensity no longer has a direct effect on the nucleation
probability. This observation is corroborated by previous literature
observations [17]. For 355 nm, the nucleation probabilities were found
to increase with increasing peak laser intensities more steeply than for
other wavelengths.

One possible explanation for the less steep increase observed for 532
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nm and 1064 relative to 355 nm could be the local heating of the solution
resulting in lower supersaturation values . Around 1064 nm, water has a
slight absorption band [60, 61] which would imply some heating effect
in the supersaturated solution upon laser irradiation. Previously, Irimia
et al.[18] conducted batch NPLIN experiments with supersaturated
aqueous glycine solutions at a 1064 nm laser wavelength. They
observed a similar local heating of the solution and identified two
competing phenomena with opposite effects. The local heating of the
supersaturated solution reduces the supersaturation, thereby lowering
the nucleation probability. On the other hand, a temperature gradient
induces mixing, which contributes to the enhancement of the apparent
nucleation probability. According to the authors, the temperature effect
on batch samples (8 ml) is negligible. In our study, the much lower
volume of the droplets and the fact that the full droplet is irradiated
eliminates the induced convective mixing effect, and its influence on
the nucleation probability. While this interpretation might not hold for
all wavelengths, it does apply for KCl solutions between 355 - 532
nm. Within this range, the solutions show no detectable absorption
bands[60, 61], despite the small ones shown by water near 355 nm[62].
These bands are so weak that they cannot cause any significant heating
effect, particularly when compared to the near-infrared spectrum.

Another explanation might be found in impurity heating mecha-
nism. This mechanism revolves around the rapid heating of impurity
nanoparticles, which leads to the formation of a small vapor cavity,
analogous to laser-induced cavitation. In the vicinity of this cavity, the
solute concentration may be enhanced, thereby promoting nucleation
[63]. Nevertheless, as these impurity particles absorb energy, a rapid
temperature increase occurs in the surrounding solution, temporarily
reducing local supersaturation. At lower intensity irradiation, the
applied energy may not be large enough for the solution temperature
to reach the vaporization temperature [46, 63, 64]. A competition
between heating and vapor cavity effects on supersaturation may take
place at higher laser peak intensities, suggesting a threshold value
for NPLIN. Previous studies in the literature have shown evidence of
threshold intensities. Alexander et al.[16] reported a threshold for NPLIN
in batch KCl| solution samples, indicating its value to be practically
supersaturation independent at 6.4 + 0.5 MW/cm?2. Kacker et al.[17],
in batch irradiation of S = 1.035, 1.049, and 1.055 KCI solutions, found
the threshold value to be around 0.5 MW/cm? and observed 100%
nucleation at laser intensity values above 5 MW/cm?2. In this study,
threshold values were found to be > 10 MW/cm? for S = 1.10 and >
50 MW/cm?2 for S = 1.05. The difference in threshold values is possibly
due to the smaller volumes used in this study. The dynamics in a
batch scale experiment differ significantly from the effects observed on
the microfluidic scale[56]. In droplet microfluidic experiments, much
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smaller volumes and detection times are used. Furthermore, the entire
solution volume is irradiated by the laser, as opposed to partial volume
irradiation in batch experiments.

EFFECT OF LASER WAVELENGTH

Overall, no significant wavelength effect on nucleation probability was
observed. The measured nucleation probabilities followed the same
trend when S = 1.05 (Figure. 3.4A) solutions were irradiated with three
different wavelengths. The error bars for all laser intensities overlap in
Figure. 3.4A , indicating no statistically significant wavelength effect.
At S = 1.10 (Figure. 3.4B), also no significant variation was observed
when droplets were exposed to 1064 or 532 nm laser pulses. Even
at the higher laser intensity (100 MW/cm?), the obtained nucleation
probabilities are still considered comparable.

An exception of this general trend is nucleation probabilities measured
in droplets irradiated at 355 nm for intensities > 50 MW/cm?2. It is
noteworthy to mention that the irradiation with 355 nm proved to be
experimentally challenging compared to experiments conducted with
1064 and 532 nm. Whereas with 1064 and 532 nm it was possible
to irradiate the square borosilicate capillaries with laser intensities up
to 100 MW/cm? for a long period of time (over 2.5 h), at 355 nm
the irradiation above 70 MW/cm? resulted in broken capillaries in a
matter of minutes. This observed effect hindered data collection at
these higher laser intensity values, so the highest applied laser intensity
for 355 nm was 70 MW/cmZ2.The nucleation probabilities under 355
nm were approximately two times higher than for 1064 and 532 nm
above peak laser intensities (> 50 MW/cm?). Slightly higher nucleation
probabilities upon irradiation of KCI solutions with 355 nm as compared
to irradiation with 1064 and 532 nm have been reported before for
all laser intensities[17]. However, in our studies, the effect was
only observed for the higher laser intensities (> 50 MW/cm?). The
wavelength effect observed in our study could also be attributed to the
photochemical effect induced by UV light irradiation, potentially heating
smaller impurity particles in a manner distinct from the nanoparticle
heating mechanism[17, 65]. However, a definitive verification of this
hypothesis extends beyond the scope of the current work.

EFFECT OF SUPERSATURATION

NPLIN probability has been reported to increase with increasing
supersaturation in macroscopic NPLIN experiments [22]. Comparing
panels A and B in Figure.3.4 shows how supersaturation influences
nucleation probability. Overall, nucleation probabilities for all theoretical
peak intensities are higher for S=1.10 compared to S=1.05. For S =
1.10, irradiation with 10 MW/cm?2 has a higher NPLIN probability than
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the control indicated with dotted lines. On the other hand, for S = 1.05,
irradiation at intensities up to > 50 MW/cm?, for 1064 and 355 nm,
are still inefficient in triggering NPLIN where the measured nucleation
probabilities are similar to control experiments.

3.3.4. COMMENTS ON NPLIN MECHANISMS
DIELECTRIC POLARIZATION MODEL

We first investigate the ability of Dielectric polarization (DP) model hy-
pothesis to explain our experimental findings of nucleation probabilities
at different theoretical peak intensities at each wavelength, for both of
the studied supersaturations. The DP model can be interpreted such
that the number of crystals is directly proportional to the peak laser
intensity (Equation 3.1). Equation 3.2 can then be used to describe the
nucleation probability[16], where | is the laser peak intensity and m is
the lability factor. The lability factor in the NPLIN literature describes
the ease with which a system nucleates and is thought to be specific for
each solute[22]. In this study typs denoted fixed observation time taken
as tops = 70.7 s. Analysis of the data in the DP model thus requires the
determination of the lability factor.

Ncrystals = ml (3.1)

P(tobs) = 1 —exp(—mI) (3.2)

However, the relationships in Equations 3.1 and 3.2 fail to accurately
describe a peak laser intensity threshold for NPLIN to occur, encountered
in experimental data[22]. Therefore, Equations 3.1 and 3.2 are generally
adjusted to Equations 3.3 and 3.4, respectively, where |, is the threshold
theoretical peak intensity.

Nerystais = m(I—1o) (3.3)

P(tops) = 1—exp(—m(I—1o)) (3.4)

The analysis was carried out by plotting a semi-logarithm graph
between 1- P(tops = 70.7s) and the theoretical peak intensity. The
experimental data was fitted by linear regression - where P(tops = 70.75)
is the nucleation probability at the detection time of approximately 70.7
seconds (Figure 3.5). The lability factor was then determined directly
from the slope of the line, and through the intercept, threshold peak
intensity I, was calculated. The values are shown in the table 3.2 with
95% confidence intervals.

Analyzing the results for S = 1.05 in Table 3.2, it can be deduced that
the lability factor obtained from fitting process fall within 95% confidence
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Figure 3.5.: DP model semi logarithm straight line fits with 95%
confidence interval prediction for all the wavelengths of experimental
data under supersaturations of (A) S=1.05 and (B) S=1.10.

intervals for all laser wavelengths and hence the irradiated solutions had
similar ease to nucleate. However, when the lability factor for S = 1.10
is examined, substantial differences can be seen between the factors
determined for 1064 & 532 nm and 355 nm. This difference might
be due to the considerably higher nucleation probabilities observed for
irradiation with 355 nm at higher laser intensities, as opposed to those at
1064 & 532 nm. Interestingly, the confidence interval bounds are in the
same order of magnitude as the mean values for both supersaturation
levels at all laser wavelengths.

Table 3.2.: Overview of the fitted parameters i.e., lability (m) and
threshold peak intensity (I,) for different wavelengths for both the
supersaturations with uncertainties based on 95% confidence intervals.

Wavelength Lability Threshold peak
S (nm) (cm?2 MW—1) intensity (MW cm—2)

1064 3.00E-04 + -18 £ 33
2.52E-04

1.05 532 2.28E-04 + -37 £ 53
2.66E-04

355 2.66E-04 + -25 £ 23
1.79E-04

1064 3.09E-04 + -89 £ 57
7.51E-04

1.1 532 6.40E-04 + -40 = 47
9.77E-04

355 1.80E-03 + -9+ 13
1.02E-03
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From Table 3.2, we find that the values of lability at all the wavelengths
vary by 1 or 2 orders of magnitude compared to literature values from
Alexander et al.[22] and Hua et al.[42]. The primary reason for this
finding is likely the difference in sample volume subjected to laser
irradiation. In this study, we irradiate microdroplets of uL volumes with
a laser, as compared to the mL volumes reported in the literature. It's
worth mentioning that in studies irradiating solutions in 10 mL vials,
despite higher nucleation probabilities, the number of crystals per vial
is usually 1-2. This means that, despite the larger volume of molecules
and particles exposed to the laser, only one or two nuclei succeed in
growing to detectable sizes. Considering the much lower volumes in our
work, the likelihood of nucleation significantly diminishes. Therefore, to
initiate the crystallization process in these smaller droplets, a higher
intensity of laser irradiation is likely required to activate particles
that are smaller than those that would typically induce crystallization
in a larger volume. This observation strengthens the hypothesis of
the nanoparticle heating mechanism discussed in the next section.
Moreover, the role of interfaces should not be overlooked. In our
microfluidic setup, the irradiated beam travels through the glass-ail,
oil-solution interfaces twice, yet in macroscopic NPLIN experiments, the
irradiation only interacts with the glass-solution interface twice. This
difference in interface interaction should be taken into account when
comparing results from the microfluidic and macroscopic setup.

Moreover the threshold peak intensity values reported in Table 3.2
for both supersaturations display negative values, which are physically
unrealistic. This discrepancy arises because the DP model does not
account for background spontaneous crystallization, i.e., nucleation in
the control experiments. Additionally, since the nucleation probabilities
P(tops = 70.7s) yield low numbers, the slope of the fitted line is also
low, resulting in low lability factors and negative threshold intensities.
Improvements to the setup to increase P(t) and reduce background
spontaneous crystallization could potentially yield better fitting results.
In contrast, multiple laser intensity thresholds for supersaturated
aqueous KCl systems under similar conditions were reported in the
literature for batch sample irradiation[16, 17, 41], as previously
mentioned. From this analysis, we conclude that the DP model could
not describe our experimental findings; hence, more focus was put on
further experiments testing the (nano)impurities heating mechanism.

3.3.5. SOLUTION fiLTRATION
EFFECT OF fILTER PORE SIZE

To investigate the influence of filtration on NPLIN probability, a series
of experiments were performed with KCl solution (S = 1.10) with
filters of different size, namely 0.22 um (PTFE syringe filter), 0.45 um
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syringe filters (PTFE syringe filter) and 7 um paper filter (Grade-3HW,
Whatman filter). The experiments were carried out using the developed
microfluidic setup and included both control cooling experiments and
laser irradiation experiments with incident wavelength of 532 nm and
peak intensity of 50 MW/cmZ2. The nucleation probabilities obtained in
these experiments are shown in the Figure 3.6A.
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Figure 3.6.: (A) Nucleation probabilities for filtered solution with different
pore size diameters and unfiltered solution under S = 1.1 in both control
cooling & laser experiments at a constant laser wavelength (532 nm)
and constant theoretical peak intensity (50 MW/cm?) and (B) Particle
size distribution obtained for unfiltered KCI solution and filtered KCI
solution with 0.22 um, 0.45 um and 7 um filters

Higher nucleation probability was observed in laser experiments with
an unfiltered solution as compared to a filtered solution from 0.22 um
and 0.45 um pore size filters. Moreover, laser irradiation increased
the nucleation probability in the unfiltered solution, whilst for the
filtered solution, no significant difference is seen between cooling and
laser experiments for 0.22 um and 0.45 um pore size filters. This
observation is attributed to the presence and absence of impurities in
the unfiltered and filtered solutions, respectively, which are intrinsically
related to the (nano)impurity heating mechanism proposed for the
NPLIN phenomena[l7, 46, 66]. Yet another explanation for the observed
reduced nucleation probability upon filtration is the reduction of existing
KCI clusters due to the high shear force produced as the fluid travels
through the sub-micrometer size pores of the filter. As drag force scales
with size at low Reynolds number flows[58], disordered clusters that
are discussed in two-state nucleation theory [9] may be broken into
smaller sizes or dissolve back into the solution upon filtration. Further
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laser experiment results showed similar nucleation probability for both
7 um pore size filtered and unfiltered solution, indicating the 7 um
filter was ineffective in removing nanoimpurities/nanoclusters present in
the solution. This is further supported by the similar results obtained
for control cooling experiments. These findings suggest that the initial
presence of nanoimpurities/nanoclusters in the unfiltered solution might
be larger than 0.45 um in mean hydrodynamic diameter and could not
be effectively filtered by the 7 um pore size filter. A supportive evidence
to this claim also comes from Dynamic light scattering (DLS) data for
these experiments as shown in the Figure 3.6B.

Dynamic light scattering (DLS) was used to estimate the particle
size distributions (PSD) in KCI solutions. To prevent spontaneous
nucleation, the KCI solution was slightly undersaturated (S = 0.98). The
non-negative least squares approach was used to compute the particle
size distribution from the DLS data. The measurements were performed
for unfiltered KCI solution and filtered KCI solutions with different pore
size filters (0.2 um, 0.45 um, 7 um). The correlation functions and the
corresponding fitted PSD for all the solutions are shown in Appendix
B Figure SIV[49]. The particle size distribution (PSD) of the unfiltered
solution reveals a mean hydrodynamic diameter of 264 £ 50 nm. Upon
filtration with 0.22 um and 0.45 um filters, particles at 264 = 50 nm
were eliminated, resulting in a residual population of particles < 70 nm
and < 200 nm, respectively. Still for solutions filtered with 0.22 um
and 0.45 um filters, peaks are seen in < 1 nm. However, literature
reports that particle populations < 1 nm from DLS measurements were
identified as scattering from the solute and do not correspond to a true
representation of the particles in solution[46]. In contrast, filtration with
a 7 um filter produced a PSD in a similar size range to that of the
unfiltered solution with a mean hydrodynamic diameter of 209 + 14 nm.
These findings suggest the 7 um filter was not effective in eliminating
nanoimpurities or clusters and led to a nucleation probability comparable
to that of the unfiltered solution. Similarly, the 0.22 um and 0.45 um
filters effectively removed nanoimpurities from the unfiltered solution,
thus resulting in lower nucleation probability. The obtained results in
Figure 3.6 provide supporting evidence for the nanoparticle/impurity
heating mechanism[67].

NPLIN PROBABILITY IN DOPED SOLUTIONS

Subsequently, laser-induced nucleation experiments were performed
with filtered solution (0.45 um pore size filter) doped with FeszOg4
nanoparticles (50 - 100 nm nominal diameter) with a concentration of
14.6 ug/ml in solution droplets, with an incident wavelength of 532
nm and a peak intensity of 50 MW/cm? to determine if addition of
nanoparticles can enhance NPLIN nucleation probability by laser-impurity
interaction. The results in Figure 3.7 show a nucleation probability of
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100%, with multiple crystals formed per droplet, compared to unfiltered
and filtered laser experiments where mostly a single crystal per droplet
was observed. One possible explanation for the presence of multiple
crystals per droplet is the high number of nucleation sites that are active
within the droplet in the form of dopant nanoparticles. Another factor
that could contribute to this phenomenon is the use of multiple laser
shots (10-15) per droplet, which could trigger secondary nucleation
events within the droplet. Similarly, control cooling experiments
performed with filtered solution doped with Fe304 nanoparticles resulted
in a nucleation probability comparable to unfiltered and filtered solution
(0.45 um pore size filter) cooling experiments results. These findings
provide additional support for the observations derived from laser
experiments, indicating that the dopant nanoparticles may not be
intrinsically enhancing the nucleation process through heterogeneous
nucleation. Instead, the laser-nanoparticle interaction within the droplet
is likely the primary factor contributing to the observed nucleation
behavior.

The increase in nucleation probability for doping solutions could
be attributed to the fact that FesO4 nanoparticles exhibit a specific
absorption efficiency when exposed to 532 nm laser light depending
the size of the nanoparticles. This allows us to estimate the energy
absorbed by the nanoparticle from the laser. Quantitative information
about specific absorption to size of the Fe304 nanoparticle can be found
in the work from Nagalingam et al.[68]. This energy can further be
used to vaporize the surrounding liquid and create a vapor bubble. To
calculate the size of the vapor bubble formed from laser irradiation, we
could use simple thermodynamic calculations, assuming that one laser
shot on one nanoparticle produces one vapor bubble[26]. However,
the DLS result of the filtered doped solution gave a PSD with mean
hydrodynamic diameter of 465 + 33 nm, revealing that iron oxide
nanoparticles are agglomerated within the supersaturated solution, a
commonly encountered problem in high ionic strength solutions [69].
Consequently, treating the agglomerated particle as a single particle
may not be entirely accurate, given that the complex nature of
agglomeration leads to modifications in the nanoparticles properties,
including variation in its optical characteristics[69]. These differences
affect the way the agglomerated particle interacts with laser light.
Therefore, accurately estimating the bubble size for the agglomerated
system is beyond the scope of this paper.

At this stage, we hypothesize that upon laser irradiation of the filtered
doped solution, there might be numerous vapor bubbles that would
eventually merge into a larger bubble compared to the bubble size that
would have been obtained in an unfiltered solution. The maximum
size of the bubble, as predicted by Hidman et al.[63] numerically and
by Nagalingam et al.[68] combining experiments and numerics, would
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lead to a higher local supersaturation around the vapor-liquid interface.
This increased local supersaturation could accelerate the nucleation
process and could explain the much higher nucleation probabilities
observed in doped solutions compared to unfiltered solutions upon laser
irradiation. Moreover, the morphology of crystals within the droplets
obtained in laser-irradiated doped solutions, as compared to unfiltered
solutions, supports this hypothesis. In nearly every droplet containing
nanoparticles, we observed multiple needle-shaped crystals, suggesting
creation of a high degree of local supersaturation upon laser irradiation.
This is consistent with reports on the tendency for needle-shaped
KCl crystals to form in higher bulk supersaturation conditions. In
contrast, the presence of mostly cubic KCI crystals in almost every
droplet of laser-irradiated unfiltered solutions indicates relatively lower
local supersaturation levels, aligning with the typical formation of cubic
crystals in lower bulk supersaturation environments[70, 71].

[ cCooling experiments
1.0 4 [ Laser experiments
0.8
E 1 mm
w Needle crystals
~
s 0.6 4
~
1]
1]
:.g 0'4 | 1 mm
o Cubic crystals
Mg = SO
|
0.0 =
& N - L
S Q* e.":o 0"0
& W < S
Q° Q°
ef‘zb & 3 Q@ "\\\\?} 7“\
& 3 W > &
N QF S
) 8% N &
& & ({‘\@
& & >
N
&

Figure 3.7.: Comparison of nucleation probabilities for filtered solution
along with addition of Fes04 nanoparticles and unfiltered solution under
S = 1.1 in both control cooling & laser experiments at a constant
laser wavelength (532 nm) and constant theoretical peak intensity (50
MW/cm?)

From the perspective of impurity heating mechanism hypothesis,
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the reduction of the nucleation probability in filtered solutions and
enhancement of nucleation probability in dopant solutions may be
interpreted as a consequence of the reduced and enhanced interaction
respectively between the laser and the impurities. Several authors
have provided evidence to substantiate this claim. Javid et al. [66]
performed NPLIN experiments with filtered and unfiltered aqueous
glycine solutions, in which they observed a suppression of nucleation
probability in filtered solution and a change in the favoured polymorphic
form for filtered glycine solutions compared to unfiltered solutions.
Ward et al.[46] investigated the effect of intentionally added impurities
of Fe3z04 nanoparticles and polyethylene glycol surfactant on the
nucleation probability and crystal count in aqueous NH4Cl solutions.
These authors have seen that filtration significantly decreases the
nucleation probability, which could again be increased to the initial
(unfiltered) levels by doping the solution with the Fe304 nanoparticles.
The same authors also found lower nucleation probabilities of CO3
bubbles in filtered carbonated sucrose solutions[26]. Similarly, NPLIN
experiments were carried out in filtered and unfiltered aqueous KCI
solutions by Kacker et al.[17] in which they concluded that NPLIN
depends on the presence of impurities in solution. Although the
observations of our experiments, along with previous claims in the
literature, strengthen the evidence of a dependence of NPLIN on the
presence of (nano)impurities, additional research is still required to
deliver a definitive statement on the role of impurities in the induction
of nucleation in NPLIN research. Further studies exploring the effects of
various nanoparticles with different absorption efficiency, nanoparticle
concentration and their sizes on laser intensity threshold and nucleation
probability in supersaturated solutions may provide further insights into
the mechanism of NPLIN.

3.4. CONCLUSIONS

A droplet-based microfluidic system tailor designed for NPLIN studies, in
combination with a fully automated droplet and crystal count monitoring
system using a deep learning method, is reported for the first time
to study NPLIN. The design addresses a major criticism on the NPLIN
literature, i.e., the lack of large data sets due to manually intensive
nature of bulk NPLIN experiments. Variations in the form of experimental
conditions such as supersaturation, laser wavelength, laser intensity and
the effect of solution filtration are studied using agueous KCI solutions
to quantify their influence on NPLIN kinetics and draw parallels with
the proposed underlying NPLIN mechanisms in the literature. With
respect to the laser peak intensity experiments for S = 1.05, laser
irradiation was only proven to be effective at laser intensities > 50
MW/cmZ2. Notably, no significant difference in nucleation probabilities as
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function of the laser peak intensity were found at any wavelength for
this supersaturation. For S = 1.10 the irradiation was already seen to be
effective at laser intensities > 10 MW/cm?2. As for the influence of laser
wavelength, besides larger values obtained with irradiation of S = 1.10
with 355 nm at laser intensities > 50 MW/cm?Z, no significant wavelength
effect was observed. These observations are speculated to be caused
by nonlinear absorption of the light by the impurities within the solution.
Finally, concerning the effect of supersaturation, it was evident that a
higher supersaturation resulted in a higher nucleation probability. The
Dielectric Polarization model could not describe the measured nucleation
probabilities with different wavelengths, as the lability parameters and
threshold peak intensities calculated are inconsistent with literature
and physically unrealistic. Solution filtration with pore size less than
7 micrometers suppressed the NPLIN probabilities. The addition of
Fe304 nanoparticles to the filtered solution enhanced the nucleation
probabilities and altered the morphology of emerging crystals. These
results highlight the role of the impurities in the solution and reinforce
the nanoparticle/impurity heating mechanism hypothesis for NPLIN. It is
noteworthy that the droplet microfluidic setup presented here exhibits
some limitations arising from both the small volume of the droplets
and the high surface area-to-volume ratio. As a result, it yields
low nucleation probabilities and increases the background spontaneous
nucleation (control experiments). Experimental efforts to increase the
measured NPLIN probabilities by increasing supersaturation resulted in
clogging of capillary downstream. Experiments at higher observation
times or higher laser intensities to measure higher NPLIN probabilities
was experimentally challenging due to fragile nature of the capillaries.
Despite these limitations, the proposed setup may offer advantages
such as statistical accuracy and ability to automation, provided that
droplet microfluidics setup is re-designed to reach higher observation
times or higher laser intensities.
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INfIUENCE OF NANOPARTICLE PROPERTIES ON
NON-PHOTOCHEMICAL LASER-INDUCED
NUCLEATION

In non-photochemical laser-induced nucleation (NPLIN), a nanosecond
laser pulse triggers rapid nucleation in supersaturated solutions, a
process that would typically take days or weeks to occur naturally.
Previous studies have shown that the introduction of nanoparticles
into these supersaturated solutions enhances the probability of NPLIN
when measured at a fixed time lag, compared to control experiments
without nanoparticles.  However, the precise mechanisms driving
this enhancement remain unclear. In this study, we systematically
investigate how the properties of added nanoparticles—specifically their
concentration and chemical composition—affect the NPLIN probability in
supersaturated urea solutions. We found that filtering the supersaturated
urea solutions before irradiation reduced the NPLIN probability, while
the addition of gold nanoparticles (AuNPs) to these filtered solutions
significantly increased it, consistent with earlier reports. Additionally,
we observed that higher laser intensities at a fixed AuNP concentration
resulted in elevated NPLIN probabilities.  Similarly, increasing the
concentration of AuNPs at a fixed laser intensity also led to higher
NPLIN probabilities. When comparing the effects of gold and silica
nanoparticles of the same size and concentration, the gold-doped
solutions exhibited greater NPLIN probabilities. We interpret these
experimental results in light of the impurity heating hypothesis, which
has been proposed to explain NPLIN. Our findings offer new insights
into the factors influencing NPLIN and underscore the importance of
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nanoparticle characteristics in the design of heteronucleants optimized
for NPLIN applications.

4.1. INTRODUCTION

Non-photochemical laser induced nucleation (NPLIN) employs nanosec-
ond laser pulses to initiate nucleation in supersaturated solutions without
causing any detectable photochemical reaction, as neither the solute
nor the solvent molecules absorb light at the irradiated wavelength [1,
2]. Since its discovery by Garetz et al. in 1996 using urea [3], NPLIN
has been applied to crystallize over forty compounds, including small
organic molecules [4], proteins and inorganic salts[5]. NPLIN reduces
the induction time for supersaturated solutions from weeks to mere
minutes or seconds[6, 7]. Moreover, NPLIN has been reported to offer
control over crystal morphology[8] and (pseudo)polymorphic forms[9,
10]. More recently, NPLIN has also been used for cocrystal crystallization
[11]. Despite these advances, a comprehensive physical understanding
of NPLIN remains elusive[5].

Initial studies of NPLIN attributed to the interaction between the laser
electric field and dipole moment of solute molecules, according to the
Optical Kerr effect (OKE) [3]. This hypothesis suggests that the electric
field of pulsed laser light induces anisotropic polarization, producing a
weak torque that aligns the most polarizable axis of the molecule in the
direction of the applied electric field. Furthermore, for agueous glycine
solutions, it was observed that the linear and circular polarization of light
produced a different electric field, which altered the structural motifs of
the crystal formed[12].

Subsequent studies, however, have demonstrated that crystal ori-
entation does not depend on the direction of the electric field [13],
and there appears to be no definitive correlation between the glycine
polymorphism and the laser polarization [9, 14]. Interestingly, Irimia
et al. reported the polymorphic form crystallizing from solution with
NPLIN was different than the one nucleating during flash cooling [9].
Monte Carlo simulations suggest that the intensities of the lasers used in
experiments are too low to induce nucleation via orientational bias [15].
As a result, an alternative mechanism, dielectric polarization (DP), has
been proposed [16]. This mechanism considers the isotropic electronic
polarizability of molecular clusters. According to this theory, the optical
electric field could decrease the free energy within the clusters due
to the difference in the dielectric permittivity between the solute and
the solvent [5], thus reducing the size of the critical nucleus required
for nucleation [16]. Although the DP model has been successful in
correlating nucleation probability with peak laser intensity and solution
supersaturation, it fails to explain the influence of laser pulse duration
and threshold intensity on nucleation. Knott et al.[17] demonstrated
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that while a laser could induce CO> bubble nucleation in carbonated
water, this phenomenon could not be adequately explained by the DP
mechanism.

Interestingly, the nucleation probability in filtered solutions, such as
those of glycine, NH4Cl, KCI, was lower than in unfiltered solutions
under same laser irradiation conditions, indicating the significant role
of either insoluble impurity nanoparticles or clusters in NPLIN [9,
18, 19]. However, this effect of filtration could be reversed by
adding iron-oxide (Fe304) nanoparticles to filtered NH4Cl samples [19].
Consequently, the nanoparticle heating mechanism was proposed as a
third alternative mechanism for NPLIN, based on empirical evidence.
This mechanism posits that impurity nanoparticles in the solution are
heated by the laser, causing the surrounding liquid to vaporize and
form bubbles. The evaporation of solvent around these bubbles is
hypothesized to facilitate nucleation. Despite efforts to visualize the
hypothesized bubbles in NPLIN experiments, no experimental evidence
could be acquired. Using numerical simulations and inspired by
experimental data from Soare et al.[20], Hidman et al. [21] built
a numerical framework suggesting evaporation of solvent around the
bubble increases local supersaturation hence triggering nucleation [21].
Since dedicated experiments were unavailable when Hidman et al. [21]
published their results, it was not possible to verify the finite element
simulations with experimental data. In other words, there was a lack
of experimental evidence to support the hypothesized evaporation of
a bubble around an impurity. To address this issue, Nagalingam et
al.[22] used high-speed video microscopy to record bubble expansion
and collapse followed by nucleation of KCI crystals and used numerical
simulations to quantify the solute concentration around the bubble.
These experiments were possible due to two significant changes
introduced in the experimental settings, namely addition of ppm level
soluble impurity, KMnO4 and switching to an experimental geometry
facilitating easy optical access essential for high speed microscopy.
They observed a temporary peak (O(us)) in local supersaturation at the
vapor-liquid interface during rapid bubble expansion[22]. By combining
high speed microscopy with finite element simulations, Nagalingam et
al.[22] provided the first verified experimental evidence suggesting that
thermocavitation bubbles forming in NPLIN experiments might trigger
nucleation. Furthermore, Korede et al.[7] observed that adding Fe3z04
nanoparticles to filtered KCI samples not only increased the nucleation
probability, but also altered the crystal morphology from cubic to
needle-like in a droplet-based microfluidic system. The study by Briard
et al.[23] on aqueous solutions of ethylenediamine sulfate (EDS) further
investigates the hypothesis of nanoparticle heating, exploring the role
of solid impurities in NPLIN and their potential in modulating nucleation
probabilities.
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In summary, impurity heating hypothesis appear to explain trends
observed in NPLIN experiments that Optical Kerr effect and DP hypothesis
can not explain[5]. However, the interaction of laser pulses with impurity
nanoparticles and how the nature of the nanoparticles—such as material
and concentration—affect NPLIN remain largely unexplored. Therefore,
further experiments and detailed studies are required to better
understand the role of nanoparticles in inducing NPLIN.

The primary objective of this study is to gain more experimental
evidence for impurity heating mechanism in NPLIN and to investigate
the influence of nanoparticle characteristics on the NPLIN probability.
Experiments were conducted using supersaturated urea solution (S =
1.5) with 50 nm gold nanoparticles (AuNPs) of various concentrations
and 50 nm silica nanoparticles at a laser wavelength of 532 nm. AuNPs
were chosen as a result of their higher chemical stability and more
frequent usage in such applications. Additionally, Au NPs are known for
their unigue optical properties, particularly their strong absorption in the
visible light spectrum, which is expected to enhance the laser-impurity
interaction[24].

4.2. EXPERIMENTAL

4.2.1. MATERIALS AND METHOD

Urea (molecular biology grade: 98.5-101.5%, CAS: 7447-40-7) and
Au NPs dispersed in phosphate buffered saline (PBS) with 50 nm
(SKU 753645, 3.5x1010 NPs/ml), were procured from Sigma Aldrich,
Netherlands. Silica nanospheres with a diameter of 50 nm (10 mg/ml
~ 7.64x1010 NPs/ml), dispersed in Milli-Q water, was obtained from
Alpha Nanotech Inc. Thiol-functionalized methoxyl polyethylene glycol
(PEG-SH) with a molecular weight of 5000 Da was obtained from Rapp
Polymere GMBH, Germany. Ultrapure water, from an internal Milli-Q
system (ELGA Purelab, UK, 18.2 MQ.cm), was used in all experiments.

Urea solution (30.2 mol kg=1, S = 1.5) was prepared by dissolving
urea in ultrapure water. This solution was placed in an ultrasonic heating
water bath for 1 hour, then transferred to an oven set at 50°C overnight
to ensure complete dissolution. The solution was then directly filtered
into preheated 8 ml borosilicate glass vials using 0.22 ym (PTFE syringe
filter). The vials were maintained at 50°C during this process. For each
experimental set, 100 samples were prepared. After filtration, the vials
were transferred to a 50°C water bath, gradually cooled to 25°C for
3 hours and aged for a day before laser exposure. Samples showing
spontaneous nucleation prior to laser experiments were excluded from
the study.
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4.2.2. FILTERED SOLUTIONS DOPED WITH NANOPARTICLES
50 NM GOLD NANOPARTICLES

Urea supersaturated solutions with different concentrations were
prepared, doped with various concentrations of 50 nm AuNPs to maintain
a consistent supersaturation level (S=1.5). Detailed information on
the specific concentrations of the urea solutions, the volume of the
PEG-AuNPs suspension added, and the consequent concentrations of the
AuUNPs can be found in the Table 4.1. Additionally, the use of different
concentrations of nanoparticles was instrumental in understanding the
effect of nanoparticle concentration on the nucleation probability.

Table 4.1.: Summary of Urea Concentrations with corresponding volumes
and concentrations of Doped PEG-AuNPs

Urea solution Volume of Concentration of
concentration (mol PEG-AuNPs AuNPs
kg—1) suspension added (particles/ml)
(ml)
30.337 0.02 1.74 x 108
30.488 0.04 3.47 x 108
30.639 0.06 5.17 x 108
30.790 0.08 6.86 x 108
31.318 0.15 1.27 x 109

4.2.3. LASER IRRADIATION EXPERIMENTS

Figure 4.1 depicts the schematic of the experimental setup that includes
Q-switched Nd:YAG laser (Continuum, Powerlite DLS8000), which emits
7 ns pulses of linearly polarized light with a wavelength of 532 nm at a
frequency of 10 Hz.

The direction of light was adjusted by a mirror (NB1-K13, Thorlabs)
or a beam splitter (BSN10, Thorlabs), according to the desired intensity
levels. Subsequently, the fundamental beam, with a diameter of 9
mm, was passed through a Galilean telescope, resulting in a decrease
in its diameter to 4.5 mm. To eliminate any artifacts produced by
the laser, an iris was used. Before irradiating the samples through its
center, the average energy per pulse was determined by averaging the
measurements from 20 pulses using an energy meter (QE25LP-H-MB-
QED-DO, Gentec EO). Each sample, free from spontaneous nucleation,
was subjected to a single pulse of laser light at various intensities
(10, 50, 100, 200, and 376 MW/cm?2). Immediately following the laser
exposure, the sample was returned to the water bath set at 25°C.
The presence of crystals in the vials was examined after 60-minutes,
considering prior studies[18]. The nucleation probability, denoted as
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Figure 4.1.: A schematic of the experimental setup

P(tops = 60 min), was then calculated as the ratio of nucleated samples
to the overall number of samples irradiated.

4.2.4. DYNAMIC LIGHT SCATTERING (DLS) TESTS

Dynamic Light Scattering (DLS) analysis were performed using a
Zetasizer Pro (Malvern Panalytical Ltd, UK) to determine the particle size
distribution (PSD) of filtered solution, unfiltered solution, and filtered
urea solution doped with AuNPs. DLS measurements were conducted
at 25°C using a 633 nm wavelength laser at a scattering angle of 173-.
The non-negative least squares (NNLS) fitting algorithm was employed
for calculating PSDs. To avoid urea crystallization during DLS tests,
the solution concentration was kept at 16.65 mol kg~—1 (S = 0.98). It
is important to note that the PSD obtained from DLS represents the
hydrodynamic diameter, which may not precisely correspond to the
physical size of the nanoparticles.

4.3. RESULTS

4.3.1. EFFECT OF FILTRATION AND DOPING

Laser-induced nucleation experiments were performed with supersatu-
rated filtered urea solution (S = 1.5) doped with PEG coated AuNPs (50
nm nominal diameter, 6.86 x 108 NPs/ml), at an incident wavelength of
532 nm and peak intensity of 376 MW/cm? to determine if addition of
nanoparticles can enhance NPLIN nucleation probability by laser-impurity
interaction. The nucleation probabilities obtained in these experiments
are shown in the Figure 4.2A.

The unfiltered solution showed a nucleation probability of 22%,
significantly higher than the 4% in filtered samples, highlighting the role
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Figure 4.2.: (A) Comparison of nucleation probabilities for unfiltered,
filtered and filtered solutions with addition of AUNPs (50 nm; dm,) under
S = 1.5 in both control & laser experiments at a laser wavelength (532
nm) and laser peak intensity (376 MW/cm?2). The inset figure represents
particle size distribution, reflecting the hydrodynamic diameter (dp)
obtained for unfiltered, filtered, and doped solutions with addition of
AuNPs (concentration of 6.86 x 108 NPs/ml). The error bars are
computed using the Wilson score method.

of nanoimpurities in NPLIN. Control samples exposed to air without laser
showed minimal nucleation, corroborating unpublished observations by
Ward[19] and Liu [13]. Doping with 50 nm gold nanoparticles increased
the nucleation probability to 73% post-laser irradiation, compared to
12% in control samples. This enhancement is consistent with NPLIN
studies on ammonium chloride and potassium chloride solutions [7, 19],
supporting the hypothesis that gold nanoparticles reverse the effects of
filtration in NPLIN studies.

To validate these experimental results, additional experiments were
carried out using dynamic light scattering (DLS) to estimate the particle
size distributions (PSD) in urea solutions, as shown in Figure 4.2B.
Measurements were conducted on unfiltered urea solutions, filtered
urea solutions, and urea solutions doped with AuNPs. The PSD curve
of the unfiltered urea solution revealed a dominant peak at 260 =+
40 nm, likely due to nanoparticle impurities or clusters. Filtration
almost completely removed the species at 260 £ 40 nm from the
solution, leaving only a residual population peak smaller than 1 nm.
Similar observations have been reported for filtered solutions of KCI and
NH4Cl, where particle populations were also < 1 nm, attributed to the
scattering of solute molecules rather than actual particles in solution[7,
19]. On the contrary, the filtered urea solution doped with 50 nm AuNPs
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(denoted as dm) exhibited a population size of approximately 120 + 20
nm, indicative of the hydrodynamic diameter (dn). This measurement
suggests that the gold nanoparticles are slightly agglomerated within
the solution. As a result, it may not be precise to consider agglomerated
particles as individual entities due to the complexities introduced by
agglomeration. This phenomenon alters various properties of the
nanoparticles, including their optical characteristics[25]. However, for
our analysis, AuNPs are treated based on the size provided by the
manufacturer. This assumption is a limitation that must be considered
when interpreting the results of our study, as the actual behavior of
agglomerated nanoparticles could differ from that of well- dispersed,
individual nanoparticles. Despite extensive efforts to optimize the
dispersion of gold nanoparticles (AuNPs) within the urea solution, the
level of dispersion achieved in our experiments represents the best
possible outcome under the given experimental conditions.

The increase in nucleation probability for doping solutions can be
attributed to the specific absorption efficiency of gold nanoparticles
when exposed to 532 nm laser light. This efficiency, which depends on
the size of the nanoparticles, is critically enhanced by the pronounced
surface plasmon resonance (SPR) of gold nanoparticles. The absorption
cross-section (Caps), quantifying this efficiency, leads to increased
localized heating around the nanoparticles, a key factor in initiating the
nucleation process. This absorbed energy likely plays a pivotal role
in creating the vapor bubbles observed during nucleation, reinforcing
the hypothesis that localized heating around gold nanoparticles is
instrumental in driving nucleation events. Quantitative details regarding
the absorption relative to the size of the gold nanoparticles are provided
in the Appendix C section C.2. For accurate calculations of absorption
coefficients, using Mie theory, the true size of the gold nanoparticles
was used.

In light of recent studies on the influence of metallic nanoparticle
doping in increasing NPLIN efficiency [23], our observations with gold
nanoparticles suggest that similar mechanisms may be at play. Studies
have shown that doping with metallic particles significantly enhances
nucleation probabilities in supersaturated EDS solutions. In our case,
the strong absorption capabilities of gold nanoparticles due to SPR likely
contributed to a similar enhancement in urea solutions, underscoring
the critical role of metallic nanoparticles in the NPLIN mechanism.

4.3.2. EFFECT OF LASER INTENSITY ON NPLIN

Figure 4.3 shows the nucleation probability of filtered urea samples
containing 50 nm AuNPs (6.86 x 108 NPs/ml) at various laser intensities
(50, 100, 200, and 376 MW/cm?2). The nucleation probabilities observed
at 10 MW/cm? overlapped with the control experiments, which did
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not involve laser irradiation. However, with increasing laser intensity,
nucleation probabilities also increased, reaching 73% at an intensity of
376 MW/cm?.
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Figure 4.3.: Nucleation probability of filtered urea solution containing
AuUNPs (50 nm) under different laser intensities. The green data point
corresponds to control experiment. The particle concentration in urea
solution is 6.86 x 108 NPs/ml. Error bars are computed using the
Wilson’s score method.

At this stage, the experimental data was fitted to a curve representing
Poisson distribution, as described by equation 4.1.

m
P(m)= —eN (4.1)
m!
Where P(m) is the probability of obtaining m nuclei in a sample and N
is the average number of nuclei produced by the laser.
Since the total probability is equal to unity, the probability of having
at least 1 nucleus in the sample can than be given by equation 4.2

P(tops;m>1)=1—P(0)=1—eN (4.2)

The average number of nuclei (N) formed over observation time tops
can than be described in terms of nucleation rate per unit time (k) given
by equation 4.3.

The average number of nuclei (N) can be obtained from the following
equation:
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N tobs
J dN = f kdt (4.3)

0 0

Effectively the nucleation rate per unit time (k) includes contribution
from spontaneous nucleation rate (ko) for laser intensity (I) below a
certain threshold laser intensity (Ip) and from laser-induced nucleation
rate (f(I)) when the laser intensity exceeds the threshold intensity as
shown in equation 4.4. It is noteworthy to mention that spontaneous
nucleation rate per unit time ko here specifically pertains to the
filtered urea supersaturated solutions containing 50 nm AuNPs at a
concentration (Cconst) of 6.86 x 108 particles/ml.

_ ko if I <Ip
k= {f(I, C) ifI>1Iy (4.4)

The laser-induced nucleation rate f(I, C) can than be approximated as
a linear function of the laser intensity I by limiting the expansion of its
Taylor series to the first order.

fU,C)=f(I =1Iop, C= Cconst)
LY

(I—1Io) (4.5)
aI I=Ip,C=Cconst
f() ~ko+ b(I—1Ip) (4.6)
Here, b = %1_1 is the laser-induced nucleation rate sensitivity to

changes in the laser intensity.
Inserting form 4.6 into 4.4, one obtains:

_ ko if I <Ip
"\ ko+bU—=1y) ifI>1Io

Form 4.7 is not useful for integrating the nucleation rate k over a given
observation time tops. Furthermore, since the final goal of this section
is to derive an expression of probability of nucleation as a function of
intensity, which can be used for curve fitting, an analytically smooth
function is needed. A sigmoid function is a good approximation for the
above problem. The sigmoid function can be defined as follows:

1
1 + e—1000x

(4.7)

o(x) = (4.8)

The sigmoid function defined above rapidly approaches 0 when
X < 0 and rapidly approaches 1 when x > 0. The coefficient 1000
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in the exponent specifically ensures this sharp transition. This
characteristic makes the sigmoid function particularly suitable for
modeling phenomena that exhibit a sudden change in behavior around
a certain threshold value of x.

k ~ ko + b(I—Io)o(—1Io) (4.9)

Inserting equation 4.9 into equation 4.3 and integrating, gives

N = kotops + b(I —Ig)oto(I—Ip) (4.10)

In this equation 4.10, 6t represents the pulse-width of the laser. It
is essential to emphasize that the laser-induced contribution to the
nucleation rate, depicted by b(I —Ip)éto(I—1Ip), is explicitly linked to
the duration 6t when the laser intensity is applied. The function
o(I —Ip) serves as a switch that activates the laser-induced nucleation
rate when the intensity I exceeds the threshold Ip, and becomes 0
otherwise. Therefore, during the intervals 0 to t— and t+ to typs, where
the laser intensity is not applied, o(I—1Ip) becomes 0. This ensures
the contribution of the laser-induced nucleation rate to N is precisely
confined to the laser pulse duration.

Substituting equation 4.10 into equation 4.2 gives

P(tObSr m > 1) =1— P(O) =1-— e—kotob5+b(1—lo)StO'(I—I()) (4.11)

P(tobs) ~1— e—kotobs e—b(I—Io)étU(I—Io) (4.12)

Rewriting equation 4.11 as 4.12 and substituting a; = e kofebs and
my = bét
Finally equation 4.12 can be written as 4.13

P(tobs) = 1 — are~miU=lo)ol=lo) (4.13)

This analysis allows us to express the nucleation probability, denoted
as P(tops), as a function of laser intensity, defined by three key
parameters: the intensity sensitivity factor m;, spontaneous nucleation
factor a; and laser intensity threshold Iy. The intensity sensitivity
factor m; measures the degree of change in nucleation probability
in response to variations in laser intensity I, while the spontaneous
nucleation factor a; refers to the baseline probability of nucleation
events occurring independently of laser intensity. The laser intensity
threshold (Ip)exp refers to the minimum threshold intensity above which
laser heating of nanoparticles ideally forms a cavitation bubble that

acts as nucleation site for crystallization. The fitting process resulted

in an intensity sensitivity factor (mj) of approximately 0.0045i8:88§3

cm?/MW, spontaneous nucleation factor (ay) of 0.918i8:§%2 and laser
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intensity threshold of approximately 2.34ig_83'22 MW/cm?2. Matic et al.[26]

observed similar threshold values of approximately 20-60 MW/cm? using
multiple laser pulses with unfiltered urea solutions.

Although the physical meaning of the sensitivity parameter mj is not
directly obvious at this point, a speculation on its meaning was made in
the context of impurity heating mechanism. The sensitivity parameter
mj provides insight into the relationship between laser intensity and the
mean crystal count. It represents how efficiently the laser intensity
causes the solvent evaporation at the vapor/liquid interface leading to
crystal formation. However, an exact description of m; within this model
in terms of fundamental laser and solution parameters requires more
theoretical research and is outside the scope of this work.

The experimentally obtained laser intensity threshold is then compared
with a theoretical value obtained using equation 4.14[27]. The equation
described below is used to calculate the theoretical laser intensity
threshold at which the nanoparticle temperature exceeds the boiling
point of the surrounding liquid, leading to the formation of a vapor
layer on the nanoparticle surface. This vapor layer experiences a rapid
increase in pressure, resulting in the rapid expansion and subsequent
formation of a cavitation bubble[27].

4MRnpC1P1Y (Thoil
(Io)theo = : (4.14)
I'abs

where, (Ip)itheo represents the theoretical laser intensity threshold,
Rnp =25 x 1072 m (radius of the nanoparticle), ¢; = 2815.0 J/(kg-K)
(specific heat of the urea solution), p; = 1166.0 kg/m3 (density of
the solution), Tpoil = 647.0 K (boiling temperature), raps = 7.92 x 10713
m?2 (absorption cross section), T, =7 x 102 s (pulse duration), and
Yi=1.83x 1077 m?/s (thermal diffusivity of the urea solution).

The theoretical laser intensity threshold of 1.54 MW/cm? was calculated
under the assumption that only one nanoparticle, suspended in the
solution, was irradiated by the laser[27, 28]. However, the discrepancy
between this theoretical value and the higher experimental threshold
of approximately 2.3475%32 Mw/cm? is attributed to the background
spontaneous crystallization, i.e., nucleation, in the control experiments.
Improvements in the experimental procedure aimed at reducing this
background spontaneous crystallization could potentially bring the
experimental threshold values closer to the theoretical predictions.

In the context of this experiment, urea solution, with a total volume of
4 ml, contains a nanoparticle concentration of 6.86 x 108/ml. Assuming
that the nanoparticles are homogeneously suspended throughout the
sample volume, the energy absorbed by the nanoparticles is primarily
used to evaporate the surrounding solvent molecules, thus aiding in
the formation of cavitation bubbles. Consequently, crystallization could
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occur due to an increase in the concentration of urea at the vapor/liquid
interface[22, 29].

Drawing insights from Nagalingam et al.[22] and Hidman et al.[29], we
hypothesize that the increase in incident laser intensity correlates with
an increase in the size of bubbles formed around each nanoparticle. This
hypothesis is based on the assumption that each nanoparticle produces
a single bubble upon laser irradiation.

The energy absorbed by nanoparticles, crucial for bubble formation,
can be quantified as Eaps, p = oabsﬂRf)IeffTL, where Qaps denotes the

absorption efficiency, I.ff represents the effective laser intensity at the
nanoparticle location, Rp is the nanoparticle radius, and T, is the pulse
width of the laser [30].

Furthermore, the energy absorbed by the nanoparticles is utilized to
evaporate the surrounding solvent molecules, facilitating the formation
of cavitation bubbles, which can be approximated by the formula
Eabs, B ~ mh; ~ %Rgmaxp,hl, where m, h;, and p; represents mass,
latent heat of vaporization, and density of the liquid, respectively, and
Rp represents the maximum bubble radius[30]. Thus, the relationship
between nanoparticle radius, effective laser intensity, and maximum
bubble size is more precisely described by Rp max & (QabSRSIeff)l/E;.

Assuming a constant nanoparticle size and absorption coefficient, the
maximum radius of the bubble, as theoretically predicted by Hidman
et al.[29] and further corroborated by Nagalingam et al.[22] through
a combined experimental and numerical approach, is expected to be
significantly influenced by the local laser intensity at the nanoparticle
sites.

In our experimental setup, the cylindrical curvature of our glass
vial focuses the incident laser beam within the solution medium, as
discussed in our previous article [31]. Moreover, the nanoparticles in the
path of the laser beam absorb laser intensity, following the Beer-Lambert
law. Hence, the effective intensity profile along the diameter of the vial
is the result of the competition between the focusing effect induced by
the cylindrical vial and the attenuation of intensity resulting from the
absorption of the nanoparticles along the beam path.

At this stage, to account for the geometrical focusing effect alongside
the absorption quantified by the Beer-Lambert law, the conventional
absorbance equation is modified with an additional factor that represents
the ratio of the beam area to the effective elliptical cross-sectional
area within the vial. This elliptical cross-section arises because the
cylindrical vial acts like a lens, focusing the beam in only one direction
and thus transforming a circular beam into an ellipse, as elucidated
in our previous article [31]. The revised expression for absorbance A,
considering the focusing effect, is given by equation 4.15.
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I A
ra)= cl beam (4.15)

t
A=—log (— —_
10 Aellipse(X)

Iinc

Where Apeam IS the area of the incident laser beam, given by 1 x Rgeam,
calculated from the radius of the laser beam Rpeam of 2.25 mm. The
Aelipse(X) term represents the variable elliptical area at a position
x along the vial, calculated as m x Rpeam X Rellipse,;Where Rejiipse at a
position x in the vial is obtained from our previous article[31] and is
included in the Appendix C section C.3. A is the absorbance, Ijnc = 376
MW/cm? is the incident light intensity, Iys is the transmitted light
intensity, € =1.72 x 10° M—Imm™1! is the molar extinction coefficient,
which quantifies how strongly gold nanoparticles absorb light at a
given wavelength (532 nm). This extinction coefficient is assumed
constant across the range of diluted sample concentrations used in our
experiments (from 8.75 x 10° to 1.26 x 10° particles/ml), justified by
Sigma-Aldrich specification that it is valid up to 3.5 x 1010 particles/ml,
c=1.11x10"7 M (6.86 x 108 particles/ml) is the concentration of the
absorbing species in the solution, and [ is the path length at which the
laser intensity significantly attenuates through the solution medium (in
mm).

In our experiments, the absorption by nanoparticles causes a more
significant reduction in the intensity of the laser light compared to
the focusing effect of the cylindrical vial, which enhances it. This
phenomenon is evident from the intensity profile graph presented along
the diameter of the vial in the Appendix C section C.6, employing
equation 4.15. As we increase the incident laser intensity from outside
the vial, the effective intensity experienced by the nanoparticles in the
path length also increases. This enhancement in effective intensity leads
to larger bubble sizes and is expected to increase local supersaturation
at the vapor-liquid interface. The increase in local supersaturation
at the interface is likely to accelerate the nucleation process with
increasing laser intensities, potentially explaining the higher nucleation
probabilities observed[22, 29].

Furthermore the equation 4.15 can be used to determine the path
length at which the intensity of light transmitted through a material is
significantly reduced due to absorption. For practical reasons, the path
length is calculated as the distance from the wall of the vial where
the transmitted intensity drops to the sensitivity limit of the instrument
(1073 MW/cm?).

It is noteworthy that the variation in the incident laser peak intensity
at a constant concentration of AuNPs (50 nm: 6.86 x 108 particles/mL)
led to minimal changes in the path length, as shown in Table 4.2. This
observation implies that although increased laser intensity does enhance
the energy absorbed per nanoparticle, utilized primarily for evaporating
surrounding solvent molecules and facilitating in the formation of
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cavitation bubbles, its overall impact on the path length appears to
be less significant compared to the effects caused by changes in
concentration of AuNPs (50 nm) for a fixed laser intensity, as further
discussed in Section 4.3.3.

Table 4.2.: Summary of Laser Peak Intensities and the Corresponding
Path Lengths in the Solution at a fixed Concentration of AuNPs (50 nm:
(6.86 x 108 particles/ml)

Laser peak intensity | Path length
(MW/cm?) (mm)
10 0.021
50 0.025
100 0.026
200 0.028
376 0.030

The small path length numbers from Table 4.2 suggest that
crystallization events, induced by the absorption of laser light by
nanoparticles, occur predominantly near the glass-solution interface.
To verify this, similar experiments with filtered urea solutions doped
with AuNPs can be conducted using a high-speed camera to observe
the locations of bubble formation and subsequent crystal formation
within the glass vial following the laser shot through the glass/solution
interface.

To further investigate the phenomena of preferential nucleation at
the glass-solution interface, particularly in the context of laser-induced
nucleation with nanoparticles, one promising approach could involve
the deliberate attachment of nanoparticles to the glass surface through
surface modification techniques prior to the laser induced nucleation
experiments[32].

4.3.3. EFFECT OF IMPURITIES PROPERTIES ON NPLIN

Recent studies in NPLIN research, including those by Javid et al.[33],
Ward et al.[19], Kacker et al.[18], and Korede et al.[7], have highlighted
the crucial role of impurity nanoparticles within supersaturated solutions
and their interaction with laser energy in influencing NPLIN probabilities.
In light of these findings, this section investigates the effects of impurity
properties such as concentration, size, and material composition on the
NPLIN probabilities.

NANOPARTICLE CONCENTRATION

Figure 4.4A represents the nucleation probability of filtered urea samples
containing 50 nm AuNPs at various nanoparticle concentrations. The
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experiments were carried out at a laser wavelength of 532 nm and
laser peak intensity of 376 MW/cm2. It is evident from the Figure
4.4A that nucleation probability showed an overall increasing trend
with increasing particle concentration. Similarly, control experiments,
for different nanoparticle concentrations showed comparable nucleation
probabilities within the observation time of 60 minutes. Our observations
from Figure 4.4A indicate that within the nanoparticle concentration
range of (1.74—5.17) x 108 NPs/ml, the nucleation probabilities remain
relatively stable, oscillating between 50% and 55%. A notable increase
in nucleation probability, around 75%, is observed when concentration
exceed 6.86x108 NPs/ml.
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Figure 4.4.: (A) Nucleation probabilities of filtered urea solutions
containing AuNPs (50 nm) with different nanoparticle concentration
under S = 1.5 at a laser wavelength (532 nm) and laser peak intensity
(376 MW/cm? and (B) Particle size distribution of filtered urea solutions
with different nanoparticle concentration. Error bars are computed using
the Wilson’s score method.

At this stage, the experimental data was fitted to a curve representing
Poisson distribution, as described by equation 4.1. Following the fitting
process as described in the section 4.3.2 and from our experimental
observations of nucleation probability increase with the nanoparticle
concentration for a defined laser intensity, we can deduce that the
sensitivity factor b is dependant on the nanoparticle concentration C.
Specifically b(C) can then be approximated as a linear function of the
nanoparticle concentration C by limiting the expansion of its Taylor
series to the first order.

db
b(C)=b(C=0)+ —| C 4.16
(C) =~ b( ) dCless (4.16)

Equation 4.16 can be approximated as equation 4.17, for simplification
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purpose and ease of calculations.

b(C)=~yC (4.17)

If a single nanoparticle acts as a absorption site for laser induced
nucleation, y = % can be interpreted as the extent with which that
nanoparticle can induce nucleation given laser intensity input beyond
the threshold value Ig.

Substituting equation 4.17 into equation 4.12 gives the probability
of nucleation at an observation time as a function of nanoparticle
concentration in terms of poisson distribution.

P(tops) ~1— e Kotobs  @—yC—Io)éta(I—Io) (4.18)

Incorporating the spontaneous nucleation factor q;, derived from the
curve fitting in Section 4.3.2, and substituting m¢c = y(I —Ip)ét o(I — Ip)
in equation 4.18 allows us to express nucleation probability by equation
4.19

P(tobs) = 1 — are=mcC (4.19)

From this analysis, the equation of the fitted line describes the
nucleation probability P(tops) as a function of nanoparticle concentration,
incorporating two critical parameters: the concentration sensitivity
factor m¢c and the spontaneous nucleation factor aj. Since the
control experiments for filtered urea solutions doped with different
nanoparticle concentrations showed similar nucleation probabilities
within an observation time (tops) of 60 minutes (Appendix C section
C.4), it can be inferred that the spontaneous nucleation rate remains
relatively constant across the solutions with different nanoparticle
concentrations. Consequently, aj is obtained from the result of the
curve fitting procedure of nucleation probability variation with laser
intensity. The factor m¢c measures the change in nucleation probability
in response to varying nanoparticle concentrations. The fitting
procedure yielded a concentration sensitivity factor of approximately
1.875-82 x 1079 ml/particles.

The physical interpretation of the sensitivity parameter mc¢ is not
immediately apparent. Speculation regarding its meaning has been
made in the context of an impurity heating mechanism. mc
can be viewed as a measure of how effectively each nanoparticle
converts absorbed laser energy into the localized heat necessary for
crystallization, achieved through the evaporation of solvent molecules
surrounding the nanoparticles. However, a precise description of
mc within this model, in terms of fundamental laser and solution
parameters, requires further theoretical investigation, and lies beyond
the scope of this study.
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Additionally, higher concentrations of nanoparticles result in a shorter
path length over which the light intensity is significantly attenuated,
as indicated by the values in Table 4.3. Although the path length
is reduced, the number of nanoparticles interacting with the laser
within the path length remains relatively consistent (calculations in
the Appendix C section C.5) across different AuNPs concentrations.
Under these conditions, one might expect the nucleation probability to
remain similar across different nanoparticle concentrations, since the
energy absorbed by the nanoparticles—which leads to cavitation bubble
formation and subsequent crystallization due to local supersaturation—
is constant, as discussed in section 4.3.2. However, an increase in
nucleation probability with increased nanoparticle concentration has
been observed.

Table 4.3.: Summary of AuNP Concentrations and Corresponding Path
Lengths in Solution at a Fixed Laser Peak Intensity of 376 MW/cm?

Concentration of AuNPs | Path length
(particles/ml) (mm)
1.74 x 108 0.115
3.47 x 108 0.058
5.17 x 108 0.039
6.86 x 108 0.030
1.27 x 109 0.016

This observation has been attributed to speculation surrounding the
role of secondary nucleation processes, which are believed to occur
after the initial crystallization, triggered by the absorption of laser light
by nanoparticles within the path length. The resulting crystals may
then interact with additional nanoparticles present beyond the path
length, potentially facilitating further nucleation events. As nanoparticle
concentration increases, the number of nanoparticles beyond the path
length zone also increases, thereby enhancing the likelihood of such
interactions. These interactions could contribute to the observed
increase in nucleation probability with increase in AUNPs concentration
observed in our experiments.

Further insights into particle dynamics were obtained from dynamic
light scattering (DLS) curves, as illustrated in 4.4B. Regardless
of concentration, filtered urea solutions with AuNPs (50 nm) of
different nanoparticle concentrations displayed similar size peaks at
approximately 120 4+ 20 nm. This consistency in particle size
across varying concentrations ensures that the observed effects on
nucleation probability are predominantly due to changes in nanoparticle
concentration rather than particle size or other physical characteristics.
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NANOPARTICLE MATERIAL

To investigate the impact of impurity materials on NPLIN probability,
experiments were carried out with filtered urea samples doped with
50 nm AuNPs and 50 nm silica nanoparticles, respectively. These
experiments were performed at a laser wavelength of 532 nm and
a peak laser intensity of 376 MW/cm?2. Figure 4.5A presents the
nucleation probability of these doped urea samples in comparison with
control experiments. Notably, the filtered urea samples doped with
silica nanoparticles showed a significantly lower nucleation probability
compared to those filtered urea samples doped with AuNPs.

1.0
Laser experiments
/] Control experiments
08|
—— Silica NPs
= =20 (50 nm)
—_ 2 | ——Gold NPs
£ 06| p15 (50 nm)
E 2 10
[ =
e e
] £ 5
204
[=]
E 8.4 90 100 1700010000
Diameter (d,) [nm]
02}
0.0 XA VA

Silica NPs (50 nm) Gold NPs (50 nm)
Particle material

Figure 4.5.: Nucleation probabilities of filtered urea solutions containing
AuNPs (50 nm) with different nanoparticle material under S = 1.5 at
a laser wavelength (532 nm) and laser peak intensity (376 MW/cm?2)
and Inset figure represents particle size distribution of of filtered urea
solutions containing AuNPs (50 nm) with different nanoparticle material.
Error bars are computed using the Wilson’s score method.

For filtered urea samples doped with silica nanoparticles, PSD from
DLS data (Figure 4.5 (a)) reveals a mean hydrodynamic diameter of 120
+ 20 nm, which is similar to that of AuNPs. This similarity in particle size
between the two types of nanoparticles provides a consistent baseline
for comparing the nucleation probabilities based on different materials.

Furthermore, laser irradiation enhanced the nucleation probability
in the filtered urea solution doped with AuNPs relative to its control
experiment. However, for the urea samples doped with silica
nanoparticles, no significant difference in nucleation probability was
observed when compared to their control experiment. AuNPs (50 nm),
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with an absorption coefficient of 4.05, are more efficient at absorbing the
532 nm laser light than silica nanoparticles, which have an absorption
coefficient of just 1.5 x 10~3. This higher absorption coefficient leads to
larger maximum size of the bubble around the AuNPs, as indicated by
the relationship Rp max (OabsRFz)Ieff)l/3. Following the discussion given

in section 4.3.2, larger maximum size of the bubble can lead to creating
higher local supersaturation at the vapor-liquid interface[22, 29], which
could potentially explain the higher nucleation probabilities observed in
our experiments.

Also, the critical laser threshold calculated using Equation 4.14
(Appendix C section C.7)required for heating 50 nm silica nanoparticles
to a degree that would induce bubble formation is significantly higher
than the laser intensity used in our experiments. Therefore, for silica
nanoparticles, there is effectively no bubble formation and, as a result,
the nucleation probabilities observed in the filtered urea samples doped
with silica overlap with those of the control experiments.

It becomes evident that impurities, which notably affect the NPLIN
process, can arise from multiple sources such as the solute, the solvent,
or additional materials involved in the experimental apparatus. Con-
sequently, based on these experimental findings, it can be reasonably
speculated that the concentration, presence, and characteristics of
these impurities are critical in determining whether a particular solution
will demonstrate NPLIN behavior.

4.4. CONCLUSIONS

This study is focused on understanding how various experimental param-
eters, including solution filtration, laser intensity, impurity nanoparticle
properties such as concentration, particle material, influence the NPLIN
probability of supersaturated aqueous urea solutions. The significant
findings from this research contribute to a deeper understanding of
the NPLIN mechanism, particularly in the context of nanoparticle
characteristics and their interaction with laser irradiation.

Filtration was found to reduce NPLIN probability in urea solutions,
whereas doping with nanparticles (AuNP or silica) significantly enhanced
it, highlighting the critical role of insoluble impurities in the NPLIN
process. NPLIN probability increased with increasing laser peak
intensity as well as increasing nanoparticle concentration. The study
demonstrated notable differences in NPLIN probabilities when doping
with different nanoparticle materials, with AuNPs showing significantly
nucleation probabilities compared to silica nanoparticles of same size.
We attribute this observation to their higher absorption coefficients
of AuNPs compared to silica nanoparticles. The study revealed that
NPLIN probabilities exhibit a Poisson distribution on both nanoparticle
concentration and laser intensity.
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CONCLUSION

5.1. OVERVIEW

This thesis presents a comprehensive exploration of non-photochemical
laser induced nucleation (NPLIN). An extensive introduction to NPLIN is
provided with key experimental observations from the literature, focus-
ing on how laser and solution parameters influence the nucleation kinet-
ics in various solute-solvent systems. Furthermore, the primary mecha-
nisms of NPLIN proposed in the literature, such as the Optical Kerr effect,
the Dielectric Polarization model, and the Nanoparticle Heating mecha-
nism, has been discussed. Addressing notable gaps identified in the liter-
ature, this research delved into identifying the fundamental mechanism
of NPLIN, by investigating how specific laser and solution parameters af-
fect (or influence) nucleation kinetics in various solute-solvent systems.

Chapter 2 describes the effects of the laser-exposed volume and the
laser position on the NPLIN probability in supersaturated aqueous potas-
sium chloride solutions. Our findings revealed that the NPLIN probability
and the number of nuclei formed per sample are proportional to the sam-
ple volume exposed to the laser pulse. Additionally, we observed that the
laser position of the exposed sample volume plays an important role in
NPLIN, particularly when irradiating in the vicinity of the air/solution inter-
face (meniscus), resulting in a significant increase in nucleation probabil-
ity, accompanied by changes in crystal shapes. The results can be partly
explained by the Nanoparticle Heating and Dielectric Polarization mod-
els, although no definitive conclusion can be drawn regarding the dom-
inant mechanism. The implications of our findings extend to industrial
applications of NPLIN, where the control of crystal quality parameters,
such as morphology, is of great significance.

Chapter 3 introduces an automated droplet-based microfluidic system
and a crystal count monitoring system, utilizing deep learning methods,
tailored for NPLIN studies to address the key limitation in NPLIN research,
i.e., insufficient data due to the labor-intensive nature of traditional bulk
experiments. The study systematically explores various experimental
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conditions, including supersaturation, laser wavelength, laser intensity,
and the impact of solution filtration using aqueous KCI solutions, to quan-
tify their influence on the NPLIN probability and to study the correla-
tion of these results with the different NPLIN mechanisms proposed in
the literature. Notably, the results show that laser intensities exceed-
ing 50 MW/cm? are necessary to induce nucleation at a supersaturation
level of S = 1.05 to achieve nucleation probabilities higher than in control
experiments due to the small droplet volumes. However, for S =1.10,
an intensity of 10 MW/cm? was already sufficient to observe nucleation
probabilities higher than control experiments. No significant wavelength
effect was observed, except for irradiation with 355 nm light at higher
laser intensities (> 50 MW/cm?). Solution filtration using a filter pore size
smaller than 7um effectively suppressed NPLIN, while the introduction of
nanoparticles as dopants into the filtered solution enhanced nucleation
probabilities and modified crystal morphology, in line with the hypothesis
of the nanoparticle/impurity heating mechanism of NPLIN.

Chapter 4 delves into examining the effects of solution filtration, laser
peak intensity, and impurity nanoparticle properties such as concen-
tration and material on the NPLIN probability in supersaturated aque-
ous urea solutions. The study highlights the critical role of impurities
in NPLIN, with notable differences observed in NPLIN probabilities when
doping with different nanoparticle materials. Gold nanoparticles enhanced
nucleation probabilities more effectively than silica nanoparticles as a
result of their higher absorption coefficients. The study demonstrated a
Poisson distribution dependency of NPLIN probabilities on both nanopar-
ticle concentration and laser peak intensity. Furthermore, the presence
and nature of impurities were emphasized as key determinants in the
occurrence of NPLIN in different solutions.

Although the majority of observations from the literature and this the-
sis can be explained using the nanoparticle heating hypothesis, it is im-
portant to emphasize the absence of a comprehensive theoretical frame-
work that fully explores this mechanism. Therefore, further research
should involve computational simulations to model the interactions be-
tween laser light and nanoparticles present in the supersaturated solu-
tion. Such simulations could provide a theoretical framework that not
only complements experimental observations but also predicts NPLIN
based nucleation kinetics under varying laser and solution parameters,
thereby guiding experimental designs and enhancing our understanding
of the nanoparticle heating mechanism.

The work presented in this thesis has not only added to the existing
knowledge base of NPLIN, providing valuable insights into the mech-
anisms governing NPLIN, but has also raised pertinent questions that
will shape the direction of future research in this domain.. Future work
could focus on utilizing the droplet-based microfluidic setup developed
to provide a controlled environment for studying the formation of dif-
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ferent polymorphs under varying laser and solution properties. This re-
search could explore the potential of NPLIN to selectively induce the for-
mation of desired polymorphs. The advantages and limitations of using
NPLIN-generated seed crystals versus traditional seed crystals in terms
of growth rates, crystal size distribution, and purity for secondary crys-
tallization processes could reveal new insights into optimizing crystalliza-
tion techniques for industrial applications. Further research could focus
on how NPLIN can be utilised in more complex, multi-component sys-
tems.

In conclusion, while the findings of this thesis enhance our understand-
ing of NPLIN, several challenges remain before it can be effectively ap-
plied in industrial settings. Future research should continue to explore
the fundamental mechanisms of NPLIN, with a particular focus on scal-
ing up the process to larger volumes, enhancing its robustness under di-
verse conditions, and integrating it with real-time monitoring and control
systems. Additionally, efforts should be directed towards optimizing the
economic feasibility of NPLIN technology towards industrial applications.
Addressing these challenges should pave the way for NPLIN to transition
from a promising laboratory method to a viable industrial technology,
potentially revolutionizing the crystallization processes used in various
industries.
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A.l. LASER EXPOSED VOLUME DEPENDENCY OF DP MODEL

In line with the Dielectric Polarization model, the free energy change of
cluster formation, AG, is made up of contributions from the free energy
change of surface formation, AGs, the free energy change of phase trans-
formation, AG,, and the change in free energy due to the introduction
of an electric field, AGgr. In presence of an electric field and under the
constraint that the €, > €5, the free energy change of cluster formation
(AG) is lowered by an amount proportional to —v(ep — €s)E2, where v is
the volume of the cluster, €, is the dielectric constant of a cluster of so-
lute molecules, €5 is the dielectric constant of the surrounding medium
and E is the electric field strength [1]. For convenience, the electric field
strength can be written in terms of intensity by the equation I = %eocEz,
where I is the intensity of the light, €g is the vacuum permittivity and c is
the speed of light. Hence, by adding the contribution of the electric field
induced by the light, the change in free energy becomes,

AG - AGS + AGV + AGEF

=Sy + vpAu—val (A1)

where s and v are the surface area and volume of the precritical cluster,
respectively, vy is the interfacial tension between the cluster and sur-
rounding solution, p is the number of molecules per unit volume in the
solid phase and Au is difference in chemical potential of the substance
in solution and in the crystal. The constant a contains the dielectric con-
trast between solute cluster and the surrounding medium.

B 3€es(ep—€s)

= (A.2)
c(ep + 2€5)

Then, assuming the precritical clusters are spheres with a radius r, the
free energy change of cluster formation becomes,

4 4
AG(r,I) = 4nr’y + §nr3Au — §nr3aI (A.3)
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Substituting chemical potential in terms of supersaturation in equation
A.3, assuming a supersaturated solution in which the solute chemical
potential exceeds the chemical potential of the crystal, results in,

4
AG(r,I) = 4nry — 5nr3(p/<BT InS + al) (A.4)

where kg is the Boltzmann constant, T is the temperature of the solution
and S is the supersaturation ratio of the solution. Analogously to the
Classical Nucleation Theory it is possible to derive the critical radius,
re(I), and nucleation barrier height, AG.(I), under the influence of an
electric field,
2y
red)=———"——" (A.5)
pkgTInS + al

16my3
3(pksTInS + al)?

AG() = (A.6)
Prior to laser irradiation when nucleation has not yet occurred, all clus-
ters are said to be smaller than the critical radius (r < rc(0)). Upon laser
irradiation, all clusters with size rc(I) < r < r(0) become supercritical.
The average number of precritical clusters (r < r-(0)) can be computed
by,
Nmoltecule
Ncster = ——— (A7)
(n)
where Nmotecule IS the number of solute molecules in the volume of the
laser beam, and (n) is the average amount of solute molecules in a pre-
critical cluster, which can be computed by assuming a Boltzmann distri-
bution over the domain re [0, r(0)],

B 4mp(r3)
=—

_amp | < 13 exp [~AG(r, 0)/kgT1dr

X e
3 [ exp[—AG(r, 0)kgT]dr

(n)

Hence,

3Nmolecule

4o

24 exp[—G(r, 0)/ksT1dr

f(gC(O) r3 exp[—AG(r, 0)/kgT]dr

Ncluster =

(A.9)
X
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To obtain the average number of clusters that go on to form viable crys-
tals after laser irradiation, Ncrystal, the average amount of precritical clus-
ters is multiplied by the fraction of clusters that become supercritical,

Ncrystal = Nciuster

c 0
[y exp[—AG(r, 0)/ksT1dr (A.10)

[569) exp[—AG(r, 0)/kgT1dr

Hence, by combining equation A.9 and A.10 a function for the average
amount of clusters that go on to form viable crystals is obtained,

3Nmolecule

4mp

JI8) exp[~AG(r, 0)/ksT1dr (A.11)

f(;c(o) r3 exp[—AG(r, 0)/kgT]dr

Ncrystal =

The amount of solute molecules per unit volume can be written in terms

of the solute density, p = pSTNA, where N, is Avogadro’s constant and M
is the molar mass of the solute. In addition, the amount of molecules in

the volume of the laser beam can be written as,

VigserPINAW
Nmolecule = % (A.12)

where Vgser is the volume of the laser passing through the solution,p; is
the density of the surrounding medium and W is the solute mass frac-
tion. Therefore the average amount of clusters that go on to form viable
crystals becomes,

3VigserptW

4mps

JI8) exp[~AG(r, 0)/ksT1dr (A.13)

(;C(O) r3 exp[—AG(r, 0)/kgT]dr

Ncrystal =

Under the constraints of constant intensity and supersaturation, the only
dependent variable is Viqser, and hence we can write N¢rystar as,

Necrystat = m(I, S)Vigser (A.14)

where m(I, S) serves as a new, intensity and supersaturation dependent
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lability constant,

3pW
m(l,S) = 4p1p
TPs
J rrf((z())) exp[—AG(r, 0)/ksT1dr A
(;c(O) r3 exp[—AG(r, 0)/kgT1dr

By assuming a Poisson distribution it is possible to compute the proba-
bility that no crystals are observed in any of the repeated experiments,

po = exp[—m(I, S)Vigser] (A.16)

At last, the cumulative nucleation probability is computed as a function
of intensity, supersaturation and laser exposed volume,

Pnucleation = 1 —po

A.17
=1—exp[—m(I, S)Vigser] ( )

A.2. LASER EXPOSED VOLUME CALCULATION

A cross-sectional view in the xy-plane of the laser beam passing through
the vial is shown in Figure SIA. The laser passes through three media
with different refractive indices, resulting in two directional changes of
the laser path in the y-direction. In order to calculate the volume of the
beam, the angles of incidence and angles of refraction passing through
the vial have to be calculated. The angle of incidence resulting from the
change of medium from air to borosilicate glass, ©1, can be computed

by,
_ r
sinB@1 = — (A.18)
Ro
where, r is the radius of the laser beam at a given cross-section and Rg
is the radius of the outer surface of the glass vial. Note that in Figure
SIA, r is given as the radius of the incident beam, R;. The usefulness
of this will become evident at a later stage of this derivation. Then,
by implementing Snell’s law, it is possible to compute the first angle of
refraction, O,
ni1sin®1 =n3sin®; (A.19)

where ni; and nj are the refractive indices of the air and borosilicate
glass, respectively. Further inspection of a zoomed in version of the tri-
angle enclosed by the path of the laser through the glass wall, L;, and
the outer and inner radius of the glass vial, Rg and Ri, respectively (see
Figure SIB) reveals,
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Figure Sl.: (A) Cross-sectional area of the laser beam passing through a
cylindrical vial. This figure is not to scale and thus the given angles are
only a guide to the eye, (B) Zoomed in version of the triangle enclosed
by the path of the beam and the outer and inner radius of the glass vial.

L; sin® =R1sinAGO (A.20)

where AO is the angle between Rg and R1. In addition, it shows that,
Ro=L; cosO, + R;cosAO (A.21)

Hence, by combining equations A.20 and A.21 an equation is obtained to
describe the outer radius of the vial as a function of AO,

R1sinAG®
Ro=————+ R1cosAO (A.22)
tan©>

Equation A.22 can be solved numerically to find the value for A®. Follow-
ing a geometrical derivation, the second angle of incidence, O3, can be
written as ©; + AO®. Then, using Snell’s law again, the second angle of
refraction, O4 is obtained,

n»>sin(0© + A®) =n3sinBy4 (A.23)

From equations A.18-A.23 all necessary angles can be computed in order
to calculate the central angle, ©s, and subsequently the area of the disc
segment, Achord. The central angle is given by,

Os=m—204 (A.24)

and the area of the disc segment by,

R2
Achord = ?1(65—5“1 Os) (A.25)
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The cross-sectional area of the inner circle of the vial, Acircie, Can be
written in terms of nR%. Hence, the area of the laser path through the
solution, Aigser, becomes,

Alaser = Acircle — 2Achord = Ri (m—0O5+5sinOs) (A.26)

Subsituting equation A.24 into equation A.26 will give the area of the
laser passing through the solution in terms of the second angle of refrac-
tion,

Alaser = R2 (204 + 5in 204) (A.27)

Now that the cross-sectional area of a particular slice of the laser beam
has been obtained, it is possible to compute the volume of the laser
beam through the solution by summing all slices of the cross-sectional
area. One particular slice is defined by half a chord length of the cross-
sectional area of the incident laser beam (see Figure Sll). Hence,

Figure Sll.: Cross-sectional area of the incident laser beam.

r=R,cos¢ (A.28)
Substituting equation A.28 in equation A.18 results in,

. Ry cos¢
sin@; = —— (A.29)
Ro
Following this the area of the laser passing through the solution, Aiser,
becomes a function of ¢. The laser exposed volume, Vigser, Can be com-
puted by summing over all the slices,
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1
5T
Viaser =2 - f Alaserdr (A.30)
0

or, by substituting equation A.28 and the derivative of equation A.29,

N =

(s
Vigser = 2RLR? f (204 + sin(204)) cos pd¢ (A.31)
0

The integral in equation A.31 has been solved numerically in order to
find the volume of the laser beam passing through the solution. In addi-
tion, by recognizing that the cross-sectional area of the laser beam gets
smaller due to the focusing effect in the y-direction, it is possible to cal-
culate the change in intensity of the beam throughout the vial. Focusing
the beam in solely the y-direction changes the profile of the beam from a
circle to an ellipse. The radius of the ellipse in the y-direction is defined
by the linear function of the laser beam through the solution, y =mx+ b
(see Figure Slll). The slope coefficient, m, can be computed by,

m=tan(—0n) =tan (01 + A® —04) (A.32)

At last, it is possible to compute the width of the ellipse at the end of the
vial, Relipse,

Reliipse = R15in (04— 06m) (A.33)

This allows for the calculation of the intensity of the laser beam at the
exit of the vial.

94< o

0,6,

ellipse

Figure Slll.: Zoomed in version of the triangle enclosed by the chord
formed by the path of the beam through the solution and the inner radii
of the glass vial.
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A.3. LASER OPERATION AND CHOICE OF LASER

PARAMETERS

Previous experiments on aqueous potassium chloride solutions have shown
that the cumulative nucleation probability is a function of the peak inten-
sity of the laser [2, 3]. In the current study, the peak intensity, Ipeak is
calculated by dividing the peak power, Ppeqk, by the cross-sectional area
of the beam, Apeam.

Preak (A.34)

lpeak
/ ‘bea”)

The peak power of the beam is obtained from the laser characteristics,

Epulse

Ppeak = (A.35)

where Epyise is the pulse energy of the laser and T is the pulse width.
Substituting equation A.35 in equation A.34 and assuming that the cross-
sectional area of the fundamental beam is a circle, results in

2Epulse

Ipeak == (A.36)

2
TnRL

where R; is the laser beam radius. The borosilicate HPLC vials act as a
cylindrical lens due to their geometry and difference in refractive indices
of air (n1), borosilicate glass (n;) and potassium chloride solution (n3).
As a result, the peak intensity of the laser beam changes depending on
the position within the vial. Because the vials only focus the beam in
the y-direction, the resulting cross-sectional area of the beam within the
vial can be described by that of an ellipse, and hence the peak intensity

becomes

2Epul
Ipeak = P (A.37)
TR Rellipse(X)

where Rejipse(X) is the length of the semi-minor axis of the ellipse, de-
pending on the position, x, within the vial. Figure SIVA shows a cross-
sectional top view in the xy-plane of the vial and corresponding funda-
mental laser beam with a diameter of 9 mm. The area of the cross-
section of the laser beam is smallest at the back of the vial, and hence a

maximum peak intensity, I;Te%;(' is found at the position where the laser

hits the inner walls at the back of the vial for the first time.

The first angle of incidence (©1) changes depending on the laser beam
diameter. As a result, the relative change of peak intensity throughout
the vial is different for each beam diameter (shown in Figure SIVB). The
peak intensity becomes increasingly larger when the laser propagates
throughout the vial. This effect increases the larger the incident beam
diameter. To account for this difference, a priori calculations have been
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performed to determine the necessary peak intensity of the laser beam
in front of the vial to achieve a maximum peak intensity that is constant
for all beam diameters. Values of 16.6 and 0.5 mm were assumed for the
vial outer diameter and glass thickness, respectively. In addition, the re-
fractive index of air and borosilicate glass are assumed to be 1.0000 and
1.5195, respectively [4]. In absence of equipment to accurately record
the refractive index of the potassium chloride solutions, an assumption
has been made by calculating the refractive index using an empirical
relation [5]

n3=1.3352+(1.6167-10"3)c— (4.0-1077)c?

(A.38)
—(1.1356:1074)T — (5.7-1072)T?2

where c is the concentration of the solution in gkci/9soiutionx 100% and
T the temperature of the solution in °C.
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Figure SIV.: (a) Top view of the laser path through a vial containing an
aqueous potassium chloride solution (S = 1.034). A incident beam di-
ameter of 9.0 mm is shown. (b) Plot showing relative change in peak
intensity throughout the vial for different beam diameters (Dpeam).
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A.4. ZEMAX SIMULATION

The additional data presented here elaborates on the laser-meniscus in-
teraction study conducted within an HPLC vial. This is further illustrated
with extended visualizations from the CAD model, which specifically em-
phasize the laser’s interaction with the meniscus. This interaction can be
seen from both the side and top views as shown in Figures SVA and SVB.
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Figure SV.: (A) Simulation in Zemax OpticStudio showcasing the behav-
ior of light rays as they encounter total internal reflection when a laser
illuminates the meniscus of a solution (side view), (B) Top view, (C) A
representation of the peak intensity distribution across the XY plane at a
depth of Z = 0 mm within the volume detector, (D) A representation of
peak intensity distribution across the YZ plane at a position of X = 0 mm.

In experiments, it has been observed that crystals always form at a
point At this stage, to acquire a comprehensive understanding of the
laser intensity distribution beneath the meniscus, a volumetric detector
of dimensions 8*4*8 mm, color coded orange was placed directly below
it. The volume detector was positioned based on the location of crystal
formation observed experimentally on the meniscus following the laser
shot. The positioning ensured that the bottom region of the meniscus
was encompassed within the detecting volume. This detector was com-
posed of 4 million voxels arranged in a 200 x 100 x 200 configuration,
with each voxel designed to detect transmitted rays (flux) in MW/cm?2.
Each voxel has a dimension of 40x40x40um. The power distribution
within this 3D volume was visualized using 2D slices. For clarity and il-
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lustrative purposes, the intensity distribution is represented across both
parallel (XY) and perpendicular (YZ) planes, as depicted in Figures SVC
& SVD. These images show the distribution at a fixed position of Z = 0
mm and a depth of X = 0 mm (axis numbers goes from -4 mm to 4 mm),
respectively. For instance, at specific coordinates (highlighted as X in
the figure), the detected laser peak intensity was approximately 17.18
MW/cm?2. Such pronounced peak intensities, especially at the meniscus,
could be attributed to the cylindrical nature of the vial, the total internal
reflection induced by the meniscus, and the rear wall partial reflection.
These factors may probably explain the high nucleation probabilities ob-
served in laser irradiation experiments at the meniscus in the context of
Dielectric Polarization model or Nanoparticle Heating mechanism.
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APPENDIX B

HYDROPHOBIZATION PROTOCOL

The following steps were taken to hydrophobically coat the 30 cm capil-
laries used in the microfluidic set-up for NPLIN experiments:

Flush the inside of the capillary with 10 mL of 0.1M Sodium Hydrox-
ide (NaOH) solution.

Rinse the the inside of the capillary with 20 mL of ultra pure water.
Dry the capillary externally (if wet) using a paper towel.
Dry the inside of the capillary with pressurized nitrogen gas.

Add 16 uL of trichloro(1H,1H,2H,2H-perfluoroctyl)-silane to a 1.5 mL
glass vial and close it.

Insert the capillary into the 1.5 mL glass vial through a hole in its
cap.

Place the vial with the inserted capillary into a desiccator.

Close off the desiccator in the fume hood, reduce the pressure to
<30 mbar and let it rest overnight (> 12 hours).

Carefully return the desiccator to atmospheric pressure, open it
in the fume hood and let it sit for a few minutes for any residual
trichloro(1H,1H,2H,2H-perfluoroctyl)-silane to evaporate.

Wipe the capillary externally with isopropanol, repeat with acetone
and flush with pressurized nitrogen gas to ensure any residue of
trichloro(1H,1H,2H,2H- perfluoroctyl)-silane is removed from the cap-
illary.
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B.2. ESTIMATION OF COOLING LENGTH

The IR temperature sensor was implemented in the system to study
droplet temperature before the laser exposure location to make sure the
droplets have reached ambient temperature. This is important, because
only then the supersaturation of the KCl solutions in the droplets will have
the desired value. To this end, a very simplified estimation of the cooling
length was determined from the formula for thermal diffusion distance
and thermal diffusion time.

X =+ 2at (B.1)
L2

t=— B.2
2a (B.2)

where x is the distance in mm at which droplets attain the ambient
temperature (25°C) within the capillary, o is the thermal diffusivity of
water at ambient temperature in m2/s, t is the time in seconds it takes
for the droplets to reach ambient temperature, L is the length of the
capillary in mm. However, the analysis considered here is an approxima-
tion method to calculate the temperature profile based on the following
assumptions.

e Assuming that capillary tube is filled with only one fluid which has
the physical properties of water at 25°C.

e Temperature in the capillary tube is assumed to be the same along
the entire length of the tube and the heat only flows in one direction
(axially) and is not affected by the radial direction or outer part of
the capillary. This means that the temperature profile is assumed
to be linear along the capillary. It is an approximation method to
calculate the temperature profile and time taken to reach final tem-
perature.

o Calculations of the temperature profile and time taken to reach the
final temperature are performed under steady state conditions, as-
suming that the ambient temperature is constant.

Using the equations and assumptions above, the cooling length was es-
timated to be around 15.6 mm. The actual cooling length will be slightly
different, because both conduction through the wall hindering heat trans-
fer and convection in the air around the capillary promoting heat transfer
have not been taken into account. Although the actual cooling length
might deviate from the calculated value because of the oversimplifica-
tion, it is safe to assume that the droplets have cooled down to room
temperature before reaching the laser exposure location 8 cm into the
capillary.
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B.3. IR SENSORS VS DEEP LEARNING: A COMPARISON

The droplet length distribution for all experiments performed, character-
ized using both IR sensors and the deep learning method, is provided
in Table SI. To illustrate the results, Figure S| provides a representative
histogram of the droplet length distribution from a single experiment (S
= 1.1, 1064 nm, 25 MW/cm?). Additionally, Table SII presents a compar-
ison of the average droplet lengths obtained from the IR sensor, deep
learning method, and manual measurement. The approximate volume
of the droplets per experimental video was obtained by estimating the
individual length of each droplet from its bounding box and multiplying
the length obtained with the dimensions of the square capillary (0.9*¥0.9
mm?2). The average volume per experimental video was then found by
finding the mean of the individual droplet volumes.

Table SI.: Comparision of droplet length distribution characterized via
both the IR sensors and the deep learning method for all the experi-
ments performed

Supersaturation | Wavelength Laser Intensity Average length _Average volume () | Average volume variation _Coefficient of variation | Average pulses | Average pulses
(s) (ay)

(nm) (MW/cm2) (mm) (uL) o, =0/ per droplet (#) | per droplet (o))
Blank 0 1.453 1177 0.084 0.071 1.011
1064 10 1.619 1311 0.061 0.046 13.478 0.848
1064 25 1535 1243 0.093 0.075 14.365 1.202
1064 50 1519 1230 0175 0.142 13.091 1414
1064 100 1.554 1.258 0.145 0.115 13.347 1.301
105 532 10 1.500 1215 0.101 0.083 12.892 1.002
532 25 1.409 1141 0.060 0.052 13.595 1123
532 50 1.702 1378 0.163 0.118 14.805 1.657
532 100 1.465 1186 0.063 0.053 13.016 0.886
355 10 1.865 1511 0.092 0.061 14.315 1.06
355 25 1.833 1.485 0.120 0.081 14.391 1121
355 50 1.509 1222 0.105 0.086 12.423 1.010
Deep learning method 355 70 1.438 1165 0.0571 0.049 12.510 0.906
Blank 0 1.415 1.146 0.035 0.030 13.394 0.776
1064 10 1.531 1.240 0.145 0.117 12.480 1.280
1064 25 1553 1258 0.126 0.100 13.333 1.069
1064 50 1.464 1186 0.115 0.097 13.045 0.951
1064 100 1.561 1264 0.109 0.086 12.626 0.957
11 532 10 1535 1243 0.130 0.104 13.680 1792
s 532 25 1.696 1373 0.083 0.060 14.907 0.976
532 50 1.299 1.052 0.029 0.027 9.863 0.783
532 100 1479 1198 0.127 0.106 10.927 1335
355 10 1528 1238 0.100 0.081 12.731 1.594
355 25 1.469 1190 0.091 0.076 12.649 0.960
355 50 1.498 1213 0.063 0.052 13.505 0.985
355 70 1.540 1.248 0.033 0.027 13.201 0.680
Supersaturation | Wavelength _Laser Intensity Average length _Average volume (i,) | Average volume variation _Coefficient of variation | Average pulses | Average pulses
(S) (nm) (MW/cm?) (mm) (uL) (o) (Y = 0v/iy) per droplet (#) | per droplet (04))
Blank 0 1197 0.897 0.1695 0.188 1.057
1064 10 1183 0.959 0.091 0.095 10.456 0.751
1064 25 1.549 1254 0.157 0.125 12.947 1.168
1064 50 1301 1.023 0273 0.267 11.087 1.610
1064 100 1275 1.032 0.285 0276 11.053 1.656
105 532 10 1.176 0.952 0.195 0.205 10.371 1225
532 25 1.270 1.029 0135 0131 9.560 0.900
532 50 1.968 1594 0.37 0232 13.914 2.136
532 100 1.437 1164 0.143 0122 9.887 1.450
355 10 1.581 1280 0.170 0133 11.792 1127
355 25 1.608 1303 0217 0.166 11.806 1272
355 50 1191 0.965 0.083 0.086 10.105 0.996
Infrared sensors (IR) 355 70 1.225 0.992 0368 0371 10.587 1.995
Blank 0 1.280 1.037 0.095 0.091 10971 1121
1064 10 1.428 1157 0.609 0526 11.050 3.151
1064 25 1170 0.948 0.256 0270 10.467 1.451
1064 50 1.024 0.829 0175 0211 9.934 1.049
1064 100 1179 0.955 0173 0.182 10.368 1132
11 532 10 1.428 1.280 1.037 0.196 0.189 10.939
a 532 25 1.170 1.730 1.401 0.141 0.100 12.664
532 50 -
532 100 1179 1254 1.016 0303 0.208 10.771
355 10 1.306 1.058 0516 0.487 11.025 2.760
355 25 1345 1.089 0581 0533 10.934 2.990
355 50 1.456 1179 0.105 0.089 11.369 0.830
355 70 1.223 0.991 0.074 0.075 10.751 0.679

IR sensors data was not available for the experiment with * sign.
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Figure Sl.: Comparison of the droplet length distribution using IR and
deep learning methods.

As discussed in the main article, the average length results obtained
from the deep learning method were found to be reliable in comparison
to IR sensors results.

Table Sll.: Table comparing average droplet length measurements taken
via three different methods.

Measurement method (100 readings) | Average droplet length (mm)
IR sensor 1.526
Deep learning 1.812
Manual 1.833

B.4. DROPLET CHARACTERIZATION RESULTS

To further show the comparision between individual experiments, Droplet
volume distributions obtained for all the experiments under S = 1.05 &
1.10 from deep learning method are shown in Figure SIl A & C respec-
tively. At each wavelength, the measurements are portrayed in order

of increasing laser intensity. Similarly pulses per droplet distribution are
shown in SIl B & D respectively.
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Figure Sll.: Droplet characterization for experiments under S = 1.05 (A &
B)and S =1.10 (C & D) showing the average droplet volume and average
number of pulses per droplet for all the experiments.

B.5. DEEP LEARNING METHOD

As described in the deep learning section of the article, the classification
of cropped images to detect the presence of a crystal is more challenging
than droplet detection. One primary reason for this difficulty is the dif-
ferent morphologies of KCI crystals, as shown in Figure Slil. Some images
of droplets, such as Sllic, Sllid, and Sllle, display transparent crystals
that are potentially difficult to detect due to poor contrast. In addition,
a few needle-shaped crystals Sllib were also observed. Moreover, there
might be images of droplets with impurities present on the outside of
the capillary, which might also be classified as a crystal. Therefore, it is
crucial to train the algorithm sufficiently well to robustly detect different
morphologies of KCI crystals automatically.

B.5.1. TRAINING INFORMATION

The training of the images was not performed on experimental videos
with 1.05 supersaturation because the crystals were too small for the
algorithm to detect. Consequently, a manual count of droplets contain-
ing crystals was provided for 1.05 supersaturation experimental videos
to estimate nucleation probabilities and for further data analysis. On the
other hand, the training of the images was performed through super-
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Figure Slll.: Images of the different droplets having the same KCI crystal
but with different morphologies. Scale bar is 1 mm for all the images.

vised learning, i.e., hand-labeling 777 images from different videos with
1.1 supersaturation. The images were carefully chosen to ensure they
were challenging to categorize and could be easily misclassified. Select-
ing these types of images is crucial for training the model, as the more
difficult and complex the samples, the more robust the training process.
The training data was labeled with 438 images of droplets containing
crystals and 339 images of empty droplets. The binary classification task
was performed using the ResNet50 architecture with pre-trained weights
and five-fold cross-validation. Apart from the training data, 46 images
were set aside as test data to validate the model’s performance. The
test data contained 16 images of droplets without a crystal, all of which
were predicted correctly. However, 4 of the 26 images of droplets with
crystals were incorrectly predicted, resulting in an accuracy of 91.17%
on the test data.

B.5.2. RESULTS

Once the model was trained using supervised learning, different combi-
nations of NPLIN experiments recorded as videos were run through the
algorithm one at a time to count the droplets with crystals automatically.
At this point, the output quality of the classifier was measured using the
F1l-score metric based on a confusion matrix. In machine learning, the
Fl-score is defined as the harmonic mean of precision and recall. The
confusion matrix numbers for all the experimental combinations, along
with their F1-scores, are shown in Table Slil below. Although the accuracy
of our model is very high (94.7 - 100%) between different experimental
videos, there is a comparatively broad variation in the F1-scores obtained
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(82.7 - 100%). The main reason for this variation is that our data is
skewed, i.e., there are many empty droplets compared to droplets with
crystals in every experimental video. Furthermore, the wide range of
F1l-scores might be explained by changes in light exposure and contam-
inants on the capillary throughout different experiments, which result in
more false negatives during crystal detection and, consequently, a lower
Fl-score.

Table SlIl.: The table contains the results obtained from deep learning al-
gorithm for all the experimental combinations under 1.1 supersaturation.
Output quality of the classifier was shown by confusion matrix numbers
along with their F1-scores.

Droplets with | Droplets with

Super- Wavelength | Laser intensity Number crystal : crystal :
saturation (nm) (MW/cm2) of Droplets Manu_al Autom_atic ™ ™ FP | FN | Alpha | F1-score
counting counting
11 blank 0 1631 32 32 32 [1599[ 0 ] © 0.14 100
1.1 1064 10 1505 60 43 43 [1444 | 1 17 0.15 82.69
11 1064 25 1483 79 73 73 [1396 [ 8 | 6 0.4 91.25
11 1064 50 1034 55 50 50 [ 977 [ 25 0.35 93.45
1.1 1064 100 1610 93 83 83 [1517]| O 10 0.3 94.31
1.1 532 10 1001% 51 - - - - - -
11 532 25 1057 76 68 68 [ 976 | 3 | 8 0.16 92.51
1.1 532 50 1979 138 138 1381841 | 0 | O 0.15 100
1.1 532 100 12297 115 - - - - - -
1.1 355 10 1478 53 53 53 [1424] 1] 0 0.4 99.06
1.1 355 25 1571% 73 - - - - - - -
11 355 50 1046 109 99 99 [ 928 [ 10 | 10 | 0.07 90.82
11 355 70 1187 219 190 190 [ 934 |34 129 0.1 85.78

Fullform: TP = True Positives, TN = True Negatives, FP = False Positives, FN = False
Negatives, Alpha : (frames in which crystal is seen/ frames in which droplet is seen),
F1l-score = (2 * Precision * recall)/(Precision + recall). The quality of three experimental
videos with * sign was not adequate to accurately extract data for the automatic crystal
count numbers in the confusion matrix table.
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B.6. DLS RESULTS

In the main article, Dynamic Light Scattering (DLS) results were pre-
sented for unfiltered KCI solution and filtered KCI solutions using various
pore size filters (0.2 um, 0.45 um, 7 um). The DLS measurements were
performed at 25°C using a Malvern Panalytical Zetasizer Pro apparatus,
with a 633 nm laser light source and a scattering angle of 13°. In this sec-
tion, we provide a repetition of these results along with additional data
for the doped solution containing Fe304 nanoparticles. Notably, the DLS
count rate for filtered samples with 0.22-micron and 0.45-micron filters
was quite low (<100 kcps), potentially indicating data inconsistencies. In
contrast, the count rate was reliably higher (=100 kcps) for the 7-micron
filtered samples (118.3 kcps), as well as for unfiltered (127.5 kcps) and
doped samples (159.2 kcps), suggesting more accurate measurements.
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1.0 —— Filtered solution (0.22 pm) —— Filtered solution (0.22 pm )
—— Filtered solution (0.45 pm) —— Filtered solution (0.45 pm)
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Figure SIV.: (A) Cross correlation functions obtained via DLS and (B) Par-
ticle size distribution determined by fitting DLS data for unfiltered KCI
solution, KCI solution filtered with 0.22 um, 0.45 um, and 7 um filters, as
well as the solution doped with Fe304 nanoparticles.
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C.l. PEGYLATION OF AUNPS

The 50 nm AuNPs were pelleted by centrifuging at 8000 min—1 for 30 min-
utes and redispersed in MilliQ water. To the 15 mL of 50 nm AuNP water
dispersion, 63 pL of 100 mgmL 1 PEG5000-SH was added and vigorously
stirred for 18 hours at room temperature. The expected PEG density was
set to be 10 PEGs/nm2. The PEG-coated AuNPs, following preparation,
were washed three times with MilliQ water and subsequently redispersed
in 15 mL of the same water.

C.2. COMPARATIVE ANALYSIS OF NANOPARTICLE
ABSORPTION EFfICIENCIES AT 532 NM USING MIE

THEORY

Aa ® 0.01
3 0.008
P 2 0.008

o2 S
0.004
1 0.002
(0] 0

(0] 100 200 0 100 200
Diameter (nm) Diameter (nm)

Figure Sl.: (A) Absorption efficiency vs Diameter (nm) of gold nanoparti-
cles at 532 nm using Mie theory. The value for the complex refractive
index is 0.54386 + i2.2309, (B) Absorption efficiency vs Diameter (nm)
of silica nanoparticles at 532 nm using Mie theory. The value for the
complex refractive index is 1.4668 + i0.0019918
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In this section, we present a comparative analysis of the absorption
efficiencies of gold and silica nanoparticles at a wavelength of 532 nm,
calculated using Mie Theory. The following figures depict how absorption
efficiency varies with particle diameter, alongside the complex refractive
indices specific to each nanoparticle type at this wavelength.

C.3. ELLIPTICAL BEAM RADIUS ACROSS THE VIAL

In this section, the variation of the elliptical radius Relipse(X) is given as
a function of position x along the vial.

2.2r

2.0r

1.6+

Rellipse (mm)

1.4r

1.2+

0 2 4 6 8 10 12 14 16
X (mm)

Figure Sll.: The function Rejiipse(X) showing how the radius of the ellipse
varies with x along the diameter of the vial.

C.4. CONTROL EXPERIMENTS DATA ACROSS DIFFERENT
CONCENTRATIONS OF AUNPS

Figure SllI illustrates the nucleation probabilities for supersaturated fil-
tered urea solutions doped with 50 nm gold nanoparticles (AuNPs) across
a range of concentrations, measured during control experiments. The
nucleation probabilities observed in Figure Slll are comparable, as indi-
cated by the overlapping error bars.
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Figure Slll.: Nucleation probabilities of filtered urea solutions containing
50 nm AuNPs with different nanoparticle concentrations under S = 1.5 in
control experiments. Error bars are computed using the Wilson’s score
method.

C.5. NUMBER OF NANOPARTICLES IN AN ELLIPTICAL

FRUSTUM

To calculate the volume of an elliptical frustum, equation C.1 is used. The
volume of the frustum is determined at the path length where the inten-
sity is significantly attenuated due to nanoparticle absorption. With the
known volume of this frustum and the nanoparticle concentration, the
number of nanoparticles present within the frustum can be calculated.
The results are presented in Table SI.

R2 +R1R2
V=nlL——- (C.1)
where V is the volume of the elliptical frustum, L is the path length of the
frustum from our calculations of Table 4.3, R; is the radius of incident
laser beam, R; is the radius of the elliptical beam, calculated at the
corresponding path lengths for each AuNPs concentration at a fixed laser
peak intensity of 376 MW/cm? using the graph provided in section C.3.
In the Table Sll, Ry is the radius of the elliptical beam, calculated at
the corresponding path lengths for each laser peak intensity at a fixed
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Table SI.: Summary of AUNP Concentrations, Corresponding Path Lengths,
and Number of Nanoparticles Present in an Elliptical Frustum at a fixed
Laser Peak Intensity of 376 MW/cm?

Concentration Path length (1) R_adius_of Radius qf . V?Iume of Number of
of l_-\uNPs (mm) First Disk | Second Disk | elliptical fructum AuNPs

(particles/ml) (mm) (mm) (mm3)
1.74 x 108 0.115 2.25 2.231 1.82 3.16 x 10°
3.47 x 108 0.058 2.25 2.236 0.91 3.19x 10°
5.17 x 108 0.039 2.25 2.237 0.61 3.19 x 10°
6.86 x 108 0.030 2.25 2.238 0.47 3.26 x 10°
1.27 x 109 0.016 2.25 2.239 0.25 3.22x 10°

AuNPs concentration of 6.86 x 108 particles/ml using the graph provided
in section C.3.

Table SIl.: Summary of laser peak intensities, Corresponding Path
Lengths, and Number of Nanoparticles Present in an Elliptical Frustum
at a fixed AuNPs concentration of 6.86 x 108 particles/ml

Laser Radius of Radius of Volume of

peak intensity Path length (1) First Disk | Second Disk | elliptical fructum Number of
(MW/cm?) (mm) (mm) (mm) (mm3) AuNPs

10 0.021 2.25 2.2388 0.33 2.28 x 10°
50 0.025 2.25 2.2385 0.39 2.72 x 10°
100 0.026 2.25 2.2384 0.41 2.82 x 10°
200 0.028 2.25 2.2383 0.44 3.04 x 10°
376 0.030 2.25 2.2381 0.47 3.26 x 10°
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C.6. LASER INTENSITY & ENERGY ABSORPTION PROfILES
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Figure SIV.: (A) Laser peak intensity profile along the diameter of the
vial, highlighting the effects of geometrical focusing and nanoparticle
absorption for a fixed AuNPs concentration (6.8 x 108 particles/ml). (B)
Corresponding energy absorption per nanoparticle across the diameter of
the vial at varying laser peak intensities for a fixed AuNPs concentration
(6.8 x 108 particles/ml).
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Figure SV.: (A) Laser peak intensity profile along the diameter of the
vial, highlighting the effects of geometrical focusing and nanoparticle ab-
sorption for different AUNPs concentration at a fixed laser intensity (376
MW/cm?2), (B) Corresponding energy absorption per nanoparticle across
the diameter of the vial for different AuNPs concentration at a fixed laser
intensity (376 MW/cm?).

C.7. CRITICAL LASER THRESHOLD OF SILICA

NANOPARTICLES

The following equation calculates the theoretical laser intensity thresh-
old at which the temperature of the nanoparticle surpasses the boiling
point of the surrounding liquid. This temperature increase prompts the
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formation of a vapor layer on the nanoparticle surface, leading to a rapid
pressure rise and the subsequent creation of a cavitation bubble[6]:

4TRnpC1P1V(Thoil
(Io)theo = : (C.2)
Iabs

Here, (Io)theo denotes the theoretical laser intensity threshold. Rnpp =
25 x 102 m represents the radius of the nanoparticle, ¢; = 2815.0
J/(kg-K) is the specific heat of the urea solution, p; = 1166.0 kg/m3 is
the solution’s density, Thoii = 647.0 K is the boiling temperature, raps =
2.94 x 10718 m?2 is the absorption cross section, T, = 7 x 1072 s is the
pulse duration, and y;=1.83 x 10~/ m?/s is the thermal diffusivity of the
urea solution.

The calculated theoretical laser intensity threshold of 4152.74 MW/cm?
assumes that only one nanoparticle in the solution is irradiated by the
laser[6, 7]. However, the laser intensity applied in our experiments was
376 MW/cm?, substantially lower than this theoretical threshold. There-
fore, under our experimental conditions, no bubble formation is expected
when laser heats the silica nanoparticles doped in urea solutions, lead-
ing to much lower nucleation probabilities compared to gold-doped urea
solutions.
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