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Abstract: In this paper, we report a study on the nucleation behavior of potassium sulfate (K,SO4)
from aqueous solutions under the influence of unfocused nanosecond laser pulses. The objective
is to contribute to the general understanding of the Non-Photochemical Laser-Induced Nucleation
(NPLIN) mechanism. First, the influence of several parameters such as supersaturation as well as laser
parameters (pulse energy, number of pulses, and laser polarization) on induction time, probability of
nucleation and mean number of crystals in comparison with spontaneous nucleation was investigated.
Then, we examined the influence of gas composition (i.e., degassing and gas bubbling (CO, and
Njy)) of the supersaturated solutions on the NPLIN kinetics, showing no correlation between gas
content (or nature) on the crystallization behavior. Our study questions the role of impurities within
the solution regarding the mechanism of laser-induced nucleation.

Keywords: NPLIN; pulsed laser; nucleation; potassium sulfate; cavitation mechanism

1. Introduction

Non-photochemical laser-induced nucleation (NPLIN) is a crystallization phenomenon
discovered by Garetz et al. in 1996 [1] while performing second harmonic generation exper-
iments on supersaturated urea solutions. They showed that high-energy laser delivering
very short (i.e., <100 ns) light pulses can induce crystal nucleation from supersaturated
solutions. The term “non-photochemical” excludes any photochemical reaction, imply-
ing that neither the solute nor the solvent absorbs at the wavelength used. Thus far,
NPLIN phenomena have been reported for a number of compounds, mainly small organic
molecules [1-5], but also salts with a majority of halides [6-8] and some cases of nitrates [9]
and sulfates [10], as well as some proteins [11-13].

Several mechanisms were proposed to explain the NPLIN phenomenon. The first
results and observations by Garetz et al. were explained by means of the optical Kerr effect
(OKE): because of their anisotropic polarizability, the solvated molecules interact with the
electromagnetic field of the laser light, which results in an alignment of the dipoles. The
cooperativity of this event occurring in pre-nucleation clusters results in crystal nucleation.
Garetz et al. also invoked the OKE mechanism to explain the polymorphic control of glycine
by changing the polarization geometry of the laser light [2]. Indeed, they claimed that
linear polarization was more effective at aligning dipoles with rod-like polarizabilities, thus
resulting in the crystallization of y-glycine, whereas circular polarization was more effective
at aligning dipoles with disk-like polarizabilities, thus resulting in the crystallization of
a-glycine. Several NPLIN cases have been claimed to rely on the OKE ever since [3,14-16],
but several researchers have questioned the systematic implication of this phenomenon.
First, it appears that the polarization dependence of glycine polymorphism during NPLIN
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could not be reproduced [17-19]. Liu et al. [20] measured the relative angle between urea
crystals and the electromagnetic field and showed that there is no alignment of the crystal
with the direction of polarization of the laser, contrary to Garetz’s first observations [1].
In addition, Monte Carlo simulations [21] of molecular orientations in the presence of
an electromagnetic field showed that if an orientational bias can indeed reduce the free
energy barrier for nucleation, the required electromagnetic field should be several times
higher than that used in typical NPLIN experiments (e.g., for glycine the orientational
bias parameter is 1073, whereas it must be closed to 10! to have an effect). Further to
this, the OKE is hardly conceivable for NPLIN phenomena when the compound of interest
crystallizes in a cubic space group (similar to many simple organic salts). Alexander
and Camp [6] reported and discussed NPLIN experiments on aqueous supersaturated
potassium chloride (KCl) solutions. They have shown that there is no dependence of the
nucleation kinetics on polarization and proposed that NPLIN of KCl is based on a dielectric
polarization (DP) phenomenon, which reduces the free energy required to nucleate in the
presence of the laser electromagnetic field.

Another possible mechanism envisaged for NPLIN is that crystallization is related
to the nucleation and/or behavior under laser irradiation of gaseous matter present in
the supersaturated solution. This hypothesis has been proposed by Knott et al. [22]. They
have shown that laser pulses can interact with dissolved gas since they triggered the
nucleation and growth of macroscopic CO, bubbles from a carbonated aqueous solution
supersaturated with this gas.

As discussed by the authors, OKE and DP mechanisms are obviously not valid
hypotheses in this situation. Rather, the laser pulses would interact with impurity particles
in the solution, resulting in transient and local heating of the system [23], leading eventually
to gas nucleation. These gas bubbles can be visible and stable, but there is evidence that
laser pulses can also give rise to short-lived and very small gaseous cavities.

Knott et al. [22] have also shown that the nucleation of gas is correlated to crystal
nucleation, in solution supersaturated with both argon and glycine, the presence of argon
bubble induced the crystallization of glycine. The formation of a gas bubble can act as a
heterogeneous surface for crystal nucleation or trigger crystallization upon its collapse
due to the emission of a pressure wave. NPLIN would not be the direct consequence of
an interaction between the laser light and the solvated molecule but a collateral effect
of gas nucleation. This is further supported by a study of Javid et al. [24], who have
shown that NPLIN of glycine can be suppressed by careful “nanofiltration” of the aqueous
solutions: it highlights that removing dust and small impurities from the solutions hampers
crystal nucleation [7,24,25], most likely due to the absence of bubble formation. Another
supporting evidence to such mechanism is the study by Mirsaleh-Kohan et al. [26], who
have shown that crystal nucleation of a supersaturated solution can be triggered by focusing
the laser beam on a metal plate floating on the top of the solution: focused laser pulses
would produce shock waves that induce crystallization. Such pressure waves can be
compared with those produced by the collapse of gas cavities, which would mean that
NPLIN is only due to that mechanical effect. Yet, Kacker et al. [27] described a similar
experiment during which an unfocused laser beam failed to trigger nucleation if the glass
vials were masked with black tape, whereas NPLIN occurred normally in unmasked vials.
It has also recently been demonstrated that pressure waves generated by the irradiation of
different materials with 1064 nm nanosecond laser pulses can influence drug delivery [28].

There is no general consensus regarding the NPLIN mechanism, and the data collected
and published since 1996 suggest diverse behaviors from one compound to another. More
experiments and more case studies are therefore needed to further understand how laser
pulses can interact with the supersaturated solution to induce crystallization.

In this publication, we report a new case of NPLIN applied to an inorganic salt. The
NPLIN of potassium sulfate supersaturated solutions was triggered by using nanosecond
pulses of an unfocused high-energy Nd: YAG laser. Among several tested salts, potassium
sulfate was chosen because of the following properties: it exhibits (i) a noncubic space
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group (Pnam (62) [29]); (ii) no polymorph or hydrate under our experimental conditions
(one polymorph exists above 580 °C [30]); (iii) crystallization kinetics (spontaneous and
NPLIN) measurable on a laboratory scale; (iv) an appropriate solubility in water (sufficient
to observe the crystallization and not too large to control it); (v) a very low absorption at
1064 nm (absorbance for a saturated solution of K,SO4 in water is 0.058 cm™1).

A systematic approach is developed in order to identify the incidence of both the laser
parameters and the solution supersaturation on the nucleation behavior. Moreover, the
influence of gases dissolved in solution on the NPLIN behavior is examined in order to
study the role of gas nucleation on crystallization.

2. Materials and Methods
2.1. Preparation of the Metastable Solutions of K;SOy4 in Water

Potassium sulfate (K,SO4), with a purity of 99%, was purchased from MERCK (Ger-
many) and was used without further purification. Water was demineralized (2-8 uS.cm 1)
with an osmosis unit water purification system from OSMOTECH (Buchelay, France). The
solubility of K,S0O4 in water was measured at 20 °C by the gravimetric method, and a value
of S = 10.05%wt was obtained. This value was compared with literature data; Mydlarz and
Jones [31] reported solubility values of different references expressed in kg of K;SO4/kg of
water, converting into weight percentage, and values ranged from 9.83%wt and 10.06%wt;
thus, our value appeared to be in good agreement with the one of Mydlarz et al. [32]. The
supersaturation domain investigated ranged from {3 = 1.15 to 1.25 (3 is the supersaturation
ratio and is defined as C/S, with C, the solution concentration) at a constant temperature of
20 °C. For the preparation of the solutions to be irradiated, a large volume of solution was
prepared and heated until complete dissolution. Then, the stock solution was transferred
in at least 50 glass vials (dimensions: 1.2 cm diameter, 1 mm thickness, total height 2.6 cm)
using a precision pipette (VWR EHP 100-1000 puL) set at 1 mL. After each transfer, each vial
was carefully closed with a screw cap equipped with a rubber seal to avoid evaporation.
The pipette tip was also changed every 5 vials to avoid solvent evaporation and undesired
solution seeding. Then, all the vials were placed in an oven at 50 °C for at least 3 h in
order to ensure total dissolution of the solute and avoid uncontrolled crystallization. It
was confirmed that no solvent evaporation occurred during this step. Then, the vials were
placed in a thermostated room at 20 °C for at least 1 h before irradiation.

2.2. NPLIN Setup

A Q-switched Nd-YAG laser NL300 (EKSPLA, Vilnius, Lituania distributed by Opton
Laser, Orsay, France) emitting at wavelength 1064 nm, with a pulse width of 5.3 ns (1),
a beam diameter of 6 mm, and a pulse repetition frequency of 10 Hz (v) was used. A
quarter-wave plate was placed on the beam path to control its polarization geometry, from
linear to either right or left circularly polarized light. Figure 1 shows a picture of the
experimental setup. The pulse energy was measured by means of a power meter NOVA
II with a pyroelectric sensor (PESOBF-DIFH-C (OPHIR, Jerusalem, Israel distributed by
MKS, Virigneux, France); we applied pulse energy (Ep) varying from 18 to 85.6 mJ (value
without vial on the beam path), which corresponds to laser peak intensity ranging from 12
to 58 MW.cm 2, that is to say, in the same order of magnitude as for experiments performed
using other inorganic salts [6,27]. A reduction in the laser intensity entering the solution
must be considered, which is mainly due to the reflection occurring at the vial surface (the
absorption coefficient of silica glasses is almost negligible at the working wavelength). This
reduction is estimated at circa 4%, considering the indexes of refraction of both the air and
the glass (nair = 1.0003; ngjass = 1.5066 [33]).Note that, the values of energy given herein did
not include the 4% reduction. The irradiated volume could be compared with the volume
of a truncated cone due to the focalization of the beam. At the exit of the vial, the beam had
an elliptical shape with 3 x 6 mm dimensions. Thus, we estimated the irradiated volume
to be circa 0.20 mL, considering the solution as static. As we used a 1 mL solution, only
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20% of the solution was irradiated. It is also of note that the laser and the optical table were
all stored in a dark and air-conditioned room at 20 °C.

Figure 1. Experimental setup used for NPLIN experiments: 1—laser; 2—quarter-wave plate; 3—sample; 4—sensor;

5—power meter.

2.3. NPLIN Experiments

For a given set of samples, irradiation was carried out for ca. 75% of the vials. The
remaining 25% were not illuminated and served as blank experiments. We used a number
of pulses ranging from 1 to 100, with pulse energy varying from 18 to 85.6 mJ (incident
light). The crystallization progress was estimated through 3 factors:

The first factor was the induction time t;, which is the time between laser exposure
and the observed onset of nucleation. This duration was monitored by regular inspection
of the vials. Obviously, this is a rough estimation of the induction time, as small nuclei are
not immediately visible to the naked eye.

The second factor was the probability of nucleation Py (f) [34], i.e., the number of crystal-
lized vials after a time t (N¢ys¢(t)) over the total number of irradiated vials (Ny;qzs) (Equation (1)).
Indeed, because of the stochasticity of nucleation, each vial will nucleate differently.

Py(t) = (I\M) x 100 (1)

The third factor was the mean number of crystals per vial for the different experiments.
The crystal morphology was also controlled by optical microscopy.

2.4. Preparation of the K,SOy Solutions Saturated with Different Gas

To study the influence of dissolved gas on the NPLIN behavior of K;SOy, the above
protocol was applied with the following modification. First, water was sonicated in an
ultrasonic bath (VWR USC100T, 45KHz, 30W) for five minutes for degassing, then an
adequate amount of K;SO,4 was added and the vessel containing the stock solution was
rapidly sealed. While heating the stock solution, the selected gas was bubbled into the
solution by using a gas-filled balloon connected to a needle for at least 30 min. Nitrogen gas
was purchased from Air liquide (France) with a purity of 99.9999% (Alphagaz2). Carbon
dioxide was produced by a chemical reaction between calcium carbonate (RP Normapur
99%) and hydrochloric acid 37%, purchased from VWR Chemicals. The remainder of the
experiment was similar to a regular NPLIN experiment, although extra care was taken in
order to prevent uncontrolled gas departure from solutions.
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3. Results and Discussion
3.1. Influence of Supersaturation on the Nucleation Kinetics and the Probability of Nucleation

To study the influence of supersaturation on the NPLIN kinetic of K,SO4 at 20 °C,
vials containing the metastable solution of K,SOy at supersaturation of $ = 1.25, 1.2, and
1.15 (at least 50 individuals in each case) were exposed to one laser pulse with a pulse
energy of 18 mJ at the entrance of the vial. The number of pulses was limited to a single
shot in order to minimize the heating effect due to the water absorption at 1064 nm
(At this wavelength the absorption coefficient is 0.1 cm~! [15]). By using atomic force
microscopy and scanning electron microscopy, we ensured that the structure of the glass
was not damaged by irradiation: The surface aspect of the inner side of the vials was found
to be similar before and after irradiation, and the formation of shattered glass particles
was unlikely (Figures S1 and S2 and Table S1). To compare the kinetics of spontaneous
crystallization with that of NPLIN experiments, control samples (at least 10 individuals for
each value of ) were prepared with the same procedure and were not exposed to laser
light. The results are presented in Figure 2.

Nanosecond pulsed nIR irradiation favors nucleation. Indeed, Figure 2 clearly shows
that laser irradiation allowed a decrease in the induction time in a significant number
of samples since; for example, 24 h after irradiation, the probability of nucleation more
than doubled, compared with unexposed samples. This is a clear manifestation of the
NPLIN phenomenon, and it must be underlined that such behavior was not systematically
observed in every compound that was investigated. As expected, Figure 2 highlights that
the control of supersaturation is as important a parameter in the NPLIN process as in
any nucleation process: the higher the supersaturation is, the more labile to nucleation
the system. However, if the probability of nucleation of irradiated and control samples
both reached 100% (although at different rates) when {3 = 1.25, it is also worth noting that
the curves obtained at lower supersaturations both converged to the same value of the
probability of nucleation, and after circa 72 h, a probability of nucleation of 100% was
reached regardless of the supersaturation. This suggests that the nucleation of K;SO4 could
have two kinds of regime—one that is sensitive to irradiation and one that is not.
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Figure 2. Evolution of the experimental probability of nucleation after laser irradiation over time
(in hours) for different supersaturations: (a) § = 1.25; (b) f = 1.20; (c) B = 1.15. All samples were
exposed to 1 pulse at 18 mJ (12MW.cm™2) (circles ). Control samples were not exposed to laser; they
nucleated spontaneously (squares M). The dashed lines guide the eyes.
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It is worth mentioning that no difference in the number of crystals was detected when
changing the supersaturation. The mean number of crystals per vial was observed to be
circa 1.5, usually obtaining 1-2 crystals for each irradiated sample, with some cases up to
4 crystals. For control samples, the value was closer to 1.3. Careful observations of the
crystals produced either by spontaneous crystallization or by laser pulses showed constant
crystal morphologies, various crystal shapes, and the occasional occurrence of twinned
crystals in both cases (Figure 3).

Figure 3. K,SOy crystals obtained from supersaturated solutions 3 = 1.25: typical twin crystals observed in this study (left),

crystals obtained by laser irradiation (middle), and crystals obtained by spontaneous nucleation (right). Pictures were
taken with a NIKON SMZ-10A microscope equipped with a Sony DXC-950 3CCD Color Video Camera Power HAD.

3.2. Influence of the Number of Pulses and Intensity

Supersaturation was fixed at § = 1.25 to study the influence of the number of pulses, as
well as their intensity on the NPLIN kinetics and on the number of produced K,SOy crystals.
Table 1 shows the changes in induction time, probability of nucleation, and the number of
crystals produced. First, at constant laser intensity, there was a slight increase in the probability
of nucleation upon increasing the number of pulses from 1 to 100. Second, when increasing
the laser intensity from 18 to 85.6 mJ, the induction time was reduced by half. This result
is in agreement with several studies [5,6,15,35], particularly that by Kacker et al. [27], who
stated that the nucleation probability depends on the laser beam intensity. Furthermore, there
was an increase in the number of crystals produced, which is actually dependent on both
the number of pulses and the intensity of the laser. Alexander et al. [6] found that a single
laser pulse can yield a single crystal of potassium chloride. Although we observed that a
single pulse of 18 m] is likely to induce the nucleation of an isolated crystal of K;SOy, it seems
that the use of higher energy generates more crystals. This is in line with the observation
of Hua et al. [35], who found that the number of crystal nucleated is proportional to the
laser intensity. Yet, it should be underlined that Irimia et al. [19] showed that the nucleation
probability of glycine aqueous solutions actually decreases when more than 600 pulses are
used due to the overall temperature increase (and associated supersaturation decrease) of
the solution. For our study, the temperature increase was calculated for our experimental
conditions (1 pulse at 85.6 mJ, 3 = 1.25) using the same theoretical model developed and
experimentally validated by Irimia et al. The calculated Cp value of 3.75] g~! K~! led to an
overall increase in temperature (in the area illuminated by the laser) of 2.4 x 1073 K/pulse,
which was not sufficient to change the overall supersaturation of the solutions.
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Table 1. Influence of the number of pulse and its intensity on the nucleation behavior of K;SO4
solutions at 3 =1.25. Np is the number of pulses; Ep is the intensity or pulse energy.

Induction Time  Probability of Nucleation Number of Crystals Per Vial

Np Ep (m]) (min) (%) (t= 1.5 h) (min-max)
1 18 60 40 14
101 18 60 80 1-8
1 85.6 30 100 3.6
101 85.6 30 100 30

3.3. Influence of the Laser Polarization

In their study on KCl, Alexander et al. [6] showed that there is no influence of the
polarization of the laser on nucleation. To confirm this statement, the influence of polariza-
tion on the NPLIN kinetics of K,SO4 solution was investigated by using a supersaturation
ratio of 3 = 1.25. Solutions were irradiated with one pulse at 85.6 m] by using either linear
or circular polarized light. As can be seen in Table 2, no difference was observed between
the two polarizations in terms of induction time, probability of nucleation, the number of
crystals, or visual aspects of crystals and nucleation kinetics.

Table 2. Influence of the type of polarization on the nucleation behavior of K;SO, solutions at
(3 = 1.25: LP (linear polarization), RCP (right circular polarization), and LCP (left circular polarization).

o Induction Time  Probability of Nucleation Number of Crystals Per
Polarization

(min) % (t=1.5h) Vial (min-max)
LP 30 100 3-6
RCP 30 100 2-6
LCP 30 100 2-7

According to the OKE mechanism, the use of the appropriate polarization (linear,
circular, or elliptical) should result in an increase in the probability of nucleation and in
a reduction in the induction time. For example, Matic et al. [15] found that the probabil-
ity of NPLIN is higher with linear polarization than circular polarization for solutions
of urea. There are, however, reported cases, such as Alexander and Camp [6], showing
that the induction time is not correlated to polarization geometry. In the case of glycine,
Garetz et al. [2,16] have shown that, for a range of supersaturation, the geometry of polar-
ization induces different polymorphs, which was considered in this study as an argument
in favor of the OKE model (although this experiment could not be reproduced) [17,19].

K350, exhibits two polymorphs—the f form (Pnam (62)) [29], which is stable up to
583 °C but transforms into the o form at a higher temperature (P63/mmc) [30]. In our exper-
iments, only the 3 form was observed regardless of the polarization and supersaturation
used, and no trace of any hydrated form was detected. The hypothesis that the occurrence
of an OKE would be possible provided pre-nucleation clusters exhibited a structure similar
to the final crystals (indeed, such an orthorhombic structure should exhibit birefringence)
was not confirmed by the results shown in Table 2. Indeed, values from the literature [36]
revealed very weak birefringence, indicating that there is no strong polarization axis in
the crystalline structure. As a consequence, it was confirmed that there was no evidence
of OKE occurring during our experiments. This prompted us to investigate the role of
gaseous matter in the mechanism of NPLIN of K»SOj.

3.4. Influence of Gas Composition and Nature

Knott et al. [22] reported that the irradiation of a solution supersaturated with CO,
results in the nucleation of stable CO, gas bubbles. They also suggested that gas nu-
cleation could play a role in the NPLIN of crystals since they observed that a solution
co-supersaturated with argon and glycine, after gentle shaking, first nucleates gas bubbles
and then glycine crystals. Although valuable, these experiments have been performed in
experimental conditions that differ from the actual conditions used during regular NPLIN
experiments: dissolved gas is likely not supersaturated. Although this might reduce the
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probability of nucleation of gaseous bubbles, gas nucleation can still be envisagedeven
when the gas content of a solution is below its saturation: The presence of dissolved
nanoparticles (such as inorganic impurities) can result in the absorption of the laser energy
and induce temperature increase [7,25]. Such local solution heating can possibly result in
(i) local vaporization of the solution and nucleation of vapor bubbles (gas bubbles would
consist of vaporized solution); (ii) nucleation of gaseous matter (gases exhibit retrograde
solubility) due to a significant solubility decrease (gas bubbles would consist of COy, Ny,
Oy, or air); (iii) a combination of (i) and (ii) in which vapor bubbles act as seeds for the
nucleation of other gas bubbles, as suggested by Ward et al. [25]. In the three mentioned
situations, the formation of gaseous bubbles ultimately results in their collapse, followed
by crystal nucleation.

In order to discriminate between (i), (ii), and (iii) in the case of K;SO4 aqueous
solutions, a supplementary set of NPLIN experiments was performed by evaluating the
incidence of an experimental parameter that has only been scarcely considered in other
publications—controlled gas composition. Indeed, there is, to the best of our knowledge,
no study focusing on the kinetics of NPLIN as a function of the presence of dissolved gas
in the supersaturated solution, both in terms of nature and composition.

We designed an experiment aiming at evaluating the NPLIN kinetics and nucleation
probability of K,SO4 solutions as a function of the controlled presence of several dissolved
gas. To that end, supersaturated solutions (3 = 1.25) of K;SO4 were saturated with gas by
bubbling (air, N;, or CO,, see Section 2) or degassed by exposition to ultrasounds before
systematic laser irradiation. Provided hypothesis (ii) was valid, different dissolved gas
should have exhibited different gas nucleation behaviors upon laser irradiation, which
should have, in turn, resulted in significantly different crystal nucleation behaviors. It is
also worth mentioning that a marked drop in the nucleation probability was expected if
the supersaturated solutions were degassed prior to irradiation.

The crystal nucleation probability of the irradiated solutions as a function of time
and gas composition is shown in Figure 4. For each gas condition, at least 100 vials were
exposed to one single pulse at 85.6 m]J. The laser energy value was chosen to stay in the
same order of magnitude as in the two publications dedicated to the nucleation of gaseous
bubbles [22,25] (unfocused nanosecond laser pulses).

It should first be underlined that no macroscopic gas bubbles were observed during
these experiments and that, if that occurred, the formed cavities were too small and/or
short lived. Figure 4 shows that, although the presence of N, and CO, seems to slightly
reduce the induction time, the four Pn(t) = f(t) curves remained quite similar: The kinetics
of NPLIN of K»504 seems uncorrelated to the presence (or the absence) of dissolved gas,
regardless of the nature of the gas tested. In particular, the fact that CO,- and N,-saturated
solutions gave the same NPLIN kinetics is valuable information. Indeed, the solubility
of these two gases in water is considerably different [37]; thus, laser irradiation should
produce significantly different amounts of gas cavities, and notable differences of NPLIN
kinetics should have been observed for K,SO4. Degassed solutions also exhibited a similar
NPLIN regime to gas bubbled samples. Therefore, hypothesis (i) involving local heating
and solution vaporization seemed more likely.

Concerning the nature of the interacting impurities, several hypotheses can be considered:
The impurities could be gaseous bubbles already present in the solution before irradiation,
even in the case of degassed solution (a recent study from Lee et al. [38] estimates that the
number of gas bubbles in degassed deionized water is of circa 4 x 107 per mL with a mean
diameter of circa 250 nm). However, the absorption coefficient of gases at 1064 nm was very
low, and it was unlikely that light absorption by the gaseous bubble could induce sufficient
local heating of the solution. Impurities could also be solid nanoparticles present in the
solution, as suggested by various authors, and this could explain the energy threshold often
observed in NPLIN experiments: Ward et al. [25] indeed showed, in a theoretical study,
that presence of nanoparticles of graphite or iron oxide in the solution could result in the
nucleation of gaseous bubbles. However, the question remains that if NPLIN is correlated to
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the presence of inorganic impurities, why does the wavelength of the laser have no incidence
on the NPLIN kinetics? Solid nanoparticles indeed have different adsorption coefficients at
different wavelengths, and the amount of heat transferred to the solution should be different
when irradiated at 532 and 1064 nm.
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Figure 4. Influence of degassing and gas bubbling on the probability of NPLIN (at the top) and the probability of
spontaneous nucleation (at the bottom) as a function of time (one pulse at 85.6 mJ). “Standard” stands for no solution
treatment; “Nitrogen” and “Carbon Dioxide” are the gas used for bubbling; “Degassed” is solution degassed by ultrasounds.

4. Conclusions

This paper reported a new example of the non-photochemical laser-induced nucleation
(NPLIN) phenomenon. We explored the influence of various experimental parameters on
the NPLIN kinetics of K,SO4 metastable aqueous solutions, and, in particular, we used
an original approach that consists of saturating the solution to be irradiated with two
different gases with contrasted solubility in water in order to study the mechanisms of
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cavitation and their connection with crystal nucleation upon laser irradiation. We showed
that (i) higher pulse numbers and higher laser intensities significantly decrease induction
time, but that nucleation kinetics of K;SOy is (ii) not correlated to laser polarization and
(iii) not correlated to the gas nature and content. These observations imply that no optical
Kerr effect occurred in this study and that K;SO4 NPLIN is not a result of cavitation of
dissolved gas. Although further experiments are required, it is likely that NPLIN rather
occurs due to local and transient heating of the solutions, resulting in vapor bubbles, which
collapse and trigger crystal nucleation via the propagation of a pressure wave. We conclude
that future NPLIN experiments should focus on the impact of impurity content on the
NPLIN kinetics.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/cryst11121571/s1, Figure S1: 3D representation of the inner surface roughness of the vial
measured by atomic force microscopy (AFM): (a) a piece of control vial without any laser exposure;
(b) and (c) a piece of vial exposed to 100pulses at 85.6m], respectively, the entry face and the exit face
of the laser beam. The size of the surface analyzed is 25 pum x 25 um, Figure S2: Scanning electron
microscopy (SEM) images. From left to right: control vial, vial entry face, and vial exit face of the
laser beam, Table S1: Roughness average (Ra) and maximum roughness (Rz) measured for control
vial and irradiated vial (entry face and exit face of the laser beam).
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