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Summary:

We present a detailed study of the effects of nanosecond laser pulses on laser-induced crystallization
of supersaturated KCI and KBr. An electronic polarization model has been developed, which is shown
to capture the essence of the nucleation mechanism. Directions for future theoretical studies of
nucleation are outlined.


andrew.alexander@ed.ac.uk
http://dx.doi.org/

Abstract

Non-photochemical laser-induced nucleation (NPLIN) of KCl and KBr has been studied using
nanosecond laser pulses with wavelengths of 532 and 1064 nm. The ratio of the number of samples
nucleated to the number irradiated with the laser (f) follows a non-linear dependence on peak power
density that approaches f= 1 at higher incident powers, which we fit with a Poisson function. The
threshold power required to nucleate samples is lower at 532 than at 1064 nm, and we observe that a
higher fraction of samples nucleate when exposed to 532 nm pulses at a given laser power. In
comparison to KCI, we see higher fractions of KBr samples nucleate and lower threshold values at
both wavelengths. Samples of KCI of equal supersaturation at two different temperatures (23 and

33 °C) shot with 1064 nm pulses show that the 33 °C samples are significantly more labile to
nucleation. The ratio of samples nucleated at 33 °C compared to 23 °C was 2.11 £ 0.47. A classical
nucleation model based on activation of sub-critical clusters in solution accounts remarkably well for
the experimental data and provides phenomenological values of the crystal—solution interfacial
tension (y) at 23 °C for KCI and KBr of 5.283 and 4.817 mJ m °. At 33 °C the model yields a best-fit
value of y = 5.429 mJ m * for KCI.

1. Introduction

Crystallization is a ubiquitous phase transition which has been exploited in the sciences as an efficient
means of product separation and purification. The complex crystallization process can be considered
to involve two key steps: nucleation followed by crystal growth. Of these two steps, much less is
known about nucleation. The study of nucleation has been greatly hindered because of the stochastic
nature of the process. It is well known that nucleation of a metastable sample can be induced by
physical perturbations such as rapid cooling, mechanical shock, sonication, or seeding.' One
particularly intriguing method is nucleation by the action of light. Light with sufficiently high photon
energies can create nucleation centres photochemically; this effect was the basis for the pioneering
work of John Tyndall.? Alternatively, light can be used to cause nucleation photomechanically, e.g.,
by ablation or cavitation.>* Other methods include optical trapping or optically biased diffusion.">*
Recently, non-photochemical laser-induced nucleation (NPLIN) has been demonstrated, in which case
23,24

there is no photochemical damage to the sample;= = this effect has the potential to enable direct

measurements of a nucleation process analogous to homogeneous nucleation.

In the first study of NPLIN by Garetz ef al., it was observed that supersaturated aqueous solutions of
urea were nucleated upon exposure to trains of near-infrared (1064 nm) laser pulses (20 ns pulses,
~0.1 J pulse ").2 The group explained the effect using a model based upon the nonlinear optical Kerr

effect (OKE) whereby the incident electric field induces alignment of molecular units within
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clusters.? It was proposed that the solute molecules, contained within precursor clusters in solution,
are reorganized into a more-ordered state through which nucleation may proceed. Interestingly, it was
noted that it was necessary to age supersaturated samples for a period of at least a few days prior to
shooting; it was suggested that the ageing time allowed precursor clusters to grow sufficiently large
for NPLIN to occur. The requirement for sample ageing was reinforced by subsequent work on

22T hen egg-white lysozyme (HEWL),? and l-histidine.* Theoretical simulations by Knott et

glycine,
al., however, suggest that the free energy gain from the orientational bias at the electric field strengths

involved are not sufficient to explain NPLIN by the OKE mechanism.*®

Alexander and co-workers have studied NPLIN of a number of metastable systems,™ ** in particular

2333 1t was demonstrated that samples

the benchmark system of aqueous potassium chloride (KCl).
of KCI with supersaturations (S = C/Cy,) in the range 1.05—1.10 can be nucleated by a single pulse
from a nanosecond laser. The probability of nucleation was found to be linearly dependent on the
power density of the laser pulse. It was noted that there was a minimum laser power density (a
threshold) required to nucleate samples. On account of the simple cubic structure which crystalline
KCI assumes, there are no molecular units to be aligned as envisaged by the OKE mechanism, and no
polarization dependence was observed. A different nucleation mechanism was proposed, based on the

electronic polarization of precursor clusters induced by the transient electric fields of the laser pulse.*

The results were modelled using a modified classical nucleation theory (CNT).

The aqueous KCl system offers several advantages over systems such as urea or glycine for
systematic studies of NPLIN. Because a single laser pulse can nucleate a single crystal, the critical
point for nucleation must occur within the duration (~10 ns) of the laser pulse. Also, it was found that
samples of KCl do not require ageing beyond the cooling time required to achieve supersaturation,

making sample preparation easier.

Recent studies have indicated a clear need to provide more data in order to develop and test models of
NPLIN.2* 333 T move towards fulfilling this need, we have extended our work on the potassium
halide system to investigate the effects of wavelength, temperature and anion (Br~ versus Cl"). We
find that general trends of the results fit well with our modified CNT model; however, several features

of NPLIN have yet to be accounted for.

2. Experimental methods

Supersaturated solutions were prepared by dissolution of KCI (puriss, > 99%, Fluka) and KBr (puriss,
Sigma) in deionized water (Chromanorm HPLC grade, VWR). The saturation concentrations (Cg,) of

KCl and KBr in aqueous solution at 23.0 °C are 4.688 and 5.610 mol kg ', respectively.** Solutions
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were prepared at a supersaturation (S = C/ Cg,) of 1.060. The sample solutions were syringe-filtered
while hot (0.22 pm, Millex-GP) into clean cylindrical glass vials (20.3 mm diameter) with screw-caps
(sample volume ~3.8 cm’). The vials used were cleaned with detergent and rinsed several times, the
final rinsing with syringe-filtered deionized water. Approximately 20 sample vials were prepared for
each sample. All samples were first recrystallized before going through a heating, cooling and
irradiation cycle. Nucleated samples were regenerated by heating on a hotplate (50 °C) with regular
shaking followed by brief ultrasonication in a water bath (40 °C). Dissolved samples were then
transferred to a temperature-controlled water bath (23.0 °C) for a period of 40 minutes. We have
observed that samples that do not nucleate during the 40 minute cooling period are stable, typically
for several days or more. We note that ageing of samples beyond the time for cooling does not appear
to be necessary for potassium halide systems,* but has been reported to be critical for larger

molecules. 22

Samples were shot with the laser by placing the cooled sample vials in the beam path and exposing
each to a single pulse of laser light with wavelengths of 1064 or 532 nm (Brilliant Nd>:YAG,
Quantel): see Fig. 1. The linearly polarized laser light was passed through an iris (5.5 mm diameter)
and then through a Glan—Laser polarizer. The polarizer allows fine control over the power of the beam
via Malus’s law, and ensures purity of the final linear polarization. The vial acts as a cylindrical lens,
loosely focussing the beam in one direction only as shown in Fig. 1. The mean laser power of the
unfocussed beam was recorded using a power meter (Nova, Ophir) and the value converted to peak
power density (jpeak) by taking into account the duration of the laser pulse (5.3 ns at 532 nm, 6.3 ns at
1064 nm) and the area of the beam at the exit of the vial. The focussing depends on the refractive
index of the solution at a given wavelength (see Table Al in the Appendix). With an input area of
0.24 cm’, the area of the beam at the exit of the sample vial was calculated to be ~0.11 cm®. The
experiments were conducted in the range of peak power densities 5-42 MW cm > (approximately 3—
30 mJ pulse ' of the unfocussed beam, depending on wavelength). There was no evidence of bubble
production during irradiation. Immediately after shooting, samples were returned to the temperature-
controlled water bath. After a period of 15 minutes some samples showed the presence of one or more
crystals in the bottom of the sample vial. The locations of the fallen crystals indicated that they can
form at any point along the beam path through the solution. The fraction of samples that had
nucleated (f = n / N) was calculated as the ratio of the number of samples showing crystals (#) to the
number shot (V). In previous work the experimental fraction was measured by cumulative
measurements at increasing laser powers;* in the present work, each data point represents
measurements carried out at a fixed laser power. Approximately 80 samples were shot at each power.
Single standard deviations were calculated from repeat measurements on batches of 20 vials at each

laser power.
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Fig. 1. Schematic layout of the experimental setup for laser-induced nucleation. The Nd*":YAG laser
outputs pulses of 1064 nm light; these may be frequency doubled to 532 nm by inserting a second-
harmonic generation module (20). Coated mirrors (M) were used to steer the beam. The diameter of
the input beam was 5.5 mm (selected by the iris), and was delivered through the centre of the sample,

as illustrated.

The effects of temperature were studied by comparing nucleation in solutions of KCI with = 1.060
at 33 °C to those with the same S but at 23 °C. The solubility of KCl in aqueous solution at 33 °C is
5.092 mol kg '.** Sample vials were prepared and handled following the same procedures as outlined
above. In order to maintain temperature during the shooting process, a brass sample holder was used,
which was heated by ceramic heating cartridges via a programmable temperature controller (2132,
Eurotherm). The samples were individually seated in the block for a period of 60 seconds prior to
shooting. The sample was shot with a single pulse of linearly polarized 1064 nm laser light, following
which the sample was returned to the water bath at 33 °C. The fraction of samples nucleated (f) was
counted after 15 minutes. The process was repeated for different laser power densities in the range 9—

20 MW ¢m 2.

Over the course of the experiments it was observed that KBr nuclei always grew in the same crystal
habit, forming rough-edged square crystals. On the other hand KCI was seen to produce several
different shapes, occasionally exhibiting single crystals in different habits in a single nucleated
sample. Aside from the typical square crystals, as seen with KBr, we see curved columnar-like
crystals and extremely thin, high quality, square crystals. There was no apparent correlation between
the crystal shape and incident power or number of crystals produced per nucleated sample. During the
experiments the numbers of crystals produced in a nucleated sample were counted. Accurate counts
were not always possible due to multiple nuclei forming conglomerates during crystal growth,
however a trend was clearly observed. The mean numbers of crystals produced were seen to increase

with incident laser power with one crystal being produced consistently at low laser powers.

Page 4 of 22



3. Results

Plots of the fraction of samples nucleated (f) versus peak power-density (jpea) for KCIl and KBr samples

are shown in Figs 2(a) and 2(b). The low-power portion of each set of data is seen to be approximately
linear. The slope is a measure of how labile the samples are to nucleation; we will refer to the magnitude of
this slope as the lability of the samples. Lability is therefore a measure of how susceptible a solution is to
NPLIN; higher lability means more likely to nucleate. All of the data sets show a distinct threshold at low
peak-power densities, as has been seen in several other systems. At higher peak power densities it can be
seen that the data curve towards a plateau near f= 1. It may appear at first that this curve is indicative of a
non-linear mechanism at higher powers: however, we note that the experiments count samples nucleated,

not the number of nuclei. To fit the data, we use a Poisson distribution,

n =\

n! , (1)

p(n)=

where p(n) is the probability of obtaining » nuclei in a sample, and A is the mean number of nuclei
produced by a given laser power density. Since the total probability sums to unity, the probability of

obtaining at least 1 nucleus is thus 1 — p(no nuclei), i.e.,
p(n=)=1-p(0)=1-¢™ )

For the polarization nucleation model, we show later (Appendix A) that the mean number of nuclei

depends linearly on peak laser power density, A= i = Jo)

, where jj represents the low-power
threshold and m is the lability. Therefore we can fit the experimental fraction of samples nucleated with the

following function,

SUpa) =1=exp[ -G =i0)] 5

Ly . C Yemi
Near to the threshold (as Joeac =7 Jo ) to first-order in Eq. (3) we find S Cpe) =11 ; in other words, the
fraction of samples that nucleate is directly proportional to laser power density, as we observe in the

. 24
experiments.”

The experimental data were fitted using Eq. (3) by a non-linear least squares method, and the values of the
parameters obtained are summarised in Table 1. The results show that KBr is more labile than KC1 under
equivalent conditions, with a correspondingly lower power threshold. It can also be seen that 532 nm laser
light is more effective than 1064 nm light at inducing NPLIN, and that the thresholds are lower at 532 nm.
The threshold value for KCI at 1064 nm reported here (8.2 + 0.5 MW cm °) is slightly higher than reported
previously (6.4 + 0.5 MW cm °),** which we attribute to the use of a linear-fit function in the previous

work.
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Fig. 2. Plots of fraction of samples nucleated at 23 °C with a single laser pulse against peak laser power

density at different wavelengths: (a) 532 nm, and (b) 1064 nm. Solid squares represent KBr, open squares

represent KCI1. Error bars represent single standard deviations from 4 repeat measurements on 20 samples

at each point (N.B., the fraction of samples nucleated is not obtained cumulatively with increasing power).

Poisson function fits to the data are shown as solid lines; labilities and thresholds obtained are listed in

Table 1.
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Temperature/  Wavelength Solute Threshold peak Lability (m) /

°C (A)/ nm power density (jq) / cm® MW
MW cm >

23 532 KBr 48+03 0.121 £0.009
23 532 KCl1 56+0.5 0.057 £ 0.004
23 1064 KBr 62+0.7 0.079 +£0.006
23 1064 KCl1 82+0.5 0.055 +0.003
33 1064 KCl 7.7+1.1 0.115+0.025

Table 1. Threshold peak power densities and labilities for NPLIN of aqueous KCl and KBr at different
laser wavelengths and temperatures. Supersaturation, S = 1.060 for all samples (N.B., the concentration of
KCl at 33 °C is higher than that at 23 °C). The parameters were obtained by fitting the data shown in Figs
1 and 2 using Eq. (3): see text for details.

Plots of the fraction of KCI samples nucleated versus peak power density for equivalent
supersaturation (S = 1.060) at 23 and 33 °C are shown in Fig. 3. The corresponding fits from the
Poisson function (Eq. 3) are summarized in Table 1. Comparing the two plots we see that the samples
at 33 °C are significantly more labile than those at 23 °C. The ratio of labilities, for 33 °C versus 23

°C, is 2.11 + 0.47. The threshold power densities are similar, suggesting that both sample sets share a

common threshold value.

1.0 4
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3 % e 33°C
E: o 23°C
Q
2 064
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Fig. 3. Plots of fraction of KCI samples nucleated against peak laser power density for equivalent
supersaturations (S = 1.060) at different temperatures. Solid circles represent data at 33 °C, open
circles at 23 °C. Error bars represent single standard deviations from 4 repeat measurements on 20
samples at each point (N.B., the fraction of samples nucleated is not obtained cumulatively with
increasing power). Poisson function fits to the data are shown as solid lines; labilities and thresholds

obtained are listed in Table 1.
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4. Discussion

The results show that 532 nm laser pulses are more effective than 1064 nm pulses at causing NPLIN.
This trend matches the observations of Garetz et al. for aqueous urea solutions.*” In the urea study,
trains of several hundred pulses were used; sample heating during irradiation at 1064 nm was
identified as the probable cause of the higher threshold power value observed at 1064 nm. In our
experiments, however, the laser power densities used are an order of magnitude smaller, and more
importantly, only single laser pulses were used to induce nucleation. For KBr, we estimate the local
heating in the volume illuminated to be ~6 x 10~ °C at 532 nm, and ~14 x 10~ °C at 1064 nm: the

values for KCI are slightly lower. These temperature increases are entirely negligible.*

During the course of the experiments it was observed that KBr samples generally yielded more
crystals than KCI samples at equivalent laser powers. Both KBr and KClI form centrosymmetric cubic
crystal structures in the experimental conditions of the present work. At S = 1.060, the concentrations
were C = 5.947 mol kg ' (KBr) and 4.969 mol kg ' (KCl). KBr samples have 20% more solute ions,
but the increase in lability for KBr relative to KCI is much greater (by a factor of 2 at 532 nm),
suggesting that the nature of the anion wields a more subtle influence on NPLIN. Similarly, for the
effects of temperature on KCI, the absolute concentrations were 4.969 and 5.398 mol kg ' at 23 and
33 °C, respectively, i.e., a difference of 9%; however, the lability increases by a factor of 2, so

differences in concentration cannot be the sole cause.

As discussed in detail elsewhere,* 2" ** we have developed a modified classical nucleation model of

NPLIN. The model is based on the electrostatic result that the free energy of a dielectric particle in a
medium of lower permittivity is reduced in the presence of a homogeneous electric field. We assume
that there is a population of sub-critical clusters, some of which become activated to become nuclei by
the electric field of the laser pulse. This activation occurs through electronic polarization of the

cluster. The free energy of a cluster can be written*

AG(r,E) = 472'7‘27—ﬂ72'7‘3 (AlnS+aE2)
3 L@

In this equation, r is the radius of a sub-critical cluster, y is the solution—solute interfacial tension, S is
supersaturation, and E is the electric field strength. The parameters 4 and a depend upon physical
properties of the solute, solvent and the light, as detailed in Appendix A. To calculate the number of
nuclei produced in the volume of the solution irradiated by the laser pulse (V,,.) we assume a
Boltzmann distribution of cluster sizes based on Eq. (4), as outlined in the Appendix. We stress that
our revised model presented here returns absolute numbers of nuclei produced; our previous work on
KCl in solution was a preliminary model that required a scaling parameter to fit the data.** As

demonstrated in the Appendix, we find that N, depends linearly on j,.e.x, but with a zero threshold
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(i.e., jo=0 MW cm™). Model values for the lability (m) were obtained by calculating N, as outlined
in the Appendix.

The key parameter that is undetermined in our model is the solution—solute interfacial tension, y. This
value is independent of the wavelength used for NPLIN, but is expected to depend on temperature.
The model was used to find the value of y that fits the experimental values of lability at 1064 nm, as
shown in Table 2. As a test of performance of the model, the value of y obtained was then used to
calculate the lability at 532 nm. As can be seen in Table 2, the model lability at 1064 nm is lower than
that at 532 nm, which reproduces the experimental trend, but the model underestimates the magnitude
of difference between the wavelengths for KBr. For KCl, the agreement between model and

experiment is quite good, reproducing both the trend and the magnitude of the lability.

In our model, the relative permittivity of the solid phase (&s) is a major factor that controls the
polarization of clusters (the term in aE” in Eq. 4). Looking at Table A1, we see &g of KCl at 532 nm is
larger than at 1064 nm. Likewise, the relative permittivity of KBr is greater than KCI. This trend in
permittivity matches the trend in experimental lability, and gives a direct physical insight into the

effect of cluster polarization on NPLIN.

The value of interfacial tension for KCI at 1064 (y = 5.283 mJ m ) is higher than that obtained from
our previous model (y = 2.19 mJ m ?).* This difference can be attributed to several factors: (1)
improvement in the quality of data (80 samples each at 8 power densities, rather than 30 samples
cumulatively); (2) fitting the experimental data with a more appropriate function (the Poisson model,
Eq. 3); (3) refinement of the theoretical model so that it does not rely on an arbitrary scaling factor

(Appendix A).
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Lability (m) / cm® MW Interfacial tension (y) / mJ m™

Experiment Model Model Theory®
532nm 1064 nm 532 nm 1064 nm 1064 nm
(predicted) (fitted) (fitted)
KBr 0.121 0.079 0.083 0.079 4.817 19.52
KCI (23 °C) 0.057 0.055 0.056 0.055 5.283 24.99
KCI (33 °C) 0.115 0.115 5.429 24.90

Table 2. Experimental and model labilities of potassium halide samples for NPLIN at two
wavelengths (see Table 1). The experimental results at 1064 nm were fitted to obtain the model value
of the interfacial tension (y) shown; the model value of y was then used to predict the lability at 532
nm. Overall, the model predicts the correct trends with respect to wavelength and solute. Theoretical

values (right-hand column) were obtained using the Mersmann equation (Eq. 5).***

For KBr we obtain y = 4.817 mJ m 2, and for KCI we find y = 5.283 mJ m *. These values are of the
right magnitude expected for highly soluble salts.* There is a large spread of values for vy in the
literature (0.98—-163 mJ m 2):* this can be attributed to the variability of experimental techniques and
conditions employed. For sources that give values for both KC1 and KBr,*"*** it was found that
v(KCI) > y(KBr), in agreement with the trend seen here. For KCl at 33 °C, we find that y = 5.429 mJ
m ° reproduces the experimental lability: this is 2.8 % higher than y at 23 °C, and is close to the ratio
of temperatures (306.15/296.15 = 1.034). Mersmann calculated a simple expression for solution
interfacial tension based on thermodynamics;*® after correction to assume spherical instead of cubic-

shaped clusters, this is written as*"**

2/3
Y= ikBT'(pS]\/A j In Ps
M wpL )

2

where kg is Boltzmann’s constant, 7 is temperature, M is the molar mass of the solute, N, is the
Avogadro constant, w is the mass fraction of solute in the solution, and ps and p, are the densities of
the solid and solution, respectively. In this equation, the values of the parameters for the saturated
solution were used. The values calculated from Eq. 5 are given in the right-hand column of Table 2.
As can be seen, these are a factor of 45 larger than our model values. The higher lability at 33 °C is
not reproduced by the theory: although Eq. 5 shows that y oc 7, there are additional effects from

concentration incorporated in the other terms.

Our nucleation model does a good—in fact, remarkable—job of reproducing the experimental data.

Why remarkable? For one thing, the model is fed only by simple bulk physical data for the solid and
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solute. For another, we are placing quite a heavy responsibility on a single parameter, the interfacial
tension. For example, the interfacial tension is expected to depend on cluster size and structure, which
our model does not include. Finally, the model tells us nothing about the internal dynamics of the

cluster that cause it to become critical during the presence of the laser field.

The main ingredient that is missing from the model is structure, which is the basis for the so-called 2-
step model for homogeneous nucleation.*> *® We consider the following sequence (see Fig. 4): (1) the
solution matures to form a distribution of clusters with variable sizes, structures and compositions; (2)
while the field is present, a candidate cluster reorganizes to become super-critical. In step (1), solute
ions can aggregate over time to become clusters; in the 2-step model of nucleation these are suggested
to be dense, liquid-like clusters.”” The strongest evidence for these clusters has come from protein
crystallization, but simulations indicate that this cluster pathway to nucleation should be favorable for

most SyS'[Gl’IlS.M

We expect the dense potassium halide clusters to be disordered and defective by comparison to the
crystalline solid, possibly retaining one or more solvent molecules [K',X ] (H,0)..* We can think
of a suitable cluster being on a multi-dimensional potential energy surface, where the number of co-
ordinate parameters (such as bond lengths and angles) is ~3/N (where N is the total number of ions and
solvent molecules). The polarizability of the cluster changes with its internal structure. Prior to
nucleation, the cluster is essentially trapped in a local minimum on this surface (Fig. 4). For step (2),
the E-field modifies preferentially the potential energy of one exit channel from this local minimum;
allowing it to gain access to new structures where it may then become super-critical, and nucleation
may ensue. Compared to the sketch in Fig. 4, there may be many barriers in different directions on the
potential energy surface: all that is required is one structure co-ordinate that is more susceptible to the
E-field. After being released from the metastable dense-cluster configuration, it may have sufficient

kinetic energy to pass additional local minima and barriers.
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Fig. 4. Schematic diagram illustrating the transition (1) of a cluster from being loosely associated in
solution to a dense cluster (*), and finally to become a nucleus due to the electric field (£) of the laser
pulse (2). The curves represent the potential energy for a candidate cluster in zero-field (£ = 0, black
solid line) and high-field (£ > 0, red dashed line). The dense cluster is considered to be non-crystalline
or glass-like and may contain one or more H,O molecules. The local potential barrier at the right ()
represents further topology for which the nucleus has sufficient energy to cross, once it is released
from the dense-cluster configuration. Green circles represent chloride anions, purple circles represent

sodium cations; water molecules surround the ions, but have been omitted for clarity.

One of the appealing features of the 2-step NPLIN mechanism is the timescale for step (2): since the
cluster is already quite dense, only relatively small changes in co-ordinates are required to achieve
criticality. The timescale for short-range motion of ion pairs is estimated to be ~1 ps,> which is
sufficiently short for many periods of motion to occur during the ~5 ns of the laser pulse. We would
expect the period for collective motion of larger groups of ions to be one or two orders of magnitude
longer, ~100 ps. The concept of this rapid transition from a defective cluster to a nucleus has been
proposed before. In studies of crystalloluminescence (luminescence due to crystallization) of NaCl,
Garten and Head observed point pulses of light that correlated quantitatively with the number of

crystals nucleated.* >

After considering the energies and concentrations involved, they concluded “...
that the primary excitation energy is derived from a phase change, indicating that the critical nucleus
which forms by diffusion as a disordered quasi-liquid or glass-like aggregate eventually ‘clicks’ into
crystalline form in less than 8 x 10°® sec.”. The timescale quoted was limited by the photodetector:

after further work this was revised to less than 5 ns.
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Finally, it is worth considering the direction for revised models of nucleation in general, and NPLIN
in particular. The physics of the interaction between the electric field of the laser pulse and the
polarizability could be applied to a revised, 2-step model. The main stumbling block, however, is an
understanding of the structure of the solution, i.e., details of the metastable dense-cluster phase, and
the population of clusters extant. Therefore, further experimental and theoretical work is needed to

improve our knowledge of step (1) of the 2-step model of nucleation.

5. Conclusions

In conclusion, we have studied the effects of temperature and wavelength on the non-photochemical
laser-induced nucleation (NPLIN) of KBr and KCI from supersaturated aqueous solution. Samples
exposed to 532 nm pulses consistently demonstrate a higher sample lability and lower threshold
power to nucleation compared to those shot with 1064 nm pulses. Further experiments were carried
out in which KCl samples of equal supersaturation (1.060) at two different temperatures (23 and
33°C) were shot with single pulses of 1064 nm light. The results suggest that both sets of samples
share a common threshold power to nucleation, with the samples prepared for 33 °C demonstrating a
significantly higher lability than those at 23 °C. The results were analysed using a model based on the
polarization of sub-critical clusters in solution, which provides a remarkably good description of the
probability of nucleation occurring as a function of incident peak power density and solute used. It is
hoped that these results will provide the basis of further experimental and theoretical work that is
required in order to better understand the dynamics and mechanism responsible for NPLIN, and

crystal nucleation in general.
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Appendix A

From Eq. (4), the critical radius of a cluster—the size where it becomes a nucleus—is given by**

2
()=t
AlnS+aE” (A1)
e psRT
with M , Where pg is the density of the solid, R is the gas constant, 7 is temperature, and M is

the molar mass. In terms of the peak laser power density (jpeak), the electric field (£) can be written

E: fszeak
G (A2)

where c is the speed of light in vacuum, and ¢ is the electric constant. The electrostatic energy term is

given by

aEZ :3jpeak8L( SS_SL ]
c €5+ 2¢, (A3

where g is the permittivity of the liquid solvent (water) and &g is the permittivity of the solid. The

classical nucleation model can be employed to calculate the number of nuclei (V,,.) produced in the
sample volume irradiated by the laser for an aqueous solute. Writing Eq. A8 of ref. 31 in terms of the
radius 7 of a spherical cluster, we have

nue — “Vmolee ", a7
4nN\ps 1, . (Ad)

where N, is the Avogadro constant. The integrals /; and /, are given as follows:
7.(0)

I = J‘ e PAG(0) 4,
“® . (a)

I, = I Pre PArOdy

(=}

. (A6)

where B = (1 / kgT), kg is the Boltzmann constant, and AG(r, E) is given by Eq. (4). Niolec 1S the

number of potassium halide (KX = KCl or KBr) ion-pairs in the volume illuminated by the laser (V,
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which we estimate by a simple ray-tracing procedure). Substituting for N in terms of the mass

w=mxx / (mxx +Mu,0)

fraction of solute, , we have

_3whp, . 1,

e dnpg 1, (A7)

We calculate Eq. (A7) by numerical integration of the integrals /; and /,, using the physical

parameters for KCI and KBr summarized in Table A1. We identify N,,. as the model value of the

Poisson parameter (). From the limits of the integral in Eq. A4, we see that Ny, = 0 at £ = jecs = 0,
Nnuc

m =
so the model labilities () can be calculated as Jpeak ; the results of model calculations are given

in Table 2 in the main text.

It can be shown that the model reproduces the expected linear dependence of N,,. on peak laser power
density as follows. The only dependence of N,,. on E is contained entirely in integral /;, since /, does

not depend on E. To first order in £, the lower limit of the integral can be written

2
r(E)~ 4(0){1— :1E S} = 7.(0)—dr
! ,(A3)
2
S = 2vaE :
where (A In S) (with 4 >> a). For the integral 7,

7 (0)
L= [ f)ydr=f()or
= (0)-r . (A9)

Then we have

3whp, o0 oyyp?

> o« E?
47'5[35 ]2 (AIIIS)

. (A10)

nuc

. oC 7
in other words, N 5 Jpeak )
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Parameter KCI(23°C) KBr(23°C) KCI(33°C)

molar mass (M) / 10 kg mol ' 74.55 119.0 74.55
molality (C) / mol kg 4.969 5.947 5.398
solute mass fraction (w) 0.2703 0.4144 0.2869
solution density (pr) / kg m 1176 1375 1184
solid density (ps) / kg m™ 1984 2750 1984
relative permittivity, 532 nm 2.230 2.455 B
solid (&s) 1064 nm 2.189 2.384 2.188
relative permittivity, 532 nm 1.783 1.783 —
water (e1) 1064 nm 1754 1754 1751
solution refractive 532 nm 1.365 1.376

index (n) 1064 nm 1.352 1.363 1.351
volume irradiated 532 nm 0.3451 0.3424 —
) /10°m’ 1064 nm 0.3482 0.3455 0.3487

Table Al. Parameters employed in the modified classical nucleation model of NPLIN used in the
present work.>® Where appropriate, values are given for the supersaturation S = 1.060 (for C, w, p, V).
The irradiated volume was calculated using a ray tracing procedure to account for the slight focussing

in the vial; the volumes for each solution and laser wavelength differ due to differences in the solution

refractive indices.
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