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On the role of impurity nanoparticles in
laser-induced nucleation of ammonium chloride
Martin R. Ward, Alasdair M. Mackenzie, Andrew J. Alexander*
School of Chemistry, University of Edinburgh, Edinburgh, Scotland, EH9 3FJ

Abstract
Results of experiments on laser-induced nucleation (LIN) in supersaturated (S = 1.20) aqueous
ammonium chloride solutions are presented. Measurement of the particle-size distribution in
unfiltered solutions near saturation (95%) indicates a population of nanometer-scale species with
mean hydrodynamic diameter 750 nm, which is almost entirely removed by single-pass filtration
through a poly(ether sulfone) membrane (0.2 um pores). Analysis of filter residues reveals iron and
phosphate as major impurities in the solute. Experiments show that the number of nucleiinduced
by LIN can be reduced substantially by pre-processing (filtering or long-term exposure to laser
pulses) and that this reduction can be reversed by intentional doping with iron-oxide (Fe;0.)
nanoparticles. The use of surfactant to assist dispersion of the nanoparticles was found to increase
the number of laser-induced nuclei. We discuss the results with reference to mechanisms of non-

photochemical laser-induced nucleation (NPLIN).

1. Introduction

The process of nucleation is of fundamental scientific interest, and is a key step in the
production of high-value solid materials, such as pharmaceuticals and agrochemicals. The
stochastic nature of nucleation makes experimental and theoretical studies of nucleation
dynamics very challenging. The advent of pulsed-laser methods, however, has opened up new
possibilities to explore nucleation mechanisms in detail. Laser-induced nucleation (LIN) may be
classed as photochemical or non-photochemical. In photochemical LIN, reactive species are
formed, such as ions or radicals, which can cause aggregation of solute molecules and production
of nuclei.”? Non-photochemical LIN (NPLIN) generally requires relatively lower intensities of light
at wavelengths where there are no strong absorption bands in the system; short, unfocussed
pulses (ps to ns) of laser light are typically used. Systems that have been studied using NPLIN
include small molecules such as glycine and carbamazepine,** simple salts such as KCI,'*'? single-
component systems such as acetic acid and sodium chlorate,*'* and large molecules such as

proteins.””'® The main advantage of NPLIN is that it appears to be similar to homogeneous



nucleation: it requires only solute and solvent, occurs in the bulk of the solution, and there is no
chemical damage to molecules. A variant of NPLIN based on optical trapping using continuous-
wave laser light has been demonstrated;'’"'® in the remainder of this article, however, we will deal
specifically with pulsed laser-induced nucleation.

Up to now, the mechanism for NPLIN is believed to involve the interaction between the
electric field (E) of the laser pulse, and the polarizability of solute molecules in clusters. For
nucleation of simple salts from solution, the interaction of the transient E-field with a sub-critical
cluster acts to lower its free energy, causing a change in its structure.’®'? In the case of small
molecules, the difference in polarizability along different directions of the molecule means that
molecules can become aligned with respect to the direction of the E-field, analogous to the optical
Kerr effect (OKE).> ' The resulting increase in structural order due to the interaction between the
E-field and solute cluster gives rise to nucleation.

There are several pieces of evidence that support the polarizability mechanism for NPLIN.
For example, it was observed that the nucleation probability is linearly proportional to E? as
expected for the OKE.'>2° Needle-like crystals of urea that were nucleated by NPLIN were observed
to be aligned with the electric field vector of linearly polarized light.? In the cases of glycine and of
L-histidine it was possible to control the product polymorph by use of circular versus linear
polarized light.*” Garetz and co-workers found that supersaturated solutions of small molecules
required an aging period of one or more days, which they attributed to time required for clusters
of solute to form.>” " Aging was not required for halide salts, which may indicate that these
clusters form more rapidly.’ 2

There are several unresolved issues with the polarizability mechanism, as summarized
recently by Agarwal and Peters.?! The observation of a minimum power required for nucleation at
low laser powers is not readily explained. Moreover, the magnitude of the polarization interaction
energy (~10™ kgT) is very low compared to the background thermal energy, so that any structural
ordering due to the electric field would be washed out, even if co-operative effects within a cluster
are taken into account.??> A phenomenological model of NPLIN based on pre-nucleating metallic
clusters can account for some of these anomalies,® although it is not clear if this model is
applicable to dielectric solutes.

Knott et al. conducted experiments on aqueous solutions of carbon dioxide, using the
same laser pulse powers and pulse widths as experiments on NPLIN of solids, and showed that

nucleation of CO, bubbles was possible.? No significant difference between carbonated tap water



and carbonated ultrapure water was observed, suggesting that impurities were not involved. It
was argued that the results could not be explained by the polarizability mechanism, since the
product phase is less dense and has a lower refractive index. Knott and co-workers discussed a
range of possible alternative NPLIN mechanisms, including photochemistry resulting from weak
absorption bands, or microscopic bubble cavitation. In a detailed study on LIN of carbon dioxide
bubbles in carbonated sugar solutions, Ward et al. found that the number of bubbles nucleated
was linearly proportional to sucrose concentration.® Filtered samples were shown to produce
substantially fewer bubbles. Experiments on carbonated water showed that increasing degrees of
cleaning and filtering during sample preparation reduced the number of bubbles observed. Ward
et al. found it was not possible to switch off LIN completely, which they attributed to the difficulty
in producing entirely clean, bulk solutions. The threshold power for LIN of bubbles (~4.7 MW cm-~
%) was found to be very similar to previous work on NPLIN of alkali halides (~5.2 MW cm™)."2 The
results suggested that impurity particles are required for LIN of bubbles. The findings were
explained using a simple model based on heating of solid nanoparticles, which cause vapor
bubbles to form and act as nuclei for bubble growth.*

In previous studies of NPLIN of KCl, it was noted that unfiltered samples were significantly
more labile than filtered samples.’ Because LIN was observed even when great care was taken to
exclude dust and impurities, it was considered that presence of impurities was not a necessary
condition for the effect. By carefully separating spontaneous from laser-induced nucleation
events over time, Javid et al. have recently demonstrated that filtration suppresses NPLIN in
aqueous glycine.?” The work on CO, bubble nucleation suggests that it is not possible to remove
potentially active impurity particles entirely, even with careful procedures.?® In this article,

therefore, we evaluate the role of impurity particles on LIN of crystals from solution.

2. Experimental
2.1 Laser-induced nucleation

Aqueous supersaturated solutions of ammonium chloride were used for experiments.
Nucleation and growth of crystals in these samples occurs visibly within seconds, which allows
easy discrimination between spontaneous nucleation and laser-induced nucleation. Sample vials
used in all experiments were thoroughly cleaned using warm soapy water, and rinsed several
times with filtered water before use. Ultrapure water (18.2 MQ cm) was obtained from a water

purification system (Sartorius arium comfort 1); the ultrapure water was used for cleaning



glassware and preparation of sample solutions. The saturation concentration (molality) of
aqueous ammonium chloride solution at 22 °C (Ca) was 7.16 mol kg'.® A solution of
concentration, C = 8.60 mol kg™, was prepared by dissolution of solid (Sigma-Aldrich 213330,
batch number BCBM1220V) in ultrapure water, giving a resulting supersaturation, S = C/ Co =
1.20. Complete dissolution was ensured by the use of a water bath held at 45 °C, over the period
of about 1 hour, with manual shaking of the solution every few minutes. When fully dissolved,
warm solution was transferred to pre-cleaned sample vials (4 mL, 14.8 mm diameter) which were
then sealed immediately. Filtered solution samples were prepared by filtering warm solution (45
°C) through syringe filters [0.22 um, Millex GP, poly(ether sulfone) membrane]. Syringes were pre-
warmed, but filters were not. The manufacturer's recommended maximum operating
temperature for the filters was 45 °C. The remaining solution was used for laser processing (section
2.2).

Sample solutions were intentionally crystallized by cooling, and stored until required.
These solutions were dissolved by gentle heating on a hot plate (40-50 °C) for 1 hour (with
periodic shaking) and then cooled slowly to room temperature (22 °C), first in air and then using
a water bath. We found that undisturbed samples generally remain supersaturated for several
days or weeks; unfiltered samples are more liable to spontaneous nucleation. After a cooling
period of 40 minutes, samples were removed and exposed to single pulses of light (1064 nm, full
width at half-maximum of 5.5 ns) from an Nd**:YAG laser (Quantel Brilliant). The laser-beam
diameter was reduced from 7.5 to 3 mm using a Galilean telescope. The incident mean power was
controlled by passing the beam through a Glan-laser polarizer whose transmission axis was
rotated with respect to the axis of linear polarization of the laser. An incident mean laser power of
30 mW (measured at 10 pulses s7') was used in nucleation experiments. The cylindrical shape of
the vial causes slight focusing of the beam, which we calculate by ray tracing. By taking averages
of the values at the front and back of the vial, we calculate the average peak pulse power jpeax = 12
MW cm=2, and energy density u = 700 J m=2 Samples were exposed to 3 or fewer laser pulses, with
an interval of 10 seconds between each pulse, until nucleation had occurred.

Videos of nucleation experiments were captured using a CCD camera (AVT Stingray F-
033B) and a macro zoom-lens (Computar MLH-10X). The sample vials were illuminated by an
external white-light source. Camera settings were adjusted to ensure good contrast between

emerging crystals and the background. For samples that nucleated during laser irradiation, video



images were used to count the number of crystals produced for each nucleated sample. Examples

of images recorded are shown in Figure 1.

pre-pulse

.

post-pulse

Figure 1. Images taken from video that show an unfiltered NH,CI solution (a) before, and (b)
approximately 1.6 s after, nucleation by a single laser pulse. The images have been cropped to the
region of interest, and the contrast has been enhanced to clearly discriminate nuclei. The path of the

laser beam through the solution is indicated by the dashed white lines. Scale bar represents 2.5 mm.

2.2 Laser processing
To test if the laser is capable of destroying impurity particles that cause LIN, exposure to
high intensity laser pulses over long periods was used. After preparation of the samples in vials,

batches of the remaining stock ammonium chloride solution (approximately 100 mL) of molality



C=8.60 mol kg™' were irradiated at 10 pulse s for periods of 30 or 120 minutes, with continuous
stirring. The incident laser beam measured 6.5 mm in diameter and had a mean power of 1.9 W,
which was the maximum power available from the laser. In order to avoid spontaneous or laser-
induced nucleation of the solution, each batch was held at approximately 50 °C. Samples in vials
were prepared from the laser processed solution, and tested for LIN using the same methods as

outlined in section 2.1.

2.3 Solutions doped with nanoparticles

In order to produce samples doped with known amounts of solid nanoparticles, a stock
solution of NH4Cl of concentration C = 8.90 mol kg™' was prepared and filtered into cleaned vials.
A known quantity (~0.1 g) of liquid dopant was added to each vial to give a resulting
concentration of C=8.60 mol kg™'. Three sets of 10 samples with different dopants were prepared.
The liquid dopants included aqueous dispersions of iron-oxide nanoparticles (>98+%, Sigma
637106, LOT 11529AC, 20-30 nm nominal diameter), with and without poly(ethylene glycol) [PEG]
surfactant (Fluka, 89510), and pure water as a control. Dispersions were placed in an ultrasonic
bath for a period of one hour before use to ensure maximal dispersal. Details of the preparation

of the nanoparticle dispersion can be found in the Supporting Information. All samples were

tested for LIN following the procedures outlined in section 2.1.

3. Results
3.1 Effect of filtration

The number of primary nuclei produced per sample vial was counted from the video
recorded during experiments. The results show a stark difference in the probability of LIN between
filtered and unfiltered samples. It was found that 17 out of 26 filtered samples nucleated, giving a
sample nucleation probability p = 0.65. In contrast, all 24 unfiltered samples were nucleated by
the laser (p = 1.0). Filtered samples on average produced 1.4 + 0.4 nuclei, whereas unfiltered
samples produced 7.8 = 1.3 nuclei (Figure 2). These results highlight the significant role that
filtration plays in controlling the probability of LIN, and suggest that filtration acts to remove

objects that are important to the mechanism.
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Figure 2. Graph showing the mean number of crystals produced by LIN for solutions that received
different treatments before testing. Filtered samples (green bar) showed a greatly reduced number of
crystals compared to unfiltered samples (grey bar). Unfiltered solution that was pre-processed by the
laser for 30 minutes (purple bar) and 120 minutes (orange bar) produced an average number of

crystals very similar to the filtered samples. Error bars represent 95% confidence limits for the mean.

3.2 Analysis of filter membrane

During filtration of concentrated ammonium chloride solution, it was observed that the
filter membrane became lightly discolored (light-brown/orange color). Discoloration could be
seen after passing approximately 40 mL of solution. To identify the chemical composition of the
residue, a series of analyses were performed using inductively coupled-plasma optical-emission
spectroscopy (ICP-OES) and mass spectrometry (ICP-MS). ICP-OES measurements indicated iron
as the major component in the isolated residue with a concentration of 0.44 mg kg™ (i.e., per kg
of the NH,4Cl solid). The ICP-MS results also showed phosphorus as a major component, with an
estimated concentration of 0.17 mg kg™. Details of the ICP-OES/MS sample preparation and a

table of results is given in the Supporting Information. The results are consistent with the batch

analysis obtained from the manufacturer, which certified Fe < 2 mg kg™' and phosphate < 20 mg

kg™.



The analysis suggests that filtration removes trace insoluble impurities, such as iron
phosphate, from the sample solution. These impurities are present in the solid that was used to
prepare the sample solution, with some particles small enough to pass through the 0.22-um filters.
Iron phosphate is a solid that is classed as insoluble in water with a yellow-brown color for both
the Fe(ll) and Fe(lll) forms. Considering the stoichiometry of Fe;(PO.), and FePO, an elemental ratio
Fe/P of 1.5 or 1.0 would be expected, respectively. The concentrations measured from ICP
experiments give an elemental ratio of 1.5 in the collected residue, which is the value for iron(ll)

phosphate.

3.3 Effect of laser processing

As described in section 2.2, laser processing was carried out to determine the effects of
long-term exposure of solutions to laser pulses. The nucleation probability of processed solution
was compared to that of unprocessed, unfiltered samples. When the solution was processed for
30 minutes, the measured nucleation probability (p = 24/27 = 0.89) was marginally lower
compared to unprocessed solution (p = 1.0). The average number of nuclei produced from
processed solution (2.0 £ 0.5) was, however, significantly lower compared to unprocessed solution
(7.8 £ 1.3). When samples of solution were processed for a longer period (120 minutes), the
nucleation probability (p = 19/19 =1.0) was the same as unprocessed, but the average number of
nuclei formed (1.6 + 0.4) was found to be slightly lower. The observed nucleation probabilities
indicate that processed samples remain labile to LIN, but produce fewer nuclei.

The results of processing suggest that the laser destroys impurity particles. For
nanoparticles that absorb laser light strongly, it is known that heating can lead to melting and
possibly fragmentation.?** Laser processing could reduce the size of impurity particles, leading
to fewer large particles, and a corresponding relative reduction in the number of nuclei produced

during LIN at a specific laser power.

3.4 LIN in doped samples

Our experiments show that it is possible to reduce the number of nuclei produced during
LIN by removing some type of particles from solution. These particles could be clusters of solute,
as discussed in section 1. However, ICP-OES/MS analyses show a significant concentration of Fe
and phosphate in residues obtained by filtration of sample solution (section 3.2), which suggest

that insoluble impurity nanoparticles are responsible for LIN. To test this hypothesis, we



investigated intentional doping of solutions with solid nanoparticles. Iron phosphate
nanoparticles are typically produced by flame spray pyrolysis, which requires special expertise to
produce homogeneous particles. For the present study, therefore, a series of filtered samples were
intentionally doped with iron-oxide (Fe;0.) nanoparticles to mimic the impurities.

The results of LIN in doped NH.CI solutions are summarized in Figure 3. It was found that
the nucleation probability (p = 6/10 = 0.6) and average number of nuclei produced per nucleated
sample (1.0 + 0.0) for control samples (pure solution, doped with water only) were very similar to
those obtained for filtered samples in earlier experiments, as expected (see Figure 2). The results
show that the addition of Fe;O, nanoparticles to the sample solution promotes LIN in
supersaturated NH.Cl solutions. Most importantly, however, doping is shown to effectively
reverse the effect of the filtering, i.e., similar numbers of nuclei are produced as for samples that
had not been filtered. All samples doped with nanoparticles were observed to nucleate during LIN
(sample nucleation probability, p = 1.0). Samples doped without use of the surfactant produced
an average of 6.8 + 2.6 nuclei. Addition of the surfactant PEG to the dispersion increased the
average number of nuclei to 17.9 + 4.8. The surfactant is expected to stabilize the dispersion of

particles and hinder aggregation, thereby producing more nucleation sites.
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Figure 3. Graph showing the effect of doping on the mean number of crystals produced per sample
nucleated by LIN. Details of sample preparation are given in the text (section 2.3). Filtered solution
samples were doped with filtered water (control), an aqueous dispersion of iron oxide nanoparticles
(Fes0.), or a dispersion of nanoparticles stabilized by PEG surfactant (Fe;04/PEG). Previous results for
unfiltered solutions (Figure 2) are shown for comparison. Doping with nanoparticles produces
numbers of nuclei similar to those produced by unfiltered solutions. The results show that doping
with nanoparticles can reverse the effects of filtration on LIN. Error bars represent 95% confidence

limits for the mean.

3.5 Dynamic light scattering measurements
Dynamic light scattering (DLS) was used to investigate the particle size distributions (PSD)
in ammonium chloride solutions.?' To prevent spontaneous nucleation, the solution used for DLS
was slightly undersaturated (S = 0.95). Unfiltered, filtered, laser-processed (1 hour) and doped
samples (with PEG surfactant) were prepared following the procedures outlined in section 2. DLS
measurements were made at 25 °C using an LSE-5004 instrument (ALV, Langen, Germany), with a
laser light source of wavelength A = 632.8 nm, and data collected at a scattering angle 6 = 90°.
Estimates of the PSD in sample solutions were obtained by regularized least-squares fitting of the
correlation functions using the program SEDFIT.*?
The correlation functions and corresponding fitted PSDs over the full range of diameters 0.2

nm to T mm are given in the Supporting Information. In Figure 4 we highlight the region of the

PSD in the range 0.2 nm to 2 um. It should be noted that the PSDs obtained from scattering
intensity are heavily biased towards larger particles; therefore, smaller particles are much more
abundant than the vertical intensities of the peaks suggest. The unfiltered solution shows a
population of species with mean diameter 750 nm. Following laser processing, the dominant peak
was seen to narrow, showing populations at ~150 nm and 600 nm. Filtering appears to completely
remove the population at 750 nm, leaving a residual population of species < 100 nm. Populations
< 1 nm are attributed to scattering from the solute; our DLS experiments were not optimized for
measuring small diameters, so the peak should not be taken to represent a true distribution of
objects this scale. It was found that filtered solution doped with Fe;0. nanoparticles gave a major
population at 700 nm. The DLS experiments show that filtration and laser processing both give
rise to a population of smaller species.

The results in Fig. 4 should not be taken to mean that there are numerous large (~1 um) iron-

based particles in solution; such objects would be expected to sediment due to the difference in
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density compared to water. DLS measures the hydrodynamic diameter of species. It is more likely
that these objects are smaller solid particles interacting strongly with a surrounding shell of

solution, possibly a solute cluster.
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Figure 4. Plot showing the particle-size distributions obtained for unfiltered (black, solid line), laser-
processed (red, dot-dash line), filtered (blue, dashed line), and doped (black, dotted line) solutions. Laser
processing of unfiltered solution reduces the width of the dominant peak giving populations at 150 and
600 nm. Filtration (0.22 pm pores) is shown to significantly modify the distribution; the dominant peak
observed for unfiltered solution is completely removed. A large signal at around 1 nm diameter is
attributed to solute scattering, a population of particles < 100 nm diameter also persists in the filtered

solution. Solution that was filtered and then doped with Fe;O, particles shows a peak at 700 nm.

4. Discussion
4.1 Solute clusters

As discussed in section 1, the mechanisms that have been proposed to account for NPLIN
involve activation of pre-existing solute clusters. If an activated cluster exceeds a critical size and
structure, then it will grow freely.”> Such mechanisms are based on the two-step model of
nucleation.? The solute clusters are generally considered to be somewhat disordered, possibly

containing solvent molecules, sometimes referred to as liquid-like.**3* In order for NPLIN to occur
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it was thought that the laser must interact with clusters that are larger than some critical size, in
order to produce nuclei. The removal of larger solute clusters during filtration might explain why
we see fewer nuclei;** but this does not explain why Fe;O4 nanoparticles added to filtered
solutions can restore the number of nucleation events back to levels seen for unfiltered solutions.
Could solid nanoparticles promote regrowth of the clusters?

Heterogeneous nucleation is the process by which nucleation of a new phase is promoted
by the presence of a foreign substrate, such as the wall of a container or a solid impurity.>® The
surface allows nucleation to proceed via a lower energy pathway. Impurity particles present in
solution might act as favorable sites on which solute clustering is favorable. After filtration has
removed larger solute clusters, any remaining impurity particles might enable clusters to regrow.
During experiments we noted that control samples that were doped but not exposed to the laser
remained stable for several days or more without nucleating spontaneously. It would seem
unlikely that impurity particles could facilitate solute cluster growth to sizes that are large enough
to reactivate LIN, but not so large as to cause spontaneous heterogeneous nucleation.

If solute accretes onto the surface of Fe;O, nanoparticles, the core could contribute to the
electronic polarizability of the composite particle. Bulk Fe;O4 is a moderately good electrical
conductor at room temperature.*® The core nanoparticle might therefore enhance LIN through a
metallic-polarization mechanism similar to that proposed by Nardone and Karpov.?* Surfactant
would be expected to inhibit accretion of solute at the Fe;O, nanoparticle surface, however.
Excess surfactant could promote growth of larger solute clusters, perhaps by lowering the
solution interfacial tension. It was found that use of the PEG surfactant more than doubled the
number of laser-induced nuclei (Figure 3), consistent with an improved dispersion of the doped

solid nanoparticles.

4.2 Particle heating

As discussed in the Introduction, a number of issues with the polarizability mechanism
have opened up the question of the role of nanoparticle impurities in NPLIN.2" 2 In their work on
LIN of carbon-dioxide bubbles, Ward et al. proposed a mechanism based on laser-induced heating
of impurity nanoparticles that might also explain NPLIN of crystals. Simple thermodynamic
calculations showed that the energy absorbed by a Fe,O; nanoparticle of diameter 200 nm is
sufficient to cause formation of a vapor bubble of diameter ~1 um, which would be expected to

collapse rapidly.?® Nucleation of a solid phase from the surrounding solute could occur at the
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bubble interface, or as a result of local increases in supersaturation caused by associated density

waves. We note that Masuhara and co-workers have demonstrated crystal nucleation induced by

microbubble formation when a CW laser was used to heat a gold surface.*” It has been shown that

intentional cavitation induced by a focused, pulsed laser can cause nucleation, although it should

be noted that such cavities are preceded by plasma formation, for which photochemistry cannot

be ruled out as the underlying mechanism &40

A mechanism for NPLIN based on heating of impurity nanoparticles would explain a

number of observations that are not readily explained by the polarization mechanism, which we

summarize as follows.

1.

3.

There is a laser power threshold below which NPLIN does not occur. This can be explained
by a critical threshold temperature below which vaporization of solvent around impurities
does not occur.” For example, experiments on laser heating of gold nanoparticles (10-100
nm) in water showed a threshold temperature for bubble formation in the region 520-580
KA

Studies at 532 and 1064 nm show that wavelength does not have a significant effect on
NPLIN.'> *> The visible to near-infrared absorption spectra of likely impurities, such as
carbonaceous material or iron-oxide, are not strongly dependent on wavelength.**
There are molecules for which NPLIN does not work. For example, urea (NH,CONH,)
exhibits NPLIN, but we have found that acetamide (CH;CONH,) does not. These molecules
are structurally similar, and both are highly soluble in water. Disparities in the response to
NPLIN might be explained by impurities rather than the compound. The type and
concentration of impurities will depend on the methods of synthesis, purification, post-
processing (grinding or milling) and storage. These methods will differ even for similar
compounds, may vary by manufacturer, and even batch to batch. Disparities between
experiments on the same system by different groups can also be explained by the different
combinations of solute, solvent, filters and sample-containers.

Our group has found that NPLIN is not observed using unfocussed femtosecond-laser
pulses (~110 fs) at peak power densities per pulse (jpeak ~ 30 MW cm=2) where NPLIN with
nanosecond (~5 ns) pulses is observed. Systems tested include CO,,?® KCI,** NH4Cl and urea,
and include both filtered and unfiltered samples. Nonlinear effects, such as self-focussing
leading to ionization, would be expected to enhance the probability of photochemical

nucleation. Our observations may be explained by considering that heating of solid

13



5.

nanoparticles depends on the total energy density per pulse (u in J cm), which is more
than 5 orders of magnitude higher in the nanosecond case due to the longer duration (At)
of the pulse: U ~ jpeak At.

There are some systems that crystallize by methods such as ultrasonication, but for which
NPLIN does not appear to work, e.g., supersaturated aqueous NaClOs.* Our preliminary
tests show that this system does become active to LIN when doped with Fe;O,

nanoparticles.

There are some observations on NPLIN, however, that are not readily explicable by the particle-

heating mechanism, and which depend explicitly on the polarization of the light.

1.

2.

Garetz et al. observed that the initial needles of urea nucleated by LIN were aligned nearly
parallel (to within ~5°) to the direction of the plane of linear polarization.? It is possible that
heating of anisotropic impurity particles might lead to this correlation. However, recent
work in our group has failed to reproduce these observations for urea (a report of these
experiments will be published elsewhere).

The ellipticity of polarization (circular versus linear) of light can apparently modify the
distribution of product polymorphs, as has been observed in glycine, L-histidine,
carbamazepine, and sulfathiazole.*® It is possible that the effect of polarization on
polymorphism occurs by interaction of the laser with microscopic crystallites after
nucleation, since these experiments invariably involved exposure to hundreds of laser
pulses. This might involve polarization-dependent ablation and secondary nucleation

causing a bias in the resulting polymorph distribution.*

If the laser-induced nucleation effect first discovered by Garetz et al.,* is indeed confirmed to be

due to heating of impurity particles, should we still use the term non-photochemical? We have

previously demonstrated that the probability of nucleation scales linearly with single pulse

energies at low laser powers.'” 2 The effect is not promoted by femtosecond laser pulses,? * as

might be expected for multiphoton electronic processes. In the case of a simple salt, such as NH,Cl

or KCl, it is difficult to imagine what photochemical species would be involved. Nucleation of

crystals by a mechanism that produces a short-lived vapor bubble at a solid nanoparticle by

heating following absorption of laser light, is still what we could reasonably call non-
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photochemical laser-induced nucleation. Further work, experimental and theoretical, is required
to resolve the microscopic mechanism of nucleation by impurity nanoparticles. Finally, we note
that although the work described here has focused on solutions of ammonium chloride, we have
observed similar effects of careful cleaning and filtration on LIN in other systems, such as aqueous

urea and glycine.

5. Conclusions

In summary, we have studied the role of impurities in the laser-induced nucleation (LIN) of
supersaturated solutions of ammonium chloride. We found that filtering of solutions reduces the
probability of LIN, giving lower numbers of nuclei per sample. A similar reduction was observed
for samples that were exposed to high-power laser pulses for long periods of time prior to LIN.
Analysis of filtration residues indicated iron and phosphate as trace impurities in the ammonium
chloride. Dynamic-light scattering measurements indicated a nominal population of particles of
diameter ~1 um in unfiltered solutions; this population is removed by filtering, leaving a residual
population of particles < 100 nm. Laser processing reduced the width of the distribution, giving
populations at 150 and 600 nm. We found that whereas filtering reduced the probability of LIN,
this could be reversed by intentionally doping with iron-oxide nanoparticles. Our results suggest
that the underlying mechanism of LIN relies on the presence of impurity particles. Based on
previous observations of LIN of carbon dioxide bubbles, we propose a revised mechanism for
NPLIN based on laser heating of impurity nanoparticles resulting in production of vapor bubbles.
The particle-heating mechanism can account for a number of observations that are currently

unexplained by the polarizability mechanism for NPLIN.
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Synopsis

Nanopore filtration substantially reduces crystal formation by non-photochemical laser-induced
nucleation (NPLIN). Analysis of residues suggest the presence of solid iron phosphate nanoparticle
impurities in NH4Cl. We show that doping with iron-oxide nanoparticles can promote NPLIN, and
propose a mechanism for NPLIN based on heating of solid nanoparticles present as trace

impurities.
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