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The role of cavitation and gas bubbles in the non-
photochemical laser-induced nucleation of
sodium acetate†

Eleanor R. Barber,a Martin R. Ward b and Andrew J. Alexander *a

An experimental study of the effects of the sodium salt of poly(methacrylic acid) (Na-PMAA) on non-

photochemical laser-induced nucleation (NPLIN) of sodium acetate crystals is presented. Seeding of

supersaturated aqueous solutions with anhydrous (AH) seeds always produced trihydrate (TH) crystals, with

or without polymer additive. Using NPLIN, with no Na-PMAA and at low Na-PMAA concentrations (0.25%

w/w) AH sodium acetate was produced, firstly as plate-like form IV, but subsequently growing needles,

likely to be form I. At high Na-PMAA concentrations (0.73% w/w) we observe formation mostly of stable

bubbles. In all samples at low laser peak power densities (<26 MW cm−2) we show for the first time using

NPLIN that both crystals and bubbles can be nucleated with a single laser pulse. Measurements of the

dependence of bubble or crystal count on laser pulse power indicate a common mechanistic origin for

nucleation, which is cavitation due to laser heating of impurity nanoparticles. The bubbles observed are

attributed to laser heating of the nanoparticles to high temperatures, resulting in gas formed by

thermochemical reactions or gas that was previously dissolved in the solution. Our results provide new

insight into the particle-heating mechanism for NPLIN, but whether stable bubbles play a defining role in

the nucleation of crystals remains to be resolved.

1. Introduction

Laser-induced nucleation (LIN) is a method for rapidly
stimulating growth of crystals, often producing unexpected
crystal morphologies and habits. LIN can be classed broadly
into optical-trapping and pulsed-laser methods. Optical
trapping-induced crystallization (OTIC) uses tightly focused
laser light, usually continuous-wave.1 Using this method, for
example, Wu et al. showed control over hydrate formation in
the crystallization of L-phenylalanine from aqueous
solutions.2 The use of laser pulses to induce nucleation at
wavelengths where absorption by the system is minimal is
commonly referred to as non-photochemical laser-induced
nucleation (NPLIN).3 Li et al., for example, demonstrated that
NPLIN can produce different polymorphs of sulfathiazole
from supersaturated solutions when using different
polarizations of light.4 Higher laser-pulse powers, e.g.,
through focusing the beam or shortening the pulse length,

can also cause LIN through photochemical and
photomechanical processes such as plasma production and
cavitation.5–8

Details of the mechanisms for all classes of LIN are still
under scrutiny. As discussed by Alexander and Camp, heating
of solid impurity nanoparticles by the laser light now seems
to be the most likely mechanism for NPLIN.9 The heating of
nanoparticles to temperatures above the critical temperature
(e.g., 647 K for water) results in spontaneous vaporization of
fluid surrounding the particle, creating a cavity that is
expected to rapidly expand and subsequently collapse, i.e.,
thermocavitation.10,11 The strongest evidence for this
mechanism comes from the observation that nanofiltration of
solutions reduces or switches-off NPLIN; while intentionally
doping filtered solutions with nanoparticles can reactivate
NPLIN.12–14 The mechanistic details of how thermocavitation
leads to nucleation of solid crystals, however, is not clear.
Comparison against other induction methods that are
thought to involve cavitation, such as sonocrystallization and
mechanical shock, suggest that the thermocavitation events
in NPLIN are more energetic, or hotter.15 In the case of NPLIN
of glycine from aqueous solutions, switching in preference
from the α to the γ polymorph of glycine with increasing
supersaturation was observed to be sharper compared to
sonocrystallization or mechanical shock.15 For NPLIN of
NaBr, it was observed that NPLIN favoured nucleation of the
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anhydrous salt, whereas spontaneous nucleation favoured the
dihydrate.16

Sodium acetate trihydrate (CH3COONa·3H2O) is a well-
known example of a phase-change material (PCM): a
substance with a high latent heat associated with a liquid–
solid or solid–solid phase transition. PCMs have promising
applications in thermal-energy storage, as they can release or
absorb heat on freezing and melting.17,18 A small-scale
example of this is the use of sodium acetate trihydrate in
reusable handwarmers. These are pouches of supersaturated
aqueous sodium acetate, prepared by heating in boiling water
and cooling to room temperature. Flexing a metal disk
contained within the pouch ejects seed crystals trapped
within grooves and initiates crystal growth, through which
the latent heat is released (see ESI,† Fig. S1).19 The pouch can
be reheated and reused multiple times.

On a larger scale, sodium acetate trihydrate (TH) is a
prime candidate for the heating of domestic water, due to its
convenient melting point and large latent heat of fusion
(226–289 kJ kg−1), as well as its low cost, low toxicity, lack of
corrosiveness and non-flammability.17,20–25 However, a major
barrier is the formation of the anhydrous (AH) salt, which is
difficult to redissolve and can form in significant quantities
over multiple nucleation and heating cycles.26 This leads to a
reduced latent heat and a less well-defined melting point. To
overcome this problem, investigations were carried out to
identify polymer additives that can inhibit the nucleation of
anhydrous (AH) sodium acetate.26,27 Oliver et al. discovered
that the sodium salt of poly(methacrylic acid) (Na-PMAA) was
an effective inhibitor; a minimum concentration of 0.67% w/
w polymer was required to suppress AH sodium acetate in a
solution containing 41.5% water and 57.8% sodium acetate
(C = 17.0 mol kg−1).26,27 The mechanism of inhibition is
unknown, but it has been proposed that carboxylate groups
on the polymer chain bind to sodium ions associated with
either solute clusters or specific surfaces of crystallites,
preventing their further growth.26

In NPLIN experiments carried out by Liu et al. with pulsed
near-infrared laser light,28 it was shown that AH sodium
acetate was nucleated exclusively. The addition of the
polymer nucleation inhibitor Na-PMAA to the samples
produced some interesting effects. At lower polymer
concentrations (0.06–0.10% w/w) crystal growth was slowed;
at higher concentrations (0.5–1.0% w/w) crystal nucleation
was completely inhibited, but small bubbles were observed.28

In contrast to a cavity, a bubble has sufficient internal
pressure to persist for some time; a cavity will collapse due to
its lower internal pressure, with a lifetime on the order of
tens to hundreds of microseconds.6,29,30

In the present work we have explored NPLIN in sodium
acetate solutions to understand the underlying mechanisms.
The effect of laser pulse-power density on the number of
crystals or bubbles was investigated. We show for the first
time using NPLIN that both crystals and bubbles can be
nucleated with a single laser pulse. We demonstrate that the
NPLIN of crystals and bubbles share a common mechanism,

which is cavitation due to particle heating. We propose that
the persistent bubbles observed result from thermochemical
reactions that produce gas, or nucleation of dissolved gas in
the fluid surrounding the nanoparticle. Whether these stable
bubbles are intermediates in the nucleation of crystals by
NPLIN, however, remains to be resolved.

2. Experimental methods

Supersaturated aqueous solutions of sodium acetate (Acros
Organics, anhydrous, 99+%) were prepared by dissolving the
anhydrous solid in ultrapure water (18 MΩ cm). All samples
had a sodium acetate concentration C (molality) of 16.7 mol
kg−1. Additionally, Na-PMAA was included in the solutions in
varying quantities (Sigma Aldrich, average Mn ∼ 5400,
average Mw ∼ 9500 by gel-permeation chromatography,
received as 30% w/w solution in H2O). Three groups of
samples were prepared, categorized by Na-PMAA
concentration, which we refer to by the weight percentage of
polymer in the final solution: no Na-PMAA (0% w/w), low Na-
PMAA (0.25% w/w), and high Na-PMAA (0.73% w/w).
Dissolution took up to two days at temperatures of 60–75 °C.
Solutions were transferred into glass vials without filtration.
Each vial was filled with approximately 1.5 mL of solution.
Samples were cooled in air for 3–4 hours to 25 °C, at which
temperature the saturation concentrations (Csat) are 6.14 mol
kg−1 for sodium acetate TH and 15.2 mol kg−1 for AH sodium
acetate.20 The resulting supersaturations (S = C/Csat) were
2.72 with respect to the hydrate and 1.10 with respect to the
anhydrous salt; the location on the concentration–
temperature phase diagram is shown in Fig. 1.

Fig. 1 Concentration–temperature phase diagram based on solubility
data for sodium acetate in water (open circles).20 The
thermodynamically stable solid forms are indicated on the plot (AH =
anhydrous; TH = trihydrate). The curves represent quadratic (AH) and
exponential (TH) model fits to the solubility data, respectively. The
experimental conditions used in the present work are indicated by a
solid star.
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Sample vials were exposed to a single pulse (duration 5.0
ns) of laser light from a Q-switched Nd3+:YAG laser
(Continuum Surelite II-10, at 532 nm). The beam diameter
was 4.8 mm and the incident pulse energies were 5.0–65 mJ,
corresponding to pulse energy densities of 28–360 mJ cm−2

with peak power densities of 5.2–68 MW cm−2 (see ESI,† Table
S1 and Fig. S2).31 Imaging of the samples during and after
NPLIN was carried out using a digital camera. Seeding of
samples was also tested, either by removing the cap from a
sample vial and adding a small crystal of AH sodium acetate,
or through the septum of a sealed vial, using a needle to
pierce the cap and drop a crystal into the solution. After
samples had been nucleated, they were regenerated by
reheating to dissolve.

3. Results and discussion
3.1 Seeding

The effect of seeding small crystals of AH sodium acetate into
a supersaturated solution containing polymer additive (high
Na-PMAA, 0.73% w/w) is shown in Fig. 2. Crystals of TH
began to grow outwards immediately on contact of the
crystallites with the solution, and rapidly spread throughout
the vial. Within 3 seconds, complete crystallization had

occurred, and the vial was warm to the touch. Identical
results were observed whether the seeding was carried out
into an open vial or through the septum of a sealed cap; or
in solutions containing no Na-PMAA or high Na-PMAA.
Submerging the tip of a needle into the solution had the
same effect as seeding with a crystal. These observations are
similar to those of Liu, who did not use polymer additive,
and Oliver et al., who used TH rather than AH to seed
solutions containing polymer additive.26–28

Sodium acetate TH is the most thermodynamically stable
form at room temperature.20 Given that the solutions had a
much higher supersaturation with respect to the TH than AH
form (solid star, Fig. 1), the nucleation of TH via seeding is
perhaps not surprising; this is the nucleation that occurs in
reusable handwarmers. It is interesting to note, however, that
seeding with AH crystals resulted in the nucleation of the TH
—exemplifying that crystals grown via seeding may not
necessarily have the same crystal form as the seed.

3.2 NPLIN with no polymer additive

All samples without polymer additive exposed to a laser
pulse with an energy density of 55–359 mJ cm−2, and some
at a lower pulse energy of 27.6 mJ cm−2, crystallized as
shown in Fig. 3 (see also ESI,† Table S2). After a single
laser pulse, crystals immediately formed along the beam
pathway. Initially, thin plate-shaped crystals formed (see
Fig. S3† for a close-up image); these grew slowly in size
until the emergence of one or more clumps of needle-
shaped crystals with a fluffy, cloud-like appearance. The
clumps grew more quickly than the plate-shaped crystals
and filled the entire vial in approximately 6–10 minutes. In
similar experiments previously, Liu et al. identified the
plate-shaped crystals as AH sodium acetate using single-
crystal X-ray diffraction, although the polymorph was not
identified.28,32 Currently 5 crystal structures (forms I to IV
and form β) have been determined through X-ray
diffraction, with some metastable forms yet to be fully
characterized.33–35 Notably, the known polymorphs are
structurally similar, increasing the chances of nucleating
multiple polymorphs, and the likelihood of transformations
between them. We find that the unit-cell structure of Liu

Fig. 2 Seeding of AH sodium acetate crystals into a supersaturated
aqueous sodium acetate solution (C = 16.7 mol kg−1, S = 2.72)
containing high Na-PMAA polymer additive (0.73% w/w) via a needle
through a septum in the lid. From left to right, images show the sample
0.2, 1.1, 2.0 and 2.9 s after seeding. Complete crystallization took place
within 2.9 s, yielding TH crystals. Seeding into an open container and
into a solution containing no Na-PMAA produced identical results. The
scale bar represents 5 mm.

Fig. 3 Growth of sodium acetate crystals from a supersaturated aqueous solution following NPLIN. The incident laser pulse had an energy density
of 359 mJ cm−2. From left to right, images show the sample 4, 20, 100, 170 and 350 s after the laser pulse. After the laser pulse, thin, plate-like
crystals immediately began growing along the length of the beam path. After 100 s, two clumps of cloud-like needles had emerged; these grew
more rapidly than the plate-like crystals and filled the vial after 350 s (5 min 50 s). The scale bar represents 5 mm.
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et al. matches the orthorhombic form IV, characterized by
Dittrich et al.35

The plate-like crystals always appeared first, with the
needle-like clouds emerging later from within the initial
band; either the needle-like crystals nucleate more slowly,
or they are a result of secondary nucleation. The growth
rates of both the plates and needles were substantially
slower than TH (350 s versus 2.9 s) indicating that
presence of the AH–liquid interface is not sufficient to
seed nucleation of TH. It seems likely, therefore, that the
external seeding experiments (Fig. 2, sec. 3.1) introduced
small amounts of TH, perhaps as fine particulates due to
handling of the solid in the laboratory,36,37 or formed at
the surface of seed AH crystals due to ambient humidity.
These results highlight the utility of techniques such as
NPLIN to nucleate metastable crystal forms in sealed
environments.

The AH crystal needles may have the same crystal
structure as the plates (with the difference in habit due to
the change in growth of different crystal faces), or they may
be a different polymorph. Hsu et al. noted that the habit of
form I was needle-like.33 In situ analysis of the two crystal
morphologies would be required to determine the
polymorph. Although it was possible to pick out plates for
X-ray analysis, attempts to retrieve the needles failed due
their fragility and the rapid nucleation of TH during handling
of the unsealed sample.

The preference for AH crystals by NPLIN in the present
system is consistent with previous work on NaBr, where the

anhydrous salt was favoured by NPLIN (>90%) but the
dihydrate was favoured using other nucleation methods, such
as mechanical shock.16 Barber et al. proposed that NPLIN
causes a hot cavitation event via the particle-heating
mechanism, resulting in a preference for dehydrated crystal
forms.

In the majority of samples containing no Na-PMAA
exposed to low pulse energies of 27.6 mJ cm−2 (7/10 samples),
small bubbles were observed growing alongside the crystals.
These bubbles gradually floated upwards in the solution: see
Fig. 4. The formation of stable bubbles and crystals together
has not been observed previously using NPLIN. The bubbles
survived for at least 10 minutes in the solution (the time
when recording was stopped). Water-vapor cavities formed by
thermocavitation would be expected to collapse rapidly.
Therefore, we attribute these long-lived bubbles to
thermochemical reactions that produce gas products, or to
nucleation of gas (air) that was dissolved in the solution
during preparation: we shall discuss this further in sec. 3.3.

3.3 NPLIN: low and high Na-PMAA additive

Nucleation of crystals only. Solutions containing polymer
additive showed three different behaviours on exposure to
the laser pulse, depending on the Na-PMAA concentration
(see ESI,† Table S3). Nucleation of crystals, with no visible
bubbles, was seen in low Na-PMAA samples (4/10 samples).
The crystal morphology initially appeared similar to that in
the solutions without Na-PMAA; however, the fast-growing,

Fig. 4 Sodium acetate crystals growing alongside bubbles in supersaturated aqueous solutions following NPLIN. The incident laser pulse had an
energy density of 27.6 mJ cm−2. Both (a) plate-like and (b) needle-like crystals are seen growing alongside bubbles: one bubble in each image is
indicated by an arrow, although (a) shows at least 5 bubbles. The bubble in (b) is about 20 μm in diameter. The scale bars represent (a) 1 mm, (b)
100 μm.

Fig. 5 NPLIN of sodium acetate crystals from a supersaturated aqueous solution containing low Na-PMAA (0.25% w/w). The incident laser pulse
had an energy density of 82.9 mJ cm−2. Plate-like crystals grew along the length of the beam path with a morphology identical to those observed
in solutions with no Na-PMAA (see Fig. 3). However, the cloud-like clumps of needles did not emerge. Instead, the plate-like crystals continued
growing until they filled the vial, which took approximately 15 minutes. The scale bar represents 3 mm.
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cloud-like needles did not emerge. Instead, the growth of the
crystals continued more slowly with a homogeneous plate-
like morphology, taking approximately 15 minutes to fill the
entire vial. In Fig. 5 we see that the crystals in the centre of
the vial have moved upwards slightly, probably resulting from
slow convection in the fluid.

The morphology described here is identical to that
observed by Liu et al., but different to that observed by Oliver
et al. in sodium acetate solutions (C = 17 mol kg−1)
containing 0.5% w/w Na-PMAA polymer additive.27,28 After
leaving the supersaturated solution to stand at 20 °C for two
weeks, Oliver et al. found that AH crystals nucleated
spontaneously as very fine needles. The polymer was
considered to modify the crystal habit, compared to the
much larger plate-like crystals that they observed in solutions
without polymer. Their findings appear to be the opposite to
the inhibition of the needle-like crystals observed in this
work.

Nucleation of bubbles only. The nucleation of bubbles,
without any visible crystals, was observed (Fig. 6) in the

majority of samples containing high Na-PMAA (98/107
samples) and was sometimes seen in those with low Na-
PMAA (3/10 samples). This is consistent with the known
inhibitory effect of Na-PMAA on AH nucleation.26,27 The
bubbles appeared along the beam pathway immediately after
the laser pulse, along with a band of scattered light, which
faded within 0.5 s. On close inspection, the cause of the band
was seen to be much smaller bubbles that gradually
disappeared, as shown in Fig. 6(b). After some time, the
larger bubbles floated upwards slowly, reaching the meniscus
(ca. 10 mm above the beam) approximately 40 minutes after
the laser pulse. There was a distribution in bubble sizes: at a
laser pulse energy of 221 mJ cm−2, bubbles with diameters of
10–30 μm were observed (ESI,† Fig. S4).

The stable bubbles observed were too small and few to be
able to measure their gas content. As proposed above, these
bubbles can be attributed to gas produced by
thermochemistry, or gas that was previously dissolved in the
solution. In the nanoparticle-heating mechanism for NPLIN,
the particles are expected to reach temperatures T > 5000 K,
significantly higher than the critical temperature (e.g., for
water, Tc = 647 K).10 Such high temperatures are sufficient
for thermochemical splitting of water to produce, e.g., H2, O2,
and products of reactions involving solute, e.g., CO. The
bubbles might also contain one or more components of air
(N2, O2, Ar, CO2) that was dissolved in the liquid during
sample preparation and handling. These gases show
retrograde solubility in water, meaning that the solubility
decreases with increasing temperature. Therefore, the
resulting high temperatures would create a region around
the particle that was supersaturated with gas.10,38 Transient
thermocavities might act as seeds for the nucleation of gas
bubbles. Ward et al. proposed a mechanism whereby an
influx of dissolved gas results in the spontaneous growth of
bubbles, providing the cavity reaches a critical size, for a
solution that was supersaturated with CO2 gas.

The smaller objects that fade away (Fig. 6) are likely to be
small bubbles of gas which redissolve rather than grow. If

Fig. 6 Bubble formation and dispersal in a supersaturated aqueous solution of sodium acetate containing high Na-PMAA (0.73% w/w), following
exposure to a single laser pulse. The incident pulse had an energy density of 166 mJ cm−2. The time after the laser pulse is given in each frame. (a)
Only bubbles are apparent, and no crystallization was observed. The bubbles form immediately after the laser pulse along the beam path. After 2 s,
the bubbles have not moved significantly, but the intensity of the band of light through the solution has faded. (b) Higher magnification images
show that there are smaller bubbles which gradually disappear. Brightness and contrast in all images have been adjusted for clarity. The scale bars
represent (a) 3 mm, (b) 0.15 mm.

Fig. 7 Sodium acetate crystals growing alongside bubbles in
supersaturated aqueous solutions containing low Na-PMAA (0.25% w/
w), following NPLIN. The incident laser pulse had an energy density of
82.9 mJ cm−2. The image was taken 7.8 s after the laser pulse. Plate-
like crystals grow along the length of the beam path, leaving gaps
where small bubbles are clearly visible (an example bubble is indicated
by an arrow). Brightness and contrast have been optimized for clarity.
The scale bar represents 2 mm.
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the fading smaller objects were instead due to incandescence
of particles or transient cavitation, they would be expected to
fade within 0.05 s (a single frame after the initiating laser
pulse), whereas the objects observed lasted for at least 0.5 s.
Incandescence results from blackbody emission due to high
temperatures (>2000 K) achieved by the laser heating. In an
aqueous liquid, the duration of emission has been observed
to be similar to the duration of the laser pulse (5 ns in the
present case).39 The lifetime of laser-induced cavitation
bubbles have been measured to have lifetimes on the order
of 100 μs.6,40 Small bubbles will dissolve due to the higher
internal pressure according to the Laplace relationship,41

Δp ¼ pint − pext ¼
2γ
r

(1)

where pint is the internal pressure, pext is the external
pressure (atmospheric pressure in this case), γ is the gas–
liquid interfacial tension, and r is the radius of the bubble.
After careful review of images, objects which faded away
quickly after the laser pulse were also seen during crystal
formation in solutions without Na-PMAA, but were less

obvious. The polymer Na-PMAA would be expected to act as a
surfactant to stabilize the bubbles, i.e., by reducing the
interfacial tension in eqn (1), so that bubbles with the same
radius require a lower internal pressure to survive. Along with
the ability of Na-PMAA to inhibit nucleation of AH crystals,
this stabilization would explain why the most bubbles were
observed in solutions with high Na-PMAA.

Nucleation of bubbles and crystals. In sec. 3.2 we showed
that both crystals and bubbles were observed in a few cases
in samples containing no Na-PMAA. Both bubbles and
crystals were also observed in some samples containing low
Na-PMAA (3/10 samples) or containing high Na-PMAA (8/107
samples) at low laser pulse energies. In general, bubbles
appeared immediately following the laser pulse and began to
gradually move upwards. After a few seconds, a small number
of crystals became distinguishable within the band of
bubbles. The crystals had a plate-like morphology; the
emergence of the cloud-like needles did not occur. Since
crystals at their early stage of growth were indistinguishable
from bubbles, these observations were most clear when
crystals did not form along the entire beam path. An example
image where both crystals and bubbles can clearly be seen is
shown in Fig. 7. In a few cases, crystal growth was seen to be
associated with a specific bubble; however, the similarity of
crystals and bubbles at early times meant this could not be
confirmed unambiguously.

The formation of crystals and stable bubbles is an
intermediate behaviour, as the nucleation transitions from
predominantly crystal nucleation to predominantly bubble
nucleation with the increase of the polymer additive. This
transition can be seen clearly in Table 1, which compares
samples with different Na-PMAA concentrations exposed to
laser pulses with the same energy density.

3.4 Laser pulse-energy dependence

The dependence of the crystal count and bubble count on
laser energy was investigated in samples containing no Na-
PMAA and high Na-PMAA, respectively. Crystals and bubbles
were counted using image analysis software, ImageJ (see ESI†
for details).42 We report the results in terms of the peak
power density of the laser pulse, to facilitate comparison with
previous NPLIN studies. For all data sets, the number of
bubbles or crystals showed a linear dependence at low peak
power densities: see Fig. 8. The data point at 70 MW cm−2

suggests that a plateau is reached at higher power densities,

Table 1 Percentage of sodium acetate samples at different Na-PMAA concentrations showing NPLIN of crystals, nucleation of crystals together with
bubbles, or nucleation of bubbles. The incident laser pulse had an energy density of 82.9 mJ cm−2 for all samples. Percentages do not add up to 100%
in the last row, due to samples that did not react to the laser

Na-PMAA
concentration/(% w/w)

Number of
samples tested

Percentage of samples

Crystals Crystals and bubbles Bubbles

0 (zero) 13 100 0 0
0.25 (low) 10 40 30 30
0.73 (high) 31 0 13 84

Fig. 8 The mean number of crystals or bubbles counted in NPLIN of
supersaturated aqueous sodium acetate samples versus the peak
power density of the laser pulse. Samples containing no Na-PMAA
produced crystals on exposure to the laser (solid squares); whereas
samples containing high Na-PMAA (0.73% w/w) produced bubbles.
Two high Na-PMAA sample sets were used; the experimental data for
these are represented by red circles and black triangles. The solid lines
represent linear fits of the data (the point at 70 MW cm−2 was
excluded). Error bars represent the standard errors of the means.
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which is consistent with trends in previous studies of
NPLIN.43,44

Ward et al.10 previously studied LIN of CO2 bubbles from
supersaturated carbonated aqueous sucrose solutions using
laser parameters (power, duration, wavelength) similar to the
present work. The bubble counts observed were modelled
using the following function:

N = m( jpeak − j0)
a, ( jpeak ≥ j0)

N = 0, ( jpeak < j0) (2)

where N is the number of bubbles, jpeak is the peak power
density, j0 is the threshold power density (below which
nucleation does not occur) and m is the lability (a measure of
the susceptibility of the sample to LIN). They found that the
exponent a, was very close to 2 (i.e., a quadratic dependence).
For the present system, non-linear least-squares fitting of the
bubble counts for high Na-PMAA samples (set 1) gave a =
1.25 ± 0.03; similar fitting of the crystal counts in no Na-
PMAA samples (excluding the point at 70 MW cm−2) gave a =
1.1 ± 0.3. There is no significant difference between these
values, which suggests that crystals and bubbles produced by
NPLIN in this system have a common origin, i.e., cavitation
induced by particle heating.

The results of fitting the data with a linear model (fixing a
= 1) are given in Table 2 and shown in Fig. 8. The fitted
parameters obtained are comparable to previous work, e.g.,
on NPLIN of KCl solutions in aqueous agarose gels ( j0 = 8.3 ±
2.2 MW cm−2 and m = 6.6 ± 0.5 cm2 MW−1; S = 1.06 in 0.5%
w/w agarose).43 The threshold powers and the labilities can
be explained by considering a population of impurity
nanoparticles with different sizes in the nanoparticle-heating
mechanism. At low laser pulse energies, particles will not
reach a sufficient temperature to produce a cavity. As the
pulse energy is increased, first the larger particles and then
smaller particles will produce cavities that result in crystals
or bubbles. At the highest energies, all particles are activated,
and there is no increase in N, i.e., the count reaches a
plateau. The smaller gas bubbles that redissolve are likely to
be those formed by heating of smaller particles. The values
for the threshold power densities ( j0) are higher for bubble
nucleation than crystal nucleation. This may be due to the
increased viscosity of solutions containing high Na-PMAA,
meaning that particles require more energy for the cavity to
expand to a critical size to yield stable bubbles.

Finally, we consider the question of whether stable gas
bubbles are directly involved in the mechanism for NPLIN
of crystals. It is possible that a stable bubble provides an
interface for heterogeneous nucleation of the solid. This
suggestion was first made by Knott et al., who showed
that, when gently shaken, aqueous solutions
supersaturated with both glycine and argon nucleated first
gas bubbles followed by many glycine crystals.45 Control
experiments with saturated argon but supersaturated
glycine produced no crystals; experiments with no argon
produced only a few crystals. As a counterpoint, Briard
et al. studied NPLIN of aqueous supersaturated solutions
of potassium sulfate (K2SO4).

46 Solutions that had been
degassed by sonication were compared against solutions
saturated with air, N2, or CO2. No significant differences
were observed in the time for nucleation of the first
crystals (induction time) or the probability of crystal
nucleation, suggesting that dissolved gas is not involved
in the NPLIN mechanism. It may be, however, that
thermochemical gas production is an important step in
NPLIN of solids.

4. Conclusions

In summary, we have conducted an in-depth study of the
nucleation of supersaturated sodium acetate solutions,
including the effects of Na-PMAA polymer additive. We
found that AH seeds produced TH sodium acetate crystals
either with or without polymer additive, exemplifying that
the form of crystals grown cannot always be controlled by
the seed employed. On the other hand, NPLIN invariably
produced AH sodium acetate, demonstrating the utility of
LIN methods for nucleating metastable crystal forms. The
formation of crystals and stable bubbles was observed in
NPLIN of supersaturated aqueous sodium acetate
solutions, with the outcome depending on both the laser
pulse power and the concentration of additive Na-PMAA.
Approximately similar numbers of crystals and bubbles
were formed, and counts for both showed a threshold
and a linear dependence on pulse energy at lower laser
powers. The results suggest that both crystals and bubbles
are formed by cavitation events obtained through the
particle-heating mechanism for NPLIN. Whether stable
bubbles are necessary for NPLIN of crystals in this
mechanism is still unresolved, and further experiments to
resolve this are ongoing.

Table 2 Threshold power densities and labilities obtained for the formation of bubbles in two sample sets with polymer additive (high Na-PMAA), and
the formation of crystals in a single sample set with no polymer additive. Results were obtained using a linear fit in the form of eqn (2) with the exponent
a fixed at 1. Uncertainties are standard errors returned from the least-squares fitting procedures

Sample set Threshold peak power density ( j0)/MW cm−2 Lability (m)/cm2 MW−1

High Na-PMAA set 1 (bubbles) 13.6 ± 1.2 36.4 ± 1.8
High Na-PMAA set 2 (bubbles) 12.4 ± 3.6 22.2 ± 3.5
No Na-PMAA (crystals) 2.9 ± 1.2 22.5 ± 1.2
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