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Nucleation is a stochastic phenomenon and the probability of observing the critical nuclei formation is

very low. Our aim is to enhance nucleation in the metastable zone enabling us to locate and control it.

counting/observation and direct determination of the steady-state rate of homogeneous nucleation.

The second step consists in acting on nucleation, to control, locate and observe it. We develop

unusual approaches, adding an external field to the crystallization conditions or using confinement.

Ultrasounds reduce induction time and increase the number of crystals. The light irradiation induces

nucleation by forming radicals. The electric field tends to localize the nucleation near one electrode

depending on the polarity of the molecule studied in acting locally on the density of the solution. Lastly

confinement was tested, and results indicate that this approach is very promising for controlling

nucleation spatially and generate one single crystal per droplet.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

The study of the impact of crystallization on crystal properties
is one of the most important areas of industrial crystallization. By
crystal properties we intend crystal habit, crystal size distribution
and phases. Although a great deal is known about crystal growth,
considerably less is known about crystal nucleation because of the
difficulty of directly observing the nuclei. Questions remain about
the structure and size of nucleating crystallites. The reason for
this is that since nucleation is a stochastic phenomenon, the
probability of observing the first nuclei is very low, for spatial and
temporal reasons. Here, our aim is to enhance nucleation in the
metastable zone enabling us to locate and control it.

Our paper presents perspectives in the field of nucleation
studies. The paper begins with a bibliographical analysis of
nucleation rate measurements and the use of an external field
(electric and magnetic field, ultrasound and light irradiation) and
of confinement. Then, we present different experimental unusual
approaches to control and locate the nucleation.
ll rights reserved.

: +334 9141 8916.

sler).
2. Bibliographical studies and experimental section

2.1. Determination of nucleation rate

Many studies have shown different ways to determinate
nucleation rate. All agree on one point: extensive work and large
quantities of raw material are required. Because nucleation is a
stochastic phenomenon, a lot of experiments under identical
conditions are needed. For each set of conditions, at least a
hundred of experiments are required, so that a statistical law can
be applied.

Studies on the nucleation theory started decades ago. There are
essential references such as Zettlemoyer [1] on nucleation from a
theoretical point of view, presenting kinetics and thermody-
namics equations. Boistelle and Astier [2], however, concentrated
on finding the kinetics and thermodynamics equations of
nucleation in solution (Eq. 1).

J¼ K0expð�DG�=kBTÞ ð1Þ

With J the nucleation rate in number s�1 m�3, K0 the kinetic
factor (m�3 s�1), DGn the activation free energy (J), kB the
Bolzmann constant (J K�1) and T the temperature (K).

In practice, the two usual methods of nucleation-rate deter-
mination are measuring the induction time by direct counting/
observation and direct determination of the steady-state rate of
homogeneous nucleation.

www.elsevier.com/locate/jcrysgro
dx.doi.org/10.1016/j.jcrysgro.2010.01.006
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The first method consists in establishing supersaturation, and
then measuring the time that crystals take to become observable,
namely the induction time. This method was detailed by Boistelle
and Astier [2]: plotting the inverse of induction time as a function
of the square logarithm of supersaturation gives the interfacial
energy (g) and the kinetic factor K0. Actually, the supersaturation
range over which the experiment can be performed is rather
limited due to the metastable zone. When b is too small
heterogeneous nucleation may replace homogeneous nucleation.
When b is too large, induction times are difficult to measure
because they are too short. In practice, we are able to measure the
induction time when it is comprised between 1 s and a few days
(around bn in Fig. 1), that is to say in the vicinity of the metastable
zone limit. However, despite these drawbacks, the method
provides fairly good values from K0 and g.

The second method was proposed by Tsekova et al. [3] who
developed a novel technique that allows direct determination of
the steady-state rate of homogeneous nucleation. At the begin-
ning of a run, the solution is loaded at a temperature chosen to
prevent nucleation of crystals. Then temperature is lowered
(respectively raised if the solubility is reversed with T) to a
selected T1 at which nucleation occurs. After a period of Dt1

temperature is raised (respectively lowered if the solubility is
reversed with T) from the nucleation temperature T1 to the
growth temperature T2. At T2, supersaturation is at a level where
nucleation rate is practically zero, but the crystals already formed
can grow to detectable dimensions (Fig. 2). This allows separation
Fig. 1. Nucleation rate J (arbitrary units) versus supersaturation. Below the critical

value bn the solution remains metastable, whereas above bn the nucleation rate

increases drastically.

Fig. 2. Principle of the double pulse technique: position in the phase diagram and

temperature profile during a nucleation experiment.
between the nucleation and the ensuing growth. After the growth
stage, the crystals nucleated at T1 during Dt1 are counted. After
plotting the number of crystals nucleated as a function of Dt1, the
steady state nucleation rate can be determined as represented by
the slope of the straight line.

This last method also has limits, Dixit et al. [4] compare it to
other methods of determination, and show that this method
underestimates the number of crystals nucleated. Indeed, the
critical size varies with temperature, so when temperature
changes, critical size also changes: at the nucleation temperature,
the critical size is smaller than that at the growth temperature.
Therefore, while the temperature is rising up to the growth
temperature, nuclei bigger than the critical size at the nucleation
temperature, but smaller than that at the growth temperature, are
dissolved. Consequently, at the end of experiments, fewer crystals
have been grown than were nucleated at the beginning. But this
needs to be discussed for each experimental case; for example in
the case of a system having a solubility, which increases when T

decreases, growth temperature (T2) is higher than nucleation
temperature (T1) as it is the case for BPTI (see Section 3.1).
2.2. Unusual crystallization

2.2.1. External fields

The implications of an external field for crystal growth in
solution were highlighted by Voss [5] and Oxtoby [6]. Two effects
on the structure of the supersaturated solutions are expected:
molecular orientation and density fluctuation. We are interested
in phenomena produced by external fields that have an influence
on nucleation. In the following, we present a short bibliographic
study on the effects of different external fields on crystallization
and lastly, we present our first experimental results using DC
electric internal field, light and ultrasounds irradiation.

The best documented effect is light-induced nucleation. Two
cases have been discussed in the literature: first, the non-
photochemical light-induced nucleation (NPLIN) using laser and
second, photochemical light-induced nucleation (PLIN) using
white lights (Xenon lamp).

Non-photochemical light-induced nucleation uses a laser to
irradiate the solution. The first to observe an influence of the laser
on nucleation was Tam et al. [7]. They worked on vapors of
Cesium with small amounts of hydrogen, and observed that upon
irradiation by a laser, some particles appeared, which he
identified as cesium-hydride crystals. More recently, Garetz
et al. [8] worked on supersaturated aqueous urea solutions, and
suggested an electric field-induced alignment of the molecules,
the optical Kerr effect. Moreover, Zaccaro et al. [9] experiments on
glycine lead to different polymorphs depending on whether they
are exposed to intense pulses of laser or not. Actually, light-
induced nucleated crystals are g-polymorphs and the control
solutions give the a-form. Garetz has even observed that if
solutions are irradiated with circular polarization the a-form is
formed, but with linear polarization in the irradiation, the
g-polymorph is formed. Oxtoby [6] tries to find reasons for this
alignment of molecules, because as Garetz said, if the influence is
on the ‘prefactor’ of the energy barrier, the impact is not great
enough to explain the effects. This leaves a challenge for theorists,
to discover how laser acts on glycine nucleation.

Okutsu et al. [10] also find an effect of laser on nucleation of
benzophenone in ethanol/water mixed solutions, but in this case
it is related to photochemistry. Benzophenone is light-sensitive,
and when the solution is irradiated, there is less benzopinacol so
the benzophenone can crystallize before benzopinacol precipita-
tion. These experiments lead us to the second form of light-
induced nucleation, which is photochemical. Okutsu et al. [11], in
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experiments on lysozyme solutions irradiated by a Xenon lamp,
discovered that irradiation enhanced nucleation, but also ob-
served that there is a irradiation time beyond which the protein is
denatured. Veesler et al. [12] proposed seeding non-irradiated
solutions of lysozyme with limited amounts of irradiated
lysozyme solution, in order to avoid denaturation of protein by
excessive irradiation. Moreover, it was demonstrated by absorp-
tion experiments that the irradiation of lysozyme [12] and
thaumatin [13] produces photochemical intermediate (radicals),
which enhances nucleation.

Surprisingly, it is only recently that the effects on crystal-
lization in solution (apart from electrocrystallization) of electric
field, have been studied, apart from a theoretical consideration of
Kashchiev [14] and an experimental paper of Chin et al. [15]
coupling zone electrophoresis to membrane dialysis. For instance,
Taleb et al. [16] studied the nucleation rate of protein solution
drops placed between two flat electrodes outside the crystallizer.
They observed an expansion of the drops until they touch the
cathode and then expend to the anode. Then crystallization occurs
near the cathode, with fewer but larger crystals under the electric
field. In a second study, Taleb et al. [17] observed an improvement
in the crystal quality of the crystals nucleated and grown in an
electric field.

Nanev and Penkova [18], using the same set-up as Taleb,
studied the impact of the electric field as a function of
temperature and why nucleation occurs at the cathode. They
concluded that the electric field has a bigger impact on nucleation
rate and induction time when temperature is lower. Moreover,
they observed that, at low temperatures, an electric field increases
the number of crystals nucleated.

Mirkin et al. [19] and Moreno and Sazaki [20] developed a set-
up for internal application of an electric field on lysozyme
solutions, observing a decrease in induction time and in number
of crystals in agreement with Taleb’s observation. Moreover,
Moreno and Sazaki [21] observe an amorphous phase forming
around the cathode, also observed by Nanev and Penkova [18] and
Penkova et al. [22] with solutions of ferritin and apoferritin. They
observed that in drops, the number of crystals nucleated under
electric field decreased, while when the electric field is applied to
a vessel, the number of crystals is increased.

The third electromagnetic field, the magnetic field, has been
studied for at least 40 years. According to Worcester [23], many
protein structures exhibit diamagnetic anisotropy resulting from
the contribution of the planar peptide bonds of the molecules and
aromatic amino-acid residues. For a-helices, these bond planes
are oriented parallel to the helix axis which is, therefore, of lesser
diamagnetic susceptibility. This explains why proteins and
synthetic polypeptides exhibit magnetic orientation with the a-
helices parallel to the magnetic field. In the literature, most
studies focus on the magnetic birefringence (Cotton–Mouton
effect) of aromatic or aliphatic compounds [24] or biological
systems [25–27].

Diamagnetic anisotropy is identified either by direct observa-
tion of the formation of oriented fibrin, of small crystals or by the
anisotropy of a scattering pattern. It is only recently, that protein
crystals have been nucleated and grown in the presence of a
magnetic field [28–31]. Moreover, crystal growth of benzophe-
none under high magnetic fields was reported recently [32]. A
rapid calculation [29] shows that under a field of 1.25 T, 107

lysozyme molecules are required to counteract the thermal
energy, indicating that individual molecules are not oriented in
solution. Magnetic field has an effect on crystal orientation but
not on nucleation.

Lastly, ultrasounds is a promising external field for crystal
nucleation by nucleating in the metastable zone. It has been
studied for decades. Hem [33], in 1967, researched the effects of
ultrasounds on nucleation explaining that the cavitation bubbles,
in inducing drastic conditions in their vicinity, are the key of the
mechanism: pressure of the collapse of the cavitation bubble, high
cooling rate effect and/or heterogeneous nucleation on the bubble
interface are the most common hypothesis. This last hypothesis,
heterogeneous nucleation, tends to be abandoned. Concerning the
high pressure hypothesis, several studies tried to modelize it
[34–36], but there are still large discrepancies with experiments.
For the cooling rate hypothesis, care must be taken because of the
relative thickness of the thermal diffusion layer around the
bubble, and its quite low temporal existence. [37,38] Never-
theless, these hypotheses are still under debate. Lastly, another
hypothesis was proposed by Louisnard et al. [39], arguing the
accelerations present at the bubble collapse (1012g) could
segregate species in the vicinity of the bubble, and a mechanism
explaining impact on nucleation rate has been proposed [40].

In practice, Lyczko et al. [41], investigated the effect of
ultrasounds on induction time and metastable zone width. They
observed that ultrasounds reduced induction time of crystal
nucleation of potassium sulfate. Moreover, induction time
depends on the power of ultrasounds, the higher the power, the
lower the induction time. Guo et al. [42] observed the same
phenomenon on barium sulphate homogeneous nucleation, and
postulated that the ultrasounds increased the diffusion coeffi-
cient, this acceleration being the main reason for reduce induction
time. Ueno et al. [43] worked on the crystallization of fats, like
tripalmitin (PPP) and trilaurin (LLL). They also observed that
ultrasounds decrease induction time, and furthermore, that
without ultrasounds, tripalmitin and trilaurin crystallized under
two polymorphic phases, while with the application of ultra-
sounds, only one crystallizes. Nanev and Penkova [44] observed
an increase in the number of crystals nucleated.
2.2.2. Confinement

The effect of confinement on nucleation was recently theore-
tically reconsidered and a clear window of parameters, where a
single nuclei occurs alone, was identified [45]. Confinement
where experimentally affordable, will provide a new way to
study critical clusters and nucleation. In the literature confine-
ment, at the nanometer scale, is realized by controlled-pore
glasses [46,47] or other nanoporous materials [48]. Thermal
behavior of materials under confinement is examined in relation
with the Gibbs–Thomson equation [47], or polymorph selectivity
in ultra-small pores [48,49] or in small droplets [50]. Microemul-
sions are also used to produce confinement in order to measure
critical nucleus size via thermal behavior [51]. Droplet generation
is a very promising approach because it allows direct observation
under optical microscope. We have developed a set-up to
generate and observe micrometer droplets of sodium chloride
solutions [52].
3. Experimental part

3.1. Determination of nucleation rate

BPTI (bovine pancreatic trypsin inhibitor) (6511 Da, pI=10.5),
was supplied as a lyophilized powder by Bayer and used as
received. BPTI is employed to reduce blood loss during complex
surgery. Proper amounts of BPTI and NaCl were dissolved in pure
water (ELGA UHQ reverse osmosis system) to obtain stock
solutions needed for crystallization experiments. The different
solutions were buffered with 80 mM acetic acid, adjusted to
pH=4.5 with NaOH (4 M) and filtered through 0.22 mm Millipore
filters. BPTI concentrations were controlled by optical density
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measurements (Kontron UVKON810) using an extinction coeffi-
cient of 0.786 cm�1 mL mg�1 at 280 nm [53].

The first experiments were performed in Microbatchss, with
some inert paraffin oil (HR3-42) above all the batch, in order to
avoid evaporation. We prepared solutions with different concen-
trations, between the solubility and the metastable zone limit.
Then we measured the time that crystals took to be observable.

Secondly we use the method described by Tsekova et al. [3].
We prepared 2 mL of solution of BPTI and we distribute 20 mL
of it in 96 cells of 100 mL. 10 mL of inert paraffin oil was then
added to each cell on the top of the solutions. The 96 cells are
inserted into two blocks thermostated independently by Peltier
effect and observed by a microscope (Nikon Diaphot). The whole
assembly is mounted on a X–Y translation stage. Sequential image
acquisitions performed automatically every hour. At the end of
the experiment crystals are counted. The multiwell set-up
(ANACRISMAT, France) used here was previously described [54].

3.2. Electric field

BPTI was used at a concentration of 20 mg mL�1, in acetate
buffer at 80 mM, pH=4.5 and 1.6 M of NaCl. All the experiments
were performed at 20 1C.

In our experimental set-up [55], we use internal electric field,
with very weak current, less than 1 mA. All experiments were
performed in a glass vessel inserted in a thermostated cell under
an optical microscope (Nikon Diaphot).

We made the electrode from W wires (125 mm diameter)
consisting of a sharp metallic tip emerging from the end of a glass
capillary. First, a tungsten polycrystalline wire is placed inside a
glass tube, internal and external diameters of the tube are 300 mm
and 1 mm, respectively. Secondly, electrical connections are made
to the electrodes. Finally, the tip is fabricated by electrolytic
etching in a 2 M NaOH solution [56].

One of the electrodes was sharp and the other was rounded.
The distance between the electrodes was roughly 600 mm. The
electrodes were placed near the bottom of the crystallization cell.
500 mL of a supersaturated but metastable protein solution was
placed in a 10 mm diameter glass vessel; an upper layer of 300 mL
of inert paraffin oil (HR3-42) was added to avoid evaporation
during the experiments. In all the experiments, direct voltage was
applied to the electrodes. It is noteworthy that all the experi-
mental solutions of this study are in the metastable zone for
nucleation under normal conditions that is without an external
energy field.

3.3. Light irradiation

We used a xenon lamp for light irradiation experiments of BPTI
solutions. We therefore carried out nucleation experiments using
a ‘‘liquid-seeding’’ technique. The principle of the experiment is as
follows: 1.5 mL of a 4 mg mL�1 BPTI solution containing 3.2 M
NaCl in a 80 mM NaAc buffer solution at pH 4.5 placed in a
0.2 cm�1 cm�4 cm optical cell hermetically closed to prevent
evaporation was irradiated for different times by light from an Xe
lamp. 3 mL of the irradiated solution, namely, the liquid seed, was
mixed with 3 mL of three concentrated BPTI solutions, 36, 28 and
20 mg mL�1 in a 80 mM NaAc buffer at pH 4.5 and placed in a
microbatch plate kept at 20 1C to avoid nucleation during the
growth process. Thus, the final solutions were 20, 16 and
12 mg mL�1 BPTI and 1.6 M NaCl at pH 4.5 in a buffer solution
at a final supersaturation of 2, 1.6 and 1.2. In addition, a control
solution was prepared with a non-irradiated BPTI solution.
Finally, to avoid undesired heterogeneous nucleation due to
evaporation from the vapor–solution interface of the droplets, we
used an inert paraffin oil (HR3-42) to cover the droplets. The
solution was pipetted through the oil. We observed the plate with
a microscope.

3.4. Ultrasounds

The (R) (N)-[1-[3-[1-benzoyl-3-(3,4-dichlorophenyl) piperidin-

3-yl] propyl]-4-phenylpiperidin-4-yl]-N-methylacetamide (named
API, Mw=606.6 g mol�1) was provided as a solid by Sanofi-
Aventis. It is used as an antagonist of the Neurokine receptors
(NK3) to cure schizophrenia. It was dissolved in 60% of pure
ethanol and 40% of pure water as required by the crystallization
process.

All experiments were performed in glass vessels caped, usually
used for chromatography (0.8 mL vials from RESTEK).

Solutions of different metastable supersaturations were ex-
posed to the ultrasounds by a sonicator (Suprasson Piezo Endo of
Satelec 0.1 W) with a sharp tip, during different times, before the
vessels were caped. Then the experiments were thermostated and
observed under a microscope (Nikon Diaphot).

3.5. Confinement

Experiments consist in crystallizing NaCl by evaporation of
micrometer droplets of undersaturated 0.7 M NaCl solutions
covered by DMS oil. All experiments were performed on a
18 mm diameter coverslip inserted in a thermostatted well under
an optical microscope (Zeiss Axio Observer D1). The well is filled
with inert DMS oil (Hampton Research HR3-419). The micrometer
droplets of NaCl solution are generated on the coverslip by a
microinjector (Femtojet, Eppendorf). A home-made micromani-
pulator consisting of 3 miniature translation stages (piezo electric,
MS30 mechonics) allows displacement of the injector (capillary
holder) in X, Y and Z with a displacement of 18 mm in the 3
directions by steps of 16 nm. A hydrophobic glass capillary,
obtained by vapor-depositing toluene +5%v/v n-octadecyltri-
chlorosilane (ODTS) mixture on the capillary, with an internal
diameter of 0.5 mm (Femtotip Eppendorf), is used.
4. Results and discussion

4.1. Determination of the nucleation rate

For the first experiments performed in Microbatchs, we
prepared 24 solutions of BPTI from 10 to 56 mg mL�1 with an
incremental increase in 2 mg mL�1. We put 6 mL of each solution
into 3 wells of the Microbatchs and then when the paraffin oil
covered all the batches, we added 4 mL of a solution of 4 M of NaCl
we observed the nucleation ensuing, but the results were not
conclusive.

We, therefore, decided to use the Tsekova technique. We
prepared a solution of 20 mg mL�1 of BPTI in Acetate buffer
80 mM, pH=4.5, NaCl 1.6 M. We filled each cell with 20 mL of the
solution, and we put an upper layer of paraffin oil on each
solution. To avoid nucleation before the start of the experiments
the solutions were prepared at 5 1C (because of the retrograde
solubility of BPTI in NaCl solutions). We put the 2 blocks into the
multiwell set-up, and we set the temperature at 25 1C, near the
metastable zone limit, during a defined time and then return to a
temperature near the solubility in the metastable zone, 15 1C, to
avoid nucleation during growth time. The crystals were counted
after several hours, between 12 and 48 h, at the growth
temperature. But the crystal number distribution was too wide
to be exploited quantitatively in order to plot the number of



ARTICLE IN PRESS

E. Revalor et al. / Journal of Crystal Growth 312 (2010) 939–946 943
crystals versus the nucleation time, because of the heterogeneous
nucleation at the interface between the solution and the inert
paraffin oil. But, it was possible to estimate the metastable zone
width according to this experiment, at 20 1C in this experimental
condition no nucleation was observed for 24 h. In the future we
propose to use a microfluidics set-up to determine nucleation
frequency and avoid heterogeneous nucleation [57].
4.2. External fields

4.2.1. Electric field

We worked at 20 mg mL�1 of BPTI in acetate buffer at 80 mM,
pH=4.5 and NaCl 1.6 M, corresponding to a solution in the
metastable zone (see Section 4.1). In this study all the experi-
ments were conducted with a direct voltage and we observed a
decrease in nucleation time, an increase in growth kinetics and
Fig. 3. In situ observations under optical microscopy of BPTI crystallization at

20 1C with a direct voltage of 0.7 V at t=24 h (+ indicates the anode).

Fig. 4. (a) In situ observations under optical microscopy of BPTI crystallization at 20 1

volume versus time in 3 different zones of the crystallizer.
often a pre-determined positioning of the crystals. As previously
shown by Nieto-Mendoza et al. [58] and by our pH monitoring
during some experiments, pH did not change enough to affect
solubility. In the literature the directed crystallization of proteins
in an electric field is attributed to electromigration. In addition,
bubbles are formed due to water electrolysis at voltage values
higher than 1 V. For this reason we applied a constant direct
voltage of 0.7–0.9 V producing a current around 1 mA depending
on the tip geometry and not on the distance between the
electrodes. For a voltage of 0.7 V we observed a current of 1 mA,
decreasing to 0.6 mA. During the experimental time (12–36 h) no
Fig. 5. Photograph of BPTI droplets, 16 mg mL�1, NaAc 80 mM, pH=4.5, irradia-

tion time: 0 min (a), 1 min (b), 3 min (c), 5 min (d).

C with a direct voltage of 0.6 V at t=24 h (+ indicates the anode) and (b) crystal
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bubbles were observed. Note that reproducibility was ensured by
working at constant initial current.

We observed that the crystals preferentially nucleate at the
anode within 1 h, they grow larger near the anode and that a layer
is formed around the anode (Fig. 3), identified as a protein-rich
phase due to demixion. Moreover, we are able to affirm that there
is a concentration gradient due to the electric field from the anode
to the cathode, because of the protein-rich phase at the anode,
Fig. 6. Experimental set-up (a). Solutions of API (b=3.5) irradiated by the

sonicator at 0.1 W during 0 min (a), 1 min (b) and 2 min (c). All solutions were

observed after 24 h.

Fig. 7. Panels a–f represent time sequence showing evaporation, nucleation and growt

liquid oil. In (c) the contrast was artificially enhanced.
and that crystals are growing faster near the anode than near the
cathode (Fig. 4). Lastly, this is confirmed by the fact that the layer
starts to dissolve as soon as polarity is inverted.

4.2.2. Light irradiation

At the end of irradiation, after liquid seeding, we obtain
solutions of 12, 16 and 20 mg mL�1, irradiated during 0, 1, 3 and
5 min. In the control solution no crystal was observed in any of
the droplets, confirming that the solution was metastable and
that undesired heterogeneous nucleation at solution–oil interface
or solution-wall-of-the-vessel interface was completely elimi-
nated. In the droplets mixed with irradiated solution, BPTI crystals
appeared in the droplets at 16 and 20 mg mL�1 (Fig. 5). Moreover
for the solutions at 16 and 20 mg mL�1, there were more crystals
as irradiation time increased. These results show unambiguously
that light induces nucleation of BPTI.

4.2.3. Ultrasounds

At the end of irradiation with ultrasounds, the solutions
contained some crystals. The control solution presented no
crystal, but the irradiated cells showed an increase in the number
of nucleated crystals and a decrease in the induction time with an
increase in the irradiation time (Fig. 6). For small irradiation
times, we confirm that ultrasounds induce nucleation in the
metastable zone (Fig. 6b and c), in acting on primary nucleation.
But in the case of longer irradiation times, secondary nucleation
enters in action: already formed crystals are broken and seed the
solution (Fig. 6d).

4.2.4. Confinement

Fig. 7 presents the complete process: evaporation, nucleation
and growth. After being generated, droplets slowly evaporate
until supersaturation is established (Fig. 7a–c). At t=0 droplets
appear clearer than the oil, because the droplet refractive index of
h of NaCl. (a) t=0:3 droplets of NaCl solutions are generated through the layer of
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the 0.7 M NaCl solution 1.340 is smaller than the refractive index
of DMS oil 1.390. When the solution concentrates during
evaporation the refractive index increases and matches the DMS
oil refractive index. NaCl concentration is estimated to 6.7 M at
this moment (droplet #(3) in b) in the droplets from a relation
between concentration and refractive index (tables 71 D-
252)[59]. At t4140 s droplets appear darker than the oil
because they continue to concentrate (at supersaturation
b41.3), the droplet refractive index of the NaCl solution
becomes larger than the refractive index of DMS oil. Nucleation
of a crystal of 10 mm occurs after 366, 436 and 592 s in droplets #
(2), (3) and (1), respectively, in less than 1 s. Confinement allows
stabilization of highly supersaturated solutions with respect to
usual conditions, nucleation and growth occur very rapidly as in
the case of precipitation, but here only one single per droplet was
obtained.
5. Conclusions

Nucleation is a stochastic phenomenon and the probability of
observing the critical nuclei formation is very low. In this
communication we presented different unusual approaches to
enhance nucleation in the metastable zone in order to locate and
control it.

The first step is to determine the nucleation rate, and thus the
nucleation behavior of the molecule studied. The two usual
methods for determining of nucleation rate are measuring the
induction time by direct counting/observation and direct deter-
mination of the steady-state rate of homogeneous nucleation.

In measuring nucleation rate, we clearly evidenced that hetero-
geneous nucleation affected the results. Microfluidics may offer a
solution, but has limitations: evaporation through the material of
the microfluidic chips, compatibility of this material with organic
solvents. The second step consists in acting on nucleation, to control,
locate and observe it. We studied different unusual approaches and
we succeeded in enhancing nucleation in the metastable zone for
external fields. Ultrasounds reduce induction time and increase the
number of crystals. The light irradiation induces nucleation by
forming radicals. The electric field tends to localize the nucleation
near one electrode depending on the polarity of the molecule
studied in acting locally on the density of the solution. Lastly
confinement was tested, and results indicate that this approach is
very promising for controlling spatially nucleation and moreover
generate one single crystal per droplet.

These techniques, which are easy to perform at the laboratory
for small quantities of products, for instance an active pharma-
ceutical ingredient, could be used for screening crystallization
conditions and phases (polymorphism).
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