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Abstract

Non-Photochemical Laser-Induced Nucleation (NPLIN) is an original and promising
nucleation method, which has been applied with success to small-molecule organic
compounds, proteins and inorganic compounds, leading to almost 50 publications. After first
application of NPLIN to glycine and carbamazepine, our team has performed NPLIN
experiments on sulfathiazole (STZ) for the following reasons: i) STZ is considered as a model
drug for studying polymorphism; ii) some STZ polymorphs present a two-dimensional (2D)
packing type while others are with one-dimensional (1D) packing; iii) STZ solubility curves,
crystal habits, crystallization characterization are well documented.

Firstly, we have determined the metastable zone limit of STZ in water/ethanol (*/y 1:1) for
three temperatures (15 °C, 25 °C and 40 °C). STZ metastable solutions have been irradiated
with a non-focused nanosecond laser (532 nm) at 25 °C. Nucleation induction time and
crystal habits have been compared with those obtained by spontaneous nucleation. Nucleation
site is the air / solution interface. We have noted Inds, (B) the laser intensity required to induce
nucleation with fifty percent efficiency for a given supersaturation coefficient 3. The use of
this index has allowed us to compare NPLIN experiments for different compounds in
different solutions. A dependency of STZ crystal size and crystal number on the irradiation
duration, i.e. pulse number, has been established. Moreover, the obtained crystals have been
characterized by Raman spectroscopy and X-ray single crystal diffraction. The role of laser
polarization (linear or circular) has been established in comparison with spontaneous
nucleation. In order to gain a deeper understanding of this behavior, we have calculated ab
initio interaction energies for all dimers existing in the different STZ polymorphs. Theoretical

results are coherent with observation.



Short synopsis

Nucleation induction time and crystal habits of sulfathiazole (STZ) crystallized by Non-
Photochemical Laser-Induced Nucleation (NPLIN) have been compared with those obtained
by spontaneous nucleation. A dependency of STZ crystal size and crystal number on the
irradiation duration, i.e., pulse number, has been established. The role of the laser polarization
(linear or circular) has been demonstrated in comparison with spontaneous nucleation. In
order to gain a deeper understanding of this behavior, we have calculated the ab initio
interaction energies for all dimers existing in the different STZ polymorphs. The theoretical

results are coherent with observation.
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1. Introduction

Crystallization is a physicochemical process. It presents high theoretical complexity as well as
considerable economic interest, mainly in the pharmaceutical industry, where 80 % of the
dosage is in solid form." Crystallization is essentially a separation and purification operation
of organic and mineral products. It leads to the formation of a structured and organized solid
through a state change from gas or liquid phase, as well as from a supersaturated solution in
which the compound is dissolved. This paper focuses on crystallization of pharmaceutical
products in solution. The solution is composed of a solvent and a solute. Nucleation and
subsequent crystallization imply that a disequilibrium exists in solution. Nucleation could be
generated in a variety of ways, depending on the solubility curve of the solute in the solvent.
It could be generated by means of classical methods (solvent evaporation, temperature
change, non-solvent addition or chemical reactions) or via more recent approaches (electric

field application, ultrasonic waves, laser irradiation).

The term crystalline polymorphism? is used to qualify the relation between crystals of a same
substance, which, generated via crystallization, give different crystalline structures.
Crystalline polymorphism impacts the development of the crystalline product. The active
ingredient polymorphism has significant effects on physical and chemical properties of the
drug such as: density, hardness and fusion point, solubility, dissolution rate, bioavailability,
mechanical properties and manufacturing process. Thus it requires careful control. Generally,
only one crystallographic form displays the physicochemical properties which complies with
the requisites of the expected final drug product. Particular efforts should be made to
understand the physicochemical mechanisms which lead to the crystallization of one
polymorph or another, in order to be able to design, and control its elaboration process. The

mechanism mastering includes knowledge of physicochemical phenomena in crystallization



process. Classical methods generally focus on four parameters (temperature, supersaturation,
crystallization media and hydrodynamic) influencing thermodynamic or kinetic of nucleation.
Moreover, in the pharmaceutical context, the active polymorph is not always the
thermodynamically most stable phase. The new approaches cited above allow in some cases a
spatial or temporal or spatial-temporal nucleation control. Twenty years ago, Garetz et al °
accidentally discovered a possible method to control nucleation. The authors have shown the
possibility to induce the crystallization of urea from its supersaturated solution by a laser of
1064 nm. Afterwards, the Garetz’s team further demonstrated the possibility to control the
obtained polymorph via laser polarization on glycine* and L - (+) — histidine.” The authors
called this method NPLIN for Non-Photochemical Laser-Induced Nucleation. We have
recently extended this acronym to all experiments where a nucleation was established via the
use of laser and without photochemical reaction observed, (Scheme 1) even though some
authors have not explicitly mentioned in their article a NPLIN method. In other words, if a
solution (or a liquid) of a given solute (respectively a molecule) is exposed to a laser beam
(whatever the laser type is) and the observed result is the crystallization of the solute, we will
consider this experiment as NPLIN. Additionally, the putative mechanism, which has induced
the nucleation, is not taken into account in our definition. The experiments, where crystals of
the final product already exist in the solution, have been excluded from our definition.
According to this definition, the literature®>* has considerably increased in the last five years
(Figure S1). On the one hand, the observation of laser-induced nucleation is repeatable for
various types of compounds, and on the other hand it seems possible to control crystallization
by manipulating laser parameters. Some remarks should be made: 1) nucleation induction time
is dramatically reduced with NPLIN compared to spontaneous nucleation for solutions
prepared under the same conditions; i1) crystal polymorph induced by laser shows a

dependency on laser polarization for some small-molecule organic compounds like glycine,*



840 L-histidine’ and carbamazepine;'’ iii) NPLIN has been applied to small-molecular

3-9,11-14, 18, 27, 29, 31, 36-37, 39-42, 44-45, 47, 49-51, 54 10, 15-17, 19-20, 25-26, 28, 30, 32,

organic compounds, proteins

43,48 21-22, 24, 33-35, 38, 46 23,52

as well as inorganic species or some specific species; iv) nucleation
can be induced with a single pulse,”” a train of pulses or continuous wave (CW). One
hypothesis™* is that a linearly polarized laser interacts with clusters the polarisability tensor of
which exhibits rod-like symmetry, while a circularly polarized laser interacts with clusters for
which the polarizability tensor symmetry is disk-like. This possible mechanism is referred to
as optical Kerr® effect hypothesis. By means of ab initio calculations of interaction energy for
carbamazepine, we have demonstrated’’ that its polymorph, which presents a structure
described as 1D packing, reacts preferentially with linearly polarized laser. On the contrary,
the polymorph with 2D packing nucleates preferentially with circularly polarized laser. Our

team has developed an automated NPLIN experimental set-up with multi-sample holder,’

making it possible to realize a sufficient number of trials under the same conditions.

To experimentally further demonstrate the feasibility of NPLIN technique applied to drug
molecules, a set of experiments with sulfathiazole (STZ) (CoHoN30,S,) (Scheme 2) dissolved
in water/ethanol (*/, 1:1) were undertaken. This drug has been used for more than 75 years
and it is nowadays employed as an antibacterial for veterinary medication.”>”’ It is highly
polymorphic and is often considered as a model compound for the study of polymorphism.

9,55 numerous works have been done on isolation, production and

Since its discovery in 193
characterization of its different polymorphic forms. The number of polymorphs has grown
from two in 1941% to five in 1999.°"%* STZ also exists as an amorphous compound,®
hydrate® and more than hundred solvates.®® There are currently 24 STZ crystal structures
available in the Cambridge Structure Database (CSD) describing five different polymorphs,

named FI, FII, FIII, FIV and FV. Charge density studies have been performed on STZ by

Sovago et al. ®" and Shi et al. ®® Based on the work of Munroe et al,”” between 10 °C and 50



°C, the stability order of the five polymorphs of STZ between 10 °C and 50 °C is proposed to
be FIKFV<FIV<FII<FIII. According to these authors, FI is therefore less stable than FV in
this temperature range. Various methods have been used to crystallize the different
polymorphs and are reviewed by Abu Bakar.”” As mentioned previously, laser polarization
impact on the obtained crystal polymorph was initially explained by Garetz® as an optical
Kerr effect. Within this context, STZ with its five polymorphs is a well suitable compound for

NPLIN nucleation.

In this paper, we present a complete STZ NPLIN study. After the determination of the
metastable zone limit (MZL) of STZ in water/ethanol (*/, 1:1) mixture, STZ spontaneous
nucleation by slow evaporation will be described. A large number of NPLIN experiments
performed on adequate statistics will be reported in order to study the impact of different laser
parameters. Finally, ab initio calculations of interaction energy will help to interpret how the

laser polarization state affects the obtained crystal polymorphs.

2. Materials, methods and experiments

2.1 Material.

Commercial STZ (99%, white powder) was purchased from Alfa Aesar Company, and
characterized as polymorph IV with both XRPD and Raman identification. The n-propanol
and ethanol were obtained from VWR. Distilled water was made by internal distilled water
generator. The absorption spectrum is given in Supplementary Material (Figure S2).

2.2 Experimental laser irradiation set-up.

An overview of the home-made set-up that we specially developed for the NPLIN
experiments is given in Figure 1 and Figure S3. An annular laser light beam is generated by a
Quanta-ray” Q-switched Nd:YAG laser, producing a 10 pulses per second train of linearly-

polarized 7-ns laser pulses at 532 nm. The irradiation duration time control is achieved using



a shutter Thor Lab® (SC05 / SH 10). Reduction of the laser beam diameter has been been
obtained through two types of equipments: a laboratory made telescope with a Nitrogen gas
circulation for avoiding plasma discharge at the focal point and a commercial condenser
(HEBX-3X from Melles Griot™). These equipments permit to reduce the beam diameter from
7 to 3.5 mm. Linearly polarized light is converted to circularly polarized one by sending it
through a Glan polarizer followed by a Quarter Wave plate. A mirror is employed to reflect
the beam by 90° in order to guide it towards the HPLC tube. In order to measure the exact
laser intensity, a homemade glass plate is placed just after the shutter to collect 3 % of the
coming beam; a wattmeter (QE25LB-S-MB) is used to monitor the beam power continuously.
Solutions were contained in glass HPLC tubes. Each tube has a flat glass window mounted in
the cap. Solutions were irradiated from above, with the laser beam entering the tube through
the glass window in the cap, then entering the solution through the air/solution interface, and
finally exiting through the bottom of the tube. More details on the experimental set-up can be
found in the work of Clair ef al.® The main advantages could be summarized as; i) 90 sample
holders, allowing a sufficient redundancy; ii) a stable thermal bath; iii) a Yag-Nd laser at 532
nm; iv) a dedicated Labview" based software (irradiation time control, detailed record of
input and output information, automated experiment); v) an in situ crystal growth monitored
through a CCD camera connected to an inverted microscope. Table 1 summarizes the
experimental conditions for the different experiments presented below.

2.3 Solubility curve and STZ metastable zone determination.

d.”>"* Based on the

Solubility curves of STZ in different solvents have already been publishe
work of Munroe et al,”' we decided to use a mixture of water/ethanol (*/y 1:1) for NPLIN
experiment, due to the fact that STZ solubility is high in ethanol and the use of water/ethanol

mixture allows a minimization of the evaporation during dissolution process. We have used

STZ solubility in water/ethanol (*/, 1:1) at 25 °C and 40 °C from Aaltonen’s work,” and



measured the point at 15°C using the successive addition method described for carbamazepine
by Detoisien et al.”* The MZL of STZ in water/ethanol (*/, 1:1) mixture is determined through
the use of the same experimental set-up described by Ikni et al.”’

2.4 Spontaneous nucleation.

Solutions of STZ in water, ethanol, water/ethanol (*/, 1:1) and n-propanol with the same
supersaturation coefficient (130%) were prepared and slowly evaporated for 120 hours. The
supersaturation coefficient B is defined by C/Cs *100%, where C is the solution concentration
(mg/ml) and C; is the solubility at a given temperature.

2.5 Supersaturated solution preparation and NPLIN experiments.

Solutions were prepared according to the following procedure: i) solutions with
supersaturation levels in the range of 110% to 170% were prepared in HPLC tubes (1 ml),
which were adapted to fit our experimental needs;’ ii) the solutions were heated to 55 °C in
the carrousel until a complete dissolution of the STZ powder; iii) solutions were slowly
cooled to the temperature of NPLIN experiments (25 °C) and then were aged from 18 hours to
24 hours before irradiation by laser light. The aging time permits formation of clusters in the
solutions, thus to increase the probability of nucleation. Aging is a necessary prerequisite,

33:34.36.5% and L-histidine.” Depending on

which was confirmed by subsequent work on glycine
NPLIN experiments the solutions were exposed for a variable duration from 10 pulses (1s) to
600 pulses (60 s). The nucleation was followed by recording regularly micro photos at each
tube bottom. After 3 hours, the tubes were opened, and then the crystals were filtered out and
stored for characterization. Specific experimental conditions used in each experiment are
reported in Table 1.

2.6 STZ crystals characterization.

STZ crystals were identified by single crystal X-Ray diffraction (Bruker D8 VENTURE), and

by Raman spectroscopy (Dilor, excitation radiation was 632 nm). A first set of Raman spectra



have been collected after polymorph identification with the single X-ray diffraction. Raman
spectra for each polymorph are acquired and used as reference for further polymorph
identification (Figure S4). Due to the large number of crystals, Raman identification was
made by sampling, and characterization of 15 to 20 crystals for each tube. The crystal habit
was observed by in situ CCD camera and by the camera installed on the single crystal X-Ray
diffractometer. Using a Matlab® image processing tool, we have been able to count the
number of crystals in a given image.

2.7 8TZ theoretical calculations.

Geometric parameters of polymorphs FII and FIII were extracted from the CSD (refcode
SUTHAZ09, SUTHAZ11) while for polymorph FIV, we have used our experimental data.’®
The hydrogen atoms were put at their positions determined by thermal neutron diffraction for
FII and FIII polymorphs. The interaction energy between a STZ molecule with each of its
neighbour molecule for three polymorphs was computed in using Gaussian09 software.”” The
functional density theory (DFT) computation was carried out using the M06-2X functional

and the cc-PVTZ basis set.

3. Results and discussion

3.1 STZ spontaneous nucleation in different solvents and metastable zone determination

As mentioned previously the mixture of water/ethanol (*/,1:1) was chosen a priori as a good
solvent because the solubility of STZ is high in ethanol and the evaporation is limited by the
use of water. Nevertheless spontaneous nucleation was tested also on pure solvents as
reported in Table 2. In water/ethanol (*/, 1:1) we obtained almost the same quantity of FIII
and FIV; while FI occurred mostly in n-propanol; in ethanol, FII, FIII and FIV are equally
distributed. Lastly water seemed to favor the crystallization of FIV. It should be noted that

this work is the first report of NPLIN performed in a mixture of solvents.

10



STZ solubility curve in water/ethanol (*/, 1:1) (Figure 2) was validated with the application of
the Van‘t Hoff plot as shown in Figure S5 with R* = 0.988 as coefficient of determination.
The equation is similar to that obtained by Abu Bakar et al.”’ The MZL was determined
experimentally with the method described by Ikni et al.*” As shown in Figure 2, no nucleation
was observed in the STZ supersaturated solutions for 168 hours at three different
temperatures even for the highest concentration. The critical super saturation 3 for STZ at 15
°C, 25 °C and 40 °C were estimated to be B¢ 15(168) = 180%; Bc25(168) = 170%; Pc.40(168) =
170% respectively. A supersaturation coefficient at 25 °C corresponds to a concentration of
18.87 mg/ml of STZ. Therefore, for NPLIN experiments, all supersaturated solutions were
prepared with a supersaturation coefficient lower than 170 % and the aging time of the
solutions should be less than 168 hours. As a result, if crystallization from solution takes
place under these conditions when exposed to laser irradiation, the latter can be considered as
the cause of induced nucleation. In particular, for all NPLIN experiments in this work, new

HPLC tubes were used in order to avoid heterogeneous or seeded nucleation.

3.2 STZ nucleation via NPLIN.

3.2.1 Reduction time of laser-induced nucleation and observation of nucleation site.
According to MZL measurement, a supersaturated solution of 170 % could remain metastable
over more than one week. Figure 3 shows crystallization of STZ after receiving a 5 seconds
laser irradiation. The first detectable STZ crystal (30 x 60 wm) appears after about 96 s (fourth
image in Figure 3). Such observation has been repeated and the frequency is indicated in
Table 1. According to Ikni et al,47 one can define the induction time ti, as tin = ta + texpt tnpLIN,
where t, corresponds to the necessary duration for the solution to reach and stay stable at

NPLIN experimental temperature (25 °C in our case); ta € [24, 48] h; tex, corresponds to

laser exposure duration; tex, = [1,60] s; tnpLiv corresponds to the duration between the end of

11



the exposure and the observation of the crystal using the microscope; typin € [0.026; 0.5] h.

Therefore, according to the metastable zone (B25(168 h) = 170%), observation of a shorter t;,
indicates that laser light induces nucleation of STZ in water/ethanol (*/, 1:1).

Moreover, we firstly observe a fuzzy crystal form, which seems falling down onto the bottom
of the tube. A video of this behavior is available as supplementary material. The form appears
fuzzy due to the fact the focal point corresponds to the bottom of the tubes. It indicates that
crystals nucleate at the air-solution meniscus and sink when the weight suffices to
overbalance the surface tension. A schematic representation of this behavior is given in Figure

Sé.

3.2.2 Crystal habit comparison in the case of spontaneous nucleation and in the case of laser
induced nucleation.

The first photography of STZ crystals dated back to 1941 by Grove et al.®® The authors
reported hexagonal-like and rod-like crystals. Later on, Anwar et al’® reviewed the crystal

habits of FI, FII, FIII and FIV in different solvents. The consequences of crystal habit due to

77-78 78-80

crystalization with additive, or supercritical fluid crystalization, the effect of

82 83-84

temperature,” > of solvent, epitaxial growth® and grinding and moisture®® have been
extensively studied. An example of STZ crystal habits from spontaneous nucleation, LP
NPLIN and CP NPLIN are given in Figure 4. One can easily remark that greater diversity of
crystal habits and crystal size is observed in spontaneous nucleation, while NPLIN yields a
more homogeneous distribution.

A set of single crystal X-Ray diffraction measurements has been carried out and FII, FIII and
FIV were identified. The habits are given in Figure 5 associated with a variety of single

crystal images. With a large number of crystals from NPLIN identified by single X-ray

diffraction, we observed that crystal habits for all three polymorphs are quite diverse. FII

12



presents two major morphologies: square plates and hexagonal plates. FIII is usually observed

as a prism, while FIV is frequently elongated or sometimes seen as a thin piece.

3.2.3 Impact of supersaturation coefficient and laser intensity on nucleation efficiency.

To study the effect of supersaturation coefficient f and laser intensity on nucleation
efficiency, a number of NPLIN experiments were carried out to achieve reliable statistics;
parameters values are given in Table 1. This means that for every experimental point, a
number of tubes were prepared and processed under exactly the same conditions. The
nucleation efficiency is obtained from the ratio of n (number of nucleated solutions induced
by laser irradiation) to N (number of total irradiated solutions). The nucleation efficiency
depends on the supersaturation coefficient § as well as on the laser intensity. Indeed, this is
confirmed by the curves drawn in Figure 6 which give the nucleation fraction as a function of
laser intensity for different supersaturation coefficient values and laser polarization.

In order to represent in one graph the correlation between supersaturation coeffecient and
laser intensity, we have defined a new index Indsy by mimetism of the inhibition biological
index. We note Indso(p) the laser intensity required to induce fifty percent nucleation for a
given supersaturation coefficient B. The values of Indsy for STZ in water/ethanol (*/, 1:1), as
function of supersaturation coefficient and laser polarization, are reported in Figure 7. It
should be remarked that 1) as previously observed in Figure 6, higher supersaturation tends to
be associated with a lower laser intensity; ii) for identical laser intensity, LP is more efficient
than CP. Results for carbamazepine (CBZ)*’ are also shown in Figure 7. Laser polarization
shows opposite trends for CBZ (see last section). Six linear fits have been done over the 6
plots for the two compounds; regression coefficients are reported in Supplementary material
(Figure S7, and Table SI). Although the experimental conditions (molecule, solvent,

polarisation) are very different, regression curves are quite parallels. These lines allow a
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prediction of optimum experimental parameters to achieve a nucleation efficiency of 50 %.
As a matter of fact, our measurement with 170 % supersaturation has always given a
nucleation efficiency higher than 50 %. The linearity assumption of the curve nucleation
efficiency = f (intensity) for a given supersaturation is obviously not appropriate at low
nucleation efficiency. In conclusion, this new index Indso, allows us to represent in one graph
the behavior of two compounds in three different conditions, in other words, one can observe

in one graph the results through six plots, instead of 19 curves.

3.2.4 Impact of laser irradiation time on nucleation efficiency and on induced crystal
counting

Figure 8 shows the impact of laser irradiation time on crystal habits. It is clear that the longer
the irradiation time is, the smaller and the more the crystals are. We have determined
quantitatively how crystal average size and number were related to laser exposure time
(Figure 9). It has to be noticed that the crystal number analysis corresponds to only 11 % of
the irradiation beam surface, due to the fact that the camera does not cover the entire bottom
of the tubes. Therefore, it is difficult to estimate the exact number of the obtained crystals.
Nevertheless the variation tendency remains meaningful. Additionally, lower supersaturation
is associated with smaller crystal number and smaller crystal size. The behavior observed in
Figure 9 could be interpreted in the folowing way: 1) the number of nucleation sites is a
function of the irradiation time. For irradiation time of 1 s, i.e. number of pulses € [8, 12] if
we take into account the uncertainty of the time to open the shutter, the ratio of crystal
number to pulse number belongs to interval [1.1, 1.6] for LP, B = 130 %. This ratio increases
to the interval [10, 15] for 30 s irradiation in the same conditions. For the most unfavorable
conditions in term of efficiency (CP, B = 130 %) the ratio belongs to [1.1, 1.7] for 30 s

irradiation. This number increases to interval [2.2, 3.4] for 60 s irradiation in the same

14



conditions. These observations indicate that with a supersatutration of 130 %, each LP pulse
has induced about one crystal for 1s irradiation. Therefore, this provides an indicator to
determine the limit of the irradiation time for a given set of conditions (polarisation,
supersaturation, laser intensity). In other words, for a given polarisation, molecule and
solvent, NPLIN is possible with a combination of supersaturation, laser intensity and
irradiation time; for example, longer irradiation time will be required for NPLIN if laser
intensity is decreased. ii) The impact of supersaturation on morphology behavior is easier to
understand. Lower concentration implies a greater difficulty for the molecules to gather in a

cluster to achieve a sufficient size to crystallize.

3.2.5 Impact of laser polarization on sulfathiazole polymorphism

Raman was used to identify the large number of STZ crystals. Crystals were carefully filtered
(extracted from solution) shortly after irradiation: less than 3 hours. Characterization was
carried out within the 2 following days to avoid polymorph transformation. With about 10 %
to 20 % percent of crystals being identified, it turns out that most tubes contain a mixure of
the three polymorphs (FII, FIII and FIV), but the proportion varies depending on the
polarization type (LP or CP). This proportion differs from those observed for spontaneous
nucleation. Polymorph distribution is shown in Figure 10. The number of each polymorph has
been determined through a summation of the 15 to 20 crystals analyzed for each tube. It
should be remarked that with spontaneous nucleation, equal quantity of FIII and FIV are
obtained; with the method NPLIN, we modified the proportion of these two polymorphs,
while the percentage of FII was unchanged. One can conclude that linear polarization favors
FIV formation while circular polarization favors FIII. An explanation will be given in the next

section.
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3.2.6 Theoretical interaction energy determination and interpretation of polymorphism
distribution

4,8,40 TR .4
-840 T _histidine® and carbamazepine,*’

It has been demonstrated in the litterature for glycine,
that laser polarization has an impact on crystal polymorphism. As described previously,”
polarisability tensor symmetry of the clusters existing in the solution would explain the
polarization effect on polymorphism. With the aim to increase our understanding of
correlation between laser polarization and polymorphism, a methodology similar to those
presented by Ikni et al*” for carbamazepine polymorphism was followed. In this approach, we
make the hypothesis that the interactions between the molecules in solution are of the same
types than those observed in the crystal state (Figure 11). By calculating the different
interaction energy of dimers existing with one molecule and each of its neighbouring
molecule in each polymorph (Figure 11, step 1), we are able to estimate, which would be the
preferential interactions in the solution state. Then, we rank the interaction energies by
decreasing values (Figure 11, step 2) and determine the symmetry (dimer, 1D, 2D or 3D) of
the objects (Figure 11, step 3) formed by taking into account the first (or the first two)
interactions. Finaly, a threshold in terms of energy is used to discriminate (if possible)
between the different polymorphs (Figure 11, step 4). This method has been succesfully used
for carbamazepine. Carbamazepine form I appears to be more “1D” than carbamazepine form
III, in agreement with the fact that NPLIN has yielded more carbamazepine form I with LP
than with CP in acetonitrile. For polymorph FII, FIII and FIV of STZ, we have calculated
interaction energy for all dimers formed by a molecule and each of its neighbouring
molecules taken two by two. The results are summarized in the Figure 12 and Table S2. 4b
initio quantum computation calculation by Gaussian09, " provided an estimate of interaction
energy of different dimers for the three polymorphs of STZ, i.e. FII, FIII and FIV. FIII and

FIV are the most stable forms at ambient temperature.”” This is in agreement with this
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calculation (-44.2048 kJ.mol™ for FIV, -42.5482 kJ.mol" for FIII and -33.7494 kJ.mol™' for
FII). The packing formed by the interactions possessing an energy = 32 kJ.mol™ gives a 3D
packing type for FIII, and a 2D packing type for FII and FIV, while at a greater energy (= 40
kJ.mol™) a 2D packing type for FIII, and a 1D packing type for FIV. The threshold chosen (=

40 kJ.mol™") corresponds to a large domain (Figure 12). Therefore, it seems reasonnable that
the main interactions in the solution state belong to those greater than this threshold. The

packing type observed for the two forms (FIII, 2D), (FIV, 1D) for an energy interaction = 40

kJ.mol™ could be correlated to the different polymorph distribution obtained with CP or LP.
FIIT dominates with CP, while FIV dominates with LP, according to the mechanism described
as follows: a cluster with a polarisability tensor symmetry of 2D will interact with CP while a
cluster with a polarisability tensor symmetry of 1D will interact with LP.*’

Hence, in our opinion, the understanding of the mechanism behind the NPLIN could be
understood in two aspects: the first one concerns the reason why NPLIN reduces nucleation
induction time within the metastble zone; the second one concerns the impact of laser
polarization. Our calculations support the explanation concerning the second aspect. The
assumption is that clusters of the two symmetries exist in the solution (they are built with
interactions of the same energy) and laser polarization favors the nucleation of the clusters of
the same symmetry (1D with LP, 2D with CP).

Additionally, one can note (Figure 5) that FII was observed as hexagonal plaques; FIII was
shown in form of prism; and FIV was elongated like a rod, eventhough the crystal habit

(depending on the crystal growth, kinetics) could not be correlated to crystal packing mode.

4. Conclusion

This work demonstrates for the first time the experimental feasibility of NPLIN method on

STZ. The MZL of STZ in water/ethanol (*/, 1:1) is measured for three temperatures 15 °C, 25
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°C and 40 °C. Spontaneous nucleation requires at least 168 hours, while NPLIN method can
induce nucleation within 30 mins after irradiation for solutions aged for 24 hours. Crystal
habits differ between spontaneous nucleation and NPLIN. Nucleation site is the air / solution
interface. A dependency of crystal sizes and crystal counting with irradiation duration, i.e.,
pulse number, is found. More precisely, with the increase of pulse number, the amount of
crystals induced by NPLIN increases, while the average size of crystals decreases. Nucleation
efficiency depends on the supersaturation and laser intensity. After characterization by Raman
spectroscopy and by single crystal X-ray diffraction, differences in polymorph distribution is
observed between spontaneous nucleation, NPLIN with LP and NPLIN with CP. Therefore,
the role of laser polarization is established. NPLIN with LP yielded a majority of FIV, while
FIII is the dominant product when NPLIN with CP is applied. 4b initio theoretical interaction
energy calculations permit us to explore the hypothesis of polarization-dependency. Indeed,
FIV of STZ tends to form molecular packing in 1D; and FIII of STZ tends to form a 2D
packing. Therefore, a correlation is observed between cluster packing symmetry and laser
polarization for NPLIN experiment. This is in agreement with the hypothesis proposed by
Garetz et al.® Our calculations do not yet have the ambition to fully model the nucleation
mechanism, but only to shed new light on the Kerr effect hypothesis concerning to the role of
laser polarization on polymorphism. Our previous observations on carbamazepine®’ show
similar trend. Such correlation is currently investigated for different small-molecule organic

compounds.

. . 14, 18, 20, 2
Bubbling due to heating has been observed by several researchers'® '™ 20-26-30.33.37

only when
focused laser was used. Cavitation bubbles are observed to form and collapse within about 50
u's in case of supersaturated aqueous carbon dioxide solutions.’' Indeed, the cavitation

bubble behavior was monitored with a high-speed imaging camera. This is different from our

experimental conditions (a non-focused laser beam, a detection after 4 s of the first pulse). In

18



our case, the solution is transparent and there is no absorption at the given wavelength (532
nm). Moreover, even if the exposed solution absorbed the entire pulse, the duration is so short
(7ns) that the temperature rise would be less than 1 °C and consequently no bulk heating can
be ruled out, while a strong heating at molecular level cannot be excluded.®” Besides, no

cavitation bubbles have been observed in our NPLIN experiments.
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Scheme 1

Schematic definition of Non-Photochemical Laser-Induced Nucleation (NPLIN) experiments

Scheme 2

Molecular structure of sulfathiazole (STZ)

Table captions

Table 1.

Characteristics of the experiments reported in the different figures or tables. The ratio in column 4 to 7
represents the number of solutions where the nucleation has been observed versus the number of total

irradiated solutions. Laser intensity, irradiation time and solution volume are also indicated.

Table 2.

Polymorph distributions of STZ crystals obtained by spontaneous nucleation in different
solvents, from their supersaturated solutions of 130 % at 25 °C after 120 hours of slow
evaporation. Characterization by Raman spectroscopy. 3 tubes per solvent were prepared. All

the crystals obtained were gathered together. 15 crystals were randomly picked and analyzed.
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Figure captions

Figure 1. Schematic representation of the experimental setup. (1) Laser, (2) wattmeter, (3)
condenser, (4) mirror, (5) camera, (6) inverted microscope, (7) observation area, (8) exposure
area and (9) cryothermostat. The red arrow indicates the inwards flow and the blue arrow the

outwards flow. The whole setup is mounted on a trolley (grey). Reproduced from Clair et al.®

Figure 2. Solubility curve and metastable zone limit (MZL) of STZ (FIV) in water/ethanol

("/v 1:1) tested for 168 hours.

Figure 3. In situ monitoring of nucleation process before and after laser irradiation, to is the
time (first pulse) of laser irradiation, the second photo is captured just after the irradiation (t =
6 s), the other photos are shot every 45 seconds. STZ in water/ethanol (*/, 1:1),
supersaturation coefficient 130%, laser intensity 0.23 GW/cm?, LP, irradiation duration 5

seconds, scale bar 125 pm.

Figure 4. STZ crystal micrographs obtained by: (a) spontaneous nucleation, (b) LP laser

intensity 0.23 GW/cm?, irradiation time 10 s, (c) CP laser intensity 0.3 GW/cm?, irradiation

time 30 s. Supersaturation coefficient 130 % in water/ethanol (*/, 1:1). Scale bar 125 um.

Figure 5. Crystal habit micrographs of three STZ polymorphs (FII, FIII, FIV) crystallized via

NPLIN. Characterization of these crystals by single crystal X-Ray Diffraction.

Figure 6. (a) Dependancy of nucleation efficiency on the supersaturation coefticient § and on

laser intensity in the case of circular polarization (CP). (b). Dependancy of nucleation
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efficiency on the supersaturation coefficient B and on laser intensity in the case of linear

polarization (LP). In both cases the error bars are indicated. Irradiation time 60 s.

Figure 7. Evolution of Indso(B) of STZ in water/ethanol (*/, 1:1) at 25 °C with CP and LP and
CBZ* in acetonitrile and methanol at 20 °C with CP and LP; the arrows represent the
intersection of the LP and CP lines for a given set of conditions. Due to experimental error
bars (Figure 6) estimation of the width of the fit is 0.1 GW/cm®, on either sides of the fitted

curves.

Figure 8. Dependency of the crystal size of STZ on irradiation time (LP 0.23 GW/cm?,
130 %): (a) Irradiation duration = 1 s, (b) Irradiation duration = 5 s, (c) Irradiation duration =

10 s and (d) Irradiation duration = 30 s. All photos were captured 10 min after irradiation.

Figure 9. (a) Average number of crystals as a function of irradiation time (LP: 0.23 GW/cm?,
CP 0.3 GW/cm?). The insert is a zoom for 1s. (b) Average size as a function of the irradiation

time (LP: 0.23 GW/cm?, CP 0.3 GW/cm?).

Figure 10. Polymorph distribution ratio obtained by spontaneous nucleation, NPLIN (LP) and
NPLIN (CP). The number of characterized crystals is given for each polymorph. The number

of tubes used is given in Table 1. Irradiation time 60 s.

Figure 11. Schematic representation of the interaction energy for carbamazepine adapted

from ref 47.
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Figure 12. Interaction energy (kJ.mol™") for STZ polymorphic form II, III and IV versus the
rank of the interaction energy (1 is the strongest interaction for each polymorph). The packing
corresponding to the different range of interaction energy is given for each polymorph in

decreasing order of stability. Symmetry of these packing is indicated in black.
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Table 1

Nucleation | 110 | 120 | 130 | 170 mI;:lj:lrt g Irradiation szlllllltrf:
0 0 0 0 1
type (%) (%) (%) (%) (GW.cm-z) time () (ml)
Table 2 | spontaneous *
Flg?)“re NPLIN 1#* 60 1
NPLIN
4/20 | 4/14 | 8/18 | 8/10 0.15 60 1
(CP)
: NPLIN
Figure 3/12 | 5/15 | 11/13 | 9/10 0.22 60 1
6a (CP)
NPLIN
9/25 | 7/15 | 19/29 | 10/10 0.30 60 1
(CP)
NPLIN
3/13 | 5/13 | 10/18 0.13 60 1
(LP)
, NPLIN
Figure 5/14 | 6/11 | 1826 0.19 60 1
6b (LP)
NPLIN
8/14 | 9/13 | 12113 0.23 60 1
(LP)
NPLIN (LP) | 4/4 4/4 0.23 1&3’318’ 1
Figure ’
9
NPLIN (CP) 3/3 0.30 15 3 ’ 318’ 1
spontaneous 3/3
Flfgre NPLIN (LP) 35/35 0.23 60 1
NPLIN (CP) 27/27 0.30 60 1

* 3 tubes, 15 crystals

** taeun € [0.026; 0.5] h has been determined over 336 tubes
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Table 2

Method Solvents 11 I v Total
water/ethanol

1 7 7 15

(i 1:D)

Spontaneous
n-propanol 1 2 2 15
nucleation

ethanol 6 5 4 15
water 0 3 10 15
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Scheme 2
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Step 1. Calculation of the energy interaction Step 2. Range the interaction energy by decreasing order

Dimer energy interactions (kJ.mol?)
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Non-Photochemical Laser-Induced Nucleation of sulfathiazole in water/ethanol mixture
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Nucleation induction time and crystal habits of sulfathiazole (STZ) crystallized by Non-

Photochemical Laser-Induced Nucleation (NPLIN) have been compared with those obtained

by spontaneous nucleation. A dependency of STZ crystal size and crystal number on the

irradiation duration, i.e., pulse number, has been established. The role of the laser polarization

(linear or circular) has been demonstrated in comparison with spontaneous nucleation. In

order to gain a deeper understanding of this behavior, we have calculated the ab initio

interaction energies for all dimers existing in the different STZ polymorphs. The theoretical

results are coherent with observation.
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