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ABSTRACT: Nonphotochemical laser-induced nucleation (NPLIN) is a
promising primary nucleation control method, yet its underlying
mechanism remains elusive. To contribute to the discussion on whether
the polarization of laser irradiation in NPLIN experiments influences the
polymorphic outcome, we revisit NPLIN experiments with aqueous glycine
solutions with supersaturations ranging between S = 1.5 and S = 1.7
irradiated by nanosecond pulses (~7 ns) of near-infrared wavelength (1064
nm). Systematically altering laser light excitation properties, including the
number of pulses and type of polarization, we quantified the nucleation
kinetics and characterized the polymorphic form that crystallized upon laser
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irradiation. Due to the stochasticity of the nucleation process, a large

number of samples (>100 per each experimental point) were studied under carefully controlled experimental conditions such as the
ambient temperature, cooling rate, and aging period. We observed significant differences among laser-irradiated, spontaneously
nucleated, and crash-cooled samples in terms of nucleation kinetics and polymorphic form. This result indicates that laser irradiation
provides a different polymorph-forming pathway in comparison to crash-cooling and spontaneous nucleation. However, no clear
dependence between the polymorphic form and the polarization of laser irradiation is observed. We discuss our results in the context
of previous reports supported thorough quantification of sample heating in NPLIN experiments.

B INTRODUCTION

Nonpotochemical laser-induced nucleation, usually referred to
as NPLIN, is a term that was coined more than two decades
ago by Garetz et al, who were investigating the nonlinear
optical properties (second harmonic generation) of super-
saturated aqueous urea solutions." Garetz et al. serendipitously
discovered that laser radiation induced crystallization of urea
from solution at nucleation rates far beyond those of
undisturbed samples. This light—matter interaction process
was concluded to be nonphotochemical, since both the solute
and solution were transparent to the laser wavelength used in
the experiment. This finding garnered significant scientific
interest in the field of primary nucleation control, and laser-
induced nucleation emerged as a promising alternative to the
traditional techniques, including spontaneous nucleation and
seeding techniques, or more intrusive methods such as
sonocrystallization™ and microwave-assisted nucleation.*™°
Since then, a considerable number of studies have been
reported with various types of chemical compounds and by
employing an array of laser systems whose properties/
parameters including time duration (continuous, femtosecond,
picosecond, nanosecond regime) /7' field polarization (linear,
circular and elliptical),"' ™" wavelength (UV—vis—IR),'* or
intensity (ionizing, nonionizing),">~"” were altered to control
primary nucleation. However, despite the remarkable scientific
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progress, the underlying mechanism behind the laser-induced
nucleation still remains unclear. Several possible mechanisms,
such as the optical Kerr effect (OKE), dielectric polarization,
shock waves, and cavitation and nanoparticle heating, have
been proposed in the literature."® We currently do not have
sufficiently conclusive agreement between the experimental
observations and the predictions of the proposed mechanisms
to completely validate or invalidate each mechanism. Each of
the aforementioned mechanisms appears to describe reason-
ably the nucleation in some systems but fails in others. For
example, OKE is used to explain the nucleation of chemical
systems possessing anisotropic electronic polarizability whose
free energy barrier is reduced through laser-induced molecular
alignment."” However, the field strengths required to create a
significant alignment of small molecules was found to be much
higher in Monte Carlo simulations of a Potts lattice gas
model” in comparison to those employed in the NPLIN
experiments. Dielectric polarization is recalled to explain the
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nucleation of compounds with cubic crystal symmetry such as
the common halide salts.'®*"** The mechanism relies on the
ability of the laser fields to lower the free energy barrier by
polarizing the electrons of atoms in solutions where the relative
permittivity of the solute, ¢, is larger than that of the solution,
&, The notable downside of the dielectric polarization model is
that the free energy barrier is not reduced significantly at
“nonphotochemical” field strengths, just as in the case of OKE.
Shock waves and cavitation are also observed to induce
crystallization in aqueous solutions at laser fluxes higher than
those in NPLIN experiments.”*~>> Hence, these observations
along with a large body of literature on laser-induced cavitation
and bubble formation in single-component systems”® triggered
researchers to speculate on how cavitation and shock waves
can play a role in NPLIN studies.'® Moreover, cavitation and
shock waves can be generated by other methods, such as
mechanical disturbances and ultrasound in addition to laser
light. The light-based mechanisms involve two nucleation
routes: laser-induced cavitation and laser-induced pressure
waves. However, in both cases focused laser beams of high
intensities above the NPLIN level are required to observe large
enough cavitation bubbles (above the diffraction limit).
Nanoparticle heating has been proposed as an explanation
on how cavitation can occur at NPLIN intensities.”’ > In this
mechanism, the absorption of light photons by impurities
present in the exposed solution causes local heating to several
hundreds or thousands of kelvin, generating vapor cavities,
causing concentration gradients, and triggering nucleation.
Nanoparticle absorption of laser light could explain the results
from numerous NPLIN experiments including this study, but
the main burden lies in identifying the role of impurity
particles and their chemical nature.’” So far, Ward et al. have
successfully identified the nature and size of impurities in
aqueous ammonium chloride solutions.®"

Among a substantial group of organic and inorganic
chemical compounds, including sodium chloride, ammonium
chloride, urea, histidine, and hen-egg-white-lysozyme
(HEWL), glycine appeared as a molecular system of
paramount importance for the exploration of nonphotochem-
ical laser-induced nucleation. It is the simplest amino acid and
is a common building block of proteins in living organisms.
Glycine exhibits six polymorphic forms, three of which (a, f3,
) can be crystallized at ambient pressure and temperature.
The relative stabilities of the three forms are f < @ < y. While
7-glycine is the most thermodynamically stable polymorph, a-
glycine is observed as the main polymorph, crystallizing
spontaneously under almost any experimental conditions from
pure aqueous solutions.”” Due to these well-studied poly-
morphs, glycine has been used as a benchmark molecule for a
number of studies investigating the control of polymorphism.

Controlling crystal polymorphism is of great interest to the
pharmaceutical sector due to an intimate relationship between
solubility and polymorphism. Polymorphism also affects
physical parameters such as hardness and aspect ratio of
crystals, both of which being significant to the pharmaceutical
industry: e.g, for ease in making tablets. Different polymorphs
of the same compound can have significantly different
solubilities, and hence controlling the polymorphic form can
drastically influence the bioavailability. Such applications have
increased the awareness of and interest in polymorphism over
the past century, with various approaches being developed in
efforts to control polymorphism during the crystallization

process.””** Traditional approaches for polymorph control
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include the seeding of solutions with crystallites of the desired
polymorph and the use of soluble additives that can inhibit or
promote the growth of a particular polymorph.***® Meanwhile,
NPLIN has also been proposed as a promising tool to dictate
the crystal structure using the properties of laser light.”’

Garetz et al. were the first to report a polarization switching
window in which the formation of a particular polymorph of
glycine depends on the polarization state of the laser light
being used.'” Their results were reproduced a couple of years
later,” but no other independent study on glycine was able to
confirm the original findings. In addition, Liu et al. reported
conflicting results, as they observed no dependence of glycine’s
polymorphic forms on laser polarization.‘?’8 However, various
studies successfully demonstrated the role of laser polarization
in controlling polymorphism also in other chemical com-
pounds, including carbamazepine,39 L-histidine,”* and sulfa-
thiazole.*' To sum up, this interesting collection of contra-
dicting experimental evidence calls for revisiting NPLIN
experiments where the polarization switching effect, i.e. the
ability of the laser polarization to manipulate polymorphism
crystallizing from solution, is rigorously investigated. As the
nucleation process is highly stochastic and is strongly
influenced by the experimental conditions, a consistent set of
experimental results with a statistically significant number of
samples is mandatory.

The goal of the current work is to investigate the effect of
nanosecond light pulses on the nucleation kinetics and
polymorphic form of glycine crystallized from solution using
a statistically significant number of samples (>100 samples per
experimental parameter). To contribute to the discussion on
polarization switching, the investigation systematically consid-
ers the laser light excitation properties (number of pulses, type
of polarization, wavelength, and energy density) under
carefully controlled experimental conditions such as ambient
temperature, cooling rate, and aging period. Supersaturated
solutions exposed to laser irradiation with canonical NPLIN
parameters (exposure to a single pulse of linearly polarized
light at 1064 nm) showed significantly faster nucleation
kinetics and produced different polymorphs in comparison to
spontaneously nucleated*” and crash-cooled samples used in
this study at the same supersaturation. This result indicates
that laser irradiation provides a different polymorph-forming
pathway in comparison to crash-cooling and spontaneous
nucleation. However, irradiation with circularly and linearly
polarized light facilitated crystallization of the same polymorph
across all supersaturations covered in this study. This result is
in accordance with the results of Liu et al.** but different from
those of Garetz and co-workers.””"* To shed light on the
origin of this variation, we quantified the energy losses by
reflection of the laser beam at the air—glass and glass—sample
interfaces within the experimental system (the solution and the
glass vial) by carefully measuring the energy at different
wavelengths before and after the sample vials. Furthermore, the
absorption of energy by the solution has been measured by
using various approaches in relation to sample heating. We
discuss our results using the thorough quantification of energy
losses and sample heating in NPLIN experiments.

B EXPERIMENTAL METHODS AND LAYOUT

Glycine (Sigma-Aldrich, 33226, puriss p.a., buffer substance, 99.7—
101%) was used without any additional purification and dissolved in
ultrapure water (Elga Purelab Ultra, 18.2 MQ cm) to prepare stock
solutions at the supersaturations of interest. Glycine concentrations in

https://dx.doi.org/10.1021/acs.cgd.0c01415
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Figure 1. Schematic and photograph of the experimental layout: (1) Nd:YAG laser source; (2) quarter-wave plate at 1064 nm; (3) sample vial
containing supersaturated aqueous glycine solution; (4) Glan-Laser polarizer; (5) energy meter.

the range of 367.5—416.5 g/kg water were used relative to the
solubility of 245 g/kg water at 24 °C to attain supersaturations
between 1.5 and 1.7. There are significant differences in the
solubilities of glycine reported in the literature,””™* but in this
work we referenced our supersaturations to the solubility of the a-
glycine polymorph on the basis of a comprehensive data analysis
performed by Liu et al.*®* Powder XRD analysis revealed that the
polymorphic form of solid commercial glycine was a-type within the
accuracy of this method.

The samples were prepared by transferring the stock solutions into
small cylindrical borosilicate glass vials (BGB, volume 8 mlL,
dimensions 61 X 16.6 mm) sealed with screw caps featuring septa
of silicone rubber/PTFE inserts. After the transfer, the sample vials
were further kept in the oven at 65 °C to ensure the complete
dissolution of glycine. After a few days, they were placed into a
thermostated water bath, cooled gradually to 24 °C over the course of
1 day, and aged for at least 3 days. A few test batches of samples were
at first maintained in the water bath for 1 week to account for
spontaneous nucleation, which needed to be separated from the
NPLIN process.

The schematic of the optical setup is depicted in Figure 1. The laser
light source was a Q-switched Nd:YAG laser (Continuum Powerlite
DLS 8000 model) capable of producing a train of 7 ns linearly
polarized light pulses at a fundamental wavelength of 1064 nm, a
repetition rate of 10 Hz, and an average power of 10 W (1 J/pulse).
The 9 mm diameter beam featured a Gaussian spatial and temporal
intensity distribution. Inside the sample, the beam was focused in the
horizontal plane due to the curved shape of the glass vial, which acted
as a cylindrical lens. Thus, the horizontal diameter of the laser spot
was reduced to half its size at the exit of the sample vial, as shown in
Figure S1 in the Supporting Information, and the optical power
density was therefore doubled. On the basis of the above settings, we
calculated the average linear power density of the laser beam to be
0.225 GW/cm? (input) and 0.450 GW/cm? (exit). However, these
values must be corrected for losses due to reflection and absorption in
the glass sample vials, which will be discussed in the Results and
Discussion. The experiments described in the present work were
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performed using a larger beam diameter in order to enhance the
nucleation fraction through a larger exposed volume (~0.705 cm?®)
and a single pulse instead of 600 in order to minimize the heating
effects caused by the water absorption at 1064 nm.

In addition to the near-infrared radiation, wavelengths of 532 and
355 nm, respectively, were also available via frequency doubling and
tripling in KDP (potassium dihydrogen phosphate) nonlinear crystals.
The power and energy measurements of the laser beam were
performed by using a thermopile detector (type: UP19K-30H-VR-
INT-DO) and a Gentec-EO Maestro energy meter. The time duration
(fwhm) of the laser pulses was measured using a high-speed
photodetector (Thorlabs Det10A 1 ns rise time) and visualized on
a digital storage oscilloscope (Agilent InfiniiVision DSO-X 3054A). A
zero-order quarter-wave plate was added into the beam path whenever
the polarization of light was changed from linear to circular. A proper
alignment of the quarter-wave plate, which was done with no sample
in the laser path, ensured a constant power of the beam behind a
Glan-Laser Calcite Polarizer (Eksma 440-2012-M2Ps) regardless of
the orientation of its axis.

After irradiation, the samples were immediately returned to the
temperature-controlled thermostat (24 °C) and provided a minimum
waiting period of 7 h in order to detect the presence of crystals. The
remaining vials that did not nucleate were further inspected at various
time intervals within a range of up to 72 h. The glycine crystals were
filtered out of solution, washed with deionized water, dried with
compressed air, and crushed into powder using a mortar and pestle.
This procedure is known to ensure the stability of glycine polymorphs
during the sample analysis, as humidity, ambient gases, and the
mechanical/grinding process were found to induce, under certain
conditions, a phase transformation in crystalline glycine.*® The
powder was then placed inside a powder X-ray diffractometer (pXRD,
Bruker D2 Phaser, Cu Ka, radiation 4 = 1.5406 A) to determine the
form of polymorph attained in the NPLIN experiments.

Crash cooling from 65 to 24 °C was achieved by directly
transferring the hot sample vials into the water bath of the cooling
thermostat. Temperature profile measurements were performed using
a batch of test samples at S = 1.7 and revealed that the samples

https://dx.doi.org/10.1021/acs.cgd.0c01415
Cryst. Growth Des. 2021, 21, 631-641


http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01415/suppl_file/cg0c01415_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig1&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c01415?ref=pdf

Crystal Growth & Design

pubs.acs.org/crystal

(@ 1 ® T T T T T
u Crash cooling

S=1.
S=1.
S=1.

e o ©o
N

Nown
| e |

o
o

/

e o
w H
1

Fraction of samples nucleated
=] =]
N 3]

/

S
_— ;
0.1 P :

e 3

OV_\A 1 1 1 1 1 L.

0 20 40 60 80 100 120
Time (hours)

1
(b) E 1 1 1 O IS=1-5
09F NPLIN O S=1.6 ]
“F S$=1.7

e @9
~ (<]
T
1 1

o

[=2]

e
1

——
I

S«
kS

P

e
w

Fraction of samples nucleated
=] =]
N 3,1

°
-

=
e

1 1 1 -
20 30 40 50
Time (hours)
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cumulative fraction of y-glycine obtained via NPLIN as a function of time at three different supersaturations (b). Error bars in the data plots
represent 95% confidence intervals obtained using the normal approximation method.

reached the target temperature within S min (see Figure S2 in the
Supporting Information). The temperature was recorded using an
eight-channel thermocouple data logger (Pico Technology USB TC-
08) with the tip of the thermocouple (Type K) being inserted in the
middle of the test sample.

B RESULTS AND DISCUSSION

With the given experimental layout, the influence of laser
parameters, the polarization of light (linear vs circular), and the
number of pulses (1 vs 600), on nucleation kinetics and
polymorphic form was studied. The effects of these parameters
on the nucleation were tested at different supersaturations and
compared with a control case of crash-cooling at each
supersaturation. Figure 2 provides a comparison of the
nucleation kinetics of glycine solutions crystallizing at three

634

different supersaturations under crash-cooling and NPLIN
conditions. A total number of 729 samples were used for
NPLIN and 283 for the crash cooling (see Tables S1 and S2 in
the Supporting Information for the distribution of samples
among the three different supersaturations). All of the data
plots contain error bars with a 95% confidence level.

The induction time for the crash-cooling experiments was
monitored for 5 days, and the cumulative probability
distribution is plotted in Figure 2a, which shows that glycine
crystallizes rather slowly and has a long induction time. The
solid curves are used as guide to the eye. It is important to
emphasize that they do not necessarily cross the origin as
shown, as we do not have measurements at small t. The
transients in Figure 2b show the fraction of samples nucleated
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Cryst. Growth Des. 2021, 21, 631-641


http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01415/suppl_file/cg0c01415_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.0c01415/suppl_file/cg0c01415_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01415?fig=fig3&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c01415?ref=pdf

Crystal Growth & Design

pubs.acs.org/crystal

(a) 1 E_ 1 I 1

e o o
N o ©
e
1 1

o

(=]

il
1

S ¢
»
1

Fraction of gamma polymorph
=) =)
w (3,
e ‘
1 1

o
N
e
1

Np=1 ]
¢ Linear polarization

01F
[ @ Circular polarization ]
0 o 1 1 L ]
1.4 1.5 1.6 1.7 1.8

Supersaturation

(b) 1 E_ 1 1 1

e o 9o
~ o ©
s
1 1

o

(=]

o
1

S ¢
»
1

Fraction of gamma polymorph
=] =]
w (3,
s T
1 1

o
N
e
1

Np=600 ]
¢ Linear polarization

01F
r O Circular polarization ]
0 o 1 1 L ]
1.4 1.5 1.6 1.7 1.8

Supersaturation

Figure 4. Fraction of y-glycine formed 7 h after exposure to 1 J linearly and circularly polarized laser light at 1064 nm using a single pulse (a) and
600 pulses (b). The polarization-switching effect was not observed, as both linearly and circularly polarized light produce comparable fractions of y-
glycine regardless of the number of laser pulses used. Error bars in data plots represent 95% confidence intervals calculated using the Wilson score

method.

using a single pulse of near-infrared linearly polarized light. It
can be seen that, in comparison to crash cooling, laser
irradiation significantly reduces the induction time regardless
of the supersaturation of the solutions. On the basis of this
observation, we deduce that laser exposure dominates the
nucleation kinetics in the first 10 h after exposure, as seen in
Figure 2b. In some cases this fast nucleation is followed by a
much slower nucleation illustrated by a slight, slow increase in
the nucleation probability, for instance for S = 1.5, which we
attribute to spontaneous nucleation. The nucleation proba-
bilities presented in this work are somewhat lower than the
results of Sun et al,'® Liu et al.*® and Javid et al,** whose
investigations showed that the fractions nucleated are
considerable, even at supersaturation values below S = 1.5
(Figure 1a of ref 29). Although the laser intensity, wavelength,
and ambient temperature were nearly similar to those in the
previous studies on glycine, our samples were exposed to a
single laser pulse of Gaussian spatial profile instead of the more
common irradiation to a 600 pulse train of either Gaussian or
near top-hat profile. In addition, the exposed volume of
solution in our samples is at least 15-fold greater than those
employed in other studies and our results originate from a
larger number of samples per experimental set used. For each
set of experimental conditions studying the laser-induced
nucleation fraction at supersaturations between 1.5 and 1.7, we
used between 140 and 378 samples, in comparison to Sun et
al,, who used a range of 40—90 samples, Liu et al.,, who used
12—98 samples, and Javid et al., who used ~50—63 samples.
The fraction of samples that nucleated as y-glycine under
both crash-cooling and canonical NPLIN conditions at
different supersaturations is shown in Figure 3. The
investigation of polymorphism involved 283 samples for
crash-cooling and 463 samples for NPLIN (Table S3 and S4
in the Supporting Information). Just like other nucleation
methods such as sonocrystallization and nucleation by
mechanical shock,*® crash-cooling favors the formation of the
7-polymorph at higher supersaturations, as shown in Figure 3a.
However, the NPLIN experiments reveal that already at lower
supersaturations the y-polymorph predominantly nucleates,
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approaching 100% at S = 1.7, showing that laser radiation is
more effective and selective in separating the two polymorphic
forms of glycine in aqueous solutions.

Figure 3b shows the fraction of nucleated samples that
generated y-glycine under canonical NPLIN conditions as a
function of time after exposure. The fraction of the y-
polymorph, which is relatively high (above 80%) at all
supersaturations, decreases slowly with time due to nucleation
of additional samples that produce a-glycine. We attribute this
to spontaneous nucleation. This observation was confirmed
also by Javid et al,** who reported that nucleation at longer
times is spontaneous and yields mostly a-glycine.

As reported by Garetz and co-workers, a polarization-
switching window in which the polarization state of laser light
can bias the nucleation of a specific polymorphic form spans
between supersaturations of 1.45 and 1.55. We attempted to
reproduce their observations by exposing supersaturated
solutions to both single (Figure 4a) and multiple (600) light
pulses (Figure 4b) of linear and circular polarization. The
results shown in Figure 4 are based on data given in Table S5
and reveal that such a window in which the polarization of the
laser beam can be used to control the formation of either the
a- or the y-polymorph was not observed in our case.

Sun et al.'’ created a series of supersaturations by
controlling the temperature within a temperature interval of
15-25 °C with a switching effect being clearly observed
somewhere between 17 and 24 °C. Our experiments were
performed at 24 °C, which lies at the upper limit of the
temperature range where the binary polarization switching of
glycine polymorphs was reported. By comparing parts a and b
of Figure 4, one can observe that the results are nearly
independent of the number of pulses and the type of
polarization used. In addition, we conducted a round of tests
for polarization switching in the middle of the supersaturation
and temperature windows (S = 1.5 and T = 20 °C). We
exposed 133 samples to single pulses of 0.45 GW/cm’ in
intensity, but the nucleation probability at this temperature was
very low (1.5%) and thus inconclusive for the observation of
the polarization-switching effect. Liu et al. performed similar
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Figure S. Plots of the fraction of glycine samples nucleated versus time. The results represent the cumulative nucleation fractions obtained at two
different supersaturations and induced by 1-Joule linearly polarized light at 1064 nm: (a) samples exposed to 1 pulse; (b) samples exposed to 600
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Figure 6. Vis—near-IR absorption spectra of ultrapure water and a glycine solution with S = 1.5. The absorbance corresponds to a beam path length

of 14.6 mm.

tests, and despite achieving a higher nucleation probability
(11%), they found no correlation between the binary
polarization and the polymorphism of glycine.
Temperature Fluctuation and Supersaturation
Change. According to classical nucleation theory, the
nucleation rate exhibits a strong nonlinear behavior with
respect to the supersaturation.‘w’48 Therefore, minute changes
in the solution temperature can alter supersaturation and lead
to pronounced variations in measured induction times. Hence,
it is critical to detect any spatial and temporal temperature
variations during the NPLIN measurements. Most of the
NPLIN studies on glycine were performed by exposing the
samples to 600 laser pulses (1 min with 10 Hz repetition rate)
at 1064 nm. Although the solution is considered to be
transparent to the incident light, there is still a slight
absorption by the solution in the near-infrared region of the

636

spectrum, which will change both the temperature and
supersaturation of the samples during the irradiation process.
Furthermore, there are also reflections at the air—glass and
glass—liquid interfaces as the light beam passes through the
sample vials. In the following, the absorption and reflection are
quantified at both 532 and 1064 nm on the basis of exposure
to 1 and 600 pulses.

In order to investigate the effect of the sample heating on
the nucleation probability, we ran an experiment in which the
samples at two different supersaturations were exposed for 60 s
to pulse trains at 10 Hz. We compared the results with those
from samples irradiated by a single pulse, as shown in Figure §
(refer to Table S6 for details). The results show that the
number of laser light pulses does not dramatically alter the
fraction of samples nucleated and the use of a single pulse is
sufficient to trigger NPLIN. The nucleation probability after
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Table 1. Change in Temperature and Supersaturation of Glycine Solutions Due to Energy Absorbed from 600 Pulses from

Laser Radiation

wavelength absorbed energy (J) specific heat capacity densit}r AT (K) (600 AS change in supersaturation after
supersaturation (nm) absorbance (1 pulse) J/(g K)) (g/cm?) pulses) exposure to 600 pulses
14 532 0.043 0.030 3.44 1.096 0.60 0.017
1064 0.112 0.227 4.52 0.118
1.5 532 0.046 0.032 3.40 1.108 0.64 0.019
1064 0.112 0.227 4.52 0.127
1.6 532 0.042 0.030 3.36 1.120 0.59 0.019
1064 0.112 0.227 4.52 0.136
1.7 532 0.067 0.046 3.33 1.132 091 0.031
1064 0.123 0.246 4.89 0.155

3.2W ﬁ 2.6W

Nd:YAG
Laser

Nd:YAG
Laser

Vial containing
Distilled water

Nd:YAG A
Laser

2.8W

Vial containing
Aqueous glycine

a) 532 nm

Vial containing
Distilled water

Vial containing
Aqueous glycine

b) 1064 nm

Figure 7. Quantification of energy losses (reflection and absorption) when a laser beam passes through a vial containing different substances (air,

water, and glycine solution).

exposure to a large number of pulses is even somewhat lower
than that caused by exposure to a single pulse, particularly
evident at S = 1.6. This observation might be due to sample
heating, lowering the prescribed supersaturation. We move
further to quantify this effect by measurements of absorption,
optical transmission, and solution temperature upon exposure.

Absorption of Laser Light: UV—Vis Spectra of Glycine
Solutions. The absorbance of aqueous glycine solutions and
ultrapure water was measured using a double-beam UV—vis
spectrophotometer (Hach DR-6000). The spectrophotometer
works on the principle of measuring the optical attenuation of
light which passes through the sample cuvette. The absorption
spectra were measured over the spectral range 450—1100 nm
at a scan rate of 900 nm min~', and an example of such
absorption spectra is shown in Figure 6. The spectra were
corrected to eliminate optical errors caused by reflections at
the surface of the 10 mm square glass cuvettes of the
spectrophotometer. However, the absorbance plot in Figure 6
has been adapted to a beam path length of 14.6 mm that
matches the inner diameter of our sample vials.

The energy absorbed by the glycine solutions is calculated
by knowing the absorbance, which is given by

I,(4)

AT %0 T0)
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where A is the absorbance, I(1) is the incident intensity, and
I:(4) is the transmitted intensity.

By rearranging the above equation and taking the incident
intensity as the sum of absorbed and transmitted intensities, we
get the value of absorbed intensity (I,) using the formula

L(2) = L(A)(1 - 107%)

In our NPLIN experiments average powers of approximately
10 W at 1064 nm and 3.2 W at 532 nm are used at a repetition
rate of 10 Hz, which correspond to energies of 1 and 0.32 J per
pulse, respectively. The density of the glycine solution is
determined experimentally by weighing the mass of the
solution for a known volume. The procedure is repeated five
times to reduce the measurement error. The specific heat
capacity of aqueous glycine samples is obtained using the rule
of mixtures formula,” which applies to solutions with multiple
components. Using the specific heat capacity value in
conjunction with the values for absorbance, input energy,
and sample mass, the temperature increase (AT) is calculated
with the expression

E,

CPXWI

AT =
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Table 2. Summary of the Critical Experimental Parameters Used in NPLIN Studies on Glycine”

polarization switching

our work

not observed

Liu et al.

not observed

Laser Specifications

Sun et al.

observed

Javid et al.

not studied; the focus was on
influence of filtration

beam spatial profile Gaussian Gaussian near top-hat near top-hat
wavelength (nm) 1064 1064 1064 1064
repetition rate (Hz) 10 10 10 10

beam diameter (mm) 9 2.5 1.85 1

exposed volume (cm®) ~0.705 0.045 ~0.027 ~0.0068
pulse duration (ns) 7 5.6 9 6

no. of pulses 1 600 600 600
intensity (GW/cm?) 045 0.5 0.46 0.47

Sample Vials

type borosilicate glass Pyrex glass tubes Pyrex glass tubes HPLC glass vials
diameter (mm) 16.6 13 13 11

shape cylindrical cylindrical cylindrical cylindrical

total volume Vi (cm?) 8 6 2 2

T(Vy), 600 pulses (°C) 4.52 0.31 0.84 029

exposed volume, V; (cm®) 0.705 0.045 ~0.027 ~0.0068

T(V;), 1 pulse (°C) 0.08 0.07 0.10 0.14

Vr/Vg 11.35 133.33 74.10 294.10

Sample Preparation

glycine purity (%) Sigma-Aldrich, 99.7-101

supersaturation generation cooling from 65 to 24 °C by

natural convection
filtration no no

no. of samples per point and total 100—-378, ~2000

for NPLIN at 1064 nm

Sigma-Aldrich, 99.7—101

cooling from 60 to 70 to 25

Plus One Pharmacia
Biotech, >99.7

cooling from 69 to 21 °C

Sigma-Aldrich, >99%

cooling from 60 to 25 °C by

°C by convection by convection convection
no yes
12—98, 463 40-90, 1600 50, 760

“All values of T were calculated using our method based on the absorbance measurements.

where E, is the energy absorbed by the solution in J, ¢, is
specific heat capacity of aqueous glycine solution in J/(g K),
and m is the mass of the solution per vial in g.

On the basis of the amount of energy absorbed, we then
calculate how much the temperature will increase and how
much the supersaturation will decrease. The change in
temperature and supersaturation as well as the density, specific
heat, and absorbance values are shown in Table 1.

Temperature Measurements of Solutions upon
Exposure. To validate the predictions in Table 1, we
measured the temperature of pure water and supersaturated
glycine solutions before and after laser exposure with a
thermocouple. Temperature measurements revealed that
exposure to 600 pulses leads to an increase in temperature
of 3—4 °C in water samples and 4—5 °C in glycine solution
samples. The results in Table S7 in the Supporting Information
shows that there is significant absorption at this wavelength,
leading to a temperature increase (averaged over 10 samples)
of 3.3 °C in an 8 mL volume of pure water and 4.5 °C in the
same volume of aqueous glycine solution at § = 1.5. The values
are in good agreement with the calculations based on the
absorbance data from a UV—vis spectrophotometer.

The values in Table S7 in the Supporting Information
represent the temperature of the “fully mixed” samples,
although it is worth noting that a temperature gradient of
about 0.5 °C/cm between the top and bottom of the vials was
observed immediately after the 1 min irradiation at near-
infrared wavelength. The laser was fired just at the bottom part
of the vial, and the presence of this gradient leads to
convection and mixing in the solution. Furthermore, measure-
ments were carried out also at 532 nm, where only a negligible
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temperature increase was observed, as there is no significant
absorption at this wavelength. On the basis of the temperature
increase of AT = 3.3 °C (water samples) and 4.5 °C (aqueous
glycine samples) and the specific heat capacities of 4.186 J /(g
K) (water) and 3.40 J/(g K) (aqueous glycine solution at § =
1.5), the amounts of heat absorbed from 600 laser pulses at
1064 nm are E, = ¢, X m X AT = 110 and 136 ], respectively.

Optical Transmission Measurements. Apart from
absorption, some of the laser light energy is lost by reflection
off the walls of the cylindrical borosilicate glass vial due to a
change in the refractive index at the air—glass and glass—air
interfaces. The reduction in laser energy caused by both
reflection and absorption was measured at both 532 and 1064
nm using input powers of 3.2 and 10 W, respectively, as shown
in Figure 7. In an empty vial, the laser beam passes twice
through its glass walls, striking four air—glass or glass—air
interfaces, and the amount of reflections is nearly equal at each
of them. For example, at 1064 nm, each interface contributes
by 0.275 W to a total power loss of 1.1 W due to reflections.
When a solution is placed in the vial, the number of interfaces
is reduced from 4 to 2 due to the smaller difference between
the refractive indices of the glass and solution. At 1064 nm, the
refractive index of borosilicate glass is 1.5, while that of the
glycine solution of § = 1.5 is estimated as 1.4;*%°% therefore,
the reflection losses at the glass—solution interface are
negligible (R ~ 0.1%). This becomes obvious from the
power measurements at 532 nm, shown in Figure 7a, where an
increase in exit power is obtained when the glass vial is filled
with water or glycine solution. The same would occur also at
1064 nm, but the output power enhancement is hindered by
the solution’s absorption of laser photons at this wavelength.

https://dx.doi.org/10.1021/acs.cgd.0c01415
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When a vial containing water is exposed to infrared light, the
power absorbed is 1.95 W, while the loss by reflections is
reduced to 0.55 W. The total energy absorbed is 0.195 J/pulse
and 117 ] after exposure to 600 pulses. In the case of a glycine
solution of S = 1.5, the absorption losses account for 0.225 J/
pulse and 135 J (600 pulses). The analysis of the laser energy
by reflection and absorption is consistent with both the
calculated and measured temperature increase in the sample
vials. Thus, the temperature effects can explain the lower
nucleation fractions observed in solutions irradiated with 600
pulses, as seen in Figure 5. There are two competing
phenomena that can affect the nucleation rate. The reduction
in supersaturation due to a temperature increase causes a
decrease in the nucleation rate, while the mixing induced by
the temperature gradient will lead to an increase in the growth
rate and hence the measured induction time measured will
decrease. The fact that the probability of nucleation is
somewhat lower when 600 pulses are used suggests that a
reduction in supersaturation may have a stronger effect than
the enhanced growth due to convective mixing. Hence, the use
of trains of pulses can have a clear temperature effect and
should be avoided when large irradiated volumes are used in
order not to disturb the measurements.

Finally, we discuss our results on circularly and linearly
polarized light given in Figure 4 in the context of previous
reports in the literature. It is important to note that nucleation
is a highly stochastic process and the polymorph crystallizing
from solution in NPLIN experiments can be influenced by
various experimental factors such as ambient and local
temperature, supersaturation, chemical purity, exposed volume,
laser polarization, and energy density. Despite significant
efforts to maintain these factors as consistently as possible,
minor variations in any of them can alter the outcome. This
situation makes the reproducibility of NPLIN experiments on
polymorphism rather challenging.

Sample Heating. In terms of the temperature control, the
NPLIN studies on nucleation of aqueous glycine solutions at
near-JR wavelengths can be performed using a tradeoff
between the number of laser pulses and the irradiated volume
of the sample. To facilitate a discussion as to why this might be
the case, we provide a table comparing the critical experimental
parameters in NPLIN experiments with glycine (Table 2). We
chose to irradiate our samples with a large laser beam diameter
(9 mm) in order to enhance the nucleation probability through
a large exposed volume (V). In addition, we employed only a
single laser pulse in order to avoid the heating effects caused by
both the solution’s absorption of light photons and the low
ratio of the “total sample volume” to the “exposed volume”
(V1/Vg). Our temperature measurements indicate that a large
number of pulses (600) increases the temperature of the
solution up to 4—5 °C. Hence, the samples are inadvertently
heated and supersaturation is lowered during the exposure.

In contrast, the previous studies on the nucleation of glycine
involved small beam diameters (1—2 mm, presumably to keep
the bulk temperature stable through a large Vi/Vy ratio),
although a smaller irradiation region is expected to be less
favorable in terms of nucleation probability. Nevertheless, the
temperature of the sample along the laser beam path could
increase significantly when 600 pulses are used. That would
trigger a mass transfer by natural convection, thus increasing
the overall irradiated volume and boosting the growth rate and
hence the apparent nucleation rate/probability. The apparent
nucleation rate is calculated by the measured induction time, a
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parameter influenced by both nucleation and growth. That
might be the reason our nucleation fraction is not higher than
those from previous reports (Figure la of ref 37) despite the
use of a larger beam diameter.

Quality of Polarization. As shown in Figure 4, the type of
polymorph in the NPLIN of glycine is not biased by the laser
polarization. This result agrees with Liu et al,”® yet it
contradicts the earlier reports by Garetz et al.'” and Sun et
al."”® Next, we briefly discuss the possible effect of the quality of
polarization on the polymorphism of glycine, as limited efforts
have been made in this regard. Sun et al. were the only ones
who showed that, within the polarization switching window,
the type of polymorph produced is strongly influenced by the
degree of polarization of the laser light. They investigated the
dependence of glycine polymorph formation on the ellipticity
of the IR laser radiation at supersaturation S = 1.45—1.55 and
observed that the ellipticity range of e = 0—0.9 generated only
7-glycine, while the range e = 0.9—1 generated only a-glycine
(Figure 4 of ref 13). We note that the ellipticity e is the ratio of
the semiminor to semimajor axis of a polarization ellipse
described by the electric field vector of the laser light; it varies
from e = 0 for linear polarization to e = 1 for circular
polarization. The results revealed that a-glycine in particular is
highly sensitive to the ellipticity parameter and a slight
deviation from a nearly perfect circular polarization could
hamper its production. Therefore, a careful quantification of
the polarization quality in the NPLIN experiments needs
further investigation.

Sample Preparation Procedure. Aging is an experimental
parameter that is commonly considered to influence
crystallization.”' A supersaturated solution cooled with differ-
ent temperature profiles can produce different polymorphs. As
a rule of thumb, fast-cooled samples give rise to metastable
polymorphs whereas slower cooling rates produce stable
polymorphs. However, all of the studies considered in Table
2 have very similar aging procedures, and so we can not
attribute the different results on polarization switching to aging
effects.

Purity and Seeding. Boldyreva et al.’” claim that the
likelihood of one particular glycine polymorph (e.g, 7)
crystallizing from a pure aqueous solution depends on the
presence of the seeds of that polymorph in the commercial
powder used for preparing the supersaturated solution. The
fact that the chemical compounds sold (by various suppliers or
by the same supplier but from different batches) normally
differ in the a-/y-polymorph ratio could be the reason some
results of experiments on crystallization of glycine are not
reproducible. For example, although the glycine compound
used in our study was purchased from the same supplier as was
used by Liu et al, structural analysis revealed that our as-
purchased solid was a-glycine while theirs was a mixture of a-
and y-polymorphs. Despite this difference in the form of
starting material, our results on polarization switching agree
with those of Liu et al.”® The polarization-switching effect is
reportedly occurring over a narrow range of supersaturations
and is dependent on the solution temperature as well as the
wavelength and intensity of the laser. Its existence still remains
under controversy, but an impartial observation requires
identical experimental conditions and careful monitoring of
the control parameters, particularly impurities—an exper-
imental challenge for future studies.
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B CONCLUSIONS

We have investigated the influence of laser light excitation
properties (number of pulses, type of polarization) on the
kinetics of glycine nucleation and glycine’s polymorphic form
in aqueous solutions using overall more than 1000 samples for
improved statistical significance. Our results showed that laser
irradiation enhances the nucleation rate in comparison to
spontaneous nucleation and nucleation via crash-cooling by
reducing the induction times from days to hours. In terms of
polymorph control, the direct nucleation of y-glycine, which
can be obtained using crash-cooling at high supersaturation
values, is already obtained at much lower supersaturations
using NPLIN. In addition, NPLIN favors a steeper transition
between the two polymorphs (@ — y) in comparison to the
crash-cooling method or other nucleation methods studied
previously. The linear and circular polarization of the laser light
did not reproduce the polarization-switching effect observed by
Garetz et al,, our results being in the line with those reported
by Liu et al.

In our experiments, the NPLIN probability at 1064 nm is
not affected significantly by the number of laser pulses; a single
pulse proved capable of triggering nucleation even with a
slightly higher efficiency in comparison to irradiation by
multiple pulses that are often employed in laser-assisted
nucleation studies. We rationalize this observation on the basis
of the ability of aqueous solutions to absorb light at near-
infrared wavelengths. An analysis of the heating effects in the
glycine samples when multiple pulses were used was performed
by measuring the reflection and transmission of light at the
sample interfaces as well as recording the absorption spectra of
the solution. The results showed that the temperature of the
samples increases by at least 4 °C during exposure, leading to a
drop in supersaturation by 0.15, and thus lowering the
nucleation rate. The temperature effects should be avoided,
and their extent is usually lowered by reducing the volume of
the solution exposed to laser radiation. However, a small
exposed volume can in turn affect the nucleation probability.
We hope the presented results and discussion contribute to
efforts to establish a complete mechanistic understanding of
NPLIN of glycine from aqueous solutions.
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