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ABSTRACT: Applying magnetic substrates, magnetized perpen-
dicular to the surface, we were able to crystallize from racemic
solution pure conglomerates of several molecules. The resolution is
based on the spin-dependent charge reorganization (SDCR) effect.
By having two surfaces with opposite magnetization, it was possible
to simultaneously crystallize on each surface a different
enantiomer. The method does not require any seeding or chemical
modification and is generally employable to any conglomerate. A
system is presented for performing the separation, while the
racemic mixture flows between the two magnetic surfaces.

B INTRODUCTION

Crystallization is the most commonly used technique for the
separation and purification of enantiopure molecules from a
racemic mixture, whether it is by formation of a diastereomer
by addition of a resolution agent' or by spontaneous resolution
in the case of conglomerates.” " Industrially, it has a great
importance as most of the active pharmaceutical ingredients
have in their preparation at least one crystallization step.””’
Since many enantiomeric drugs have different biological effects
for the two enantiomers,”™"° regulatory bodies are aiming for
the development and commercialization of enantiopure active
molecules rather than their racemic form," "' giving even more
importance to the development of efficient resolution
techniques. Tassinari et al."> demonstrated that the preferential
crystallization of a conglomerate could be directed toward one
enantiomer or the other using a magnetized surface as the
crystallization substrate. The mechanism at the base of this
effect lies in the intrinsic property of chiral molecules to
become transiently spin-polarized upon charge polarization.
Namely, even if all the electrons in the molecules are paired
and the total spin is zero, upon charge polarization and the
formation of an induced dipole, the two electric poles are also
spin-polarized so that one pole has a charge with spin
polarization opposite to that on the other pole. Which spin
polarization is associated with which pole is defined by the
handedness of the chiral molecule.'* This spin-dependent
charge reorganization (SDCR) effect is related to the chiral-
induced spin selectivity (CISS) phenomenon reported almost
two decades ago.ls’]6 As a result of the SDCR effect, there is a
(partially) unpaired electron that is on the electric pole near
the surface. The ferromagnetic surface itself is also spin-
polarized due to it being immersed in a magnetic field: the
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electrons’ spin population at the Fermi level, once degenerate,
is now split between a majority spin and a minority spin due to
the interaction with the magnetic field. Which spin has lower
energy depends on the orientation of the magnetic field. The
spin-polarized molecule interacts via spin-dependent exchange
interaction with the spins of the magnetized surface. The
magnitude of this interaction depends on the relative
orientations of the spin in the molecule and the spin in the
ferromagnetic substrate.)” In a way, the presence of a
magnetized surface plays the same role of a crystal seed of
one enantiomer, driving the separation process known as
kinetic entrainment, where the crystallization of the selected
enantiomer is kinetically favored to allow for the separation of
enantiopure products.'” Note however that the same magnetic
surface can be used to separate many different chiral materials.

The ability to use the SDCR for separation of enantiomers
by crystallization with no need for seeding was demonstrated
qualitatively using a ferromagnetic substrate positioned
horizontally in a solution containing the racemic mixture."
This configuration suffered from contamination due to the
random crystallization in the solution. Here, we present a
quantitative result on the enantioseparation of several
compounds in a new configuration. This method is general
and allows one to obtain a highly pure material in a single
separation stage.

CRYSTAL
GROWTH
DESIGN

Received: January 26, 2021
Revised:  April 11, 2021

&
Published: April 21, 2021

https://doi.org/10.1021/acs.cgd.1c00093
Cryst. Growth Des. 2021, 21, 2925-2931


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debkumar+Bhowmick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yutao+Sang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kakali+Santra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maximilian+Halbauer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eyal+Capua"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yossi+Paltiel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ron+Naaman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ron+Naaman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Tassinari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.cgd.1c00093&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00093?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00093?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00093?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00093?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00093?fig=abs1&ref=pdf
https://pubs.acs.org/toc/cgdefu/21/5?ref=pdf
https://pubs.acs.org/toc/cgdefu/21/5?ref=pdf
https://pubs.acs.org/toc/cgdefu/21/5?ref=pdf
https://pubs.acs.org/toc/cgdefu/21/5?ref=pdf
pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.cgd.1c00093?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org/crystal?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

Crystal Growth & Design

pubs.acs.org/crystal

a Previous work

Racemic
g .
Cuvette @@@ solution
uve
Aasass < FM film ==
N
Magnetl: s
b This work
Racemic
~il solution
Magnet 11 L ]

Cuvette

Unfavorable nucleation

/ in solution and fall down

Low EE%

Unfavorable nucleation
in solution and fall down |

] Magnet 2

Figure 1. (a) Schematic of the experimental setup used in the previous study. (b) Schematic of the setup used in the crystallization experiments,
having the FM substrates in a vertical configuration. The north pole is defined as the pole at which the magnetic field lines are going into the surface

of the magnet.

B METHODS AND RESULTS

Figure 1 shows the schematic of the setup used for the crystallization
experiments. Ferromagnetic nickel substrates were prepared by
evaporating a 10 nm titanium layer on Si(100) wafers, followed by
a 20 nm layer of nickel and, finally, a 7 nm layer of gold. The thin gold
capping layer is reducing the oxidation of the ferromagnetic layer in
air and in solution so that it preserves the magnetic and spin transport
properties for long operating conditions. The crystallization process
was carried out in plastic cuvettes of 5 X 10 X 30 mm, having a total
volume of 1.5 mL. Two permanent neodymium magnets (each having
a 0.45 T field strength) were placed outside the two opposite long
walls of the container, oriented such that the magnetic interaction
between the two is attractive. During crystallization, two ferromag-
netic substrates were held vertically against the long walls of the
cuvette so that both substrates remain parallel to each other, with the
metallic surface pointing toward the inside of the cuvette. This gives
rise to opposite spin polarizations of the two ferromagnetic (FM)
substrates, according to the direction of the magnetic field. The
distance between the two substrates in the setup was 4 mm.

Figure 2 presents the crystallization results for three different amino
acids: glutamic acid, threonine, and asparagine. The enantiomeric
excess of crystalization reaches numbers that are close to 100%, with
crystalization yields between 10 and 20%. We now address each
amino acid separately.

Glutamic Acid Crystallization. Glutamic acid crystallization was
carried out from a supersaturated racemic solution of the amino acid
in S M HCI (1.02 g/mL Glu-H,0), which was gradually cooled down
from 80 °C to 33 °C over a time period of 2 h and then left for 36 h at
constant temperature. The crystals grown on the ferromagnetic
substrates were collected and characterized (Figure 2a), while the
ones that were formed in solution and precipitated at the bottom of
the cuvette were not considered. The crystals at the bottom of the
cuvette, considered as a whole, do not have a preferential
enantiomeric excess and show a random, very weak enantiomeric
excess, as expected for crystals growing from a racemic conglomerate
solution. The CD spectra of the collected crystals, shown in Figure 3a,
were measured by dissolving all the crystals collected from each
ferromagnetic surface in water. The CD spectra show that an
enantiospecific crystallization takes place on the surface of the
ferromagnetic substrates and that the enantiospecificity depends on
the magnetic field applied on the substrate. The substrates polarized
by the north-pole magnet show a preferential growth of L-isomer
crystals, whereas the south-pole polarized surfaces show the growth of
the p-isomer.

Enantiomeric excess (EE) of the crystals has been determined
using CD spectroscopy, comparing the CD signal with respect to a
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Figure 2. Statistics of the crystallization experiments for (a) glutamic
acid-HC], (b) threonine-HCl, and (c) asparagine. A positive EE value
indicates a majority of the L-enantiomer, while a negative EE value
indicates a majority of the p-enantiomer.
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Figure 3. (a) CD spectra of crystals of glutamic acid-HCI grown on ferromagnetic surfaces magnetized respectively with north and south magnet
poles close to the back of the surface. (b) HPLC chromatograms of crystals collected from the magnetized surfaces polarized by the north-pole and

south-pole magnets, respectively.

calibration curve obtained from the pure isomer (see SI Figure la)
and with chiral HPLC (Figure 3b) (Astec CHIROBIOTIC T 250 X
4.6 mm; S um column; eluent, MeOH/H,O/formic acid (70/30/
0.02); flow, 1 mL/min; 25 °C; 10 uL injection volume; detector, 205
nm). The EE% of the L-enantiomer obtained by this process is 97 +
2% and that of the p-enantiomer is 97 & 2%. The results show that it
is possible to separate simultaneously enantiomers with very high
purity from the racemic mixture and that the EE% of the obtained
crystals is greatly improved compared to the results obtained in the
horizontal configuration, where the EE% reached was around 8%.
Figure 2a shows the data for each repetition of the experiment, with
the EE% of crystals collected from the surfaces of FM substrates. The
average yield obtained by applying this method is around 11 + 2%
(calculated from the amount of starting material) for a single step of
crystallization.

Threonine Crystallization. Threonine is reported to form a
conglomerate upon crystallization from water, but the process was
found to not be very straightforward. There are difficulties to get a
selective crystallization on magnetic surfaces from its racemic mixture,
as also described in ref 2. In the present study, threonine
crystallization was carried out starting from a supersaturated racemic
mixture in 2 M HCl solution (600 mg/mL Thr), with gradual cooling
from 80 °C to 28 °C over a time period of 1.5 h and then left for 36 h
at constant temperature. The CD spectra (Figure 4) of the crystals
collected from the surfaces show that the crystals grown at the north-
pole polarized substrates have an enantiomeric excess of L-threonine-
HCI, while crystals grown at the south-pole polarized substrates have
D-threonine-HCI excess.

The purity of the crystals obtained by applying this method was
around 64 + 3% EE for p-threonine-HCl and $8 + 2% for L-
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Figure 4. CD spectra of crystals of threonine-HCl grown on

ferromagnetic surfaces magnetized respectively with north and
south magnet poles close to the back of the surface.

2927

threonine-HCI, as shown in Figure 2b, determined by CD
spectroscopy only (see the calibration curve of the pure isomer in
SI Figure 1b). The average yield obtained by applying this method to
threonine is around 10 + 3% (calculated from the amount of starting
material) for a single step of crystallization.

Asparagine Crystallization. Asparagine crystallization was
carried out from a supersaturated racemic solution of the amino
acid in water (190 mg/mL Asn), which was heated at 95 °C, left to
cool down to room temperature, and then left to crystallize for 12 h.
The enantiopurity of the crystals collected from the surfaces was
measured with CD spectroscopy (Figure Sa) and chiral HPLC (same
analytic method used for the glutamic acid; Figure Sb). The crystals
grown on the north-pole polarized substrates were D-asparagine, while
the crystals grown on the south-pole polarized substrates were L-
asparagine (Figure 2c). The enantiopurity of the crystals was around
94 + 12% for p-asparagine crystals and 96 + 6% for L-asparagine
crystals, which is a considerable improvement compared to the 47%
EE% obtained in the horizontal configuration. The maximum yield of
the crystallization was 20 & 5%. It is important to note though that
these data are calculated, considering only the successful crystal-
lizations: we have to report that in one repetition, the selectivity of the
crystallization was exactly reversed, while in another, the selectivity
was extremely low, obtaining only a 30% enantioselectivity.

Imeglimin Hydrochloride Crystallization. Imeglimin is re-
ported to form conglomerates when crystallized as hydrochloride
salt."” The resolution of the racemic imeglimin hydrochloride salt was
carried out by crystallization on magnetic substrates from methanol
(325 mg/mL Imeglimin).

The solution was gradually cooled down from 30 °C to 6 °C over a
time period of 2 h and left to crystallize for 20 h at this temperature.
CD spectroscopy of the collected crystals confirms opposite
enantiomeric excess at the opposite magnetized substrates (Figure
6a). Chiral HPLC measurements (Astec CHIROBIOTIC T 250 X
4.6 mm; S pum column; eluent, MeOH/ATFA/TEA (100/0.1/0.1);
flow, 1 mL/min; 25 °C; 10 uL injection volume; detector, 245 nm)
showed EE up to 22 + 3% for the R-isomer at the south-pole
polarized substrate and up to 27 + 3% EE for the S-isomer at the
north-pole polarized one (Figure 6b).

B DISCUSSION

The crystallization experiments performed showed that a one-
batch simultaneous resolution of a conglomerate couple is
obtainable by utilizing magnetized surfaces as substrates for the
crystallization. This phenomenon is general, and the same
system was used for all the materials studied. However, since
the interaction strength of chiral molecules with the
ferromagnetic substrate (see Figure 7 for the scheme of the
mechanism) depends on the molecular properties, the system
should be tuned for efficient separations to be achieved. The
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Figure S. (a) CD spectra of crystals of asparagine grown on ferromagnetic surfaces magnetized, respectively, with north and south magnet poles
close to the back of the surface. (b) HPLC chromatograms of crystals collected from the magnetized surfaces polarized by the south-pole and

north-pole magnets, respectively.
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Figure 6. (a) CD spectra of the crystals of imeglimin-HCl grown on ferromagnetic surfaces magnetized respectively with north and south magnet
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Figure 7. Scheme of the enantioselective mechanism. Upon
interaction with the surface, the molecules (depicted as helixes in
the scheme to represent the chiral structure) undergo a charge
redistribution with the formation of a dipole moment, independent of
the handedness of the molecule. Due to the SDCR effect, this dipole
moment is spin-polarized, and the sign of the polarization depends on
the handedness of the molecule. The spin-polarized molecules
interact via exchange interaction with the spin-polarized surface,
and depending on the handedness of the molecule, the interaction will
be attractive or repulsive.

g5

change in interaction relates to the strength of the CISS effect
for a specific molecule and the electric dipole moment. Under
a large enough external magnetic field, the electrons’ spin states
in the ferromagnetic material are split, with a majority of spins
pointing in one direction. When a chiral molecule approaches
the ferromagnetic surface, charge is reorganized in the

2928

molecule to form an induced dipole due to the dispersive
forces. Because of the SDCR effect, this electron density
reorganization is accompanied by spin polarization due to the
chirality of the molecule. Each pole of the induced electric
dipole is associated with spin polarization so that there is one
orientation of spin polarization associated with the positive
pole and the opposite orientation associated with the negative
pole. Which orientation is associated with which pole depends
on the handedness of the chiral molecule. The relative
electronegativity of the molecule and the surface controls the
attractive potential. One electric pole will be attracted to the
surface more than the other. Hence, the spin-polarized pole
interacts with the spin-polarized ferromagnetic substrate and
the interaction is either more or less attractive depending on
whether the spin on the pole and the spin on the surface are
antiparallel (singlet-like state) or parallel (triple-like state).
Since the orientation of the spin on the electric pole of the
molecule depends on the specific enantiomer, clearly, this
interaction is enantiospecific and allows one to separate the
enantiomers by their adsorption rate on the surface. In a recent
experiment, the interaction of two enantiomers with a
ferromagnetic substrate was directly measured by AFM:*" it
was found that the difference in the interaction energy between
the ferromagnetic substrate magnetized perpendicular to the
surface and the two different enantiomers is of the order of 10
kJ/mole (0.1 eV).

This allows the surface to impart an asymmetric bias on the
formation of the first crystal seeds. This mechanism, in which

https://doi.org/10.1021/acs.cgd.1c00093
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Figure 8. Design of the flow system to improve the crystallization yield of the ferromagnetic substrate-induced resolution.

the preferential crystallization stems from molecular inter-
actions with the surface rather than the preferential adsorption
of small chiral crystal seeds, is supported by experiments on the
crystallization of sodium chlorate. Sodium chlorate is an achiral
molecule that crystallizes in a chiral space group,”’ and
therefore, for this system, there is no possibility for spin—spin
interaction when the molecule is completely solvated. We did
not observe any preferential crystallization for this system in
our experiments with ferromagnetic surfaces and thus
concluded that the asymmetric bias comes from the interaction
of the dissolved chiral molecules with the ferromagnetic
substrates, rather than the seeds formed in the initial phase of
the crystallization process.

The most common procedure to enantioseparate a
conglomerate couple is to use a kinetic resolution by seeding
the racemic solution with small crystals of one of the two
enantiomers, allowing the formation of one enantiopure crystal
phase.”*” This procedure usually allows for a limited
crystallization yield, usually below 10%,”> since at higher
crystallization yields, the solution becomes enriched with the
opposite enantiomer that eventually starts to crystallize,
lowering the enantiopurity of the obtained material. In
principle, our method does not have this limit, since the
crystallization of both enantiomers occurs simultaneously, thus
leaving the enantiomeric ratio in the solution unchanged for
the whole crystallization. In our experiments on glutamic acid,
for example, we were able to obtain a maximum crystal yield of
14% in one step (7% of pure p-Glu and 7% of L-Glu, with an
enantiopurity of >95%), which is nearly double to what is
normally accessible with single-batch crystallizations based on
kinetic resolution. Our yield is also limited by the fact that only
the crystals that grew from the ferromagnetic surfaces and
remained there are considered. Some of the crystals formed on
the surface are falling down and are not considered in our
analysis. Increasing the surface area of the ferromagnetic
substrates should increase the number of crystals formed on
the surfaces and thus lead to improved yields. Another
appealing property of the presented method is that it does not
require the seeding with enantiopure crystals, since the
preferential crystallization is directed by the ferromagnetic
substrates. While the attractiveness of this method might be
lost when trying to apply it to large industrial productions,
where the need for very large magnetic surfaces and the fact
that the crystals are formed on a surface can make it
unpractical, the simplicity and immediateness of it can actually
make it quite interesting for small batches and laboratory-scale
crystallizations.
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A possible strategy to improve the crystallization yield is to
switch from a static crystallization setup to a continuous flow
system and to recycle the crystals that are not attached to the
ferromagnetic substrates. By keeping the mother racemic
solution at a higher temperature than the substrates, it is
possible to promote the crystallization only on the
ferromagnetic surfaces. At the same time, it is possible to
remove the crystals not bound to the walls and feed them back
to the reservoir (see Figure 8) to maximize the final
crystallization yield. In this way, the crystals will grow only
on the ferromagnetic surfaces with a very high EE%, and the
final yield will depend on the substrate area available for
crystallization. This concept is currently under study in our
laboratory, and we expect to be able to substantially increase
the final crystallization yield using this concept.

Among the molecules studied, the best results could be
obtained with glutamic acid. Both high EE and a good
crystallization yield could be obtained. The experiments
performed on threonine on the other hand were less
satisfactory. While the final crystallization yield was quite
high, the EE was clearly inferior to the one observed for
glutamic acid, attested in the 60% range. This unexpected
behavior can be linked to the crystallization properties of
threonine from racemic solutions. It was found in other reports
that the enantiopure crystals can act as crystallization seeds
also for the opposite enantiomer.”* This means that after the
formation of the first crystals, the process loses enantiose-
lectivity, since the ferromagnetic surfaces cannot affect the
selectivity of the crystal growth anymore. To circumvent this
phenomenon, the crystallization time should be kept as short
as possible, but this would limit the final yield of the process.

The results obtained with asparagine were not as
reproducible as those with glutamic acid. While most of the
experiments gave high EE and a yield of crystallization of 20%,
one of the experiments performed showed a reversed
preferential growth, with respect to the magnetic field, and
another resulted in EE of only 30%. The reason for this
instability is not clear and may result from contamination of
the solution. However, if we focus the analysis only on the
successful experiments, the results are encouraging. Former
reported studies on the preferential crystallization of asparagine
indicate less than 10% yield when performed in a single batch
with seeding of the enantiopure crystals.”

The experiments on the resolution of racemic Imeglimin-
HCl showed a rather poor enantiomeric excess. In the
literature, there are very few reports on the crystallization
behavior of Imeglimin-HCIL Levilain®® reported very poor
entrainment properties of the methanol solution of Imeglimin,
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where the maximum EE% reached in the solution was found to
be around 4%, and the EE% of the crystals dramatically
dropped after the first stages of crystallization. The ~20% EE
observed here, albeit low, is thus perfectly in line with the
previously reported results.

In summary, we presented the quantitatively analyzed
ferromagnetic surface-induced crystallization of conglomerates.
Although the results obtained are in low scale, upscaling does
not require any technological transformation. The advantage of
the method presented is that the method is general, no seeding
is required, and both pure enantiomers are obtained
simultaneously in a single stage.
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