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Enantiospecific crystallization of the three amino acids asparagine (Asn), glutamic acid hydrochloride
(Glu-HCl) and threonine (Thr), induced by ferromagnetic (FM) substrates, is reported. The FM substrates
were prepared by evaporating nickel capped with a thin gold layer on standard silicon wafers. Magnets
were positioned underneath the substrate with either their North (N) or South (S) poles pointing up.
Asymmetric induction, controlled by the magnetic substrates, was demonstrated for the crystallization of
the pure enantiomers and was then extended for the racemic mixtures of Asn and Glu-HCL. In the case
of the solution of the pure enantiomers, the L enantiomer was crystallized preferentially at one pole of
the magnet and the b enantiomer at the other. Consequently, the racemates of Asn and Glu-HCl
undergo separation under the influence of the magnetic substrate. With Thr, however, despite the
enantiospecific interactions of the pure enantiomers with the FM, no separation of the emerging crystals

could be achieved with the racemates, although they crystallize as conglomerates, implying differences
Received 7th February 2019 taking place in the crystallization step. The result ted h t directly related to th t
Accepted 8th April 2019 aking place in the crystallization step. The results reported here are not directly related to the magnetic
field, but rather to the aligned spins within the ferromagnets. The findings provide a novel method for

DOI-10.1039/c95c00663] resolving enantiomers by crystallization and offer a new perspective for a possible role played by
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Introduction

Biological systems are composed of molecules of a single
chirality; hence, the origin of chirality in nature and the rela-
tionship between chirality and asymmetric forces, like magne-
tism, has challenged scientists in the past and is still the focus
of much work at the present time.

Since the manual resolution of the enantiomorphous crystals
of salts of tartaric acids by Pasteur,"*> the question of how
homochiral biopolymers emerged from a non-chiral prebiotic
world attracts interest. Pasteur himself speculated that the
magnetic field of Earth might have applied asymmetric induction
in the emergence of the early chiral biopolymers.® This hypoth-
esis led him to attempt asymmetric reactions in strong magnetic

“Department of Chemical and Biological Physics, Weizmann Institute of Science, 234
Herzl Street, Rehovot 76100, Israel. E-mail: ron.naaman@weizmann.ac.il
*Department of Engineering “Enzo Ferrari”, University of Modena and Reggio Emilia,
Via Pietro Vivarelli 10, Modena 41125, Italy

‘Department of Materials and Interfaces, Weizmann Institute of Science, 234 Herzl
Street, Rehovot 76100, Israel

“Department of Applied Physics, Center for Nano Science and Nanotechnology, Hebrew
University of Jerusalem, Balfour Street, Jerusalem 91904, Israel

+ Electronic supplementary information (ESI) available: The full data set of the
crystallizations, the measurements of the magnetic properties of the surface,
the details on the theoretical calculations and the general experimental
methods. See DOI: 10.1039/c9sc00663]

5246 | Chem. Sci., 2019, 10, 5246-5250

magnetic substrates regarding the origin of chirality in nature.

fields. However, as demonstrated in early experiments by
Faraday, magnetic fields per se are not chiral.* Moreover, de
Gennes has demonstrated that even the superposition of
a magnetic field and an electric field, originally suggested by
Curie,” does not induce asymmetry in reactions at the final
equilibrium state.® The issue of “equilibrium versus non-equi-
librium” was discussed in details by Barron.® On the other hand,
“absolute” asymmetric transitions can be performed when elec-
tromagnetic light is coupled with strong magnetic fields, as
demonstrated in the experiments of Rikken et al.”*°

Recently we introduced a new concept related to interactions
between magnets and chiral molecules. This concept is based on
our observation that charge polarization in chiral molecules is
accompanied by spin polarization' and by the realization that
the polarized spin in the chiral molecule interacts in an enan-
tiospecific manner with ferromagnets (FM) that have their spin
aligned perpendicular to their surface," as shown in Fig. 1D. It is
important to realize that the interaction is not due to the
magnetic field itself but, rather, to the interaction between elec-
trons in the substrate and in the molecules via the electronic spin
exchange interaction. This interaction is about several tens
of k] mol™* at molecule-surface distance of 0.1-0.2 nm, as found
by ab initio calculations.” Here we present a method that allows
induction of enantiopure crystallization (and separation) based
on the interaction of chiral molecules with a magnetic substrate,
magnetized perpendicular to its surface. By applying this

This journal is © The Royal Society of Chemistry 2019
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concept, we can actually separate enantiomers spatially by
applying magnets to enantiomorphous crystallization, where the
enantioselectivity depends on the magnetic field direction.

Results and discussion

We describe the magnetic substrate-induced enantiopure crys-
tallization of three amino acids: asparagine (Asn), glutamic acid

NH, NH,

L-Asparagine

Fig.1 The three molecules (asparagine, glutamic acid, and threonine)
described in the experimental setup. The experiments were conducted
in three different configurations. (A) A magnet, either pointing with its
North pole up (N) or down (S), is positioned underneath a ferromag-
netic substrate (FM). The Ni(120 nm)/Au(10 nm) FM film was evapo-
rated on silicon and points towards the racemic solution. Blue and red
denote the S and N poles, respectively. (B) Two magnets, one
oriented N and the other S, are placed underneath the Si/Ni/Au
substrate in a racemic mixture. (C) Two magnets, one oriented N and
the other S, are placed underneath the Si/Ni/Au substrate in an
enantiopure solution. (D) The suggested mechanism for the enantio-
selective crystallization. When a chiral molecule approaches the
ferromagnetic surface charge polarization occurs, accompanied by
spin polarization. The interactions are stronger when the spins of the
FM are aligned antiparallel to the spin of the chiral molecule. There-
fore, the enantiomer with the stronger interaction has a longer resi-
dence time at the magnetic site and a greater chance to crystallize.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Enantioselective crystallization of asparagine (Asn). (A) A
racemic solution of asparagine crystallized on a Ni/Au surface (120
nm/10 nm). In red are p-Asn-H,O crystals, in blue are L-Asn-H,O
crystals, as measured by CD. The dotted lines denote the area of the
magnet located underneath. + and — indicate a magnet aligned N or S,
respectively. (B) The amount of L-Asn (blue) and p-Asn (red) crystals in
each half of the wafer. (C) Typical CD spectra of L-Asn (blue) and b-Asn
(red) crystals collected from the substrate. (D) The experiment per-
formed with pure L-Asn using the experimental configuration as
shown in Fig. 1C. Crystals are formed first on the magnet pointing S. (E)
The experiment performed with pure p-Asn using the experimental
configuration as shown in Fig. 1C. Crystals are formed first on the
magnet pointing N. The plots (F) and (G) show the growth rate of the
crystals on the two magnets, pointing either S or N, for the enantiopure
solution of L- or b-Asn, respectively.

hydrochloride (Glu-HCI), and threonine (Thr). All three are known
to crystallize as conglomerates, namely, enantiopure crystals."
Hence, it is generally expected that when they are crystallized
from racemic mixtures, one would obtain an equal mixture of
enantiomorphous crystals of opposite handedness. Resolution
of enantiomers by crystallization should confirm that the
enantioselective interaction between ferromagnetic substrates
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Fig. 3 (A) Chiral-HPLC data from a collection of crystals that grew
directly on top of the magnets, as shown in Fig. 2A. (B) Histogram
showing the handedness of the Asn crystals grown from a racemic
solution on top of a surface magnetized either S, N or not magnetized.
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Fig. 4 Enantioselective crystallization of glutamic acid hydrochloride.
(A) A racemic solution of Glu-HCl crystallized on a Ni/Au surface (120
nm/10 nm). In red are p-Glu-HCl crystals; in blue are L-Glu-HCl
crystals, as measured by CD. The dotted lines denote the area of the
magnet located underneath. + and — indicate a magnet aligned N or S,
respectively. (B) The amount of L- (blue) and b- (red) Glu-HCl crystals in
each half of the wafer. (C) Typical CD spectra of L- (blue) and p- (red)
Glu-HCl crystals collected from the substrate. (D) An experiment
performed with pure L-Glu-HCl using the experimental configuration,
as shownin Fig. 1C. Crystals are formed first on the magnet pointing N.
(E) An experiment performed with pure p-Glu-HCl using the experi-
mental configuration as shown in Fig. 1C. Crystals are formed first on
the magnets pointing S. The plots (F) and (G) show the growth rate of
the crystals on the two magnets, pointing either S or N, for the
enantiopure solution of L- or b-Glu-HCL, respectively.

and chiral molecules is effective not only upon the formation of
chemical bonds but also for non-covalent interactions. To
ensure that the results obtained are not due to statistical fluc-
tuations we conducted two sets of experiments:

(i) Crystallization of the pure enantiomers of the three amino
acids on different FM surfaces where the magnets are pointing
either North (N) or South (S).

(ii) Crystallization of the racemic mixture on the FM surfaces
with two magnets, one pointing N and the other S, located at
different sites of the surface.

Fig. 1 shows the experimental setup. Experiments were per-
formed using a ferromagnetic layer (FM) that is exposed to
a constant magnetic field of 0.42 T. The FM layer was prepared
by evaporation of 10 nm gold on a 120 nm Ni-coated silicon
wafer. It is known that a thin layer of a noble metal like gold (up
to about 10 nm), deposited on a FM, does not diminish the
magnetic or spin transport properties but protects the FM from
oxidation.""” This ferromagnetic layer was chosen so that the
easy axis is parallel to the surface plane. Hence, without an
external magnetic field, no out-of-plane magnetization is

5248 | Chem. Sci., 2019, 10, 5246-5250
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Fig.5 Crystallization of L- and pb-Thr from supersaturated enantiopure
solutions. (A) Crystallization of L-Thr as a function of time when
magnets are pointing N and S. The deposition is faster at the N pole. (B)
The same for an enantiopure solution of b-Thr. Here the crystallization
is faster at the S pole. (C) The area of magnets covered by crystals as
a function of time for a solution of Thr. (D) The same for a solution of
Thr.

measured. The experiments were performed either with one
magnet pointing with its North pole up (N) or with the South
pole up (S), or with two magnets underneath the silicon wafer,
pointing in opposite directions. Either racemic or enantiopure
supersaturated solutions were prepared by dissolving the
appropriate molecule in warm water at 80 °C. The crystallization
process was initiated when the solution was left to cool down to
room temperature. The crystallization process was stopped
when the first few crystals appeared on the wafer surface; this
could take several hours and up to several days.

Fig. 2 presents the results obtained for Asn. Two experi-
mental configurations were applied, as shown in Fig. 1B and C.
In the first one, two magnets were positioned, one pointing N
and the other S, in a supersaturated racemic mixture of pL-Asn.
The Asn-H,O crystals, formed at the end of the crystallization
process, were singularly hand-picked, redissolved and analyzed
by circular dichroism spectroscopy (CD) and are presented in
Fig. 2A, using false colors. The crystals found as having excess of
the 1 enantiomer are presented in blue and those that have an
excess of the p enantiomer are presented in red. The enantio-
selectivity in crystallization is not observed only on the region of
the wafer directly above the magnets themselves (where the field
is stronger)—actually there is a majority of one enantiomer in
the entire half wafer closer to the relevant magnet, as indicated.
This is attributed to the formation of small enantiopure crystal
seeds, initiated on the magnetized surface, which diffuse away
and keep growing until they fall down. Clearly, in such a case
one expects to observe enantiomorphous crystals in the prox-
imity of the magnet and not only on the magnet itself.

Fig. 2B presents the statistics of crystals measured by CD
spectroscopy, for each half of the wafer. The CD spectra (an
example is shown in Fig. 2C) were taken by dissolving each
crystal individually in water; the CD intensity was normalized by
the UV-vis absorption peak, so as to correct for differences in
concentration. About ten different crystals were collected from

This journal is © The Royal Society of Chemistry 2019
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each side of the wafer. Clearly, L-Asn tends to crystallize on the S
pole of the magnet, whereas p-Asn crystallizes faster on the N
pole. The kinetics of the crystallization was monitored when the
magnets were positioned in enantiopure solutions. The goal of
this part of the experiment was to prove that the enantiospecific
crystallization, observed with the racemic mixture, does not
result from statistical fluctuations. Four separate sets of exper-
iments were performed (see ESIt) and results were consistent
with the experiments performed with the racemic mixture.
Indeed, also in this configuration r-Asn crystallized faster on the
S pole and p-Asn faster on the N pole. Fig. 2F and G show the
area covered with crystals as a function of time, when the
crystallization takes place from the enantiopure solutions of t-
Asn and p-Asn, respectively. The preferred magnetic pole for
each enantiomer is clearly visible. The solutions prepared from
the crystals collected directly from the top of the magnets (in
Fig. 2A) were also analyzed using chiral HPLC (equipped with an
Astec CHIROBIOTIC T, 25 cm X 4.6 mm, 5 pm particle column).
The chromatograms are shown in Fig. 3A and indicate an
enantiomeric excess (ee) of around 60%, namely, a purity
greater than 1 : 4. This result is consistent with the CD intensity,
as shown in Fig. 2C.

Crystallization was also performed with a racemic mixture
using only a single magnet, to verify that indeed the crystalliza-
tion is faster in one of the magnet directions, thus demonstrating
that the effect observed does not result from statistical fluctua-
tions. The experiment with the pr-Asn and a single ferromagnetic
layer in solution was repeated 18 times for each magnet direc-
tion, using different batches of substrates and different batches
of pr-Asn, and 14 times for the non-magnetized substrates. The
unaggregated data and a statistical analysis of the results are
presented in the ESI.T Histograms showing the handedness of
the asparagine monohydrate crystals that grew on top of a surface
magnetized either S, N, or not magnetized (mainly parallel
magnetization) are presented in Fig. 3B. The results indicate
beyond any doubt that r-Asn-H,O crystallized faster on the
magnet pointing S, whereas p-Asn-H,O crystallized faster when
the magnet was pointing N. No preference was measured using
the non-magnetized substrate.

The same experiments, as shown in Fig. 2, were conducted
with Glu-HCI (see Fig. 4). Results are shown for crystallization
from a racemic mixture (Fig. 4A) and from enantiopure solu-
tions (Fig. 4D-E). Clearly, here the p-Glu-HCI crystallized near
the S pole, whereas the .-Glu-HCI crystallized near the N pole.
The crystallization from enantiopure solutions was performed
for glutamic acid in the experimental configuration shown in
Fig. 1C. These measurements show that the crystallization was
faster for 1-Glu-HCIl using a magnet pointing N and for p-
Glu-HCI using a magnet pointing S.

Despite repeated efforts, we could not obtain Thr conglom-
erates from a racemic solution. Indeed, it is known that the
formation of conglomerate crystals of Thr depends very sensi-
tively on the exact conditions. Apparently it forms twinning
crystals of the two enantiomorphs when crystallized from
a racemic solution under the conditions of the present study.*®
However, spin-dependent crystallization was observed when
a magnet pointing N or S was placed under the ferromagnetic

This journal is © The Royal Society of Chemistry 2019
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substrate in an enantiopure solution of Thr. Fig. 5 presents a set
of images of the experiment conducted with the FM substrates
installed in either r- or p-enantiopure solutions of Thr, as shown
in Fig. 1C. Clearly, for L-Thr the crystallization started on the left
surface, which is the N pole, whereas for p-Thr the crystalliza-
tion started on the right magnet, which exposes the S pole.

Conclusions

The results presented provide support to the notion that chiral
molecules interact in an enantiospecific manner with ferro-
magnetic substrates magnetized perpendicular to their
surfaces.”"* It is important to emphasize that a magnetic field
per se cannot cause enantioselective process.* The effect results
from a short range spin-spin exchange interaction. Namely, the
spin-polarized ferromagnet interacts favorably with enantio-
mers that have spin polarized in the opposite direction, as
shown in Fig. 1D. Consequently, the longer residence time of
one enantiomer on the surface, owing to the stronger interac-
tion, increases the probability of crystallization of that enan-
tiomer. Once the crystallization process starts, it is self-
catalyzed like any other crystallization process. Based on the
current studies, it is impossible to state whether single mole-
cules or rather large clusters, formed in the solution, interact
with the FM.*?® Further studies attempting to better under-
stand this mechanism might provide additional insight into the
mechanism underlying the early stages of crystal nucleation.

The non-ideal separations observed could be caused by
several factors. The first is the non-ideal spin polarization in the
substrate. It is known that in Ni the ratio between the density of
the states of the two spins at the Fermi level is about 1 : 8. In
our study the Ni is coated with 10 nm of gold, to protect Ni from
oxidation; this may further reduce the spin polarization.
Another parameter that may affect the enantiopurity is the
spontaneous crystallization in the solution above the magnetic
substrates. The crystals that grew in solution may deposit on the
ferromagnetic substrate and may reduce the enantiopurity.
However, even as is, the current work provides a new possible
approach to utilize the enantioselective crystallization method,
which is generic for many molecules that form conglomerate
crystals or diastereoisomers.

It is important to note that whereas in the case of Asn and
Thr the p enantiomer is crystallized on the North pole and the »
enantiomer on the South pole, for Glu-HCI and Thr the selec-
tivity is reversed. In attempting to determine the origin of the
difference, we performed DFT calculations (see details in the
ESIY) for a cluster formed by a single molecule of asparagine or
glutamic acid adsorbed on a gold cluster (28 atoms); the level of
the theory is CAM-B3LYP/cc-pVTZ (for C, O, N, H) and LanL2DZ
for Au. The results of the geometry optimization procedure
(fixed gold coordinates and full optimization of the amino acid
coordinates) show that asparagine preferentially interacts with
the substrate through the amide moiety (CONH, group).
However, glutamic acid interacts favorably through the non-
amino acid carboxylic group. Apparently, the difference in the
nature of the interaction between these amino acids and the FM
substrates affects the spin selectivity of the process.

Chem. Sci,, 2019, 10, 5246-5250 | 5249
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The present work discloses a new aspect of the enantiospe-
cific interaction between chiral molecules and ferromagnetic
surfaces. It introduces the possibility to physically separate
enantiopure crystals using this effect. As such it adds a new tool
and new insights when one considers enantioselective interac-
tion and separation.”>** The present effect suggests that aligned
spins, due for example to magnetic surfaces, might provide
a mean for mirror symmetry breaking in nature.

Conflicts of interest

FT, ML, RN, YP filed a patent on magnetic separation of chiral
compounds, US application No. 62/636,903.

Acknowledgements

We thank Prof. Daniella Goldfarb for access to the HPLC
system. YP and RN acknowledge the support of the John Tem-
pleton Foundation. RN acknowledges the support of the Israel
Science Foundation. YP acknowledges the support of the Israel
Science Foundation and the Ministry of Science Israel.

References

1 L. Pasteur, Recherches sur les relations qui peuvent exister
entre la forme crystalline, la composition chimique et le
sens de la polarisation rotatoire, Ann. Chim. Phys., 1848, 24,
442.

2 J. Gal, Pasteur and the art of chirality, Nat. Chem., 2017, 9,
604.

3 L. D. Barron, Can a Magnetic Field Induce Absolute
Asymmetric Synthesis?, Science, 1994, 266, 1491.

4 L. Kelvin, Baltimore Lectures, C. J. Clay and Sons, London,
1904.

5 P. Curie, Sur la symétrie dans les phénomeénes physiques,
symétrie d'un champ électrique et dun champ
magnétique, J. Phys. Theor. Appl., 1894, 3, 393.

6 P.-G. De Gennes, On the Impossibility of Certain Asymmetric
Synthesis, C. R. Acad. Sci. Paris, Ser. B, 1970, 270, 891.

7 G. L. J. A. Rikken and E. Raupach, Observation of magneto-
chiral dichroism, Nature, 1997, 390, 493.

8 P. Kleindienst and G. Wagniere, Interferometric detection of
magnetochiral birefringence, Chem. Phys. Lett., 1998, 288,
89.

9 G. L. J. A. Rikken and E. Raupach, Pure and cascaded
magnetochiral anisotropy in optical absorption, Phys. Rev.
E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip. Top., 1998,
58, 5081.

10 G. L. J. A. Rikken and E. Raupach, Enantioselective
magnetochiral photochemistry, Nature, 2000, 405, 932.

11 A. Kumar, E. Capua, M. K. Kesharwani, J. M. L. Martin,
E. Sitbon, D. H. Waldeck and R. Naaman, Chirality-

5250 | Chem. Sci., 2019, 10, 5246-5250

View Article Online

Edge Article

induced spin polarization places symmetry constraints on
biomolecular interactions, Proc. Natl Acad. Sci. U. S. A.,
2017, 114, 2474.

12 O. Ben Dor, S. Yochelis, A. Radko, K. Vankayala, E. Capua,
A. Capua, S.-H. Yang, L. T. Baczewski, S. S. P. Parkin,
R. Naaman and Y. Paltiel, Magnetization switching in
ferromagnets by adsorbed chiral molecules without
current or external magnetic field, Nat. Commun., 2017, 8,
14567.

13 L. Addadi, Z. Berkovitch-Yellin, N. Domb, E. Gati, M. Lahav
and L. Leiserowitz, Resolution of conglomerates by
stereoselective habit modifications, Nature, 1982, 296, 21.

14 K. Banerjee-Ghosh, O. Ben Dor, F. Tassinari, E. Capua,
S. Yochelis, A. Capua, S.-H. Yang, S. S. P. Parkin, S. Sarkar,
L. Kronik, L. T. Baczewski, R. Naaman and Y. Paltiel,
Separation of enantiomers by their enantiospecific
interaction with achiral magnetic substrates, Science, 2018,
360, 1331.

15 M. Johnson, Spin polarization of gold films via transported
(invited), J. Appl. Physiol., 1994, 75, 6714.

16 M. Johnson, Spin torque effects in magnetic systems:
experiment, in Handbook of Spin Transport and Magnetism,
ed. E.Y. Tsymbal and I. Zutic, CRC Press, Boca Raton, FL,
2012, pp. 115-136.

17 M. Johnson, Bipolar Spin Switch, Science, 1993, 260, 320.

18 L. Addadi, S. Weinstein, E. Gati, I. Weissbuch and M. Lahav,
Resolution of conglomerates with the assistance of tailor-
made impurities. Generality and mechanistic aspects of
the “rule of reversal”. A new method for assignment of
absolute configuration, J. Am. Chem. Soc., 1982, 104, 4610.

19 C. Viedma, Experimental evidence of chiral symmetry
breaking in crystallization from primary nucleation, J.
Cryst. Growth, 2004, 261, 118.

20 D. K. Kondepudi, R. J. Kaufman and N. Singh, Chiral
Symmetry Breaking in Sodium Chlorate Crystallization,
Science, 1990, 250, 975.

21 J. B. Staunton, A. Marmodoro and A. Ernst, Using density
functional theory to describe slowly varying fluctuations at
finite temperatures: local magnetic moments in Gd and
the ‘not so local’ moments of Ni, J. Phys.: Condens. Matter,
2014, 26, 274210.

22 S. F. Mason, Molecular optical activity and chiral
discriminations, Cambridge University Press, Cambridge
[Cambridgeshire], New York, 1982.

23 See for example: D. Polenske, H. Lorenz and A. Seidel-
Morgenstern, Potential of different techniques of
preferential crystallization for enantioseparation of
racemic compound forming systems, Chirality, 2009, 21,
728.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sc00663j

	Enantioseparation by crystallization using magnetic substratesElectronic supplementary information (ESI) available: The full data set of the...
	Enantioseparation by crystallization using magnetic substratesElectronic supplementary information (ESI) available: The full data set of the...
	Enantioseparation by crystallization using magnetic substratesElectronic supplementary information (ESI) available: The full data set of the...
	Enantioseparation by crystallization using magnetic substratesElectronic supplementary information (ESI) available: The full data set of the...
	Enantioseparation by crystallization using magnetic substratesElectronic supplementary information (ESI) available: The full data set of the...
	Enantioseparation by crystallization using magnetic substratesElectronic supplementary information (ESI) available: The full data set of the...


