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Abstract
One of the most challenging tasks in analytical chemistry is the determination of the chirality
(identi�cation of an enantio-meric composition) in solids mainly because of the strict requirements of the
pharmaceutical industry for enantiomerically pure drugs. Although there are a few methods available to
accomplish enantio-differentiation in solids, for example: X-ray diffraction (XRD), differential scanning
calorimetry (DSC), CD spectroscopy, and low-frequency (LF) Raman spectroscopy, this is still very
challenging. In this work, we have developed a new method to measure the chirality of crystals, based on
electron paramagnetic resonance (EPR) spectroscopy of chiral crystals doped with Cu2+ as the EPR
active ion. Here, we demonstrate our approach using a model system of L- and DL-Histidine crystals
doped with Cu2+. We show that EPR measurements of the Cu2+-doped Histidine crystals can accurately
determine the chirality and enantiomeric composition of the crystals. We present a very preliminary
example of this technique, and we hope that in the future it will be possible to re�ne and develop this
method for many other chiral organic crystal systems.

Introduction
Chirality is an important concept in both chemistry and biology, in particular, due to the chirality of most
biological molecules, such as amino acids, sugars, proteins and nucleic acids. In the last few decades,
the scienti�c importance of chiral substances led to developments in many areas such as the synthesis
of enantiopure drugs, separation of enantiomers, and new techniques for identifying chiral molecules.1–7

The most common techniques available at present to investigate chiral purity are based on measurement
of chiral molecules in solution with optical techniques such as optical rotation (OR),8,9 circular dichroism
(CD),10–12 vibrational circular dichroism (VCD),13,14 Raman optical activity (ROA)15,16 and high-
performance liquid chromatography (HPLC).17,18 However, in the solid-state, chirality measurements are
considered challenging as there are only a few methods available, such as powder and single-crystal X-
ray diffraction (XRD) analysis,19,20 differential scanning calorimetry (DSC),21 solid-state CD
spectroscopy,22,23 and low-frequency (LF) Raman spectroscopy.24,25

Chirality manifests itself in both molecules and crystals and recently there has been revived interest in the
properties of chiral materials in the solid-state. Overall, there are three ways in which a chiral molecule
can crystallize.26 First, by forming a conglomerate crystal that is a mixture of well-resolved crystals of
both enantiomers. Second, by forming racemic crystals containing the two enantiomers in an equal
amount in the crystal unit cell. Finally, chiral systems can crystallize as enantiopure crystals that are
composed of only one of the enantiomers in the crystal unit cell. It should be emphasized that the crystal
unit cell of enantiomers and racemic compounds of the same chiral molecule are different, and this is the
basis of the X-ray method’s ability to probe chirality in crystals, however, accurate analysis of solid
mixtures of enantiopure and racemic compounds by XRD is very limited due to peak overlapping and
broadening, moreover, chiral analysis of mixtures of conglomerate and enantiopure crystals or mixtures
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of two enantiopure crystals is impossible because they have the same diffraction pattern, emphasizing
the need for novel methods for chiral analysis in powders.

In this paper, we present a new method for the investigation of chirality in crystals. Our method is based
on the electron paramagnetic resonance (EPR) spectroscopy of chiral crystals doped with Cu2+ as the
EPR active ion. The power of EPR lies in its ability to provide atomic-level information on paramagnetic
metal ion (Cu2+) coordination site With EPR spectroscopy, one can follow changes in the local
environment of the paramagnetic species, represented by g-values, as well as changes in the interaction
between the paramagnetic species and nearby nuclei such as 14N nuclei (hyper�ne coupling). 27–33

Here, we have chosen Histidine crystals as a model system for chiral crystallization. Enantiopure crystals
of L-His crystallize in a monoclinic unit cell with a space group of P 21 (or the orthorhombic unit cell with

a space group of P 21 21 21).34 The racemic crystals of DL-His crystallize in a monoclinic form with a

space group of P 21/c.35 As explained above, our method is based on the use of chiral crystals doped

with minute amounts of Cu+ 2 ions.

Results

Crystallization and characterization of chiral crystals
Cu2+-doped pure L-Histidine crystals were prepared by the slow evaporation method.36 Generally, 2 g of L-
Histidine were mixed with 8.7 mg of CuCl2 (0.5% mol) and dissolved in 30 mL of dilute HCl solution (pH = 
2.7). The turbid solution was carefully heated until it reached complete dissolution. It was then left to cool
to room temperature and kept for four days to crystallize. The same procedure was followed for the DL-
Histidine crystals except that 1 g of L-Histidine and 1 g of D-Histidine were mixed. After four days, the
Cu2+-doped crystals of L-His or DL-His were collected using a Büchner funnel and washed several times
with water and ethanol. The Cu2+-doped Histidine crystals were then dried under vacuum and
characterized. The crystalline structure of Cu2+-doped Histidine is not reported in the literature, and so we
performed density functional theory (DFT) calculations to �nd the coordination complexes of Cu in the L-
and DL-crystalline structures. The structures of L-His and DL-His (80-atom unit cells) with an added Cu2+

ion (for a total of 81 atoms) were allowed to relax in order to �nd the minimum energy structure through
the optimization of the lattice parameters and the internal positions of the atoms within the unit cell. The
total energy was converged with respect to both the kinetic energy cutoff and k-point sampling for both
structures. The kinetic energy cutoff was 40 Ry, and the gamma k-point grid was used for the
calculations. In Fig. 1, the location and coordination of Cu+ 2 in L- and DL-His crystals are shown.

In both the L- and DL-His crystals, the Cu2+ ion is coordinated with six chemical groups of nitrogen,
oxygen, and carbon. However, in each crystalline structure, the distances and geometry of the copper
from the chemical groups are different (see Table S2, SI). Pure L-His crystals are known to crystalize in
two different polymorphs (form A and form B).31 Form A is monoclinic with a space group of P 21 and
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form B is orthorhombic with a space group of P 21 21 21. Under regular aqueous crystallization

conditions, the two forms are usually in equilibrium and both of them precipitate.34, 37,38 In our case,
probably due to the incorporation of copper in the crystal lattice, the majority of the crystals crystalize in
form A. This effect was also shown with NaBF4 doped L-His crystals.39 The diffraction peaks that are

associated with the B-form crystals are marked with an asterisk in the diffraction graph of Cu2+-doped L-
His crystals (Fig. 2). DL-His crystals are known to crystalize only in the monoclinic form of DL-His with a
space group of P 21/c32, and so the Cu2+-doped DL-His crystals were found to have the same form, as
shown in Fig. 2.

Differential scanning calorimetry (DSC) was used to examine the thermodynamic properties of the
crystals. The endothermic peak at around 260 oC that occurs in all the crystals is attributed to water loss
from the histidine crystal.39,40 In the literature This reaction was reported to take place at around 275
oC.40 We believe that the difference in the results is due to copper doping of the crystal. Cu2+-doped L-His
crystals have a transition temperature of 265.5 oC while the Cu2+-doped DL-His crystals have a transition
temperature of 262 oC (Fig. 2), the FTIR spectra of Cu2+-doped L and DL-His is presented in �gure S1 (SI),
Cu2+ concentrations (ppm) inside the L and DL-His crystals were measured by ICP and given in table S1
(SI).

Chirality Measurements Of Chiral Crystals With Epr
In the next phase of this study, we veri�ed the ability of EPR spectroscopy to probe the chirality of the L-
and DL-His crystals. To do this, we prepared different dry crystal powders mixtures of Cu2+-doped L- and
DL-His. The dry crystals of Cu2+-doped L and DL-His crystals were weighed very accurately and mixed in
different ratios: 50%L/50%DL, 60%L/40%DL, and so on. The mixtures were analyzed by EPR
spectroscopy.

The coordination site of Cu2+ was characterized by echo-detected �eld sweep EPR measurements and
electron spin echo envelope modulation (ESEEM) pulsed EPR experiments. Field sweep EPR
measurements can determine the number of 14N nuclei directly coordinated to Cu2+.28 ESEEM
experiments, on the other hand, detect the anisotropic hyper�ne interaction between Cu2+ and 14N nuclei
that are not directly bound to the paramagnetic metal ion, but are situated nearby (within 2−6 Å).29,41 EPR
Q-band spectra at 20K were acquired for all crystals, were then derived, and were analyzed using
EasySpin simulation package42 (see Figure S3, SI). The spectra were �tted with three species having axial
symmetry, and the g and the hyper�ne tensors were evaluated. These parameters can provide information
on the direct nuclei coordination around the Cu2+ ion. For the DL-crystal, the data �tted with one dominant
species, which according to Peisach and Blumberg28 suggests 3O1N coordination. The L-crystal data
were �tted with three species, with 20% 3O1N coordination, and 80% 3N1O or 4N coordination (see Table
S3, SI). The extent of the “DL species” in each crystal was evaluated and plotted in Fig. 3I. When
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increasing the L-His concentration in the crystal, we observed a higher amount of directly coordinated 14N
nuclei.

As a simple control experiment, all the L- and DL-crystal mixtures (1 mg powder) were dissolved in
concentrated hydrochloric acid and diluted tenfold. The solutions were then measured by CD
spectroscopy, and the enantiomeric excess (e.e.) of L-His was calculated in each sample and compared
to the theoretical e.e. value (see Figure S4, SI). Interestingly, the �t between the theoretical and the
measured data in the CD measurements (R2 = 0.8933) was a little poorer than that of the EPR
measurements (R2 = 0.9317).

Next, ESEEM experiments were performed in order to measure the interaction of the electron spin of Cu2+

with nearby 14N (∼2–6 Å) nuclei. These nuclei are typically not directly coordinated to the metal ion but
lie on the residue that is directly bonded to the metal ion. The Fourier transform spectrum of the ESEEM
signal of 14N nuclei is usually characterized by a narrow characteristic component between 0–3 MHz.
The intensity of this line is directly related to the number of 14N nuclei within the environment of Cu2+. We
measured the intensity at 2.8 MHz for the various crystals (Fig. 3II) and detected an increase in the
intensity with increase in L-His concentration, which is in agreement with the CW-EPR data.

The DFT calculations (see Table S2, SI) suggest that the closest nuclei to Cu2+ ion in the DL-crystal are
three oxygen atoms (at distances 2.07, 3.07 and 3.87 Å) and two nitrogen atoms (3.32, 3.64 Å), whereas
in the L-crystal there are two very close oxygen nuclei (2.05, 2.1 Å) and two close nitrogen nuclei (3.16,
3.17 Å). The magnetic values derived from the �eld sweep EPR spectra are affected by the nearby nuclei
(i.e. 14N) around the Cu2+ ion. These nuclei in�uence the spin density around the Cu2+ leading to changes
in the g-tensor and hyper�ne values. Increase of 14N nuclei around the Cu2+ leads to reduction in the g-
tensor and hyper�ne parallel values (parallel to the magnetic �eld).27, 28, 45 This agrees with the DFT
results which shows that the 14N nuclei are closer to the Cu2+ ion in the L-crystal than in the DL-crystal.
Moreover, the ESEEM experiments, which are sensitive to distant 14N nuclei in the imidazole ring,
con�rmed the presence of nearby imidazole rings in the L-crystals. However, while there is nice agreement
between the EPR and DFT data of the DL-crystal, suggesting that the most probable coordination for Cu2+

ion is 3O1N coordination (see Figure S2. SI), there is some disagreement regarding the L-crystals. The
EPR data suggests a greater number of 14N nuclei around the Cu2+ ion in the L-crystal (3–4 14N nuclei),
while the DFT data found only two nearby 14N nuclei. However, the DFT calculations suggest a more
packed environment for the L-crystals, which might lead to the changes detected by the EPR experiments.
While DFT calculations are performed on a small supercell, the EPR experiments are conducted on a
powder of crystals, possibly leading to some disagreement. Overall, the use of both �eld sweep EPR and
ESEEM experiments allowed us to differentiate between various chiral crystals. The identi�cation of
racemic or chiral crystals is crucial for many applications. Currently, several methods allow racemic
crystals to be distinguished from enantiopure crystals. These include SHG-CD, X-ray diffraction, LW-
Raman among others. However, each method has its advantages and disadvantages.
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Chirality Measurements Of Additional Chiral Crystals
In addition, our novel method of monitoring the chirality of crystals by EPR measurements was also
demonstrated on two other chiral crystal systems; one, sodium chlorate (NaClO3) chiral crystals, these
crystals were used in one of the earliest experiments on chiral induction in naturally chiral inorganic
crystals, in the famous experiments43, chiralsymmetry breaking was achieved through continueus stirring
of the solution during crystallization, the stirred product was almost enantiomerically pure (99.7%) while
the non-stirred product was racemic. we crystalized the pure enantiomer and the racemic conglomerate
with Cu+ 2 doping and were able to distinguish between the homochiral and the conglomerate crystals
using EPR measurements (Fig. 4I). The second chiral system we tested is a copper iodide complex of the
well-known BINAP molecule (R/S-[Cu(binap)I]2) which displays axial chirality44, we crystalized the R and
S copper iodide complexes and proved the ability of EPR to differentiate between two homochiral crystals
(Fig. 4II). The diffraction patterns of all the materials were taken it was not possible to measure the
crystal chirality based on the diffraction (see Figures S5 and S6, SI).

Conclusions
In this article, we add a new method to our “analytical toolbox” to identify the chirality of crystals and
solids. The method is based on electron paramagnetic resonance (EPR) spectroscopy of chiral crystals
doped with an EPR active ion as Cu2+. It is well- known that the unit cell and crystal structures of racemic
and chiral crystals are different. By adding Cu2+ ions to these crystal structures, we can use EPR to
determine the short-range order and the molecular environment of the Cu2+ in the solids and, hence, the
chirality of the crystals. Here, we have demonstrated this for the case of L- and DL-His crystals and have
shown that this method has a high sensitivity for chiral identi�cation of solid mixtures, we have also
demonstrated the use of EPR to distinuigsh between conglometrate and homochiral crystals in the case
of NaClO3, and to distinguish between two homochiral crystals in the case of R/S-[Cu(binap)I]2.

This work gives a very preliminary example of the technique, and we hope that in the future it will be
possible to re�ne and develop this method using other metal ions and many other chiral organic crystals
systems. For many years, scientists have been investing efforts in the development of new methods for
analyzing and identifying chirality in the solid-state. We believe that the method we propose in this article
will expand the range of methods for chiral analysis in crystals, and will be developed and applied by
many others.

Methods
Materials. L and D-Histidine (99%, HPLC) were purchased from TCI EUROPE N.V., Copper chloride
dihydrate, (R)–BINAP, (S)–BINAP, Copper (I) iodide 98%, and Sodium chlorate were purchased from sigma
Aldrich Co 3050 Spruce Street. St Louis USA Ethanol absolute was purchased from Bio-Lab Ltd, Hayetzira
Jerusalem Israel, hydrochloric acid 37% was purchased from DAEJUNG Co, Ltd.
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Experimental conditions. The crystallographic structure of the L and DL-His crystals was measured by X-
ray diffraction (XRD), measurements were performed using a Bruker AXS D8 Advance diffractometer with
Cu Ka (λ = 1.5418 Å) operating at 40 kV/40 mA, and collecting from 2θ = 10° to 80°, DSC measurements
were performed with a Mettler Toledo model DSC 822e equipped with a liquid-nitrogen cooling accessory
and calibrated with indium, Samples were heated from 30 to 350°C at 2°C/min under N2 �ow, FTIR
spectrum was collected using a Thermo Scienti�c Nicolet iS10 FTIR spectrometer equipped with a Smart
iTR attenuated total re�ectance sampler containing a single bounce diamond crystal. Data were collected
and analyzed using OMNIC software. Spectra were collected in the 650–4000 cm-1 range at a spectral
resolution of 4, Copper concentrations inside the crystals was measured using Inductive Coupled Plasma
(ICP). Measurements were taken using a SPECTRO ARCOS ICP-OES Multi view FHX22 instrument, powder
samples (3 mg) were dissolved in concentrated hydrochloric acid and diluted with distilled water to a �nal
acid concentration of 3 weight %. CD measurments were done using a Chirascan spectrometer (Applied
Photophysics, UK) at room temperature. Measurements were carried out in a 1 cm optical path length cell
and the data were recorded from 200–260 nm with a step size and a bandwidth of 1 nm. Spectra were
obtained after background subtraction.

Computational detailes. All electronic structure calculations were done using density functional theory
with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional and ultrasoft pseudopotentials
using the Quantum Espresso software package. The ultrasoft pseudopotentials are taken from the
Rutgers university GBRV database.46 In the self-consistent calculations, the energy was converged below
10–8 Ry and the force convergence criteria is set to 10–5 a.u.

EPR measurments. Q-band spectra were recorded with Elexsys E580 at 20 K, using a two-pulse echo �eld
sweep experiment with a π pulse of 24 ns, and a tau value of 200 ns, the repetition time was 5 ms. The
frequency was 33.86 GHz. The presented spectra are derivatives of the absorption �eld sweep spectra.
The samples were measured in 1.6 mm quartz tubes (Wilmad-LabGlass, Vineland, NJ, USA).

ESEEM experiments. A π/2-τ-π/2-T + dt-π/2-τ-echo sequence was used with a four-step phase. Q-band
measurements at Elexsys E580 equipped with 50W AmpQ. The measurements were performed at 33.86
GHz, 11790 G, at 20K. The π/2 pulse length was 12 ns and the data was acquired with τ set of 220 ns to
amplify 14N modulations. The initial T was 80 ns. The data was processed by subtracting the baseline
using a polynomial �t. The resulting time domain was convoluted with a hamming window function, and
the spectrum obtained by cross-term averaging Fourier transform.

Crystallization of Cu-doped NaClO 3 chiral crystals. The crystallization of Cu-doped NaClO3 chiral crystals
was done according to a procedure that is very well known in the literature, one of the most famous
works on chiral crystals is the crystallization of NaClO3 crystals under continues stirring, it was shown,
that preforming the crystallization without stirring gave a racemic conglomerate of both L and D crystals,
however, when the solution is stirred almost all of the crystals (99.7%) formed in the same chirality either
L or D crystals47.
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In our experiments we have reproduced the exact crystallization method3 with the only difference being
the doping by Cu ions to allow the EPR measurements. Brie�y, two samples, each containing 6.25 gr of
NaClO3 and 4 mg of CuCl2 (0.5% mol) were each dissolved in 7.5 mL of DDW, the samples were mildly

heated (50–60 0C) until the solution became clear, next, the solutions were cooled down to room temp
and kept for 1 week at room temp for the crystallization process, one sample was continuously stirred
while the other one was not, after one week, the crystals were collected, �ltered and washed several times
with ethanol and dried under vacuum. The crystals were then milled to a �ne powder and the powders
were taken to XRD and EPR measurements.

Precipitation of R/S – [Cu(binap)I] 2 chiral complexes. The Precipitation of the chiral complexes was

conducted according to a published procedure48, brie�y, 311 mg of R/S – BINAP and 95 mg of CuI were
dissolved by 10 mL of acetonitrile under N2 atmosphere, the solution was kept for 1 hour with continues
stirring in room temp to produce the R/S - [Cu(binap)I]2 complexes which precipitated to give yellow
powders. The powders were then �ltered and washed several times with ethanol and �nally dried under
vacuum. The dry powders were taken to XRD and EPR measurements.
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Figure 1

Crystal structures of Cu2+-doped L/DL-His crystals: DFT calculations of Cu2+- doped L-His (I) and DL-His
(II) crystals. The unit cell in each crystal structure is highlighted, red atoms represent oxygen, light blue
represents nitrogen, brown represents carbon and dark blue represents copper.  
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Figure 2

Characterization of Cu2+-doped L/DL-His crystals: XRD graph of Cu2+-doped L-His crystals (I) and Cu2+-
doped DL-His racemate crystals (II), DSC of Cu-doped L/DL-His crystals (III). 
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Figure 3

Chiral measurements of mixtures of Cu2+-doped L/DL-His crystals: the extent of the 3O1N species
detected in DL-crystal as a function of L-His concentration. The inset shows the derivative Q-band EPR
spectra acquired at 20 K, 33.86 GHz for DL- and L- crystals. As well as illustration of the direct 14N nuclei
that are targeted by EPR measurement, R2=0.9317 (I). 2.8 MHz intensity obtained from the FT spectra of
the ESEEM signals. The FT spectra for the DL- and L-crystal are given in the inset. The illustration marks
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the 14N detected by ESEEM measurements performed at 33.86 GHz, 11790 G, with t = 220 ns, 12 ns
increment, 512 points (II).

Figure 4

Q-band EPR chiral measurements of additional chiral systems: measurements of Cu2+-doped NaClO3

crystals with and without stirring, The gray boxes mark the changes observed between the two crystals. In



Page 17/17

a crystal with stirring, the splitting in the g^ region is more detectable. While in the crystal without stirring,
owing to inhomogeneity of the sample, this splitting is less detectable. The change in homogeneity
between the two samples correlates to the change in enantiomeric excess; the sample that was stirred
only contains one enantiomer therefore it is more homogeneous (I). And measurments of R/S -
[Cu(binap)I]2 crystals, Changes in splitting both in the gçç and g^ regions are detected between the two
crystals and are manifested in the two inset boxes (II).
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