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Direct Chiral Discrimination with NMR

Sagar Wadhwa, Dominique Buyens, and Jan G. Korvink*

Unaided nuclear magnetic resonance (NMR) spectroscopy is considered
incapable of distinguishing enantiomers. However, as first derived by A.D.
Buckingham, the tensor coupling the electric and magnetic dipoles is
space-dependent, which varies according to the molecular structure, hence,
would be different for two enantiomers. Exploiting the odd-parity coupling
tensor, a new variant of a double-resonant radiofrequency (RF) NMR detector
is developed, which is sensitive to both electric and magnetic dipoles. Using
the detector, a new method for liquid-state NMR is developed and elaborated,
with which two enantiomers are successfully discriminated.

1. Introduction

The chirality of a molecule is a fundamental property of its
structure that can have a crucial impact on its function in bio-
chemical and chemical reactions. In the pharmaceutical indus-
try, it is estimated that half of the drugs currently synthesized
are chiral in nature,[1,2] in which the therapeutic effects associ-
ated with one enantiomeric form are not necessarily reproduced
by its mirror image. Therefore, it is important in drug discov-
ery to distinguish the enantiomer with the desired biological
activity from its inactive, or in some cases, toxic counterpart,
such as in the case of thalidomide.[3–5] Nuclear magnetic reso-
nance (NMR) can elucidate chemical structure down to atomic
resolution. It is therefore remarkable that NMR in its standard
mode of application is completely blind w.r.t. molecular chiral-
ity. This purely structural aspect implies that two enantiomers
neither differ in atomic constituents nor bond connectivity. The
NMR process is, in itself, achiral, since the nuclear shielding
tensor responsible for chemical shifts due to the Zeeman ef-
fect is even under parity. Since enantiomeric differentiation has
important consequences in chemistry and biology, the ability to
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distinguish enantiomers should be part of
the standard toolkit of structure elucidation
by NMR spectroscopy. Due to the impor-
tance of chirality, numerous workarounds
have been devised that indirectly allow
for enantiomeric discrimination via NMR
spectroscopy.[6–14] This is achieved by alter-
ing the chemical environment of a molecule
through the addition of chiral derivatiz-
ing agents or chiral solvating agents. How-
ever, such techniques suffer from com-
plex derivatization, peak overlap between
the chiral agent, and compounds of in-
terest, as well as additional purification
steps in order to recover costly compounds.

In 2004, the first attempt at direct chiral discrimination was
put forward by A.D. Buckingham,[15] to derive the condi-
tions whereby the coupling between the electric and mag-
netic dipole could be directly circumvented. Following this, sev-
eral attempts have been made at implementing this concept
experimentally,[16–18] yet the direct and quantitative discrimina-
tion via NMR has remained elusive.

It was shown by Buckingham[16] that a chiral molecule, when
placed in a static magnetic field, induces an electric nuclear
shielding tensor, analogous to the NMR nuclear shielding ten-
sor, which has the opposite sense of two enantiomers, and van-
ishes for achiral molecules. This chirality tensor, appearing in
an extended NMR Hamiltonian, depends on the coupling be-
tween the rotating magnetic moment with the electric dipole for
an atom.[16] The strength of the chirality tensor depends on vari-
ous factors, such as the electronegativity of the atom, the molec-
ular arrangement, gyromagnetic ratio, etc.[19] Thus potentially, at
least two ways exist to distinguish chiral molecules by NMR, ei-
ther to detect the growing oscillating electric dipole in response
to a 𝜋/2 radiofrequency (RF) magnetic field B1(t) pulse being ap-
plied to the sample, or reciprocally, to detect the emerging os-
cillating magnetic moment when an RF electric field pulse E2(t)
is applied to the sample to accumulate the enantiomerically in-
duced phase.[16]

The first reported attempt to produce a functioning chiral de-
tector was based on a ring-loop resonator design.[18] The design
was based on the concept that, by reducing the magnetic field as-
sociated with an oscillating electric field, for example by adapting
the geometry of the resonator with two counter loops, one can ef-
fectively suppress the Zeeman term of the Hamiltonian, which
in this case would be noise. This created a sensitive volume in
the resonator which was suitable for the NMR chiral measure-
ments. A sample placed away from this volume would not have
generated a signal from the chirality tensor. Nevertheless, it was
acknowledged by the authors that the resonator could be used as
an exciter, but not as a suitable detector. A solution could have
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Figure 1. Summary of the evolution of magnetization for different pulse conditions, where blue and red curves show the magnetization trajectory of
the two enantiomers. a) The case for a conventional NMR measurement, when only a magnetic pulse is applied. The signal for a chiral molecule will be
similar to the acquisition from an achiral molecule. (b–d) In the presence of an electric field, a difference in the magnetization’s trajectory is produced.
However, depending on the angle by which the magnetization is flipped different situations will arise. b) When the net magnetization is flipped by 𝜋/2,
the final chiral signal will be indistinguishable and hence similar to (a). c) The ideal case for a chiral measurement, when the net magnetization is flipped
by an angle of 𝜋 radians. In this case, the free induction decay (FID) recorded by the coil for the enantiomer pairs will be similar in magnitude but
opposite in phase. d) The situation when the magnetization is flipped in the range ϕ ∈ (𝜋/2, 𝜋). The FID recorded for two enantiomers will have the
same phase but a difference in magnitude.

been the placement of a coil, tuned to the Larmor frequency, and
matched to 50Ω, between the capacitor plates creating the electric
field. However, this could disturb the chirally-sensitive volume of
the exciter resonator, and adversely affect the device’s detectivity.
A solution proposed was to shuttle the liquid between the exciter
and the detector. This could be challenging, given the space re-
strictions in a superconducting NMR magnet’s bore, since the
exciter and detector would need to be placed apart with enough
distance, such that the sensitive volume is not disturbed. In ad-
dition, the sample’s placement in the resonator and the sample’s
dielectric properties would have disturbed the chirally sensitive
volume. No attempt at an implementation has yet to be success-
ful.

Therefore, there remains a need for a detector design which
could both excite the chiral component of the NMR signal suffi-
ciently to render it detectable, and simultaneously suppress any
signal due to the Zeeman part of the Hamiltonian. In this work,
we present a novel microstrip-based detector which technically
fulfills the requirements, and together with a suitable pulse se-
quence, demonstrates a measurement of the chiral signal. The
resonator revealed an emerging oscillating magnetic moment
when an RF electric field pulse E2(t) was applied to a chiral
molecular sample. The article elaborates on the methodology and
the physics behind the chiral signal, and Figure 1 provides an
overview of the article.

2. Results and Discussion

2.1. Spin Dynamics

In NMR, when a sample is placed in a magnetic field B0, the
spins (which act like small magnetic dipoles) align along the di-
rection of B0. Depending on the arrangement of the molecules,
the aligned spins precess about the magnetic field direction with
different frequencies. When an RF pulse is applied, some of the
spins are tipped towards the plane normal to the B0. After the
application of the RF pulse, the spins relax to their initial phase
during which they precess about the B0 direction, which is the
free-induction decay (FID). The precession of the spins produces
the magnetic signal. This magnetic signal is acquired by a detec-
tor close to the sample, which reveals the NMR spectrum with a
range of frequency shifts after Fourier transformation, as shown
in Figure 1a. However, regardless of a molecule’s handedness,
the signal obtained for either enantiomer will be identical in
structure. Therefore, an important aspect of measuring a chiral
signal is to excite a chirality-dependent odd parity tensor in the
Hamiltonian.[16] However, due to the lower magnitude of the ten-
sor, compared to the Zeeman magnetization, one needs to sup-
press the signal obtained from the normally precessing magnetic
dipole. To find a way to do this we followed the approach from
Walls et al.[17], in which the time-independent NMR Hamiltonian

Adv. Mater. 2024, 2408547 2408547 (2 of 8) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202408547 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [26/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 2. a) Comparison of the spectrum obtained for a racemic, and that of an enantiopure sample, both acquired after a 𝜋/2 pulse. The intensity
magnitude for both samples was equal. The spectra were obtained with identical pulse parameters. There is no discernable difference. b) Intensity
magnitudes under additional action of an RF electric field pulse, together with an equally long 𝜋 magnetic pulse. The net effect together with the stray
magnetic field produced by RF electric field and the magnetic field produced by the B1 port flipped the net magnetization ≈𝜋, where the (middle, red)
curve is the computed difference between the racemic (R+S, lower purple curve) and the enantiopure sample’s spectrum (R, green curve). The non-zero
difference between the spectra confirmed the sign inversion effected by the electric field on each enantiomeric NMR signal.

for a nucleus at a chiral center in the presence of an applied RF
electric field can be written as

Ĥchiral = ΩÎz − 𝜔B1
Îx ∓ 𝜔E2

Îy (1)

where Ω = 𝜔0 − 𝜔rf, with 𝜔0 = 𝛾B0. Here, 𝜔B1
is the usual

NMR RF excitation applied to the B1-port of the resonator, and
𝜔E2

= 𝜎cE2𝛾B0 is the newly introduced electric field excitation
term to induce the chiral signal and applied to the E2-port of the
two-port resonator as shown in Figure 5a. The chirality tensor 𝜎c
possesses an opposite sign for each of the two enantiomers of a
chiral center. After applying an electric and magnetic RF pertur-
bation, the NMR Hamiltonian transforms to

�̂�(t𝜃) = Îz cos𝜔E2
t𝜃 cos𝜔B1

t𝜃 ∓ Îx sin𝜔E2
t𝜃 cos𝜔B1

t𝜃 + Îy sin𝜔B1
t𝜃 (2)

where 𝜃 is the angle by which the net magnetization is flipped
w.r.t to the B0 direction and t𝜃 is the RF pulse duration required
to reach this angle. Three scenarios can occur depending on the
RF pulse applied to the electric field capacitor. If we apply an RF
pulse for a time t𝜋/2 and as B1 tip angle and E2 tip angle are dif-
ferent,

𝜔B1t𝜋∕2 = 𝜋∕2 (3)

𝜔E2t𝜋∕2 ≠ 𝜋∕2 (4)

such that the net magnetization is flipped by 𝜋/2rad ≡ 90° as
suggested in Buckingham and Fischer,[16] the density of states
after time t𝜋/2 would be

𝜌(t𝜋∕2) = Îy (5)

In this case, the chiral term vanishes and the NMR signal from
the enantiomers will be indistinguishable, see Figure 1b. The
NMR signal acquired for [R], [S], or a racemic mixture will be
equivalent to an achiral signal. If instead, we apply an RF excita-
tion pulse for double the time, t𝜋 = 2t𝜋/2 where,

𝜔B1t𝜋 = 𝜋 (6)

𝜔E2t𝜋 ≠ 𝜋 (7)

such that the magnetization is flipped by 𝜋rad ≡ 180°, the density
of states would reach

𝜌(t𝜋) = −Îz cos (𝜔E2
t𝜋) ± Îx sin (𝜔E2

t𝜋) (8)

As can be gathered from the solution of the equation, the chiral
term no longer vanishes during spin evolution, hence the NMR
signal of the R and S enantiomers will have an opposite phase,
Figure 1c, which cancels out in a racemic mixture. If, however,
the net magnetization is flipped to an angle ϕ such that ϕ ≈ 𝜋rad
where only,

𝜔B1t𝜙 ≈ 𝜋 (9)

the signal intensity, Figure 1d, will be given as

�̂�(t𝜃) = Îz cos𝜔E2
t𝜙 cos𝜔B1

t𝜙 ∓ Îx sin𝜔E2
t𝜙 cos𝜔B1

t𝜙 + Îy sin𝜔B1
t𝜙 (10)

Since the detector is sensitive to the magnetic moment
along the x-y-plane, only the transverse projection of the
density-of-states 𝜌(t) will be measurable, leading to a peak
intensity difference. A complete derivation of the signal
due to both enantiomers is provided in the Supporting
Information.

2.2. Proof of Principle

Since these were the first ever measurements to be recorded
we started with the 19F-spectroscopy of 1,1,1-trifluoropropan-2-
ol, as this molecule was suggested to have the strongest chiral
signal[18,19] in conjugation with 19F. It contains three 19F nuclei,
which have a high gyromagnetic ratio and are the molecule’s
heaviest nuclei. If we had not observed the chiral effect with this
molecule, it was an indication that we had a mistake in the pro-
posed theory or the design of the detector. Therefore, a simple
test to check the chiral effect was to observe the intensity varia-
tion when the net magnetization is aligned close to 𝜋. For this,
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Figure 3. a) 1H NMR spectrum acquired for 1,1,1-trifluoropropan-2-ol at a 𝜋/2 pulse length for the racemic and an R-enantiomeric sample. The capital
letter labeling a peak represents the signal from the corresponding 1H as labeled in the chemical structure. The chemical structure shown is a 2D
representation, with the blue arrows in (b) and (c) indicating the direction of the electric dipoles, and are not scaled to the actual values. b) 1H NMR
spectrum acquired for 1,1,1-trifluoropropan-2-ol close to a 𝜋 pulse length for the (R)-enantiomeric sample. The letter labeling the peaks in the inserts
represents the signal from the 1H labeled in the chemical structure shown in (a). The intensity of the peak labeled A increases with increasing pulse
length of E2, and the intensity of peaks labeled B and C reduce with increasing pulse length. c) The same experiment was repeated on the racemic
sample. In this case, the intensity of the peaks labeled A, B, and C increase with increasing pulse length of E2.

a comparison between a racemic and either of the enantiomers
was enough. We compared the 19F signal intensity from the−CF3
group of the (R)-enantiomer with that of the racemic sample. The
signal acquired for these samples using a 𝜋/2 pulse length, in the
presence of an RF electric field, is shown in Figure 2a. The chiral
signal acquired using pulse length that flipped the net magneti-
zation approximately by 𝜋 is shown in Figure 2b. The chiral signal
was approximately 8% of the intensity at 𝜋/2, which is close to the
prediction by,[18] where they estimated the value to be in the range
of 1%–5% of an achiral signal. From the measurement results
the chirality tensor for the 19F atoms in 1,1,1-trifluoropropan-2-
ol, was calculated to be 1.4 × 10−10mV−1. For more detail about
the calculation please refer to the Supporting Information of this
paper.

Next, identical measurements were repeated for the same
molecule using 1H spectroscopy. The relative intensity of the two
peaks B and C, compared to peak A, was different for the racemic

and (R)-enantiomer in 𝜋/2 pulse length acquisitions. Therefore,
different pulse lengths for the electric field were used to inves-
tigate the behavior of each peak. The results obtained are plot-
ted in Figure 3. The magnitude of the chirality tensor for the
1H was compared to that of 19F, and their ratio was found to
be similar to the range predicted by[16]; however, we measured
stronger magnitudes as compared to their predictions by simula-
tion. The chirality constants at the 1.30, 4.05, and 5.00ppm peaks
were found to be 6.0 × 10−11, 4.8 × 10−11, and 4.8 × 10−11mV−1

respectively.
The complete set of measurement results and the cal-

culations are presented in the Supporting Information. We
also observed an even stronger chiral effect than predicted.
Furthermore, we were unable to procure the other isomer,
hence we decided to continue the measurements with the
easily available enantiomer and its racemate, as discussed
further.
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Figure 4. The figure shows excerpts of nutation spectra recorded for the ibuprofen (0.500 M in CDCl3) and thalidomide (0.113 M in DMSO− d6) samples,
for the proton positions that are shaded in grey in the chemical structure diagrams. Blue represents (S)-enantiomer, purple represents racemate, and red
represents (R)-enantiomer. The protons selected were those closest to the chiral center and hence possessed the largest chirality-dependent deviations
of their spin dynamics. The power and the pulse length on the E2 channel was kept constant at 20 W, for a duration of 10 μs. The power on the B1 port
was kept at a level of 20 W, and the pulse lengths were varied. A chirality-dependent coupling of electric and magnetic dipoles was observed, with the
time required to align the magnetization to 𝜋 dependent on the molecule and chiral center. The associated coupling factor, though not always equal in
magnitude, is opposite in sense for the enantiomer pairs. The dotted line represents the theoretical nutation curve, plotted using Equation (10), with
the coupling constant values taken from our measurement results, to determine the zero crossing point of the nutation line.

2.3. Enantiomer Distinction of Ibuprofen and Thalidomide

Since the chirality constant was measured to be stronger than
originally expected, we decided to investigate the detection sen-
sitivity with two further compounds, ibuprofen (0.500 M in
CDCl3), and thalidomide (0.113 M in DMSO-d6). The reason for
choosing a high concentration was that the chiral was reported
to be sensitive to the spin density.[20] Therefore, with these con-
centrations, we could ensure that it did not affect normal NMR
acquisitions, and the chiral effect could be observed. The mini-
mum concentration up to which we observe the chiral effect still
needs to be investigated. The apparatus used for the experiments,
i.e., the sample, RF detector, and the ambient conditions, were
such that the system remained under the RASER threshold.[21]

Therefore, there could be no spontaneous emissions. Ibupro-
fen is used as a non-steroidal anti-inflammatory medication,[22]

where only the (S)-enantiomer has therapeutic effects; however,
the (R)-enantiomer undergoes chiral inversion during the me-
tabolization process.[23] Thalidomide is infamous for the thalido-
mide scandal[3–5] and is a perfect example of the harmful effect
of having the wrong enantiomer metabolized in a host’s body.

To measure the chirality constant, we acquired nutation spec-
tra for ibuprofen (Figure 4a) and thalidomide (Figure 4b) using
three different enantiomer concentrations. These were the (R),
the (S), and the racemic. The nutation spectra were recorded by
varying the pulse lengths of the RF magnetic field, while the pulse
length of the RF electric field was kept constant. The nutation ex-
periments were performed on the peaks close to the chiral center,
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Figure 5. a) Chiral NMR detector, mounted on a commercial NMR probehead. b) Schematic of the chiral detector viewing toward the (positive) z-axis,
where the B0 field is pointing outside the paper, with two RF ports, and the four metal layers that bias the sample and detect its NMR response (figure not
to scale). The sample is sealed in a square glass capillary with an inner side wall of 0.7mm. The sample is placed between the inductive inner layers of
the detector. c) Measured reflection curve for the detector’s magnetic port, for 19F spectroscopy, after correct tuning and matching. The low reflection
parameter value improves signal transmission and detection quality. d) Measured Smith chart for the two RF signals plotted for the range 440 to 500
MHz. The inner curve (green) shows the response of the Tx/Rx NMR port for the magnetic field signal, and the outer one (purple) the Tx port for the
electric field signal.

and on those which experienced the strongest discerning effect,
i.e., for ibuprofen and thalidomide, these were peaks at 1.48 and
8.00ppm, respectively.

From the measurement results, the chirality constants for the
frequency shift at 1.48ppm for (R)- and (S)-ibuprofen were mea-
sured to be -1.65 × 10−10 and 4.89 × 10−11m V−1, respectively. The
chirality constants for the frequency shift at 8.00ppm for (R)- and
(S)-thalidomide were measured to be 4.60 × 10−11 and -9.20 ×
10−11m V−1, respectively.

The difference in the chirality constant for thalidomide could
be explained by the process of chiral inversion, or as reported
by,[24] self-disproportionation of enantiomers. For thalidomide, it
is now a well-documented process in which the (R)-enantiomer
converts to the (S)-enantiomer.[25] This could be the reason why
the chirality constant of (R) was measured to be lower than (S).
Since the samples were stored in sealed glass capillaries, the dif-
ference in the sign indicates that the (R)- counterpart still had an
enantiomeric excess (e.e.), and that the conversion process was
not as fast in vitro as observed in vivo.

The ibuprofen, which was dissolved in CDCl3 and stored in the
sealed capillaries, also revealed a chemical or structural change.
As can be seen from Figure S2 (Supporting Information), the sig-
nal from the carboxyl group started to appear after a certain time.
As reported by the supplier of the chemical,[26] the signal from
the carboxyl group should be silent. This peak was present in the
(R)-enantiomer and the racemic of ibuprofen. We could not ascer-
tain whether the (S)-enantiomer underwent chiral inversion over
time, so that a structural change of (S) could not be ruled out, as
ibuprofen could have several structural conformers,[27] of which
a certain conformer is preferred in CDCl3 solutions.[28] This may
have led to variations in the chiral constant magnitudes. The de-
tailed measurement results and calculations are presented and
further elucidated in the Supporting Information.

3. Experimental Section

Normally, by applying an inversion RF magnetic pulse 𝜋 to a spin-
polarized sample, the resulting magnetization would be aligned
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opposite to the direction of B0, and hence would show no free
induction decay signal during relaxation. Two conditions must
be met before an observable signal can arise from an inverted
magnetization. First of all, the sample must contain a sufficient
excess of chiral molecules of a particular enantiomer, each excess
molecule being equipped with an induced electric dipole of a par-
ticular sign at its selected chiral center. Second, a separate elec-
tric field RF pulse must be applied to the sample, simultaneously
with the magnetic field pulse. However, applying an RF electric
field comes with its challenges, as it produces an RF-associated
magnetic field, which itself will influence the magnetic dipoles.
For the detector used in the investigation, if only an electric field
was applied, the stray magnetic field produced was measured to
be ≈5.1 kHz for 1H (or 120 μ T) with 20 W of power applied to
the E-field port. This produced an electric field magnitude of 54k
V m−1. However, there would be a condition at which the effect
of the magnetic field would be minimized after a finite pulse du-
ration, as can be calculated from the Equation (10). The time re-
quired would be fairly long and in the range of ≈100 μs. There-
fore, an excellent RF homogeneity have to be ensured in order not
to lose signal intensity due to loss of spin coherence over time.
If only a DC electric field had been used, a chiral effect might
not had been observed.[17] All of these issues did not arise if a
combined E2-field and B1-field 𝜋 excitation were used. With the
application of the electric field, and compensating the stray mag-
netic field, the reciprocity principle between electric and mag-
netic dipoles would then ensure their coupling, thus imposing
a small deflection torque onto the downward-pointing magneti-
zation. This deflection would result in a small detectable NMR
signal in the free induction decay, proportional to the strength
of coupling (or 𝜎c) between the electric and magnetic dipole of
the enantiomer.

The accumulated phase of the chiral signal depended on the
handedness of the molecule, which among two enantiomers,
was due to the sign-inversion of the electric dipole. For the
case that a nonchiral sample was subjected to a simultaneous
radio-frequency magnetic and electric field pulse, no NMR signal
would arise, due to the absent coupling between the electric and
magnetic dipoles. Furthermore, a 50–50 racemic mixture pro-
duced no NMR signal since the free induction decays of the two
enantiomers would be out of phase by exactly ϕ = 𝜋, and hence
cancel each other. Only an excess of one of the two enantiomers
in a non-racemic sample produced an observable signal.

From the above discussion, the requirements of the detec-
tor could now be derived. Since the odd parity term, which dis-
tinguishes the spin dynamics of the enantiomers, was propor-
tional to the magnitude of the impinging electric field, the de-
tector should be able to apply strong electric field excitations to
the sample. As the chiral signal became stronger when the mag-
netic dipoles were flipped by angles of multiples of 𝜋, the detector
should be able to apply highly uniform magnetic field excitations
to avoid dephasing of the magnetization. The detector should also
have the ability to control the electric and magnetic fields individ-
ually, under full spectrometer control.

The detector in precision printed circuit board technology as a
stack of four striplines which symmetrically sandwich the sam-
ple, Figure 5a,b was implemented. The inner layers correspond-
ing to the B1-port were formed by the inductively-tuned striplines
that create a strong time-dependent magnetic field B1(t)⊥B0 per-

pendicular to the axis of the striplines, and parallel to their planes,
whilst minimizing any stray electric field. The outer capacitively-
tuned stripline planes corresponding to the E2-port were made
relatively wide, to reduce their stray magnetic field component,
and due to the proximity of the two faces to the sample, pro-
duced a strong time-dependent electric field E2(t)⊥B0, hence
transverse to both the B0 axis and the stripline planes. As a result,
B1(t)⊥E2(t). The sample was confined to a thin capillary placed
along the longitudinal symmetry axis of the stack, along the B0
axis. Within its sample volume, the electric and magnetic fields
remained strictly perpendicular to each other. The striplines were
electrically tuned to retain their RF properties across a wide band
of frequencies (Figure 5c,d).

The measurements were performed on an 11.74 T ver-
tical wide-bore superconducting NMR spectrometer (Bruker
AVANCE III) with the bespoke detector (this work) mounted on a
customized probe head (Voxalytic GmbH), as shown in Figure 5a.
The samples were prepared identically, ensuring that the sam-
ple volumes were the same (2.94 μl). The sample volume was
limited in depth by the distance of the capacitor plates used for
the E2 fields. Since the magnitude of E2 varies inversely with the
distance between the capacitor plates, it is advantageous to keep
them as close as possible. However, the minimum distance was
limited by the size of the capillary that could be used, where the
size of the capillary was limited by the process of filling and seal-
ing it. For the measurements, the capillaries used were a square
capillary (from CM Scientific Ryefield (EU) Ltd., Ireland) with
outer side wall of 0.98mm and inner side wall of 0.7mm. The
length of the sample was limited by the homogeneous region of
the B1 field of the detector which was 6mm. Therefore, this re-
sulted in the given volume. The shimming values for different
experiments were within an acceptable range of each other, such
that no deviation was observed in the NMR lineshape.

4. Conclusion

In this paper, we demonstrated a method to directly distinguish
chiral enntiomers using NMR spectroscopy. The principle of the
method was based on the evolution of magnetization for a chi-
ral molecule in an NMR environment under the action of a si-
multaneously applied external RF electric field. It was shown
that, depending on the angle by which the net magnetization is
flipped from its initial position, the chiral signal was distinguish-
able for 𝜃 ≠ 𝜋/2. Based on this, a detector was designed which
was capable of producing B1 and E2 RF fields orthogonal to each
other. Three molecule sets were tested, 1,1,1-trifluoropropan-2-
ol, ibuprofen, and thalidomide, to demonstrate the theory estab-
lished, and the correct functioning of the detector. To further in-
vestigate the effect on naturally occurring chiral molecules, ala-
nine with the molar concentration of 0.830 M in D2O was inves-
tigated as it is one of the stable chiral molecules. The measure-
ment results are reported in the Supporting Information. Since
it is a newly developed method developed, there is still a wide
range of chiral molecules that need to be further investigated and
to develop pulse sequences to elucidate enantiomeric differences
rather than pure enantiomeric samples.

As the concentration may affect the chiral signal,[20] therefore,
the chances to observe the effect may reduce for molecules that
cannot be dissolved at such high concentration. At this moment,
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we did not investigate the effect of concentrations on the mea-
surements; however, one solution may be to increase the number
of acquisitions or to develop a long-duration electric field pulse
sequence, which accumulates the chiral signal analogous to the
increasing number of acquisitions.

The detector was designed for chiral elucidation measure-
ments in NMR. However, it could also be used for chiral-induced
spin selectivity (CISS) experiments. In ref. [29] the authors dis-
covered differences in the enantiomer signal intensities using
cross-polarization, and concluded that the reason could be due
to the physics behind CISS. We believe that, with full control of
RF electric and magnetic fields, it should be possible to investi-
gate these and other effects, which have remained elusive to date.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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