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Abstract

Conventional nuclear magnetic resonance spectroscopy is unable to distinguish between the two mirror-image forms (enantiomers) of
a chiral molecule. This is because the NMR spectrum is determined by the chemical shifts and spin–spin coupling constants which – in
the absence of a chiral solvent – are identical for the two enantiomers. We discuss how chirality may nevertheless be directly detected in
liquid-state NMR spectroscopy: In a chiral molecule, the rotating nuclear magnetic moment induces an electric dipole moment in the
direction perpendicular to itself and to the permanent magnetic field of the spectrometer. We present computations of the precessing
electric polarization following a p/2 pulse. Our estimates indicate that the electric polarization should be detectable in favourable cases.
We also predict that application of an electrostatic field induces a chirally sensitive magnetization oscillating in the direction of the per-
manent magnetic field. We show that the electric-field-perturbed chemical shift tensor, the nuclear magnetic shielding polarizability,
underlies these chiral NMR effects.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy is an
important technique for determining the structure of mol-
ecules in solution. NMR can, however, not be used to
determine the absolute configuration of chiral molecules
in a pure liquid, as the chemical shifts and spin–spin cou-
pling constants are identical for the two enantiomers of a
chiral molecule. All NMR-based methods for chiral dis-
crimination have therefore required that the chiral solute
be in the presence of a chiral reagent or solvent [1–3].

A recent paper [4] shows that chirality may actually be
directly observable in NMR spectroscopy without the need
for a chiral auxiliary. The coherent precession of nuclear
spins following the application of a p/2 pulse to a chiral
sample is predicted to give rise to a rotating electric polar-
ization. The electric polarization is due to molecular elec-
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tric dipole moments induced by the rotating nuclear
magnetic moment in the presence of the spectrometer�s
magnetic field. We show that the parity-odd nuclear-mag-
netic polarizability pseudoscalar that gives rise to the
polarization in an optically active liquid has the same form
as the isotropic part of the chemical shift tensor linearly
perturbed by a uniform static electric field [5–7]. We use
finite field calculations to compute its value for 1H nuclei
in hydrogen peroxide, H2O2, and for 1H, 19F, and 13C
nuclei in chlorofluoroacetic acid, CHClF(COOH). We
deduce that the chiral electric polarization should be
detectable in favourable cases.

We also show that in a chiral liquid application of an
electrostatic field at right angles to the permanent magnetic
field Bð0Þz can give rise to an oscillating magnetization in the
direction of Bð0Þz .

2. Theoretical background

In NMR, a p/2 pulse rotates the equilibrium magnetiza-
tion from the direction of the magnetic field Bð0Þz into the
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xy-plane at right angles to the field. The magnetization pre-
cesses around Bð0Þz at the resonant angular frequency x and
its free induction decay is recorded by a coil whose axis we
take to be parallel to the x-axis. The NMR spectrum is
obtained through Fourier transformation of the signal.
The NMR spin Hamiltonian is given by

H ¼ �
X

N

mðNÞa dab � rðNÞab

� �
Bð0Þb þ

X
N<N0

hJ ðNN0Þ
ab I ðNÞa I ðN

0Þ
b ; ð1Þ

where the magnetic moment of nucleus N is

mðNÞa ¼ �hcðNÞI ðNÞa ; ð2Þ

and where �hI ðNÞa is its angular momentum and c(N) its mag-
netogyric ratio. rðNÞab is the shielding tensor and J ðNN0Þ

ab is the
spin–spin coupling tensor of the pair of nuclei N and N 0.
For isotropic media, Eq. (1) becomes

H ¼ �
X

N

mðNÞz ð1� rðNÞÞBð0Þz þ
X
N<N0

hJ ðNN0ÞI ðNÞ � I ðN0Þ ð3Þ

and the isotropic components of the shielding tensor and
the spin–spin coupling tensor are:

rðNÞ ¼ 1

3
rðNÞxx þ rðNÞyy þ rðNÞzz

� �
� 1

3
rðNÞaa ; ð4Þ

J ðNN0Þ ¼ 1

3
J ðNN0Þ

aa . ð5Þ

The equilibrium magnetization along the direction of the
field of the spectrometer is

M ðNÞ
z

� �
¼ N ðNÞ�hcðNÞð1� rðNÞÞ I ðNÞz

� �
; ð6Þ

where

I ðNÞz

� �
� I ðNÞðI ðNÞ þ 1Þ�hcðNÞBð0Þz =ð3kT Þ ð7Þ

and N(N) is the number density of N-containing molecules.
For protons at a resonance frequency x/2p of 600 MHz,
Bð0Þz ¼ 14:1 T and at 300 K hI ðHÞz i � 2:4� 10�5 and
hM ðHÞ

z i � 7� 10�3A m�1, where we have assumed that the
number density in a pure liquid is N(N) � 1028 m�3.

After application of the p/2 pulse, the magnetization
precesses around Bð0Þz , such that the mean nuclear magneti-
zation at time t has x and y components:

M ðNÞ
x ðtÞ ¼ � M ðNÞ

z

� �
sin xt expð�t=T 2Þ; ð8Þ

M ðNÞ
y ðtÞ ¼ M ðNÞ

z

� �
cos xt expð�t=T 2Þ; ð9Þ

T2 is the dephasing relaxation time and is of the order of 1 s
for a proton in a liquid. The exact resonance frequency
x=2p ¼ jcðNÞjBðNÞz =2p depends on the chemical environment
of the nucleus:

BðNÞz ¼ ð1� rðNÞÞBð0Þz . ð10Þ
The shielding tensor r(N) (r(N) � 10�5 for protons) can be
thought of as giving either the reduction of the magnetic
field at N due to the surrounding electrons or the reduction
of the magnetic moment of the molecule Dm(N) from the
nuclear magnetic moment m(N) due to the current induced
in the electronic cloud by m(N):
DBðNÞa ¼ �rðNÞab Bð0Þb ; ð11Þ

DmðNÞa ¼ �rðNÞba mðNÞb . ð12Þ

Perturbation theory may be used to derive expressions
for the diamagnetic (dia) and the paramagnetic (para) com-
ponents of the shielding tensor [8]. For a closed-shell mol-
ecule in the state |0i,

rðNÞab ¼ rðNÞðdiaÞ
ab þ rðNÞðparaÞ

ab ; ð13Þ

rðNÞðdiaÞ
ab ¼ l0

4p
e2

2me

h0j
X

i

r2
i dab� riarib

� �
r�3

i j0i ¼ h0jr̂
ðNÞðdiaÞ
ab j0i;

ð14Þ

rðNÞðparaÞ
ab ¼� l0

4p
e2�h
m2

e

X
p 6¼0

xp Re h0j
P

j
lja=r3

j jpihpj
P

i
lib j0i

( )

x2
p �x2

;

ð15Þ

where �hli is the orbital angular momentum operator of elec-
tron i about the origin of coordinates at nucleus N, �hxp is the
excitation energy from |0i to |pi, and where xp=ðx2

p � x2Þ
may be approximated by x�1

p since x/xp � 10�8.
Because r(N) and J(NN 0) are even under parity (space-

inversion), it follows that NMR is unable to distinguish
between the enantiomers of a chiral molecule (except in a
chiral solvent). In order to achieve direct chiral discrimina-
tion in NMR spectroscopy, an odd-parity property needs
to be linked to the magnetic moment of the nucleus.

3. Chirality in NMR

We consider whether a nuclear magnetic moment can
induce an electric dipole moment, and whether the con-
verse, the application of an electric field, has an effect on
NMR spectra.

3.1. Induced rotating electric moment

Let us enquire if a nuclear magnetic moment m(N) can
induce an electric dipole moment Dl(N) in the molecule [4]:

DlðNÞa ¼ nðNÞab mðNÞb þ n0ðNÞab _mðNÞb =x. ð16Þ

Perturbation expressions for the nuclear-magnetic polariz-
abilities are:

nðNÞab ¼ �
l0

4p
2e
me

X
p 6¼0

xp Re h0jlajpihpj
P

j
ljb=r3

j j0i
( )

x2
p � x2

; ð17Þ

n0ðNÞab ¼
l0

4p
2ex
me

X
p 6¼0

Im h0jlajpihpj
P

j
ljb=r3

j j0i
( )

x2
p � x2

. ð18Þ

Equations equivalent to the transpose of (17) and (18)
were derived by Lazzeretti and Zanasi [9] for their
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magnetoelectric shielding tensors kab and k̂ab that give
the magnetic field induced at a nucleus by an oscillating
electric field.

Time-reversal symmetry requires that nðNÞab is zero for
closed-shell molecules, but in a magnetic field B(0)

nðNÞab ðBð0ÞÞ ¼ nðNÞabc Bð0Þc ð19Þ

is non-vanishing. The operator for the magnetic field at the
nucleus N is

BðNÞa ¼ Bð0Þa �
l0

4p
e�h
me

X
j

lja=r3
j � r̂ðNÞðdiaÞ

ab Bð0Þb ; ð20Þ

nðNÞabc can be obtained from Eq. (20) and the formula (17) for

nðNÞab using wavefunctions and energies perturbed by the sta-
tic magnetic field:

jpiBð0Þ ¼ jpi þ
X
q6¼p

hqjmjpi � Bð0Þ

�hxqp
jqi þ � � � ; ð21Þ

�hðxpÞBð0Þ ¼ �hxp � hpjmjpi � Bð0Þ þ � � � ; ð22Þ
where the magnetic moment operator m ¼ � e�h

2me

P
jl j, and

where �hxqp = �h(xq � xp) is the excitation energy of the
transition q p. The contamination of the wavefunctions
|0i and |pi in Eq. (17) by the strong field Bð0Þz of the
NMR spectrometer is �10�3 to 10�4. If we neglect n

0(N)

[4], Eq. (16) becomes

DlðNÞa ¼ nðNÞabc mðNÞb Bð0Þc ; ð23Þ

where for x� xp

nðNÞabc ¼ �
2

�h

X
p 6¼0

1

xp
Re h0jlajpihpjr̂

ðNÞðdiaÞ
bc j0i

h i

� l0

4p
2e

me�h

X
p 6¼0

hpjmcjpi
x2

p

Re h0jlajpihpj
X

j

ljb=r3
j j0i

" #(

þ
X
q6¼0

1

xpxq
Re hqjmcj0iðh0jlajpihpj

X
j

ljb=r3
j jqi

"

þh0j
X

j

ljb=r3
j jpihpjlajqiÞ

#
þ
X
q6¼p

1

xpxqp

�Re hpjmcjqiðh0jlajpihqj
X

j

ljb=r3
j j0i

"

þh0j
X

j

ljb=r3
j jpihqjlaj0iÞ

#)
. ð24Þ

In an optically active liquid nðNÞabc has an isotropic part
�n
ðNÞ

eabc, and the corresponding pseudoscalar

�n
ðNÞ ¼ 1

6
nðNÞabc eabc

� �
¼ 1

6
nðNÞxyz � nðNÞxzy þ nðNÞyzx � nðNÞyxz þ nðNÞzxy � nðNÞzyx

� �
ð25Þ

is non-zero for a chiral molecule. Hence, the induced rotat-
ing electric dipole moment in an optically active liquid is gi-
ven by
DlðNÞ ¼ �n
ðNÞ

mðNÞ � Bð0Þ. ð26Þ
Note that the diamagnetic contribution to nðNÞabc in Eq. (24) is

symmetric in bc and therefore does not contribute to �n
ðNÞ

.

3.2. Application of an electric field in NMR

Let us similarly enquire if a static electric field E(0) can
cause a magnetic field at the nucleus:

DBðNÞa ¼ �rðNÞab Bð0Þb � rð1ÞðNÞabc Bð0Þb Eð0Þc ; ð27Þ

where rð1ÞðNÞabc is the chemical shift tensor perturbed by a uni-
form static electric field [5–7]. After taking an isotropic
average, we obtain

DBðNÞ ¼ �rðNÞBð0Þ � rð1Þ
ðNÞ

Bð0Þ � Eð0Þ; ð28Þ
where the pseudoscalar rð1Þ

ðNÞ
is given by an expression

similar to Eq. (25). By comparing nðNÞabc in Eq. (23) with
rð1ÞðNÞabc in Eq. (27) it becomes evident that both tensors de-
pend on an electric-dipole, a magnetic-dipole, and a mag-
netic-field operator. Should the tensors have the same
frequency argument, then it follows from consideration
of the energy in Eð0Þa mðNÞb Bð0Þc that nðNÞabc ¼ �rð1ÞðNÞbca and hence

that �n
ðNÞ ¼ �rð1Þ

ðNÞ
.

Just as r(N) has two meanings (see Eqs. (11) and (12)), so
r(1)(N) has three. In addition to

DlðNÞa ¼ �rð1ÞðNÞbca mðNÞb Bð0Þc ¼ nðNÞabc mðNÞb Bð0Þc ð29Þ

and

DBðNÞa ¼ �rðNÞab Bð0Þb � rð1ÞðNÞabc Bð0Þb Eð0Þc ; ð27Þ

a magnetic moment may also be induced in a molecule by
the nuclear magnetic moment in the presence of an electric
field:

DmðNÞa ¼ �rðNÞba mðNÞb � rð1ÞðNÞbac mðNÞb Eð0Þc . ð30Þ

For an isotropic medium one obtains:

DlðNÞ ¼ �rð1Þ
ðNÞ

mðNÞ � Bð0Þ; ð31Þ

DBðNÞ ¼ �rðNÞBð0Þ � rð1Þ
ðNÞ

Bð0Þ � Eð0Þ; ð32Þ

DmðNÞ ¼ �rðNÞmðNÞ þ rð1Þ
ðNÞ

mðNÞ � Eð0Þ. ð33Þ

The isotropic component of the nuclear magnetic shielding

polarizability rð1Þ
ðNÞ

gives rise to the chiral NMR effects
considered in this paper.

Another approach might be through the electric-field
dependence of the spin–spin coupling tensor J ðNN0Þ

ab :

J ðNN0Þ
ab ðEÞ ¼ J ðNN0Þ

ab þ J ð1ÞðNN0Þ
abc Ec. ð34Þ

Like rð1ÞðNÞabc , J ð1ÞðNN0Þ
abc has a chirally sensitive isotropic part

eabcJ ð1Þ
ðNN0Þ

. A possible application could be to induce
zero-quantum transitions by a time-dependent electric field
Ez(t) oscillating at the difference frequency |x(N) � x(N 0)|/
2p.



114 A.D. Buckingham, P. Fischer / Chemical Physics 324 (2006) 111–116
4. Computation of r(1)
(N)

= ��n
(N)

The nine-element nuclear magnetic shielding tensor can
be computed using the Dalton program and a finite electric
field can be applied [10,11]. We used electric fields in the x,
y and z directions of ±10�3 a.u. (1 a.u. = 5.14 · 1011 V/m),

and thereby deduced the pseudoscalar rð1Þ
ðNÞ

.
We have computed the nuclear magnetic shielding

polarizability of hydrogen peroxide, H2O2. The ground
state of hydrogen peroxide has C2 symmetry with a dihe-
dral angle \HOOH of about ±112� [12]. For dihedral
angles of 0� and 180�, H2O2 is achiral and has, respectively,

C2v and C2h symmetry. Fig. 1 shows that rð1Þ
ðHÞ

is of oppo-
site sign for the two enantiomers and that it vanishes when
Fig. 1. The calculated isotropic component of the proton magnetic
shielding polarizability for hydrogen peroxide (H2O2) is shown as a function
of dihedral angle (h, as defined in the inset). The two enantiomers are R-
HOOH for dihedral angles <180� and S-HOOH for dihedral angles >180�.
The equilibrium geometry has been determined using the 6-311+G(d,p)
basis set. rð1Þ

ðHÞ
is obtained with the 6-311++G(3df,3pd) basis set from finite

field calculations at the SCF level. The solid line is to guide the eye.

Table 1
The isotropic components of the shielding tensor r(H) (ppm) and of the nuclear
hydrogen peroxide (R-H2O2)

Basis-set Number
of basis
functions

R-HOOH

Geometry 1

SCF

H O rð1Þ
ðHÞ
ðppm a.u.Þ r(H) (ppm)

cc-pVDZ 5 14 �3.8 28.2
6-311G** 6 18 �4.1 26.5
6-311++G** 7 22 �4.1 26.5
aug-cc-pVDZ 9 23 �2.8 27.6
6-311++G(2d,2p) 10 27 �3.5 25.7
cc-pVTZ 14 30 �3.6 25.8
6-311++G(3df,3pd) 18 39 �3.2 25.4
aug-cc-pVTZ 23 59 �3.2 25.6
cc-pVQZ 30 55 �3.4 25.5

The number of basis functions is listed for the light and the heavy atoms. Two
using the aug-cc-pVTZ basis: R(O–O) = 1.3866 Å, R(O–H) = 0.9426 Å, \OOH
based on literature values [12]: R(O–O) = 1.452 Å, R(O–H) = 0.965 Å, \OOH
H2O2 has C2h symmetry. In practice inversion of the H2O2

molecule is sufficiently rapid to prevent chiral samples
being isolated.

To ascertain the reliability of the ab initio results pre-
sented here, we have also calculated the shielding polar-
izabilities of water (results not shown), for which high-
level calculations have been reported [11]. We find that
the larger basis sets of Table 1 yield components of
the shielding tensor and the nuclear magnetic shielding
polarizability for H2O that are in good agreement with
self-consistent field (SCF) results reported by Rizzo
et al. [11]. The results of self-consistent field (SCF) calcu-

lations of r(H) and rð1Þ
ðHÞ

for chiral H2O2 shown in Table
1 may thus be close to the basis-set limit.

The importance of correlation in the calculation of rð1Þ
ðHÞ

is more difficult to ascertain. Whereas our second-order
Møller–Plesset (MP2) results for the shielding tensor for
H2O are in good agreement with multiconfigurational
self-consistent field (MCSCF) calculations by Rizzo et al.,
our MP2 calculations seem to overestimate components
of the nuclear magnetic shielding polarizability rð1ÞðNÞabc .
Should correlation effects in H2O2 be of similar significance
to those in H2O, then the MCSCF study suggests that inclu-
sion of correlation will reduce the magnitude of the nuclear
magnetic shielding polarizability components by�10% [11].

For our subsequent estimates, we take jrð1Þ
ðHÞ
j to be

�3 ppm a.u. = 5.834 · 10�18 m/V.
The nuclear magnetic shielding polarizability for an F

atom and for a C atom in a chiral molecule may be larger

than jrð1Þ
ðHÞ
j. Table 2 indicates that for chlorofluoroacetic

acid, CHClF(COOH), jrð1Þ
ðFÞ
j and jrð1Þ

ðCÞ
j are �10 times

larger.

5. Estimates of chiral NMR effects

Eqs. (31)–(33) suggest three means of observing

rð1Þ
ðNÞ
¼ ��n

ðNÞ
.

magnetic shielding polarizability rð1Þ
ðHÞ

(ppm a.u.) have been calculated for

Geometry 2

SCF MP2

rð1Þ
ðHÞ
ðppm a.u.Þ r(H) (ppm) rð1Þ

ðHÞ
ðppm a.u.Þ r(H) (ppm)

�4.2 26.5
�3.7 28.2 �6.1 25.6
�3.6 27.9 �5.9 24.5
�3.2 26.0
�3.0 27.4 �5.9 24.1
�3.1 27.5 �5.8 25.4
�2.7 27.0 �5.6 24.6
�2.7 27.3 �5.6 24.4
�2.9 27.2

geometries were used in the calculations: geometry 1 has been optimized
= 103.059�, \HOOH = 111.594�; geometry 2 represents a best estimate

= 100.0�, \HOOH = 112.0�.



Table 2
The isotropic components of the shielding tensor r(N) (ppm) and of the nuclear magnetic shielding polarizability rð1Þ

ðNÞ
(ppm a.u.) have been calculated at

the SCF level for the 1H, 19F, and 13C nuclei in R-13C1HCl19F(COOH)

Basis set R-CHClF(COOH)

rð1Þ
ðHÞ
ðppm a.u.Þ r(H) (ppm) rð1Þ

ðFÞ
ðppm a.u.Þ r(F) (ppm) rð1Þ

ðCÞ
ðppm a.u.Þ r(C) (ppm)

cc-pVDZ 1.3 26.8 19.0 402.9 �19.5 116.9
6-311G** 1.2 27.1 10.0 389.2 �19.5 112.3
aug-cc-pVDZ 1.4 26.4 10.6 392.8 �19.9 117.8

The geometry has been optimized using the 6-311++G** basis.
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5.1. Rotating chiral electric polarization

The electric polarization P(N) induced by the precessing
nuclear magnetization M(N) is proportional to ðcðNÞBð0Þz Þ

2

and is given by [4]

P ðNÞx ¼ �rð1Þ
ðNÞ

M ðNÞ
y Bð0Þz ; ð35Þ

P ðNÞy ¼ rð1Þ
ðNÞ

M ðNÞ
x Bð0Þz ; ð36Þ

where we have neglected the contribution from n
0(N) (see

above). If a capacitor with plates at ±d/2 on the y-axis is
incorporated into the resonance circuit, then P ðNÞy will gen-
erate an rf-voltage

V ðNÞ ¼ P ðNÞy d=ððe� 1Þe0Þ; ð37Þ

where e is the dielectric constant of the medium and e0 the
permittivity of free space. The NMR frequency is far re-
moved from any molecular resonances, and so we can
use the values for the static nuclear magnetic polarizability
to estimate V(H). The computational results of Section 4
suggest that for a small H-containing chiral molecule

jrð1Þ
ðHÞ
j ¼ j�nðHÞj � 3 ppm a.u., such that |V(H)| � 1 nV for

a pure chiral liquid. This compares with a typical NMR
signal from an inductor on the x-axis of 1 mV.

The electric polarization P(N) induced by the precessing
nuclei of a chiral sample oscillates at the resonance fre-
quency, so new frequencies are not generated. Simulta-
neous observation of P ðNÞy and M ðNÞ

x would associate a
signal with nuclei in a chiral environment and therefore
facilitate spectral assignment.

5.2. Chiral chemical shifts

A change of the magnetic field at the nucleus due to
rð1Þ

ðNÞ
would result in a shift of the resonance frequency.

However, Eq. (32) indicates that no such chemical shift
can occur to first order, as the induced magnetic field at
the nucleus would be perpendicular to the magnetic field
of the spectrometer. Application of a laser polarized in
the xy-plane could in principle give rise to a chiral chemical
shift

DBðNÞ ¼ �rð1Þ
ðNÞ
ð0; x;�xÞB � E;

DBðNÞz ¼ �rð1Þ
ðNÞ
ð0; x;�xÞðBxEy � ByExÞ;

ð38Þ
where E and B are, respectively, the electric and magnetic
fields of the laser. The light-induced chiral chemical shifts
could arise even if the laser is linearly polarized and even
if the solution is racemic [13]. To estimate the effect, one
has to consider the frequency dependence of the nuclear
magnetic shielding polarizability. The effect is likely to be
too small to be observed, even if the optical field is resonant
with an electronic transition in the molecule [14–16]. For a
continuous-wave laser with an intensity of 10 W/cm2, we
estimate that near optical resonance the chiral chemical
shift for protons <10�12 Hz.

5.3. Oscillating chiral magnetization

An electrostatic field E(0) will induce a magnetization
according to Eq. (33)

DM ðNÞ ¼ rð1Þ
ðNÞ

M ðNÞ � Eð0Þ. ð39Þ
Hence a field Eð0Þy applied to the precessing nuclear mag-
netic moments will induce an oscillating magnetization in
the z-direction:

DM ðNÞ
z ¼ rð1Þ

ðNÞ
M ðNÞ

x Eð0Þy . ð40Þ

For a pure chiral liquid, we estimate that jDM ðHÞ
z =M ðHÞ

x j is

of the order of 10�11, where we have taken jrð1Þ
ðHÞ
j ¼

j�nðHÞj � 3 ppm a.u. and Eð0Þy ¼ 106 V=m.
Since most chiral molecules are dipolar (those of Dn

symmetry are not), there is an additional temperature-
dependent orientational term DTM(N), such that

DT M ðNÞ ¼ 1

6kT
rðNÞxy � rðNÞyx

� �
lð0Þz þ rðNÞyz � rðNÞzy

� �
lð0Þx

h
þ rðNÞzx � rðNÞxz

� �
lð0Þy

i
M ðNÞ � Eð0Þ ð41Þ

where l(0) is the permanent dipole moment of the mole-
cule. For HOOH, we compute a permanent dipole mo-
ment of 1.89 debye for geometry 2 (see Table 1), and
using the same aug-ccpVTZ basis set we estimate that

j DM ðHÞz

M ðHÞx
j � 10�9.

Should the applied electric field be modulated at a low
frequency f/2p, then the induced magnetization DM ðNÞ

z

oscillates at a unique angular frequency x ± f.
Methods to enhance the signal/noise ratio such as cool-

ing the detector, narrowing the bandwidth, and extending
the time of detection, may all be necessary to observe the
effect. Use of a rf-SQUID may be required [17].
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6. Discussion

We show that the electric-field-perturbed chemical shift
tensor, the nuclear magnetic shielding polarizability
�n
ðNÞ ¼ �rð1Þ

ðNÞ
, gives rise to chiral NMR effects in a liquid

that make it possible to discriminate directly between the
enantiomers of a chiral molecule without the need for a chi-

ral solvent. The pseudoscalar �n
ðNÞ ¼ �rð1Þ

ðNÞ
depends on

electric-dipole, magnetic-dipole and magnetic-field opera-
tors and only exists for chiral molecules. It may give rise
to three chiral NMR effects: The coherent precession of
nuclear spins following application of a p/2 pulse to an
optically active liquid will lead to a rotating macroscopic
electric polarization; a laser polarized in the plane perpen-
dicular to the field of the magnet may in principle give rise
to chiral chemical shifts; and in a chiral liquid the applica-
tion of an (oscillating) electric field at right angles to the
magnetic field of the spectrometer may give rise to a mag-
netization oscillating (at a unique frequency) in the direc-
tion of the permanent magnetic field.

Using finite field calculations on small chiral molecules,
we estimate the magnitude of the nuclear magnetic shield-
ing polarizability and quantify the chiral NMR effects. Of
the three chiral NMR effects, the rotating electric polariza-
tion [4] is most promising for experimental observation and
should be detectable in favourable cases, particularly for
heavier nuclei at or near asymmetric sites. The effect could
facilitate assignment of NMR spectral peaks, as it could
identify chiral centres in an NMR spectrum.
Acknowledgements

The authors are grateful to Dr. P.W. Kent and Professor
P. Lazzeretti for helpful comments. P.F. acknowledges the
award of a Junior Research Fellowship from the Rowland
Institute at Harvard.
References

[1] J.L. Mateos, D.J. Cram, J. Am. Chem. Soc. 81 (1959) 2756.
[2] D. Parker, Chem. Rev. 91 (1991) 1441.
[3] J.M. Seco, E. Quinoa, R. Riguera, Chem. Rev. 104 (2004) 17.
[4] A.D. Buckingham, Chem. Phys. Lett. 398 (2004) 1.
[5] A.D. Buckingham, Can. J. Chem. 38 (1960) 300.
[6] W.T. Raynes, in: D.M. Grant, R.K. Harris (Eds.), The Encyclopedia

of Nuclear Magnetic Resonance, vol. 3, Wiley, Chichester, 1996, p.
1846.

[7] A.D. Buckingham, E.G. Lovering, Trans. Faraday. Soc. 58 (1962)
2077.

[8] N.F. Ramsey, Phys. Rev. 78 (1950) 699.
[9] P. Lazzeretti, R. Zanasi, Phys. Rev. A 33 (1986) 3727.

[10] T. Helgaker et al., DALTON, A Molecular Electronic Structure
Program, Release 1.2.1, 2005. Available from: <http://www.
kjemi.uio.no/software/dalton/dalton.html>.

[11] A. Rizzo, T. Helgaker, K. Ruud, A. Barszczewicz, M. Jaszunski, P.
Jørgensen, J. Chem. Phys. 102 (1995) 8953.

[12] L. Koput, Chem. Phys. Lett. 236 (1995) 516.
[13] R.A. Harris, I. Tinoco Jr., Science 259 (1993) 835.
[14] R.A. Harris, I. Tinoco Jr., J. Chem. Phys. 101 (1994) 9289.
[15] A.D. Buckingham, L.C. Parlett, Science 264 (1994) 1748.
[16] W.S. Warren, D. Goswami, S. Mayr, Mol. Phys. 93 (1998)

371.
[17] M. Mück, J. Clarke, Rev. Sci. Instrum. 72 (2001) 3691.

http://www.kjemi.uio.no/software/dalton/dalton.html
http://www.kjemi.uio.no/software/dalton/dalton.html

	Direct chiral discrimination in NMR spectroscopy
	Introduction
	Theoretical background
	Chirality in NMR
	Induced rotating electric moment
	Application of an electric field in NMR

	Computation of  \overline\vskip-3\overline{{\sigma}^{{\scale65%\hbox{}{1}\scale65%\hbox{}}}}}^{\scale65%\hbox{}{\rm{N}}\scale65%\hbox{}}= minus {\bar{\xi}}^{\scale65%\hbox{}{\rm{N}}
	Estimates of chiral NMR effects
	Rotating chiral electric polarization
	Chiral chemical shifts
	Oscillating chiral magnetization

	Discussion
	Acknowledgements
	References


