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Parity violation (PV) at the molecular level is known to be responsible for a tiny energy difference between the two
enantiomers of a chiral molecule. This parity violation energy difference (PVED) has not yet been detected by
experiment. In the last few years, the search for PV effects in molecules has made important steps ahead for several
reasons. On one hand, very accurate infra-red spectroscopy measurements were performed by metrologists on
bromochlorofluoromethane (CHFClBr) with a 10 Hz accuracy, which so far is the most precise. On the other hand,
relativistic calculations were used for the evaluation of DEPV allowing for a screening of favorable molecules for future
measurements. The synthesis of such chiral molecules with high parity violation effects is currently being
investigated. In memory of Professor Jean-Bernard Robert.
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Introduction
Chirality is commonly regarded as the property of geometrical
objects that cannot be brought to coincide with their mirror-
image. From the stereochemical point of view, chirality is the
property of those stereomers that are called enantiomers. Note
that in this context space reflection and space inversion are
equivalent since the two symmetry operations differ by a p
rotation about an axis perpendicular to the mirror plane, which
does not change the handedness of the molecule. Although the
existence of stable enantiomers at first sight seems trivial, this is
not so from a quantum mechanical point of view. The standard
Hamiltonian which describes the electromagnetic interactions
between the constituent particles of a molecule is invariant under
space inversion, and enantiomers cannot therefore correspond
to eigenstates of this Hamiltonian since they do not have well-
defined parity. This problem was addressed by Hund as early
as 19271 who concluded that once a particular enantiomer has
been prepared the barrier to interconversion typically gives tun-
neling times of million of years, in other words, the enantiomer
is kinetically stable. However, this argument does not rule out
the possibility of preparing a superposition of single molecule
enantiomers, something which has never been observed by
experiment so far.2 Interactions with the environment would
subsequently lead to localization to a particular enantiomer
and one would have to carry out experiments on the isolated
molecule at very low temperatures. However, even under such
conditions localization, or rather the oscillation of handedness,
would occur with the introduction of parity non-conservation
in the Hamiltonian. The total Hamiltonian H then consists of a
parity even (H0) and odd (HPV) part,

H = H0 + HPV (1)

and therefore transforms as

P−1 HP = H0 − HPV = H − 2 HPV �= H (2)

where P is the parity operator. Consequently, if one enantiomer
(R) becomes stabilized by EPV, its mirror image (L) then becomes
destabilized by the same amount and we obtain an energy
difference between two enantiomers

DEPV = EPV,L − EPV,R = 2 EPV (3)

commonly called parity violation energy difference (PVED). A
fascinating aspect of PVED in chiral molecules is the possible
link to the origin of biochirality,3 since the chemistry of life is
based on L-amino acids and D-monosaccharides.

Among the four fundamental forces that rule the physical
world, only the weak force4 does not conserve parity. Although
parity violation has been observed in nuclear5 and atomic
physics,6 it has never been unequivocally observed at the molec-
ular level to date. Such a tiny energy difference (about 10−17 kT
at 300 K) should be measurable by any absorption spectroscopy
provided a high resolution is reached.7 Several unsuccessful
attempts have been made; for instance Mössbauer spectroscopy
has been conducted on an iron complex,8 and circular dichroism
was measured in recrystallized transition metal complexes.9

NMR has also been suggested as a possible technique to measure
parity violation.10 Interestingly, infra-red (IR) spectroscopy has
been the focus of several groups, following an original idea of
Letokhov.11 In 1977, Glorieux et al. tried to measure differences
in absorption energies of camphor enantiomers.12 The resolution
reached (300 kHz) was too low to evidence PV effects (see below).
Quack has proposed several types of spectroscopic experiments,
among which are the measurement of time-dependent optical
activity in molecules displaying tunneling splitting and PVED
of the same magnitude and a direct measurement of DEPV using
an intermediate spectroscopic level such as an excited achiral
electronic state.13

In this paper we will provide a case study in the form of
our joint efforts to detect PVED by infra-red spectroscopy. To

evidence such tiny effects as PV in molecules, much care has
to be taken to control and to improve the sensitivity and the
resolution of the spectroscopy technique used. An experiment
reaching a resolution of 10−13 for the relative frequency difference
(DmPV/m) has been carried out on bromochlorofluoromethane
(CHFClBr) in Chardonnet’s laboratory and is described below.
Preparation of enantioenriched molecules which are particularly
favorable for PV observation is also most challenging. Chiral
synthesis is currently being carried out by Crassous’s team and
is also described in this paper. Finally, concomitant theoretical
calculations (conducted at the relativistic level by Saue and
Schwerdtfeger) aim at a better understanding of the origin of
PV in molecules and guide the choice of chiral molecules for
future experiments.

Theoretical considerations

Any measurement of PV effects between enantiomers of a chiral
molecule requires strict verification by theory. Hence, a direct
measurement of PV energy differences between enantiomers
offers the best chance of both experimental and theoretical
verification. Other suggested experiments like direct polymeriza-
tion, condensation and crystallization14 will suffer from the lack
of theoretical justification for such complex processes. Let us
therefore briefly summarize some important theoretical aspects
of the electroweak interaction between charged particles impor-
tant for chiral molecular systems. A more detailed theoretical
description has been given recently by Berger.15

In quantum field theory electromagnetic interactions are
viewed as an exchange of virtual photons. In molecular systems
the weak interaction is dominated by the exchange of virtual
Z0 bosons between electrons and nucleons. The corresponding
Hamiltonian is expressed as16,17

HPV = H (1)
PV + H (2)

PV + . . . = GF

2
√

2

∑

i,n

QW,nc5,iqn(rin)

+ GF√
2

∑

i,n

Kn

In(In + 1)
ai I n qn(rin) + . . . (4)

The summation is over all electrons i and nuclei n. rin is the
distance between electron i and nucleus n. GF is the Fermi-
coupling constant with a current value of GF = (1.16637 ±
0.00002) × 10−11 MeV−2 or (2.22255 ± 0.00004) × 10−14 au,
clearly indicating how weak the interaction really is. QW,n = −Nn

+ Zn (1 − 4 sin2 hW) is the weak nuclear charge of nucleus
n where Z is the number of protons and N the number of
neutrons. qn (rin) is the (normalized) weighted average over the
proton and neutron distribution in the nucleus and this operator
therefore only samples the electronic wave function in this very
local region. hw is the Weinberg angle with sin2hw = 0.2259 ±
0.0046. Kn is a factor dependent on the nucleus also containing
the Weinberg angle, and I is the nuclear spin operator. Finally,
a and c5 are the well known Dirac matrices. This interaction
Hamiltonian is accordingly expressed within a four-component
relativistic framework, that is as an extension to the Dirac
equation. It is possible to reduce it to a non-relativistic form,
but a zero result is obtained with H (1)

PV unless the spin–orbit
interaction, which is a truly relativistic effect, is included. We
refer to 19,20 and 22 for further details on the non-relativistic
approach.

The nuclear spin dependent term H (2)
PV shown in eqn. (4) is

the dominant operator for Mössbauer and nuclear magnetic
resonance transitions.18,10c The first term H (1)

PV is the dominant
operator for electronic or vibrational transitions and has been
used in most theoretical investigations of PV effects. At the
relativistic Hartree–Fock level the parity non-conserving energy
shift EPV is obtained to first order as an expectation value.19
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(5)

At the four-component relativistic level, electron correlation has
been introduced through finite-field coupled-cluster calculations
as well as analytic density functional or second-order Møller–
Plesset theory.20

It is currently a nontrivial issue to find the right compound
for molecular PV measurements.21 In Quack’s influential review
article from 1989 on structure and dynamics of chiral molecules22

a number of chiral species was suggested which deserve further
experimental and theoretical study. Most of the current theo-
retical work concentrates on vibrational transitions, although
we mention here theoretical work on Mössbauer,8 NMR,10 and
electronic spectroscopy.23 Molecular beam experiments using
a high precision tuneable CO2 laser currently offer the best
resolution for PV measurements. In fact, one of the first attempts
to find PV differences in transition frequencies was made by
Arimondo et al. in 1977 using the 1083.4788 cm−1 R(28) CO2

laser line for D- and L-camphor,12 which lies in the C–C*–
CO bending mode range (C* denotes a chiral carbon). They
concluded that PV effects in camphor must be below 300 kHz.
A recent relativistic theoretical study shows that PV effects in
camphor are probably below 10−5 Hz.24 It is therefore of no
surprise that Rein stated in 1975 that the direct observation of
energy differences between optical isomers is beyond the scope of
present experimental facilities25 (and still it is). However, parity
violation effects scale as Zn (n ≈ 5 for H (1)

PV and n ≈ 3 for H (2)
PV, Z

is the nuclear charge),26 as shown in Fig. 1 in the case of H2X2

molecules for EPV (see eqn.(5)) and for the NMR frequency
shift. This high Z-scaling behaviour implies that one has to
introduce one or more heavy elements into the chiral molecular
system, either as a central atom or as a ligand (or both because
of the single-center theorem27), in order to reach the current

Fig. 1 Zn scaling behaviour for the Group 16 H2X2 systems for the PV
energy contribution DEPV (in kJ mol−1) and for the PV line splitting DmPV

(in Hz) where B0 (in T) is the static magnetic flux density of the NMR
spectrometer. Data were taken from refs. 10c–20.

experimental limit of around 1 Hz. The CO2 laser operates in
the C–F vibrational frequency range and recent theoretical and
experimental work therefore concentrated on chiral methane
fluoride derivatives.

Theoretical work on CHFClBr from three different research
groups showed that the parity violation energy contribution
EPV is around 0.03 Hz39 at the Hartree–Fock level of theory (1
au = 6.5797 × 1015 Hz = 2625.5 kJ mol−1), while a simple one-
dimensional approach along the C–F stretching normal mode
gave a PV difference DmRL = vPV,R − vPV,L of −1.7 mHz28 for the
fundamental transitions (vPV,R and vPV,L defined in an analogous
way to eqn. (3)). A few important facts should be mentioned
however. First, anharmonicity effects in the C–F stretching
mode cannot be neglected, including only harmonic effects gives
the wrong sign for vPV,R or vPV,L.39a,29 Second, coupling with other
modes can substantially alter DvRL as demonstrated in Quack’s
group.30 In fact, for CDFClBr a substantial enhancement in DvRL

is predicted. This implies that future high precision theoretical
work has to include possibly all nine normal modes in the
vibrational analysis. Third, electron correlation is important for
the determination of EPV contrary to what has been believed so
far, and various density functionals give quite different results
leading even to a change of sign for EPV.31 However, DvRL values
seem to be typically an order or two in magnitude smaller
than absolute energy differences and do not vary substantially
between different methods.

Other potential candidates for vibrational PV measurements
are CHFClI, CHFBrI and CFClBrI.19 Out of this series CHFBrI
seems to be the most promising molecule with a calculated
four-component relativistic Hartree–Fock value of DvRL =
−50.8 mHz for the C–F stretching fundamental transition.28

Future investigations will need to improve this value using a
multi-mode analysis and EPV calculated at the correlated level of
theory for both CHFBrI and CDFBrI.

Faglioni and Lazzeretti recently considered BiHFBr and
BiHFI.32 These systems are non-planar with a predicted high
inversion barrier and are therefore chiral. The PV frequency
shift DvRL is very high and possibly up to about 20 Hz, but
these species are thermodynamically unstable and one needs to
consider the first overtone of the H–Bi–X bending mode in order
to reach the CO2 laser frequency range. On a similar basis, EPV

values were reported for all Group 14 compounds EHFClBr
(E = C, Si, Ge, Sn and Pb).39a However, these compounds
become less thermodynamically stable with increasing nuclear
charge on the central atom, and the important fundamental
modes lie outside the CO2 laser frequency range.

A number of other compounds with relatively high parity
violation energy differences were suggested in the past, namely
Ge(CF3)ClBrI, Os(g5-C5H5)(CHPh)Cl(PiPr3), Re(g5-Cp*)(O)-
(CR3)Cl (Cp* = C5(CH3)5), (g5-C5H5)Re(CO)(NO)I, ClHgCHFBr,
PR3AuCHFClBr and BiCH3I(j2-CH2(CH)2NH2),33–34,35 some of
them are known in the literature. The calculated Hartree–Fock
EPV reported were in the 100 Hz region, but it is not clear how
electron correlation might change these values. Nevertheless, for
two model compounds, Os(g5-C5H5)(=CCl2)Cl(PH3) and Re(g5-
Cp*)(=O)(CH3)Cl the vibrational spectra have been calculated
(Fig. 2), with the Os=CCl2 and the Re=O stretching modes both
in the CO2 laser frequency range, and a calculated DvRL value of
around 1 Hz.35 It is however questionable if these molecules are
suitable for high precision vibrational spectroscopy.

Accurate IR spectroscopy of
bromochlorofluoromethane enantiomers:
first set of experiments
In order to reach the best resolution to be able to observe
parity violation in molecules, saturation spectroscopy (which
suppresses the Doppler broadening, reducing the molecular
linewidth from 50 MHz down to 10 kHz) together with a
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Fig. 2 Predicted vibrational spectra for the model compounds
Os(g5–C5H5)(=CCl2)Cl(PH3) and Re(g5–Cp*)(=O)(CH3)Cl. The most
intense lines indicated belong to the Os=C and Re=O stretching modes
respectively. Data taken from ref. 35.

home-made ultrastable CO2 laser were used. These experiments
were first performed on S-(+) and R-(−)-CHFClBr (1) having
enantiomeric excesses (ee’s) of 56.5 and 22%, respectively.36 Twin
3 m long Fabry-Perot cavities were each filled with one of the
two enantiomers of CHFClBr and fed with the frequency-
stabilized CO2 laser. One hyperfine component of the m4 C–F
stretching fundamental band of CHF37Cl81Br was selected and
differences in the frequency absorption of this transition for the
two enantiomers placed in the two cavities were searched for.
Note that it is essential to have the enantiomers available because
we perform the spectroscopy on the two species separately and
the sensitivity of the comparison is limited by the precision with
which we measure the line center and not by the resolution of the
experiment which would be the case with a racemic mixture, the
typical gain in sensitivity is about four orders of magnitude. Over
580 measurements a mean difference of 9.4 Hz was obtained,
with a statistical uncertainty of 5.1 Hz and residual systematic
uncertainties due to the instrumentation of 12.7 Hz,37 mexp (R-
(−)-1)–mexp (S-(+)-1) = 9.4 ± 5.1 ± 12.7 Hz. Consequently, no
PV effect could be observed at a relative sensitivity of Dm/m =
3.9 10−13, but an improvement of five orders of magnitude was
achieved compared to the experiment done on camphor.12

In another improved experimental set up, a stronger and
narrower CHFClBr test transition was selected,38 and samples
having higher ee’s for (+) and (−)-1 (72% and 56%, respectively)
were used. Over 771 measurements the final result obtained

for the average frequency difference between the lines of the
two samples of enantiomers was mexp (R-(−)-1)–mexp (S-(+)-1) =
−4.2 ± 0.6 ± 1.6 Hz (including statistical and systematic
uncertainties due to the instrumentation), which corresponds
to a relative sensitivity of Dm/m = 4 × 10−14 for the frequency
difference (the absolute frequency itself was also precisely
measured: m = 32 397 293 834.1 ± 3.0 kHz). The latter set of
experiments also revealed that the significant frequency differ-
ence was proportional to pressure and cannot be a signature of a
PV effect. This is probably due to uncontrollable residual gases
present in the cells at a level below 5% for a typical pressure of
0.05–0.1 Pa. In parallel, quantum chemistry calculations on the
expected vibrational frequency shift in the case of CHFClBr39

have concluded that the PV effect is three orders of magnitude
smaller than the experimentally reached sensitivity.

Synthesis of chiral molecules for the observation of PV

As mentioned above, the first candidates for the observation
of PV by the use of ultrastable CO2 were simple chiral
molecules containing one asymmetric carbon and one C–F
bond, displaying a C–F stretching mode around 1000 cm−1,
namely bromochlorofluoromethane (CHFClBr) 1 and chlo-
rofluoroiodomethane (CHFClI) 2. The synthesis of enantioen-
riched forms of such compounds that are devoid of chemical
function requires original synthetic methods. In these two cases
a decarboxylation reaction in a protic solvent of an appropriate
diastereomerically enriched strychninium salt40 was used. In
this way, it was possible to provide physicists with samples
of (+)-1 and (−)-1 with respective ee’s between 56–72% and
22–56% for PVED tests. Today it is possible to prepare (+)
and (−)-1 with ee’s up to 89% and 56% respectively by de-
carboxylation in ethyleneglycol at 120 ◦C of diastereomerically
enriched salts {(+)-FClBrC–CO2H, (−)-strychnine} and {(−)-
FClBrC–CO2H, (−)-strychnine}.41 Similarly (+)-2 and (−)-2
with ee’s up to 63.3% and 23% respectively42 were prepared
by decarboxylation of diastereomerically enriched salts {(+)-
FClIC–CO2H, (−)-strychnine} and {(−)-FClIC–CO2H, (−)-
strychnine}, in triethyleneglycol at 110 ◦C and under reduced
pressure (see Scheme 1). Such reaction is known to take place
with retention of configuration.43 Future work will also consider
the deuterated species of 1 and 2.

Scheme 1 Synthesis of enantioenriched samples of S-(+)-2 and R-(−)-2
by decarboxylation of diastereomerically resolved strychninium salts.
The ee’s were measured by gas chromatography on a chiral stationary
phase and by NMR of a complexation process.

The enantiomeric purities of 1 and 2 could be obtained by two
methods. A first method used low temperature analytical gas-
chromatographic separation on an immobilized chiral station-
ary phase based on octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-c-
cyclodextrin.42,44 In a second method a host–guest complexation
process with enantioenriched chiral cryptophane hosts was used.
For instance, (−)-cryptophane-C ((−)-3) enabled measurement
of the enantiomeric purities of (+)-1 and (−)-1 samples.41,45
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Indeed, diastereomeric host–guest complexes {(+)-1 @ (−)-
cryptophane-C} and {(−)-1 @ (−)-cryptophane-C} could be
visualized by 1H NMR in CDCl3 at 300 K. A thiomethylated
cryptophane, namely (−)-cryptophane-E-(SCH3)6 ((−)-4),46 was
used in the case of (−)-2 and gave an ee of 23 ± 3%. In
this case, the diastereomeric host–guest complexes {(+)-1 @
(−)-cryptophane-E-(SCH3)6} and {(−)-1 @ (−)-cryptophane-
E-(SCH3)6} were visualized by 19F NMR in C2D2Cl4 at 300 K
(see Fig. 3). The question of the absolute configuration has
been addressed by Raman optical activity (ROA) and molec-
ular dynamics simulations for R-(−) and S-(+)-147, and more
recently by optical rotation calculation42 and vibrational circular
dichroism (VCD) for R-(−) and S-(+)-2.48

Fig. 3 Ee determination of (−)-2 by 19F NMR in C2D2Cl4 at 300 K
using cryptophane (−)-4 as a chiral complexing agent. Two doublets
corresponding to diastereomeric host–guest complexes {(+)-2 @ (−)-4}
and {(−)-2 @ (−)-4}.

As explained above, organometallic complexes containing
heavier atoms display much higher PV effects. For this reason, we
are now focused on the synthesis of chiral–at–metal complexes.
These are, for example, oxorhenium complexes bearing chiral
ligands which transfer their chirality to the metal atom. As
mentioned above, the presence of the Re=O bond is very
important because its stretching mode at 900–1000 cm−1 can
be brought to coincidence with the CO2 absorption lines. Com-
pounds of this type have recently been described by Faller et al.49

Several grams of oxorhenium complexes TpReO(ephedrine)
and TpReO(proline) (Tp = hydrotrispyrazolylborate) can be
obtained in a few steps.

A complete determination of spectroscopic (rotational and
rovibrational) constants of the racemic molecule is necessary be-
cause it enables one to identify a few rovibrational bands which
could be favorable for a PV test. In this context, a supersonic
molecular beam could easily be obtained with CHFClI, and
microwave50 and rovibrational51 spectroscopy could be studied.
In comparison, nothing is known about oxorhenium complexes
and much effort will be made in the following months to
investigate the rotational and vibrational spectroscopy of these
chiral rhenium complexes for the purpose of a PV test based on
the new experimental set-up described in the following section.

A new experimental set-up

Although more favorable molecules for the PV effect are
very promising, the experimental set-up based on saturation
spectroscopy in absorption cells already shows its limits. Molec-

ular beam spectroscopy using a two-photon Ramsey fringe
experiment, recently developed in Villetaneuse, seems to be very
promising mainly because the collisional effects can be reduced
by more than three orders of magnitude. The principle of this
experiment is to generate a supersonic beam of chiral molecules
which expands in a high-vacuum chamber (residual pressure
below 10−4 Pa). This beam will interact with two standing waves
generated in a four-mirror Fabry-Perot cavity. A Doppler-free
two-photon transition between v = 0 and v = 2 vibrational
levels occurs in each standing wave and an interference signal
between the two excitation channels reveals Ramsey fringes
with a resolution proportional to the inverse of the molecular
time of flight between the two zones. With a supersonic beam
of SF6 and a distance between zones of 1 m, a resolution of
100 Hz was obtained52 (see Fig. 4) which is three orders of
magnitude higher than with the PV experiment in cells. The
absolute frequency was measured very precisely at 28 412 764
347 322.1 ± 2.7 Hz. In a differential experiment that we plan
to do, the uncertainty should be much lower since a lot of
the systematic effects cancel out. The idea is to adapt this
set-up for a new PV experiment: we will use a unique beam
machine and feed it alternatively with the two enantiomers with
a cycling time of 1–10 s to record separately the two spectra
and directly compare the line centers. One essential advantage
will be that the laser–molecule interaction conditions will be
exactly the same. We can expect a sensitivity of 0.01 Hz, which
should be enough to detect unambiguously the PV effect with
the new generation of molecules. However, one must say that
this expectation will be highly dependent on the quality of the
signal that we obtain. This is related to the capability of feeding
the beam with molecules which are solid at room temperature.
Heating or laser techniques exist to sublimate molecules but
must be checked on each particular case.

Fig. 4 Simplified block diagram of the two photon Ramsey fringes
experiment with a supersonic beam of SF6. A first CO2 laser locked to
the saturation signal of OsO4 is used as a local oscillator. A second laser
is phase-locked to the first one and can be tuned with a RF synthesizer
(not shown) through the Ramsey fringes. The detection of the population
in the v = 2 level is performed by shifting the laser frequency on another
optical path to reach the resonance with the transition v = 2→v = 1.
The spectrum with a 100 Hz resolution and a signal to noise ratio of 45
over 1 s is displayed.

Conclusion
In this paper we have described our attempts to observe
parity violation in molecular systems using very accurate infra-
red spectroscopy based on a CO2 laser. For this purpose,
simple chiral molecules such as CHFClBr and CHFClI have
been prepared in enantiomerically enriched forms and very
accurate IR spectroscopy has been conducted on bromochlo-
rofluoromethane enantiomers, improving the sensitivity by five
orders of magnitude compared to a former test conducted on
camphor. In parallel, highly accurate relativistic calculations
have been done on the chiral halogenomethanes, but also on
more favourable molecules such as transition metal complexes.

In summary, we have shown the interplay between theory and
experiment. Quantum chemical calculations serve to guide and
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validate experiment and may provide a deeper understanding
of the effect of the molecular environment. The synthesis of
candidate molecules in enantiomerically enriched forms is a non-
trivial task. The detection of PV effects in molecules pushes
spectroscopic techniques to their limits. Similarly, high precision
calculations are needed to confirm these experiments.

If successful, these experiments allow tests of the standard
model of the universe in the low-energy regime. They may answer
important questions regarding the stability and reactivity of
chiral molecules. Although there are a number of papers propos-
ing that biomolecular chirality is, or may be, a consequence
of PV,1,7b,53–60 there is currently, in our opinion, no proof that
such a connection exists.7,61–66 It may, furthermore, be difficult to
establish such a connection.67,68 For a nice recent review on the
origin of homochirality in nature see Frank, Bonner and Zare.69
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