
Parity-Violation Effects

Large Parity-Violation Effects in Heavy-Metal-
Containing Chiral Compounds**

Peter Schwerdtfeger,* Johannes Gierlich, and
Tobias Bollwein

The weak neutral current (Z-boson exchange)[1–3] between
electrons and nucleons (quarks) introduces a small energy
difference (DEPV) between enantiomers of a chiral molecule
owing to parity violation (P-odd effects).[4, 5] There have been

several attempts to measure the parity-violation (PV) differ-
ence between enantiomers,[6–7] however, such effects are
estimated to be of the order of a few millihertz[8–10] for
currently known molecules, and several orders of magnitude
too low for the present ability of high-resolution spectroscopy.
Here we report relativistic calculations of PV effects for
several chiral compounds that contain a heavy-metal center;
shifts in DEPVof up to 4.8 / 10�14 au (300 Hz) are recorded for
such compounds as [(h5-C5H5)Re(CO)(NO)I], which can
easily be prepared. The high DEPV value is an indication that
future P-odd experiments for chiral molecules should be
directed towards heavy-transition-metal complexes.

Since the creation of the unified electroweak theory by
Weinberg, Salam, and Glashow, the investigation of PV
effects has become one of the most exciting areas in particle
physics.[1–3] Precise measurements of PV in atoms are now
accurate enough for the standard model to be tested success-
fully.[11] Electroweak theory also predicts a small energy
difference (DEPV) between pairs of enantiomers, and thus a
breakdown of mirror-image symmetry. The search for such
effects currently involves vibrational,[5,12–14] NMR,[15,16] elec-
tronic,[17,18] and M;ssbauer[6,19] spectroscopy, electric-field
optical activity,[20] and preferred crystallization.[21] Most
notably, Chardonnet and co-workers performed a saturation
spectroscopy experiment for CHFClBr in the 9.3 mm spectral
range using a tunable CO2 laser that provided a spectral purity
of 6 Hz.[12] They obtained DnPV= nR��nS+= 9.4� 5.1�
12.7 Hz between the two enantiomers, where the first value
of uncertainty is derived from statistical error and the second
is determined by systematic effects. More recently, the same
group reduced these uncertainties and obtained DnPV=

�4.2� 0.6� 1.6 Hz.[22] Thus the search for the breakdown of
mirror-image symmetry in chiral molecules remains one of
the most challenging tasks in molecular chemistry and
physics.

It is a nontrivial issue to find chiral compounds suitable for
high-resolution spectroscopic measurements of parity non-
conservation effects.[23] P-odd effects scale approximately like
Zn (n� 5; Z= nuclear charge of the atom),[24] which limits the
choice to heavy-element-containing compounds. Further-
more, in accordance with the single-center theorem of
Hegstroem, the substance should contain more than one
heavy element (either as ligands or chiral centers).[25] A
detailed analysis of P-odd effects, with respect to the
environment around a center of chirality, has been given by
Faglioni and Lazzeretti.[26] Very recently they also proposed
the hypothetical molecule [BiHFX] (X=Br, I) as a suitable
candidate with PVeffects, with theDnPV value of the inversion
vibrational mode in the Hz range.[27] Here we propose a
number of molecules that are known in the literature, each of
them containing a heavy-element center leading to large
P-odd effects.

The structures of these molecules, as shown in Scheme 1,
were fully optimized using density functional theory[28]

followed by four-component all-electron Dirac–Fock calcu-
lations, which result in an energy shift of DEPV= 2EPV for a
molecule, as an expectation value of the parity-violation-
operator (see Computational Details). Changes in spectro-
scopic properties (DnPV) are directly related to DEPV(R) (or
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its derivatives, with respect to the nuclear coordinatesR), that
is, jDnPV j~ jDEPV j , and the search for large P-odd effects
were therefore initially focused on large jDEPV j values. For
example, for a series of chiral carbon compounds, P-odd
effects in the C�F stretching mode (DnC-FPV ) have been
examined in detail.[8,23,29] The ratio jDnC-FPV /DEPV j is similar
for all such compounds, and ranges between 0.05 and 0.09.
Even for the C�Br stretch in CHFBrI, jDnC-BrPV /DEPV j= 0.09.
By examination, it can be revealed that the major contribu-
tion to the EPV value originates from the valence electrons
close to the nucleus. This is not unexpected since core orbitals
are almost spherical, and hence only contribute to a small
degree; or in other words, chirality is revealed in the outer
valence shells of a molecule, as one might naively expect.

One of the major problems in the search for P-odd effects
in molecules containing main-group heavy elements is to find
thermodynamically stable, optically active compounds. For
example, [PbHFClBr] displays a jDEPV j value that is more
than two orders of magnitude larger than the analogous
carbon compound CHFClBr,[8] however, the lead compound,
in which the metal center is formally PbIV, would be easily
reduced to give a PbII species. There are, however, two
relatively stable known chiral compounds: [Ge(CF3)ClBrI]
(1),[30] which is similar to the already calculated chiral halogen
compounds of group 14,[8–10] and [BiCH3I(k2-CH2(CH)2NH2)]
(2), a model compound for a bismuthane species synthesized
recently by Murafuji et al. ,[31] and similar to the bismuth
compound mentioned above.[26] The EPV contributions of the
individual atoms are shown in
Figure 1 and the total energy
shifts DEPV are listed in Table 1.

There is no guarantee that
values for DEPV would reach the
current limit of high-resolution
spectroscopy once suitable enan-
tiomers containing heavy elements
are identified. This is nicely dem-
onstrated for compound 1 where
the Ge atom yields only a small PV
contribution, while the heavy Br
and I ligands show larger effects

but of opposite sign and, therefore, cancel each other out; it is
currently not known what determines the sign of EPV. The
bismuth complex is stabilized by additional coordination of
the amino group. Here the total EPV value originates almost
entirely from the central Bi atom, which gives a net contri-
bution of DEPV= 8.88 / 10�15 au (58 Hz). Thus, compound 2 is
of particular interest for high-resolution spectroscopy.

A large number of thermodynamically stable, optically
active heavy-transition-element compounds are known.[32] Of
those containing relatively simple ligands are the “piano-
stool” compounds containing the C5H5

� (Cp) ligand, as shown
in Scheme 1. To demonstrate the single-center theorem, we
varied one of the ligands in the complex [CpRe(CO)(NO)X]
(3–5 ; X=H, Cl, and I; Figure 2). The value of EPV increases
along with an increase in the mass of the ligand X, with X=H
giving a negligible contribution of only 1.8 / 10�22 au. Inter-
estingly, the ligand X gives an EPV value of the same sign as
the central atom. For the heaviest ligand (I),EPV is of the same
order of magnitude as Re, which results in an unprecedented

Scheme 1. The calculated compounds containing chiral metal centers.

Table 1: Parity violation energy differences (DEPV=2EPV) for the compounds shown in Scheme 1. A
negative sign indicates that the enantiomer shown in Scheme 1 is the P-odd-stabilized form.

Compound DEPV [au] DEPV [Hz]

[Ge(CF3)ClBrI] (1) 2.466=10�17 0.162
[BiCH3I(k2-CH2CHNH2)] (2) 8.881=10�15 58.4
[CpReH(CO)(NO)] (3) �2.642=10�16 �1.74
[CpReCl(CO)(NO)] (4) 1.752=10�14 115
[CpReI(CO)(NO)] (5) 4.807=10�14 316
[CpIr(CO)(CH3)(PH3)]+ (6) �3.525=10�14 �232
[CpIrI(CH3)(PH3)] (7) 4.007=10�14 264
[CpIrCl(k2-HN(CH)3O)] (8) 4.069=10�15 26.8

Figure 1. Atomic and total EPV contributions for compounds 1 and 2.
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large total value of 2.4 / 10�14 au, which makes compound 5
an ideal candidate for high-resolution measurements.

For the iridium compounds[33–36] studied herein, the main
contribution to EPV comes from the central atom. Even for
[CpIrI(CH3)(PH3)] (7) the EPV contribution of iodine (9.5 /
10�16 au) is one order of magnitude below that for the central
iridium atom (1.9 / 10�14 au). Table 1 shows that the two
isoelectronic compounds [CpIr(CO)(CH3)(PH3)]+ (6) and
[CpIrI(CH3)(PH3)] (7) show the largest P-odd effect, which
are similar in magnitude to the rhenium compound (5).

With a few exceptions,[6] the search for P-odd effects in
molecules have concentrated on main-group elements.[12, 15] In
our opinion, transition-metal complexes, especially those of
the 6th row, are very good candidates for high-resolution
spectroscopy. The compounds investigated here (or some of
their derivatives) can be easily synthesized, and the separa-
tion of enantiomers may not be as a difficult[37] as it is for the
chiral carbon species currently investigated elsewhere.[12,38]

We propose high-resolution experiments in both electronic
and vibrational spectroscopy for the iridium, rhenium, and
bismuth compounds shown in Scheme 1, although current
experiments in vibrational spectroscopy are tuned to the CO2

laser frequency range between 878 and 1108 cm�1.[12] Inclu-
sion of overtones would allow observation of stretching or
bending modes in the lower frequency range (450–550 cm�1),
which involve transition-metal–ligand stretching modes
where larger effects in DnPV are expected. Considering
electronic transitions, a significant change in P-odd effects
from the ground to the excited electronic state is required. It
should not be too difficult to identify suitable occupied and
unoccupied molecular orbitals by analyzing the matrix
elements shown in Equation (1) (see Computational Details),
which may result in large changes in DnPV for the correspond-
ing electronic transition, for example, excitations involving
metal-to-ligand charge transfer. NMR[15] or M;ssbauer spec-
troscopy are also viable alternatives, although in the latter
case, strong magnetic fields are required to break the
symmetry of Kramers pairs of electrons in a closed-shell
system.[6] Here, the use of paramagnetic chiral transition-
element compounds is preferred. For theoretical studies of
NMR and M;ssbauer P-odd effects, the nuclear-spin-depend-
ent parity-violation operator is required. This operator is

more difficult to implement into relativistic program pack-
ages, as compared to the nuclear-spin-independent operator
used here, and work in this direction is in progress.

Computational Details
All structures were fully optimized using the Gaussian98 program
package[28] with scalar relativistic Stuttgart pseudopotentials[39] and
corresponding valence basis sets for the heavy elements and cc-pVDZ
for the lighter elements at the B3LYP level of theory.[40] Subsequent
four-component all-electron Dirac–Fock calculations at optimized
geometries[41] gave the energy shift for a molecule with n nuclei and
i electrons as an expectation value of the parity-violation operator
originating from the time-like contribution of the (AeVn) exchange of
the weak neutral current between electrons and quarks,[42]

DEPV ¼ 2EPV ¼ GF=
ffiffiffi
2

p
hY j

X
n;iQw;ng

5
i1nðriÞjYi ð1Þ

where GF= 1.6637·10�11 MeV�2= 2.22255/ 10�14 au is the Fermi
coupling constant and g5 is one of the Dirac matrices (the 4 / 4
pseudoscalar chirality operator).[28] 1n is the normalized nucleon
density of nucleus n. The weak charge Qw,n=�Nn+Zn(1�4sin2qW)
depends on the number of protons (Z) and neutrons (N), and the
Weinberg mixing angle (sin2qW= 0.2319). Consequently, if one
enantiomer becomes stabilized by EPV its mirror image then becomes
destabilized by the same amount and we obtain the difference
between both enantiomeric forms [Eq. (2)],

DEPV ¼ DEL-D ¼ EPV ;L�EPV ;D ¼ 2EPV ;L ð2Þ

For the heavy elements, the dual-type basis sets of Faegri were
adopted[43] and double-zeta-quality basis sets with added tight s and
p functions for the lighter elements were employed. The Dirac small
component was produced by restricted kinetic balance.[44] Because of
their expected small contribution, the p orbitals for the hydrogen
atoms were omitted, as also were two-electron integrals between
small components. For the calculation of the weak charge and in the
Dirac–Hartree–Fock calculations, the finite nucleus model of the
most stable isotope of each element was used: 1H, 12C, 14N, 16O, 19F,
35Cl, 74Ge, 79Br, 127I, 187Re, 193Ir, and 209Bi. Some of these calculations
took several weeks of computer time on an IBM Regatta multi-
processor supercomputer. For the compounds shown in Scheme 1 the
inversion splitting (DE�) arising from a double-minimum potential
connecting the two enantiomers is far less than the parity-violation
energy difference (DEPV) because of the large masses and high
barriers involved, that is, jDE� j! jDEPV j , and inversion splitting can
therefore be neglected.[45]
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