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The understanding of chirality is central to molecular sciences.
Barron defines chirality as exhibited by systems that exist in two
distinct enantiomeric states that are interconverted by the parity
operation (space inversion), but not by time reversal combined with
any proper spatial rotation.1 Conservation of parity symmetry2

manifests itself in enantiomers having exactly the same chemical
and physical properties (in an achiral medium). According to the
standard model,3-5 the neutral weak electron-nucleon current leads
to parity violation (breakdown of mirror image symmetry or parity
nonconservation, PNC) in chiral molecules, thus causing a small
energy difference∆EPNC between enantiomers resulting in small
differences in spectroscopic properties.6-9

PNC effects, albeit very small, have been observed in electronic
transitions of heavy atoms10,11 and so far confirm the standard
model.12 For known chiral compounds, such effects are predicted
to be in the millihertz range,13-15 and at least 1 or 2 orders below
the current experimental detection limit.16 Consequently, all spec-
troscopic attempts, by either vibrational, NMR, or Mo¨ssbauer
spectroscopy, to detect such parity violation energy differences in
chiral molecules have failed so far.17-20 Thermodynamically stable
molecules with a heavy element at the chiral center suitable for
the detection of vibrational PNC effects have not been found yet.
Here, we predict from ab initio relativistic calculations large parity
violation energy differences of about 1 Hz for vibrational transitions
in organometallic compounds, which now should become accessible
to high-resolution optical spectroscopy experiments carried out in
the CO2 laser frequency range.

PNC effects in molecules scale likeZn (approximatelyn ) 3
for the nuclear spin-dependent PNC part,21 andn ) 5 for the nuclear
spin-independent part22),11 which implies that heavy elements are
ideal for detecting PNC in chiral molecules. It is currently a
nontrivial issue to identify chiral compounds including heavy
elements suitable for high-resolution experiments. Mo¨ssbauer or
NMR spectroscopy faces the difficulty that it has to be carried out
in the solid state or solution, thus introducing environmental effects
difficult to control. Perhaps the most promising way to detect
molecular PNC is by high-resolution vibrational spectroscopy using
a tunable CO2 laser in the 878-1108 cm-1 range.19 This im-
mediately imposes another major difficulty in finding a heavy
element system with stretching or bending frequencies in this
particular frequency range. Attaching heavy metals to light atom
centers enhances PNC effects, but currently limits such effects to
about 200 mHz for the C-F stretching mode in Cl-Hg-CHFCl,
for example.15 The only other proposed compound is BiHFX
(X ) Br, I), where a few hertz of PNC is obtained for the H-Bi-X
bending mode at 400-500 cm-1.23 However, this compound is most
likely thermodynamically unstable and would involve the observa-
tion of PNC in vibrational overtones.

Large PNC energy differences between enantiomers were
recently reported for organometallic compounds including a heavy

metal atom center M.24 To reach the CO2 laser frequency range
for metal-ligand M-L stretching frequencies, the M-L stretching
force constant has to be reasonably large to counterbalance the large
reduced mass between M and L. Therefore, thermodynamically
stable chiral species are required with a light ligand to heavy metal
double bond. After an extensive investigation, it appeared that the
two most promising candidates in the literature are Os(η5-
C5H5)(dCHPh)Cl(PiPr3) involving a OsdC double bond,25 and Re-
(η5-Cp*)(dO)(CR3)Cl (Cp* ) C5(CH3)5) involving a RedO double
bond.26 For the osmium species, we replaceddCHPh as ligand by
dCCl2, as to introduce a large dipole moment along the OsdC
axis, which enhances the intensity of the OsdC stretching mode.
Both species are shown in Figure 1 together with their simulated
infrared spectra important for the identification of these compounds
and for a subsequent local mode analysis. The calculated harmonic
frequencies for the OsdC and the RedO stretching modes atνvib

) 901 and 989 cm-1, respectively, are the most intense infrared
transitions.

The structures of Os(η5-C5H5)(dCCl2)Cl(PH3) and Re(η5-Cp*)-
(dO)(CH3)Cl were fully optimized using density functional theory
(B3LYP) including scalar relativistic effects for the heavier elements
by using Stuttgart small-core pseudopotentials.27 Subsequent four-
component all-electron Dirac-Fock calculations28 gave the parity
violation energy shift for a molecule withn nuclei andi electrons
as an expectation value of the PNC operator, as implemented by
our group, originating from the time-like (Vn-Ae) component of
the weak neutral current between electrons and nucleons

whereGF ) 2.22255× 10-14 au is the Fermi coupling constant,
γ5 is the 4× 4 Dirac pseudoscalar chirality operator, andF is the
average distribution of protons and neutrons within the nucleus.
The weak chargeQW ) -N + Z(1 - 4 sin2 θW) depends on the
number of protonsZ and neutronsN and the Weinberg mixing angle
(sin2 θW ) 0.2319). For more computational details, see ref 24.

As expected, the total parity violation contribution to the
electronic energy at the optimized geometry is quite large,∆EPNC-
(R-S) ) 2EPNC(R) ) +6.29 × 10-11 kJ mol-1 (158 Hz) for the
Os and+2.17× 10-10 kJ mol-1 (545 Hz) for the Re compound,
with the by far largest PNC contribution coming directly from the
chiral metal center (the sign given forEPNC is that obtained for the
R-configurations shown in Figure 1). This does not necessarily
imply that the PNC energy differences in the vibrational transitions
(n f n′, n andn′ are vibrational quantum numbers) are of a similar
large magnitude. A local mode analysis along the metal-ligand
stretching mode (Figure 2) gives PNC effects ofνPNC(R; 0 f 1) )
-575 mHz andνPNC(R; 0 f 2) ) -1147 mHz for the OsdC
stretching mode, andνPNC(R; 0 f 1) ) +546 mHz andνPNC(R; 0
f 2) ) +1109 mHz for the RedO stretching mode. Hence, for
the fundamental transition (n ) 0 f 1), we obtain∆νPNC(R-S) )
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νPNC(R; 0 f 1) - νPNC(S; 0 f 1) ) -1.15 and+1.09 Hz for the
OsdC and RedO stretching modes between the corresponding
enantiomers, respectively. This is a 1-2 orders of magnitude
improvement over previous results involving C-F stretching
modes.15,29 The new parity shifts are therefore∆νPNC(R-S)/ν )
-4.3 × 10-14 for the OsdC and +3.7 × 10-14 for the RedO
stretching mode. We mention, however, that the results can be

significantly influenced (even enhanced) through coupling with
other modes close to the vibrational transition chosen,30 and for
more accurate calculations electron correlation effects should be
included as well in the PNC calculations. This, however, would be
a formidable task for the compounds discussed here. Nevertheless,
our study is a first attempt in identifying suitable heavy element
chiral compounds for future PNC measurements.

We finally mention that organometallic compounds could also
be useful for PNC studies in high-resolution NMR or Mo¨ssbauer
spectroscopy, where the natural line-width is sufficiently small. For
NMR spectroscopy,20 only heavy metals with nuclear spinI ) 1/2
are useful to prevent line broadening from nuclear quadrupole
coupling. This limits the choice to chiral centers with the isotopes
187Os,183W, or the lighter isotopes117,119Sn. It may, however, prove
to be very difficult to find suitable enantiomers with PNC chemical
shift differences beyond a few millihertz.20 For Mössbauer spec-
troscopy,193Ir would be a good candidate, where a large number
of stable chiral compounds are already known. For PNC effects in
electronic transitions, one is restricted to forbidden transitions, such
as in luminescence or phosphorescence spectra of heavy metal-
containing compounds, which reduces the natural line-width.
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Figure 1. DFT (B3LYP) calculations for the infrared spectrum of (a) (R)-
Os(η5-C5H5)(dCCl2)Cl(PH3) and (b) (R)-Re(η5-Cp*)(dO)(CH3)Cl. The
value for the OsdC and RedO stretching frequencies (in cm-1) is shown
as well.

Figure 2. Potential energy curves∆E (in black) and PNC contributions
EPNC along the metal-ligand stretching normal mode Q. All values are in
au. Solid line, (R)-Os(η5-C5H5)(dCCl2)Cl(PH3); dashed line, (R)-Re(η5-
Cp*)(dO)(CH3)Cl.
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