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The isotopically chiral molecular ion CHDBrI* is identified as an
exceptionally promising candidate for the detection of parity viola-
tion in vibrational transitions. The largest predicted parity-violating
frequency shift reaches 1.8 Hz for the hydrogen wagging mode
which has a sub-Hz natural line width and its vibrational frequency
auspiciously lies in the available laser range. In stark contrast to this
result, the parent neutral molecule is two orders of magnitude less
sensitive to parity violation. The origin of this effect is analyzed and
explained. Precision vibrational spectroscopy of CHDBrI" is feasible
as it is amenable to preparation at internally low temperatures and
resistant to predissociation, promoting long interrogation times
(Landau et al., J. Chem. Phys., 2023, 159, 114307). The intersection
of these properties in this molecular ion places the first observation
of parity violation in chiral molecules within reach.

Ever since Louis Pasteur stated in 1874 that life is dominated by
dissymmetric actions in our universe,* the search for violation of
fundamental symmetries in nature has captured physicists and
chemists alike.>* One of the greatest remaining puzzles in the
life sciences concerns the origin of single handedness in nature,
i.e. a distinct symmetry breaking that led to the dominance of
lef-handed amino acids and right-handed sugars®” seen as a
necessary condition for the existence of life on our planet.

In the mid 1970s, Rein and Lethokov pointed out that the
fundamental weak forces in physics, discovered by Wu in 1957°
in an asymmetric B-decay experiment, lead to parity violation
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(PV) and thus to the breakdown of the left-right symmetry in
chiral molecules.”'® While in typical biomolecules, the predicted
PV effects in the electronic structure lead to a rather small energy
difference of AEpy < 102 k] mol ! between two enantiomers,
it is not yet clear if such tiny effects are responsible for
biomolecular homochirality."'> Naturally, there are many
hypotheses on the origin of single handedness of life and the
reader is referred to ref. 13 and 14 for general reviews. Despite an
ongoing debate on this issue, for the last several decades
scientists have tried hard to find experimental evidence for PV
in chiral molecules'>™” - so far with no success,'®'° despite
some questionable positive claims in the past.>*2?

The search for ideal candidates for PV measurements has
focused on chiral molecules containing heavy atoms,**™*” as PV
contributions to the total energies scale approximately as Z°
(Z being the nuclear charge of the atom involved).*®*° For
vibrational PV measurements it was expected that large PV
energy differences between the two enantiomers will translate
into large PV effects in vibrational transitions. Molecules like
CHDBTI, which by some chirality measures®® have (almost) no
chirality, and, furthermore, do not contain heavy metals, have
been investigated in two earlier works,*"*> however, no pre-
vious study of their ions is available. Here we present PV
calculations for CHDBrI', depicted in Fig. 1, showing surpris-
ingly large PV effects in several of the (chiral) vibrational
modes. CHDBrI" was proposed as a candidate for precision
spectroscopy in Landau et al' In stark contrast to exotic
designer molecules that contain heavy atoms,>*>” the CH,Brl
molecule family plays an important role in atmospheric chem-
istry and is naturally produced in plankton.** The PV effect of
CHDBrI' is by far the largest ever computed amongst such
molecules®*?® and therefore is of great significance toward
gauging the importance of the weak interaction in chemistry
in addition to being a promising candidate for future PV
measurement using trapped ion laser spectroscopy.

Within the Born-Oppenheimer approximation, the PV
energy shift E*Y = (¥|AV|¥*¢!) = 0 for an achiral molecule
such as CH,BII in its equilibrium geometry. Here Hpy is the
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Table 1 Fundamental vibrational transition frequencies v (in cm™3), infra-
red intensities / (in km mol™Y) and lifetimes 7 from a harmonic analysis and

parity violation shifts Av™" (in Hz) for CHDBrl and CHDBrl*

E
A
(S) R)
J ES7PV ‘
“ ER?PV
EE—)n’ '
Erl}an’
ES,PV
N\ il
>q

Fig. 1 Left (S) and right handed (R) enantiomers of CHDBrl* and response
of their respective vibrational transitions to parity violation effects. Hydro-
gen is shown in light blue color.

nuclear spin-independent PV operator (see Section S1 - Com-
putational details in ESIT) and ¥ the electronic wavefunction.
For the isotopically chiral molecules CHDBrI and CHDBrT'
considered here the electronic PV energy difference AE?Y =
ER’ — E5Y is predicted to be exceedingly small, i.e. no more than
a few mHz (and only when finite nuclear models are used). The
situation can change dramatically, however, if we take vibra-
tional effects into account, i.e. if we consider the expectation
value (P'PViP| G7V| welyviP)  which may be non-zero even for an
achiral molecule for modes that break mirror image symmetry
and thus induce chirality.

In order to demonstrate the importance of such vibrationally
induced PV effects we studied the molecules CHDBrI and
CHDBIT' using relativistic density functional theory. The latter
system was proposed as a promising candidate for future high-
precision laser spectroscopy experiments on trapped ions, due
to a number of experimental advantages. This proposal follows
recent successful precision measurements on ionic systems,
such as the molecular ion eEDM (electron electric dipole
moment) measurement,*® and quantum logic spectroscopy of
molecular ions.*”%®

Calculated vibrational frequencies, together with the parity
violating energy contributions for both CHDBrI and CHDBrT"
are shown in Table 1. The PV energy shifts of the fundamental

CHDBII CHDBIT" CHDBrI CHDBrI"
Mode v 1 T v T ALY AV
1 CBrlscis 146 0.1 >30 min 149 4.4 82.2s —0.001 +0.009
2 CI str 540 1.5 17.8s 524 21.8 1.33s  —0.044 —0.126
3 CBr str 645 37.7 510 ms 620 6.5 3.21s  +0.242 —0.037
4 CHD rock 679 2.4 7.24s 710 2.3 6.94s —0.051 —0.041
5CDwag 845 35.7314ms 797 2.1 6.15s —0.061 +1.335
6 CHwag 1156 47.3 126 ms 1104 0.8 8.79s  +0.053 —1.779
7 CHD scis 1284 1.0 4.82's 1275 1.8 2.75s  +0.043 —0.590
8CDstr 2346 1.0 1.41s 2354 7.6 191 ms +0.018 +0.937
9 CH str 3198 2.1 368 ms 3214 20.7 37.3 ms —0.055 —1.292
T T T T T T T T T
175 F BN CHDBrl
BN CHDB:rI*™
1.50 F 3
N o5t .
=)
— 1.00 1
>7T
EO 0.75 3
— 050 F 3
025 F 3

1 2 3 4 5 6 7 8 9
Mode Number

Fig. 2 Overview of the absolute values of PV frequency shifts AvhY,;
between the two enantiomers of CHDBrl and of CHDBrl* for all 9
fundamental vibrational transitions.

energy and the PV energy curves along the normal coordinate
for mode 6 in Fig. 3. While the two potential energy curves for
CHDBrI and CHDBrI' are almost identical and very harmonic
in nature, the PV curves along the normal mode are markedly
different. For the neutral case, we see an almost linear behavior
with a negative and positive curvature to the left and right
around g = 0 (the equilibrium geometry) where the PV curve has

transitions are summarized in Fig. 2. The vibrational PV
frequency shifts between the two enantiomers are considerably
larger in the positively charged ion compared to the neutral
molecule. In particular, mode number 6 in the ion has the
largest PV frequency shift compared to the other modes. We
note that the discussed PV shifts are based on single-mode
harmonic vibrational analysis. It has been shown the anhar-
monic multi-mode coupling can lead to significant corrections
to the vibrational PV shifts.>**° However, our preliminary
3-mode vibrational analysis (Section S3 in ESIt) shows the
resulting transition frequencies, intensities and lifetimes to
be consistent with the uncoupled harmonic ones.

In order to shine some light on the more than 30-fold PV
sensitivity enhancement in the cation, we plot the potential
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Fig. 3 E™(q) and V(g) curves along mode 6 of the (R)-enantiomer of
CHDBrl and CHDBrlI*.
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a turning point, implying that 9°E*¥(¢)/0¢”|;-0 &~ 0. Moreover,
the anharmonicity is very small for mode 6. From vibrational
perturbation theory (VPT) analysis (see Section S1 - Computa-
tional details in ESIt) this results in a tiny PV frequency shift
(with curvature and anharmonic VPT contributions of 49 and
—20 mHz, respectively). In contrast, for the positively charged
molecule, we see a strong curvature in the PV curve, which
yields a very large contribution from the 8°E"¥()/0¢*|;~0 term
of —1.84 Hz in eqn (S2) in ESI,T compared to only 2 mHz for
the anharmonicity term. Hence, the PV frequency shift in the
cation is two orders of magnitude higher compared to the
neutral molecule(!). For further details of the VPT analysis,
see Section S5 in ESIL.{

Notably, the radiative lifetime of mode number 6 is found to
be on the scale of seconds (Table S4 in ESIY), such that its
natural line width is narrower than the magnitude of the PV
shift, and can be taken advantage of in a trapped molecular ion
precision spectroscopy experiment.

In both molecules, the major atomic PV contributions come
from the Br and I atoms as one expects (see Fig. S4 in ESIT). The
molecular orbital (MO) decomposition of the PV contributions
reveals near-perfect cancellation between the HOMO and the
rest of the MOs in the neutral molecules. The large vibrational
PV effect of the cation originates from halving the PV energy
contribution of the HOMO orbital (composed mainly of Br and
I p-orbitals) and thus reducing the cancellation effects which
are observed in the neutral system where the HOMO orbital is
doubly occupied (see Section S6 in ESI{ for details and analy-
sis). Furthermore, the maximum amplitude of the chiral den-
sity in the vicinity of the Br and I nuclei is up to 10x larger in
the cation as compared to the neutral CHDBII (see extended
visualization and discussion of the chiral densities in Section
S7 in ESIY).

Comparison between the PV frequency shifts for different
halogen (X, Y) combinations in CHDXY" is shown in Fig. 4. The
results are presented for the corresponding CH wagging mode
with the highest PV frequency shifts for each ion. Only the
system containing both bromine and iodine yields AvjY,, of

CHDFBr* CHDFIT CHDCIBr CHDCIIT CHDBrlI™
Molecules

Fig. 4 Vibrational frequency shifts |AESY.4| in the different CHDXY*
molecular ions (X, Y = halogens). For all systems, the results for the CH
wagging mode are shown.

This journal is © The Royal Society of Chemistry 2023
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over 1 Hz. Interestingly, in all the molecular ions considered
here, the modes with the largest PV frequency shifts are
bending modes lying conveniently in the CO, and quantum
cascade laser frequency range.*"*>

The sensitivity that can be achieved in a shot-noise limited

precision measurement of PV scales as (C‘n/ﬁf1 where C is
the fringe contrast, 7 is the coherence time and N is the total
number of molecules detected.** Molecular ions excel in long
coherence times due to the ease of their trapping, making the
CHDBrI' candidate appealing in addition to the large PV shift
expected. Since such molecules have a neutral precursor, the
molecular ion may be susceptible to predissociation in a
vibrational spectroscopy experiment due to a low dissociation
threshold. However, the two hydrogen isotopes in CHDBrI' give
rise to a high dissociation threshold with a value of 1.29 eV
as opposed to other halogenated methanes along with the
high transition state energy between enantiomers of 1.3 eV,
indicating that long lifetimes should be accessible for this
candidate," while tunneling effects should be negligible. More-
over, the proposed state preparation and detection methods for
CHDBrI" through near-threshold, state-selective photo-
ionization suggest that its preparation in an internally cold
state is possible, improving the contrast in a future
measurement.” Finally, CH,Brl is a commercially available
product, indicating that a species-wise pure racemic sample
of CHDBII could be enriched and large values of N should be
expected in a single shot of the experiment.

Assuming a reasonable fringe contrast of C = 0.1 and a
modest coherence time of t = 100 ms for the hydrogen wagging
mode, reaching precision below 1 Hz requires detecting at least
10k molecular ions. For an experimental repetition rate of 5 Hz
with a conservative 10 ions detected in a cycle at the shot-noise
limit, the total averaging time of a few minutes (200 s) is needed
to reach the required precision. Naturally, technical noise as
well as experimentally determined C, 7, and the experimental
number of ions in a cycle, in addition to a careful study of
sources of systematic uncertainty, are needed to accurately
determine the projected precision. However, this promising
estimate and all the other properties discussed here make
CHDBII' an excellent candidate to observe PV in molecules
for the first time. With experimental investigation of the
decoherence mechanisms the precision can be substantially
improved by pushing the coherence time near the seconds-
long limit.

In conclusion, we demonstrated that the cation CHDBrI*
exhibits a vibrational CH wagging mode with high sensitivity to
PV effects and a long natural lifetime, which makes it a
promising potential candidate molecule for future experi-
mental work. The vibrational transition frequency falls into
the currently available laser frequency range and the size of
the expected PV frequency shift is projected to be in the region
of 1 Hz. The large PV frequency difference is due to the fact
that the PV curve shows a rather strong curvature along the
normal coordinate of the CH wagging mode in contrast to
the neutral species. The introduction of a positive charge
reduces cancellation effects in the valence orbitals, leading to

Chem. Commun., 2023, 59, 14579-14582 | 14581
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two orders of magnitude larger PV effects than in the
neutral species.
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