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ABSTRACT: We report detailed calculations of the quantum
wavepacket dynamics of Cl−O−O−Cl, which serves as a
prototype molecule for the stereomutation dynamics of an
axially chiral molecule. We include the effects both from
electroweak parity violation and from the interaction with a
coherent monochromatic laser field. We use the quasiadiabatic
channel reaction path Hamiltonian approach to approximately
solve the six-dimensional Schrödinger equation describing the
vibrational motion, including rotation by an effective Hamiltonian. We calculate time-dependent wave functions based on the
time-dependent Schrödinger equation. We study stereomutation dynamics due to tunneling motion and laser-induced population
transfer and show results on efficient methods for selectively populating single molecular states in chiral molecules by frequency-
modulated laser pulses. We also discuss laser-induced stereomutation (LISM) and a process that may be called resonance Raman
induced stereomutation (RRISM). The results are discussed in relation to current experimental attempts to measure the parity
violating energy difference ΔpvE between the enantiomers of chiral molecules. Furthermore, we show detailed quantitative
simulations of a selection of well-defined parity levels in chiral molecules (“parity isomers”) that form the basis of a possible
measurement of ΔpvE by the time evolution of parity.

1. INTRODUCTION

Molecular chirality has been a central aspect of stereochemistry
for more than a century.1−6 The quantum dynamics of chiral
molecules has remained an important subject of physics and
chemistry ever since its first treatment shortly after the
development of quantum mechanics.7 It is highly relevant for
a broad range of studies such as investigations into the
foundations of physics, symmetries and reaction dynamics,8−10

spectroscopy,11−13 or the evolution of biologically important
molecules such as proteins, DNA, or sugars.14−18 Even
pharmacology has to deal with a wide range of chiral substances
and drugs, with nearly two-thirds of all worldwide drugs being
chiral.19 There has also been recent interest in the coherent
preparation of separate enantiomers from racemic mixtures and
related problems.20,21

According to the traditional point of view, based on the
assumption of rigorous space inversion symmetry related to
parity conservation in physics, the two enantiomers of chiral
molecules would be exactly equivalent energetically. Their
ground states and all corresponding excited quantum states

would have the same energies. The reaction enthalpy ΔRH0
⊖ for

the stereomutation reaction (1) converting the P enantiomer
of an axially chiral molecule into the M enantiomer would be
exactly zero by symmetry.

⇌ Δ ≡⊖HP M (traditional) 0R 0 (1)

However, the discovery of parity violation in nuclear and high-
energy physics22−30 has resulted in a fresh look at molecular
chirality as well.31,32 Indeed, one can expect a small parity
violating energy difference ΔpvE0 to exist between the ground
state energies of chiral molecules equivalent to a nonzero
reaction enthalpy

Δ = Δ = Δ⊖ ⊖H H N E(real)R 0 pv 0 A pv 0 (2)
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Qualitative and semiquantitative estimates for ΔpvE0 have
existed for quite some time,31−35 and the effects from parity
violation were also proven in atomic spectroscopy.36−41 How-
ever, so far no experiment has been successful in measuring
ΔpvE0, because of its small magnitude.
Recent progress in theory has shown ΔpvE to be 1−2 orders

of magnitude larger than previously anticipated for typical
benchmark molecules and thus has greatly improved the out-
look to detect molecular parity violation42−49 (see also ref 50
for most recent results and further references). There have
been several proposals for experiments (and also some
attempts) to detect effects from molecular parity violation.51−59

One of these schemes is actually able to directly mea-
sure ΔpvE

54 by using a spectroscopic detection of the time
dependence of parity and more generally intermediate spec-
troscopic levels of well-defined parity. In the context of pre-
paring for such experiments our theoretical investigation was
undertaken.
In the present work we concentrate on the detailed quantum

dynamics of single chiral molecules with C2 symmetry of
the X−Y−Y−X type (Figure 1) such as hydrogen peroxide,

H−O−O−H, or dichlorine dioxide, Cl−O−O−Cl, where in
addition to the Born−Oppenheimer potential energy surface
the effect of electroweak parity violation is taken into
account.12,44,47,50,60

For these molecules one can distinguish two limiting cases.
In the first case, such as in hydrogen peroxide, the quantum
dynamics is dominated by the large tunneling splittings (e.g.,
see ref 61, ΔE± ≈ (hc) 10 cm−1) and thus the much smaller
effects from parity violating potentials Vpv/(hc) (on the order of
10−12±2 cm−1) are negligible. The molecular eigenstates have an
almost exactly defined parity. In the second case the tunneling
splittings for the hypothetical symmetrical potential (ΔE±

0 ,
excluding parity violating effects) in the ground state
(superscript 0) are much smaller than the parity violating
energy difference between enantiomers ΔpvE; thus

Δ ≫ Δ ±E Epv 0
0

(3)

Such a case applies to Cl−O−O−Cl,62 the main topic of the
present investigation, and similarly to Cl−S−S−Cl63 and in fact
all stable chiral molecules.8,9

At higher vibrational excitations, however, tunneling split-
tings ΔE±(n) in excited states n can become much larger than
ΔpvE

(n) and thus one observes “tunneling switching” to excited
eigenstates of well-defined parity.62,64 These cases are
particularly interesting, as they allow for a measurement of
parity violation by parity selection and subsequent study of the
time evolution of parity.54 In the present work we present

results on time-dependent wavepacket dynamics for both
limiting cases. The outline is briefly as follows:
In section 2 we report on the general theoretical model used

and then show in section 3 results for different numerical
simulations of a chiral molecule under the influence of parity
violation and laser irradiation. In subsections 3.1−3.4 we will
report our findings on several limiting cases of the quantum
dynamics of Cl−O−O−Cl that include population transfer and
tunneling motion. Subsection 3.5 is devoted to the simulation
of a possible experiment to measure the parity violating energy
difference in a chiral molecule. Cl−O−O−Cl serves as realistic
molecule and our simulations can thus be considered a
(theoretical) proof of principle for such an experiment. Finally,
we discuss our findings and give a brief outlook in section 4.
A preliminary account of the present work was given in

ref 65.

2. THEORETICAL MODEL
2.1. Stationary States and Parity Violation. The

quantum dynamics of a molecule are described by the time-
dependent Schrödinger equation,

ℏ ∂Ψ
∂

= ̂ Ψt
t

H t t
x

x xi
( , )

( , ) ( , )
(4)

with the Hamilton operator Ĥ(x,t) and the time-dependent
wave function Ψ(x,t), ℏ = h/(2π) is the reduced Planck
constant and the imaginary unit = −i 1 . The time-dependent
wave function can be written as a superposition of time-
independent stationary state wave functions φ(x) of the
isolated molecule which only depend on the spatial coordinates
x, with time-dependent coefficients bk(t) accounting for the
time dependence of the quantum state:

∑ φΨ =
=

∞

t b tx x( , ) ( ) ( )
k

k
1 (5)

The wave functions φ(x) are eigenfunctions of the molecular
time-independent Hamilton operator and solve the time-
independent Schrödinger equation

φ φ̂ =H Ex x x( ) ( ) ( )k k kmol (6)

To arrive at eigenvalues and eigenfunctions, we use here the
quasiadiabatic channel reaction path Hamilton (RPH) approxi-
mation61,62,65−68 to obtain an approximate numerical expres-
sion for the molecular Hamiltonian. The vibrational Hamilton
operator in the RPH approximation takes the following form
(with total angular momentum J = 0):

τ τ τ̂ = ̂ ̂ ̂ = ̂ ̂ + ̂ ̂τ=H H p H H px P Q P Q( ) ( , , , ) ( , ; ) ( , )J Qmol 0
RPH

(7)

where the total coordinate space x (molecular frame) is
spanned by a reaction path coordinate τ (Figure 1) and 3N − 7
coordinates Q represented as normal coordinates; p ̂ and P̂ are
the corresponding momentum operators. For details we refer to
refs 61, 62, and 65−68 (see also refs 69−73). The reaction path
was determined by optimizing all internal coordinates for
successive values of the torsional coordinate τ (“clamped
coordinate approach”).
The right-hand side of eq 7 is a sum of two terms, a

Hamilton operator Ĥτ(p ̂,τ), only dependent on the reaction
path coordinate τ and its conjugate momentum p ̂, and a term
ĤQ(P̂,Q ;τ), which is only parametrically dependent on τ.

Figure 1. Chiral enantiomers of molecules of type X−Y−Y−X. The
torsional angle τ is the angle between the X−Y−Y and Y−Y−X plane,
respectively. A C2 symmetry axis symmetrically bisects τ and is
orthogonal to the line connecting the Y atoms.
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Therefore, we can use an adiabatic ansatz for calculating the
molecular eigenfunctions. We treat the motion along the
normal coordinates as harmonic, which leads to an effective
1-dimensional Schrödinger equation in the reaction path
coordinate τ:

τ τ τ φ τ̂ ̂ + + − =−⎜ ⎟
⎛
⎝

⎞
⎠pI p V V E

1
2

( ) ( ) ( ) ( ) 0eff
1

el corr (8)

with the effective moment of inertia Ieff.
61,67,68 The total

potential energy is a sum of the electronic potential energy
along the reaction coordinate, Vel(τ), and a correction Vcorr(τ)
arising from the coordinate transformation from Cartesian
coordinates x to (τ, Q )74−77 and the adiabatic coupling of the
normal modes along Q to the reaction path (consisting mainly
of zero-point energy effects but also including Coriolis-type
couplings). As the resulting effective 1-dimensional potentials
can be considered as quasiadiabatic reaction channels, the total
effective potential may be called the (quasi)adiabatic channel
potential in the spirit of refs 71−73.
Equation 8 is finally solved numerically using a discrete

variable representation (DVR) on an equidistant grid.61,67,78−86

We used a modified version of the original RPH program
of refs 61 and 67 for determining very small tunneling
splittings.62,87 The original program made use of filtering the
molecular data by periodic series at the end of the calculation.
However, in the new version of the program the positions,
potential energies and force fields calculated ab initio are fitted
to a sin or cos series before the actual calculation of the RPH
potential, whereas in the previous version a “filtering” by fitting
the potentials and harmonic frequencies to a ten-dimensional
cos series was done at the last steps of the computation.62,87 We
could increase the stability and convergence of the results (for a
comparison between the RPH version used in in this work and
that in ref 62, one can consult the Supporting Information).
Table 1 gives an overview of the newly calculated vibrational
energy levels for Cl−O−O−Cl (columns 2 and 4) compared to
the previously calculated results from ref 62 (columns 3 and 5).
The absolute energies change only slightly, whereas the ratios
of the tunneling splittings change up to 1 order of magnitude
for the smallest values of the torsional quantum number v.
These are, however, much less than the parity violating energy
and hardly influence the overall quantum dynamics, as will be
discussed in sections 3.1−3.5.
The total Hamilton operator from eq 4 typically consists of

further expressions. In our case these are a potential accounting
for the parity violating weak interaction (the “parity violating
potential”) and the interaction of the molecule with a coherent
optical field in the dipole approximation. The total Hamiltonian
then reads

μ̂ = ̂ + − ⃗ · ⃗H t H V E tx x x x x( , ) ( ) ( ) ( ) ( , )mol pv (9)

Having solved the eigenproblem of the first part of the
molecular Hamiltonian in eq 9 within the RPH approximation,
we could treat the very small parity violating potentials Vpv by
perturbation theory.8,12,48,54,93 The parity conserving potential
Vel was calculated with ab initio quantum chemical methods.88

Electron correlation was included using the second-order
Møller−Plesset perturbation theory (MP2) with an aug-cc-
pVTZ basis set. All energies, molecular geometries, force fields,
and electric dipole moments were calculated along the torsional
angle τ every 10°, and all other coordinates were optimized.
Similarly, the parity violating potential Vpv has been calculated

along τ with the RPA/6-311+G(3df) method47 as described in
ref 62, which is also in good agreement with more recent
calculations at the coupled cluster (CCSD(T)) level.50,60 The
potential Vpv is many orders of magnitude smaller than the
quasiadiabatic channel RPH potential, which justifies the
perturbation treatment. Figure 2 shows a comparison between

the electronic Born−Oppenheimer potential and the parity
violating potential along the reaction coordinate.
In the case of Cl−O−O−Cl the bound states of the

molecular, symmetric reaction path Hamiltonian can be
reordered in tunneling pairs; i.e., all torsional eigenstates
can be numbered by a torsional quantum number v and an
indicator ± giving the parity of the respective tunneling
eigenstate (“high barrier notation”). The tunneling splittings
Δν̃v = ν̃v(A

−) − ν̃v(A
+) are very small then, whereas the

Table 1. Bound Torsional Eigenstates (J = 0) with v ≤ 14 in
Cl−O−O−Cl in High Barrier Notationa

v ν̃v(A
+)/cm−1 Δν̃v = [ν̃v(A

−) − ν̃v(A
+)]/cm−1

0 0.0b 0.0c 6.77 × 10−24 6.7 × 10−25

1 122.2116 123.6 4.53 × 10−22 5.1 × 10−23

2 243.1360 245.4 1.56 × 10−20 2.0 × 10−21

3 362.3660 364.9 3.68 × 10−19 5.0 × 10−20

4 479.4309 481.9 6.60 × 10−18 9.3 × 10−19

5 593.8252 596.0 9.48 × 10−17 1.4 × 10−17

6 705.0087 706.8 1.13 × 10−15 1.7 × 10−16

7 812.3816 813.8 1.25 × 10−14 2.8 × 10−15

8 915.2396 916.5 7.79 × 10−13 6.1 × 10−13

9 1012.7046 1014.0 3.71 × 10−10 3.1 × 10−10

10 1103.5946 1105.3 2.02 × 10−7 1.7 × 10−7

11 1186.0779 1188.2 1.21 × 10−4 1.0 × 10−4

12 1256.1109 1258.5 0.1066 0.08
13 1284.5158 1290.5 16.0465 12.6
14 1312.9167 1316.4 19.5574 19.5

aIn columns 2 and 4 we give the values from the present work, and in
columns 3 and 5 we give the results from ref 62 for comparison.
The tunneling splittings are extremely small up to v ≈ 9. The
horizontal line after v = 7 indicates the point where the tunneling
splittings in both versions reach the same order of magnitude.
The tunneling splittings are calculated for the hypothetical sym-
metric potential. bGround state at 1507.51 cm−1. cGround state at
1504.64 cm−1.

Figure 2. Parity violating potential Vpv (RPA/6-311+G(3df), dotted
line, left-hand ordinate scale)62 and the electronic Born−Oppen-
heimer potential Vel (MP2/aug-cc-pVTZ, full line, right-hand ordinate
scale) along the torsional coordinate τ. Vpv is by orders of magnitude
smaller than the electronic potential and may be thus treated by
perturbation theory.
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splittings between states with different v are comparatively
large. In the simplest case one can treat the perturbation for
two states using a 2 × 2 matrix.8,54 More generally, one can
build a block diagonal matrix

=
⋮ ⋱ ⋮

⎛

⎝

⎜⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟

H

H

H

H

0 ... 0

0 ... 0

0 ... ... n

1

2

(10)

composed of n matrices Hv

ν

ν
=

̃ ̃

̃ ̃

+

−

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟hc

V

V
H

(A )

(A )
v

v v

v v

(pv)

(pv)
(11)

with the matrix element of the parity violating contribution,
hcṼv

(pv) = ⟨φv
+|Vpv|φv

−⟩. By diagonalization we find the new
eigenenergies of the system under the influence of parity
violation. For each quantum number v we find two eigenstates
that diagonalize one block entry given in eq 11. These two
eigenstates shall be denoted as l and u states (for lower and
upper) belonging to the quantum number v. One can
distinguish two limiting cases:

ν ν ν ν

ν ν ν ν

ν ν ν

̃ = ̃ + ̃ ± ̃ + Δ ̃

≈
̃ + ̃ ± ̃ = ̃ ̃ ≫ Δ ̃

̃ ̃ Δ ̃ ≫ ̃

+ −

+ −

+ −

⎧
⎨⎪

⎩⎪

⎫
⎬⎪

⎭⎪

l u V

V V

V

( , )
1
2

( (A ) (A ))
1
2

(4( ) ) (12)

1
2

( (A ) (A )) (P,M) if

(A ) or (A ) if (13)

v v v v v

v v v v v v

v v v v

(pv) 2 2 1/2

(pv) def (pv)

(pv)

with eigenstates

φ
φ φ φ ν

φ φ ν
≈

± = ̃ ≫ Δ ̃

Δ ̃ ≫ ̃

+ −

+ −

⎧
⎨⎪

⎩⎪

⎫
⎬⎪

⎭⎪
V

V

1
2

( ) if

or if
v
l u v v v v v

v v v v

,

def P,M (pv)

(pv)
(14)

In the case of Cl−O−O−Cl we find that for states with v ≤ 7
parity violation is dominant over tunneling (i.e., Ṽv

(pv) ≫ Δν̃v),
whereas for v ≥ 9 tunneling is dominant over parity violation.
Table 2 shows a comparison between parity violation and
tunneling splitting of the symmetric potential as a function of
torsional quantum number v.
The eigenstates represent chiral states φv

P,M for the torsional
ground state and modest torsional excitations, where parity
violation is dominant (Ṽv

(pv) ≫ Δν̃v), and delocalized parity
eigenstates φv

+,− for higher torsional excitations, where
tunneling is dominant (Ṽv

(pv) ≪ Δν̃v, Figure 3). This change
of character from chiral to parity eigenstates has been called
“tunneling switching”,62 which also occurs in other physical
situations with slightly asymmetric potentials such as in
o-D-phenol.64 For exceedingly small tunneling splittings, the
splitting between two chiral states is characterized by the parity
violating energy difference ΔpvE with

φ φ φ φ

φ φ φ φ

|Δ | = |⟨ | | ⟩ − ⟨ | | ⟩|

= |⟨ | | ⟩| = | ⟨ | | ⟩|+ −

E V V

V V2 2 v v

pv
M

pv
M P

pv
P

M
pv

M
pv (15)

Note that the absolute value of the parity violating energy
difference ΔpvE equals twice the absolute value of the matrix
element of the parity violating potential Vpv (assumed to be
real) in the limiting case where the tunneling splittings are

small compared to parity violation. By comparing |ΔpvE|
and |ΔE±|, one can determine where the eigenstates change
from localized to delocalized states (see also Table 2, where the
Δν̃ = E/hc are given). All torsional vibrational eigenstates of
Cl−O−O−Cl below 2500 cm−1 with the effects of Vpv included
are shown in Figure 4.
Furthermore, rovibrational levels have been calculated ap-

proximately by using an effective rotational Hamilton operator
implemented in the program WANG of ref 89. The rotational
Hamiltonian for asymmetric tops in a S-reduced form90 can be
written as

̂ = ̂ + ̂ + ̂

− ̂ − ̂ ̂ − ̂

+ ̂ ̂ + ̂ + ̂ + ̂

+ ̂ + ̂ ̂ + ̂ ̂ + ̂

+ ̂ ̂ + ̂ + ̂ ̂ + ̂ + ̂ + ̂

+ − + −

+ − + − + −

H AJ BJ CJ

D J D J J D J

d J J J d J J

H J H J J H J J H J

h J J J h J J J h J J

( ) ( )

( ) ( ) ( )

z x y

J JK z K z

J JK z KJ z K z

rot
eff 2 2 2

4 2 2 4

1
2 2 2

2
4 4

6 4 2 2 4 6

1
4 2 2

2
2 4 4

3
6 6

(16)

Table 2. Parity Violation 2Vv
(pv) = 2⟨φv

+|Vpv|φv
−⟩(RPA/

6-311+G(3df)) Compared to Tunneling Splitting
Δνṽ = νṽ(A

−) − νṽ(A
+) (Calculated for the Symmetrical

Case from the RPH Calculation with MP2/aug-cc-pVTZ)
in Cl−O−O−Cla

v 2 Vv
(pv)/(hc cm−1) Δν̃v/cm−1 ν̃v(u)− ν̃v(l)/cm

−1

0 5.75 × 10−13 6.77 × 10−24 5.75 × 10−13

1 5.69 × 10−13 4.53 × 10−22 5.69 × 10−13

2 5.64 × 10−13 1.56 × 10−20 5.64 × 10−12

3 5.58 × 10−13 3.68 × 10−19 5.58 × 10−13

4 5.52 × 10−13 6.60 × 10−18 5.52 × 10−13

5 5.46 × 10−13 9.48 × 10−17 5.46 × 10−13

6 5.40 × 10−13 1.13 × 10−15 5.40 × 10−13

7 5.34 × 10−13 1.25 × 10−14 5.34 × 10−13

8 5.26 × 10−13 7.79 × 10−13 9.40 × 10−13

9 5.17 × 10−13 3.71 × 10−10 3.71 × 10−10

10 5.06 × 10−13 2.02 × 10−7 2.02 × 10−7

11 4.90 × 10−13 1.21 × 10−4 1.21 × 10−4

12 4.52 × 10−13 0.11 × 10−1 0.11 × 10−1

aShown in the right column is the splitting between the two
eigenstates including the electroweak perturbation denoted as
ν̃v(u) − ν̃v(l) according to eq 13. One can see the effect of tunneling
switching for v ≥ 9.

Figure 3. Eigenstates for Cl−O−O−Cl after perturbation showing
tunneling switching.62 For small torsional quantum numbers, v ≤ 7,
the parity violating energy difference ΔpvE is much larger than the
tunneling splitting hcΔν̃v. Eigenstates thus represent well-localized
molecular states separated by ΔpvE. For higher torsional excitations,
v ≥ 9, hcΔν̃v is much larger than ΔpvE. Eigenstates then represent
delocalized parity eigenstates separated by hcΔν̃v.
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with J2̂ = Jx̂
2+ Jŷ

2 + Jẑ
2 and J±̂ = Jx̂ ± i Jŷ. The rotational constants

A, B, and C were vibrationally averaged whereas constants for
centrifugal distortion were approximated as the equilibrium
values (Tables 3 and 4).
States including rotation are characterized by their angular

momentum with additional quantum numbers J = JKa,Kc
in

conventional notation.11,89 The changes of the tunneling
splittings with rotational excitation were thus approximately

accounted for and fall in the range of 5% for low rotational
excitations with J < 5. We neglected the influence of the
parity violation on the moments of inertia, which is
comparatively small but can be important for the calculation
of rovibrational line shifts.48,91,92 A more detailed discussion
of the procedure can be found in ref 68. We note that we
have approximated here the, in principle, multidimensional
matrix elements for parity violation (generated from a multi-
dimensional parity violating potential93) by the matrix
element of the quasiadiabatic channel wave functions with a
1-dimensional parity violating potential. In this sense our
approximation may be called quasiharmonic. Though multi-
dimensional couplings can be important,93 we can safely
assume that they will not qualitatively change the basic effects
studied here. The same is true for non Born−Oppenheimer
effects. It has also been shown that nuclear spin effects can be
important for the understanding of high-resolution spectra
when parity violating effects are interpreted.94 We neglect
them at present, although they could be readily introduced as
lower order effects.

2.2. Laser Interaction and Wavepacket Dynamics.
The third term in the Hamiltonian from eq 9 accounts for
the interaction of the molecule with light. Here we investi-
gate the interaction with a coherent, z-polarized monochro-
matic quasiclassical laser field with electric field strength
Ez cos(ωt + η),95−101 which is an excellent approximation
for many conditions of typical laser excitation in the in-
frared, for example, where we set the phase η = 0. To solve the
time-dependent Schrödinger equation, we introduce the
time evolution operator Û(t,t0), which gives the general
solution

Ψ = ̂ Ψt U t t tx x( , ) ( , ) ( , )0 0 (17)

Û satisfies the equation:

ℏ
∂ ̂

∂
= ̂ ̂U t t

t
H t U t txi

( , )
( , ) ( , )0

0 (18)

For simplicity we shall assume from now on that t0 = 0. Using
the basis set expansion from eq 5, we can write an equation for
the time evolution operator in matrix form. In the spectroscopic
basis this reads as

π νδ φ μ φ ω= ̃ −
ℏ

⟨ | | ⟩⎜ ⎟
⎛
⎝

⎞
⎠

U t

t
c E t t U ti

d ( ,0)

d
2

1
( ) cos( ) ( ,0)jk

j jk j z k z jk

(19)

with the electric dipole transition moments ⟨φj|μz|φk⟩, which
can be calculated from the stationary eigenstates φk. We solve
eq 19 in the quasi resonant approximation (QRA68,95−100),
which allows us to separate the high-frequency oscillation of the
electric field with frequency ω from the population transfer
dynamics in case that

• the field is weak, i.e.

φ μ φ ω
ℏ

⟨ | | ⟩ ≪E t
1

( )j z k z (20)

which is the case for small field strengths,
• there are “quasiresonant” transitions, j ← k, for which

π ν ν ω| ̃ − ̃| ≪c2 k j (21)

Figure 4. Bound eigenstates of the quasiadiabatic ground state channel
(J = 0), drawn at their energies after perturbation. For states with
energies below 1000 cm−1 (v < 9) the parity violating energy difference
is much larger than the tunneling splitting. Thus, these eigenfunctions
are localized, which is indicated by not being drawn over the whole
space. At higher excitations the eigenfunctions are effectively
delocalized over both wells and thus represented continuously over
all values of τ.

Table 3. Vibrationally Averaged Rotational Constants Ã, B̃,
and C̃ for Selected Energy Levelsa

v Ã/cm−1 B̃/cm−1 C̃/cm−1

0P 0.432856 0.081456 0.072198
0M 0.432856 0.081456 0.072198
5P 0.485324 0.078591 0.070562
5M 0.485324 0.078591 0.070562
10+ 0.595842 0.074099 0.068206
10− 0.595842 0.074099 0.068206
11+ 0.645901 0.072436 0.067369
11− 0.645896 0.072436 0.067369

aFor localized parity states the difference in rotational constants
between P- and M-species is ≲10−20 cm−1.

Table 4. Centrifugal Distortion Constants of Fourth- and
Sixth-Order Calculated ab Initio at the MP2/aug-cc-pVTZ
Level at the Equilibrium Geometry of Cl−O−O−Cl

D̃J 6.4313 × 10−8 cm−1

D̃JK −5.4271 × 10−7 cm−1

D̃K 3.9846 × 10−6 cm−1

d ̃1 −1.7343 × 10−8 cm−1

d ̃2 −8.0177 × 10−10 cm−1

H̃J 1.5653 × 10−13 cm−1

H̃JK −1.0712 × 10−12 cm−1

H̃KJ −1.2353 × 10−11 cm−1

H̃K 7.5386 × 10−11 cm−1

h̃1 8.3679 × 10−14 cm−1

h̃2 1.0189 × 10−14 cm−1

h̃3 −1.1485 × 10−17 cm−1

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.5b08958
J. Phys. Chem. A 2015, 119, 12805−12822

12809

http://dx.doi.org/10.1021/acs.jpca.5b08958


In the QRA only transitions that are approximately separated
by one quantum of laser irradiation are taken into account. The
effective Hamiltonian in the QRA reads then

= +t tH X V( ) ( )QRA QRA (22)

where the quasi resonant basis is defined as

ω=a t n t b t( ) exp(i ) ( )k k k (23)

with the diagonal matrix of resonance defects relative to an
integer nk times the laser frequency

π ν ω= ̃ −X c n2k k k (24)

and the coupling element in the quasiresonant approximation

φ μ φ= −
ℏ

⟨ | | ⟩V t E t( ) ( )
1

2
( )kj k z j zQRA (25)

Ez(t) is the amplitude of the laser field and can be taken as
slowly time-dependent.98 For sufficiently small time intervals
Δt the quasiresonant Hamiltonian stays constant,

+Δ ≈t t tH H( ) ( )QRA QRA (26)

The time evolution operator in the basis ak can then be
calculated stepwise as

+Δ = − +Δ ·Δt t t t t tU H( , ) exp( i[ ( /2) ])(a)
QRA (27)

The resonance defects are for now taken to be time-independent
(constant laser frequency). However, in section 3.4 we will
introduce frequency chirping of the laser. Important changes in
the equations will be discussed there.
Knowing the matrix representation of the time evolu-

tion operator, U, time-dependent populations can be obtained
from the diagonal elements of U. Time-dependent wave-
packets can be represented as probability densities according
to eq 28.

|Ψ | = | ̂ Ψ |t U tx x( , ) ( ,0) ( ,0)2 2
(28)

3. STEREOMUTATION DYNAMICS OF Cl−O−O−Cl
In this section we report our results on several numerical
simulations on the quantum dynamics under laser excitation in
Cl−O−O−Cl. The molecule can be considered as a prototype
molecule for axially chiral molecules where parity violation
plays an important role for the dynamics. As we described in
section 2.1, parity violation leads to the formation of a localized
eigenstate in the ground state that represents a chiral geometry
of the molecule. This localized state will act as the initial state
for our simulations. In the following we will introduce several
limiting cases of possible stereomutation dynamics in an axially
chiral molecule under laser excitation. In section 3.1 we use
a laser to prepare a superposition state that subsequently
shows stereomutation dynamics. The steromutation is due to
the tunnel effect and is accordingly called “tunneling stereo-
mutation” (TSM). This process was already discussed by
Friedrich Hund.7 In section 3.2 we investigate a case where
the stereomutation dynamics is due to population transfer
during laser irradiation and may thus be called “laser-induced
stereomutation” (LISM). What follows in section 3.3 is a
special case of LISM that, considering the wavepacket
dynamics, looks like TSM in the ground state but is in fact
mediated by the laser. Because of the similarity to resonance
Raman scattering, we call this process “resonance Raman
induced stereomutation” (RRISM).

Section 3.4 discusses the effect of modulating the frequency
of a laser pulse, which finds an application in section 3.5 where
we show simulations of an experiment to measure the parity
violating energy difference between enantiomers of a chiral
molecule. Cl−O−O−Cl is discussed as a realistic prototype
molecule and thus our simulation serves as (theoretical) proof
of principle for such an experiment.
For all experiments we used a Gaussian intensity distribution

of the laser pulse, i.e.98,99

τ= − −I t I t t( ) exp( 2( ) / )max 0
2

P
2

(29)

the characteristic parameters are thus the laser frequency
νL = cν̃L, the maximum intensity Imax, and the pulse length τP.
All results are reported with only the ground state being
populated initially (T = 0 K).

3.1. Tunneling Stereomutation after Coherent Ex-
citation. The basic excitation scheme used for this simula-
tion can be seen in Figure 5. We start with a chiral state,

φ0
P (eq 14). With a sufficiently intense laser pulse we excite to

another, initially chiral state lying close to 1000 cm−1 (Figure 5)
where the tunneling splitting is already much larger than parity
violation (v = 10). Therefore, tunneling switching62,64 occurs,
and the excited chiral state is not an eigenstate of the molecular
system but a superposition of achiral parity eigenstates, which is
expected to show tunneling stereomutation during the field-free
evolution time.
The time dependent chiral state obtained after excitation can

be written as follows (for simplicity we omit the overall phase):

χ φ φ= = ++ −t( 0)
1
2

( )10 10 (30)

the time t = 0 indicates the beginning of the field-free evolution.
In Table 5 the energies of the states used in this simulation are
listed on the diagonal in terms of their wavenumber values.
Hund showed that such a superposition of parity eigenstates

will change its chirality periodically with a full period dependent
on the tunneling splitting:7

τ ν= Δ = Δ ̃h E c/( ) 1/( )TSM (31)

For efficient excitation the laser was chosen to be on-
resonance with the transition from φ0

P to χ. The parameters

Figure 5. Excitation scheme: Starting with a chiral ground state, a
chiral state χ (v = 10) near the barrier is populated after laser
irradiation. After the excitation of χ, one expects tunneling
stereomutation (TSM) during field-free evolution, because χ is a
superposition of two parity eigenstates.
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chosen for the laser field are shown in Table 6, and the dipole
transition moments for rovibrational transitions are collected in
Table 5. The “power broadening” of the pulse connecting the
states j and k is calculated approximately101 as twice the coupling
element VQRA from eq 25 but given in units of cm−1:

ν
φ μ φ

Δ ̃ = ×
⟨ | | ⟩

− −I/cm 2 0.461
Debye

/MW cmj z j
pb

1 2

(32)

The rovibrational selection rules are (b-type transitions with
J = 0 ← J = 0 forbidden):

Δ = ± Δ = ± ± ±

Δ = ± ± ±

J K

K

0, 1, 1, 3, 5, ...

1, 3, 5, ...
a

c (33)

The relevant energies and power broadening conditions are such
that only one tunneling doublet is excited. The time-dependent
population during laser excitation can be seen in Figure 6.

During the irradiation the population oscillates between φ0
P and χ

as does the average energy of the quantum state. The wavepacket
in Figure 7 illustrates this process at initial times t ≤ 15 μs.

The tunneling stereomutation already sets in. However, the
tunneling period is about 1 order of magnitude larger than the
pulse length, which means that the stereomutation will be fully
visible only for longer times after the excitation process has
finished (Figure 7, t > 15 μs). In this case the excitation process
and the stereomutation process can be separated: first pre-
paration of a chiral superposition state, then stereomutation due
to TSM under field-free conditions.

3.2. Laser-Induced Stereomutation. Here, the excited
state lies one quantum of torsional excitation higher than in
section 3.1, at about 1200 cm−1 (v = 11). Consequently,
the tunneling splitting will be 1−2 orders of magnitude larger
than before. Using a laser with similar power broadening as
described in section 3.1, we are now able to selectively excite
one parity eigenstate. Each parity eigenstate is, however, also
coupled to chiral states of both the P- and the M-enantiomeric
species. One could thus in principle excite from φ0

P to the
intermediate state φ11

+ with a first laser pulse and then use
a second laser pulse to transfer the population to the chiral
state φ0

M. One would have then realized a stereomutation
process by transferring the population from one chiral state to
another via an intermediate parity eigenstate. Instead, we
choose the laser pulse length large enough such that the same
laser works as pump and transfer pulse (the laser approximates,
therefore, the continuous wave limit). This is possible because
the chiral states φ0

P and φ0
M are only separated by a tiny splitting,

namely ΔpvE, and are approximately degenerate, such that the
laser pulse is in resonance with both the transition φ11

+ ← φ0
P and

φ0
M ← φ11

+ . See Figure 8 for the excitation scheme; energies and
field parameters can be found in Tables 7 and 8.
The tunneling splitting is itself not relevant for the time scale

of the stereomutation. The relevant parameter is the coupling

Table 5. Dipole Transition Moments of Rovibrational States in Debye Given as Off-Diagonal Elementsa

μ̂ |0P, 00,0⟩ |0M, 00,0⟩ |10+, 11,1⟩ |10−, 11,1⟩

⟨00,0, 0
P| 0

⟨00,0, 0
M| 0 5.8 × 10−13

⟨11,1, 10
+| −1.54 × 10−6 −1.54 × 10−6 1104.25864746

⟨11,1, 10
−| −1.54 × 10−6 1.54 × 10−6 0.71 1104.25864748

aOn the diagonal, the eigenstate energies are given as E/(hc) in units of cm−1. The notation follows eq 13, where the elevated index denotes the
limiting cases of localized (P/M) or delocalized (±) eigenstates with torsional quantum number v. JKa,Kc

are the rotational quantum numbers. States
with low torsional quantum number (v = 0) are chiral states separated by the parity violating energy difference ΔpvE0. Excited torsional states
(v = 10) are states of well-defined parity. Note that the tunneling splitting is much smaller than the power broadening (Table 6) such that both states
will be excited simultaneously by the laser.

Table 6. Excitation Wavenumber νL̃, Maximum Intensity
Imax, Power Broadening Δνp̃b, and Pulse Length τP of the
Lasera

ν̃L = 1104.2586 cm−1 (resonant)
Imax = 30 MW cm−2

Δν̃pb = 3.9 × 10−6 cm−1

τP = 5 μs
aThe power broadening is much larger than the tunneling splitting of
the excited state at v = 10 (Table 5); therefore, both tunneling
components will be excited during laser irradiation.

Figure 6. Time-dependent populations of ground state φ0
P (full line)

and the excited state χ (dashed) during laser interaction (Gaussian
pulse shape shown in addition and normalized to maximum relative
intensity). Almost total population transfer from φ0

P to χ is observed at
appropriate times.

Figure 7. Time-dependent wavepacket for 0 ≤ t ≤ 220 μs with dτ =
Δτ = 1°. Early times: Wavepacket during excitation. After about 15 μs,
the laser field is off and field-free evolution starts, which will eventually
lead to tunneling stereomutation (TSM) of the chiral state χ.
Later times: Wavepacket showing TSM during field-free evolution of
the molecular state. The period is roughly 200 μs, in accordance
with eq 31.
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strength which depends on the intensity of the laser pulse.
Therefore, one might call this kind of dynamics “laser-induced
stereomutation” (LISM). Time-dependent populations are
shown in Figure 9. After the excitation process, the parity eigen-
state φ11

+ is hardly populated. The population is almost
completely transferred to the M-enantiomer.
To keep track of the “chirality” of the wavepacket, we

integrate the time-dependent wavepacket over one-half of the
space,102,103 i.e.

∫ τ τ= |Ψ |χ Λχ

p t t( ) ( , ) d2

(34)

with τ τΛ = ∈ | < °{ 180 }P (“P-enantiomeric species”)
and τ τΛ = ∈ | > °{ 180 }M (“M-enantiomeric species”).
The time-dependent chirality pχ(t) is shown in Figure 10, the
time-dependent wavepacket is shown in Figure 11 and
illustrates the occurrence of LISM.
3.3. Resonance Raman Induced Stereomutation. Now,

we change the laser parameters to introduce a small resonance
defect ΔL. To ensure an efficient population transfer, we scale
the intensity and duration of our pulse accordingly (Table 9).
The relevant states and transition moments are the same as in
section 3.2 (Table 7). This implies that couplings to further
rovibrational states are not important for the dynamics.
This process bears some similarity to Raman scattering and

is a limiting case of LISM, where the laser is so much off-
resonance to the transition from the P-enantiomer to the inter-
mediate state that the population is “immediately” transferred
to the M-enantiomer without important remaining popula-
tion in the excited states (Figure 12). Assuming that only one

near-resonant level is effective in mediating this process, one
might call it “resonance Raman induced stereomutation”
(RRISM).
From looking at the time-dependent wavepacket (Figure 13)

only, one would assume that this is an example of TSM in the
ground state. However, in our case the chiral states are stable
under field-free conditions due to the comparatively large
parity violation (ΔpvE ≫ Δν̃0). The stereomutation is due to
population transfer between the two chiral states and not due
to tunneling motion. Even if ΔpvE were completely vanishing,

Figure 8. Excitation scheme: Starting with the chiral ground state φ0
P, a

parity eigenstate near the barrier, φ11
+ , is populated with a long laser

pulse of low intensity. Therefore, the same laser pulse depopulates the
state again, eventually leading to the population of another chiral state,
φ0
M, lying on the other side of the potential barrier.

Table 7. Dipole Transition Moments of Rovibrational States in Debye Given as Off-Diagonal Elementsa

μ̂ |0P, 00,0⟩ |0M, 00,0⟩ |11+, 11,1⟩ |11−, 11,1⟩

⟨00,0, 0
P| 0

⟨00,0, 0
M| 0 5.8 × 10−13

⟨11,1, 11
+| −2.82 × 10−7 −2.82 × 10−7 1186.79115777

⟨11,1, 11
−| −2.82 × 10−7 2.82 × 10−7 0.69 1186.79127393

aOn the diagonal, the eigenstate energies are given as E/(hc) in units of cm−1. The notation follows eq 13, where the elevated index denotes the
limiting cases of localized (P/M) or delocalized (±) eigenstates with torsional quantum number v. JKa,Kc

is the rotational quantum number. States
with low torsional quantum number (v = 0) are chiral states separated by the parity violating energy difference ΔpvE0. Excited torsional states
(v = 11) are states of well-defined parity.

Table 8. Excitation Wavenumber νL̃, Maximum Intensity
Imax, Power Broadening Δνp̃b, and Pulse Length τP of the
Lasersa

ν̃L = 1186.7912 cm−1 (resonant)
Imax = 3.4 GW cm−2

Δν̃pb = 7.5 × 10−6 cm−1

τP = 5 μs
aThe power broadening is now smaller than the tunneling splitting of
the excited state (compare with Table 7); therefore, one can selectively
excite one parity eigenstate.

Figure 9. Time-dependent populations of states φ0
P (full line), φ0

M

(dashed), and φ11
+ (dash-dotted) during laser excitation. The Gaussian

pulse shape is shown in addition and normalized to maximum relative
intensity.

Figure 10. Time-dependent “chirality” from eq 34 clearly showing the
process of LISM (P-species, full line; M-species, dashed).
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the result would not be dependent on the tunneling splitting,
because the period of TSM would be orders of magnitude
larger than for RRISM due to the small tunneling splitting in
the ground state.
3.4. Frequency-Modulated Pulses. In this section we

investigate the use of frequency-modulated pulses for such
experiments with chiral molecules. The results presented here
are related to earlier work using chirped pulses used for
adiabatic population transfer104−106 as well as to ongoing
experimental work in our group.107−109 As we have discussed in

section 3.2, depending on pulse duration and coupling strength
(intensity), the population can oscillate between various states,
even more so if we investigate nonzero temperature cases
where frequency-modulated pulses might also be applied.68

If we want to selectively excite one single quantum state, we
have to adjust several parameters of the laser field to guarantee
an optimal population transfer. We could, for example, reduce
the pulse duration such that we end up in a quantum state
where the population transfer is maximized. We could adjust
the intensity or use only resonant pulses to have a more
efficient population transfer and to adjust the period of Rabi
oscillations accordingly. Even if the population transfer is
maximized at the end of the pulse, we might find that the
population oscillates several times between initial and final
state.
Alternatively, we can arrive at a stable population inversion

that is not too sensitive to small variations of these external
parameters, by introducing the modulation of the laser fre-
quency leading to a so-called “chirped” pulse. To demonstrate
the effect of chirping, we look at an excitation similar to those
studied in sections 3.1−3.3. The basic scheme can be seen
in Figure 14; see also Table 7 for the molecular parameters.

This scheme is similar to what has been discussed in
section 3.2; however, both parity eigenstates will play a role
depending on the frequency modulation. The limiting cases of
zero, weak or strong frequency modulation are investigated.
We excite from the initial state, φ0

P, to both parity eigenstates
near the barrier, which are also coupled to the other
enantiomeric species φ0

M. Table 10 gives an overview of the

laser parameters used here. We assume that without frequency
modulation the power broadening of the laser pulse is smaller
than the tunneling splitting between states φ11

+ and φ11
− .

Figure 11. Time-dependent wavepacket during the excitation showing
LISM while coupling two chiral states via an intermediate achiral state
(see also Figure 9). The wavepacket is shown for 0 ≤ t ≤ 20 μs with
dτ = Δτ = 1°.

Table 9. Excitation Wavenumber νL̃, Resonance Defect ΔL,
Maximum Intensity Imax, Power Broadening Δνp̃b, and Pulse
Duration τP of the Laser

ν̃L = 1186.791 cm−1

ΔL ≈ 2 × 10−4 cm−1

Imax = 70 GW cm−2

Δν̃pb = 3.5 × 10−5 cm−1

τP = 25 μs

Figure 12. Time-dependent populations of states φ0
P (full line), φ0

M

(dashed), and φ11
+ (dashed-dotted) during laser excitation (Gaussian

pulse shape shown in addition and normalized to maximum relative
intensity). The intermediate state φ11

+ is off-resonance, leading to
immediate population transferred to state φ0

M.

Figure 13. Time-dependent wavepacket during excitation. The
adiabatic population transfer leads to a stereomutation process in
the torsional ground state. Because of its similarity to the Raman
scattering processes, it can be called resonance Raman induced
stereomutation (RRISM). The wavepacket is shown for 0 ≤ t ≤ 100 μs
with dτ = Δτ = 1°.

Figure 14. Excitation scheme: Starting with the chiral ground state φ0
P,

both parity eigenstates near the barrier, φ11
+ and φ11

− , are populated
using a sufficiently intense laser pulse with linearly modulated
frequency. With the same laser pulse, the states are then depopulated
toward the two chiral states φ0

P and φ0
M.

Table 10. Excitation Wavenumber νL̃, Maximum Intensity
Imax, Power Broadening Δνp̃b, Pulse Length τP, and the
Different Modulation Strengths δν of the Laser

ν̃L = 1186.7912 cm−1 (resonant)
Imax = 27 GW cm−2

Δν̃pb = 2.1 × 10−5 cm−1

τP = 5 μs
δν = 0 MHz/μs, +0.04 MHz/μs, −1.4 MHz/μs
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The intensity was chosen such that we observe several
oscillations in population transfer during one pulse (compare
the time-dependent population in Figure 15 with the results in

Figure 9 from section 3.2). Similarly, the time-dependent
wavepacket in Figure 16 shows LISM with the population of a
chiral state after the excitation process.

We introduce frequency modulation of the laser by linearly
changing the laser frequency around a center frequency ω0 such
that ω0 is reached at the point of maximum intensity of the
pulse. Let the time-dependent laser frequency be written as

ω ω πδ= − νt t( ) 20 (35)

with the frequency modulation |2πδνt| ≪ ω0, ∀t during the
pulse. If we introduce ω(t) in the equations from section 2.2,
the resonance defect from eq 24 in the quasi resonant approxi-
mation transforms to

πδ′ = + νX X t4k k (36)

and thus becomes time-dependent. Note that the initial
frequency modulation of 2πδνt becomes a resonance defect of
4πδν in the QRA. The discretization step Δt has to be chosen
such as to guarantee eq 26 to hold.
If we introduce a weak modulation, we are now able to

selectively maximize the population transfer from the ground
state φ0

P to the excited state φ11
+ . The time-dependent

populations are shown in Figure 17, and the time-dependent
wavepacket is shown in Figure 18. We first note that we see
LISM, similar to the time-dependent wavepacket shown in
Figure 16, but the dynamics is more regular and, more impor-
tantly, the final state is an achiral state, which is in accordance
with the fact that we populated φ11

+ . Further calculations

showed that this result is stable under slight variation of the
modulation strength.
We also investigate the effect of strong frequency modu-

lation. In this case the modulation strength is chosen such that
it is of the same order of magnitude as the tunneling splitting
between φ11

+ and φ11
− . Therefore, we expect to excite both

parity eigenstates, which is confirmed in Figure 19, showing the

time-dependent populations. The delay in populating these
states can be controlled by adjusting the strength and sign of δν.
The time-dependent wavepacket in Figure 20 (early times)
suggests that we populate a superposition of φ11

+ and φ11
− and

thus a chiral state. As in section 3.1, we expect TSM under
field-free conditions for this state, which is shown in Figure 20
(later times). The period depends on the tunneling splitting
and is τTSM ≈ 0.3 μs, which is in agreement with eq 31.

Figure 15. Time-dependent populations of states φ0
P (full line),

φ0
M (dashed), and φ11

+ (large dashes) during excitation (Gaussian pulse
shape shown in addition and normalized to maximum relative
intensity) without frequency modulation. The population of state
φ11
− (dashed-dotted) is very small and thus hardly visible. After

excitation, the state φ11
+ is not populated.

Figure 16. Time-dependent wavepacket during laser excitation
without frequency modulation. LISM with final population of a chiral
state of opposite enantiomeric structure. The wavepacket is shown for
0 ≤ t ≤ 20 μs with dτ = Δτ = 1°.

Figure 17. Time-dependent populations of states φ0
P (full line), φ0

M

(dashed), and φ11
+ (large dashes) during excitation (Gaussian pulse

shape shown in addition and normalized to maximum relative
intensity) with small frequency modulation. The population of state
φ11
− (dashed-dotted) is hardly visible. After excitation, the state φ11

+ is
populated with pφ11

+ ≈ 0.5.

Figure 18. Time-dependent wavepacket during laser excitation with
small frequency modulation. Again LISM, but with final population of
an excited achiral state. The wavepacket is shown for 0 ≤ t ≤ 20 μs
with dτ = Δτ = 1°.

Figure 19. Time-dependent populations of states φ0
P (full line), φ0

M

(dashed), φ11
+ (long dashes), and φ11

− (dashed-dotted) during
excitation (Gaussian pulse shape shown in addition and normalized
to maximum relative intensity) with high-frequency modulation. After
excitation, only a superposition of parity eigenstates φ11

+ and φ11
− is

populated.
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Again, this result is stable under slight variation of the modu-
lation strength.
Thus, we have shown here how one could enforce the

limiting cases of stereomutation by adjusting the modulation
strength of the laser. Compared to optimizing several parame-
ters like pulse duration, intensity, or resonance condition, this
has the advantage that one has to basically adjust only one
parameter. Furthermore, the overall behavior of the population
transfer is less sensitive to the exact values of the modulation
frequency as long as we stay in the limiting cases of weak or
strong modulation, respectively. If we have more than one
target state, we can also adjust the delay due to different
resonance defects or transition strengths with the help of
this parameter. Experimentally, the linear modulation of laser
frequency could also be realized by quadratically modulating
the phase.
We finally want to use the results from the previous sections

to simulate an experiment that uses a time-resolved mea-
surement scheme to determine the parity violating energy
difference in a chiral molecule8,12,54 for the realistic case of
Cl−O−O−Cl.
3.5. Time Evolution of Molecular Parity Due to

Electroweak Parity Violation. 3.5.1. General Information.
Using the results from the previous sections, we are able to
simulate a possible measurement of molecular parity violation
for a realistic case. The experimental scheme was already pro-
posed in earlier publications8,12,54,62,65 and shall be summarized
in the following. The experiment is based on a time-resolved
measurement scheme where a molecular superposition of chiral
states that has almost perfectly defined parity must be prepared

in the first step. To achieve this, one has to excite a suitable
intermediate excited eigenstate of well-defined parity with a first
laser pulse, which is followed by the transfer of the state’s
population to a superposition of chiral states forming a state of
initially well-defined parity which is, however, time-dependent
because of electroweak parity violation. From recording this
time dependence, e.g., by a third probe laser, one can extract
the energy difference separating the two chiral states forming
the superposition state, i.e., the parity violating energy
difference ΔpvE. Although such an experiment seems much
harder to do than frequency-resolved measurements of spec-
tral lines, there are several advantages of the time evolution
experiment:

• First, one need not resolve ΔpvE directly by high-
resolution measurements. ΔpvE/h lies, in our case, on the
order of several millihertz (∼10−12 cm−1) which is too
small to be resolved spectroscopically to date. In fact, in
the time-resolved experiment proposed here one has to
achieve the single population of a rovibrational quantum
state, which needs, in the case of Cl−O−O−Cl, a relative
resolution Δν/ν of ca. 10−7 at roughly 1000 cm−1, which
can readily be achieved today corresponding to resolu-
tions in the megahertz and sub-megahertz range.108,109

• Second, the experiment can be done for resolved enan-
tiomers as well as racemic mixtures, which makes an
enantioselective synthesis or a separation of enantiomers
unnecessary. Indeed, one can say that the idea of the
experiment is to prepare in situ (in a molecular beam) a
well-defined “parity isomer” at t = 0.54

To start with the preparation, we have to identify a suitable
intermediate state. Any state with well-defined parity is, in
principle, suitable. In Cl−O−O−Cl we can make use of the
effect of tunneling switching: For highly excited states near
the stereomutation barrier, the tunneling splitting becomes
dominant (hcΔν̃± ≫ ΔpvE) and the molecular eigenstates are
states of well-defined parity opposed to the localized ground
and low-lying excited states. Furthermore, we want to excite a
single rovibrational quantum state, so we have to make sure
that no other state lies within the width of the laser. We choose
the laser such that it can discriminate between states separated
by 10−4 cm−1 or more. The state we use as intermediate state is
labeled φ11

+ (Table 11). When transferring the population from
the state of well-defined parity to a superposition of chiral
states, we choose two chiral states other than the ground state,
labeled φ5

P and φ5
M, respectively (Table 11). The parity

Table 11. Electric Dipole Transition Moments of Rovibrational States in Debyea

μ |0P, 00,0⟩ |0M, 00,0⟩ |5P, 00,0⟩ |5M, 00,0⟩ |11+, 11,1⟩ |11−, 11,1⟩

⟨00,0, 0
P| 0

⟨00,0, 0
M| 0 5.8 × 10−13

⟨00,0, 5
P| 0a 0a 593.82516943

⟨00,0, 5
M| 0a 0a 0 593.82516943 + 5.5 × 10−13

⟨11,1, 11
+| −2.82 × 10−7 −2.82 × 10−7 −4.94 × 10−6 −4.94 × 10−6 1186.79115777

⟨11,1, 11
−| −2.82 × 10−7 2.82 × 10−7 −4.94 × 10−6 4.94 × 10−6 0.69 1186.79127393

a0 due to selection rules for rovibrational transition. aDipole transition moments of rovibrational states in Debye given as off-diagonal elements. On
the diagonal, the eigenstate energies are given as E/(hc) in units of cm−1. The notation follows eq 13, where the elevated index denotes the limiting
cases of localized (P/M) or delocalized (±) eigenstates with torsional quantum number v. JKa,Kc

is the rotational quantum number. States with low
torsional quantum number (v = 0−5) are chiral states separated by the parity violating energy difference ΔpvE0. Excited torsional states (v = 11) are
states of well-defined parity.

Figure 20. Time-dependent wavepacket during laser excitation with
high-frequency modulation with dτ = Δτ = 1°. Early times: LISM for
the first 12 μs, with final population of a chiral state that is a
superposition of two parity eigenstates, then TSM. Later times:
Enlargement to show TSM under field-free conditions. The period
τTSM ≈ 0.3 μs.
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eigenstate has to be in a rotationally excited state (JKa,Kb
= 11,1)

due to the rovibrational selection rules in eq 33.
3.5.2. Preparing a Superposition of Chiral Enantiomers

with Well-Defined Parity. In Figure 21 we show the excitation

scheme with three laser pulses: With the first pulse we excite
from the ground state, φ0

P (00,0), to the state of well-defined
parity φ11

+ (11,1). The second pulse transfers the population
from φ11

+ to a superposition state χ formed by two chiral states,
φ5
P and φ5

M (both 00,0). Due to dipole selection rules the initial
parity of χ has to be negative. However, χ is not an eigenstate of
the molecular system; therefore, it evolves under field-free
conditions and changes its parity. With a third laser pulse this
change in parity can be observed by recording the intensity of
the transition from χ to a high-lying state of well-defined parity
after different times of field-free evolution after the preparation.
In an actual experimental setup this excited state is detected
with very high sensitivity by REMPI (resonantly enhanced
multiphoton ionization).108−110 To achieve efficient population
transfer, we use frequency-modulated pulses as introduced in
section 3.4. It is crucial to keep the intensity of the laser small
enough (in our case roughly below several 100 GWcm−2)
so that the state φ11

− with negative parity is not populated.
Also, the modulation strength must be kept low enough (below
1 MHz/μs) to ensure that population of φ11

− is avoided.
Table 11 gives an overview over the dipole transition

moments used, and in Table 12 the parameters chosen for
pump and transfer pulses are shown. The laser width is limited
by the natural line width and power broadening. Doppler
broadening is smaller than the assumed laser width of
10−4 cm−1 and can be neglected for very low temperatures in
an appropriate molecular beam set up.108,109

The time-dependent populations during the pump excitation
are shown in Figure 22. Due to the small frequency modulation,
the state φ11

+ of positive parity is populated whereas the state
φ11
− of negative parity is hardly excited (p ≈ 10−10). The time-

dependent wavepacket is shown in Figure 23. One sees how the
chiral ground state is excited to a state that is spread across
large parts of the total torsional range. The population dy-
namics during the transfer pulse are shown in Figure 24 with
the corresponding time-dependent wavepacket in Figure 25.
3.5.3. Detecting the Time-Dependent Parity. After the

preparation stage, half of the total population is in the

superposition χ of chiral states φ5
P and φ5

M. The remainder of
the total population is still in the initial chiral ground state
enantiomers, which can be considered “inert” for the remaining
experiment. However, one has to account for a loss of intensity

Figure 21. Preparation: Excitation of φ11
+ using a frequency-modulated

pulse (left arrow, pump) and population transfer to a superposition χ
formed by the two chiral eigenstates φ5

P and φ5
M (middle arrow,

transfer). Detection: Time-dependent parity of χ is recorded for
different times of field-free evolution after preparation by a third pulse
(right arrow, probe). ΔpvE can then be extracted.

Table 12. Wavenumber νl̃ of the Laser, Max Intensity Imax,
Power Broadening Δνp̃b, and Pulse Duration τP for Pump
and Transfer Pulsea

ν̃l
pump = 1186.7912 cm−1 (resonant)
Imax
pump = 0.5 GW cm−2

Δν̃pbpump = 3.1 × 10−6 cm−1

τp
pump = 5 μs
ν̃l
transfer = 593.8252 cm−1 (resonant)
Imax
transfer = 1.6 MW cm−2

Δν̃pbtransfer = 2 × 10−6 cm−1

τp
transfer = 5 μs
δν = 40 kHz/μs

aThe frequency modulation δν was chosen to be equal for both pulses.

Figure 22. Time-dependent populations of states φ0
P (full line), φ0

M

(dotted), and φ11
+ (large dashes) during excitation with a Gaussian

laser pulse (shown in addition and normalized to maximum relative
intensity). The frequency is modulated to ensure efficient population
transfer. φ11

− is not populated significantly after excitation (p ≈ 10−10).

Figure 23. Time-dependent wavepacket during the pump process
shown for 0 ≤ t ≤ 20 μs with dτ = Δτ = 1°. The chiral ground state is
excited to an achiral intermediate state, which is delocalized in space
and has a well-defined parity.

Figure 24. Time-dependent populations of states φ0
P (full line),

φ0
M (dotted), and φ11

+ (large dashes) during transfer to a superposition
state χ (dash-dotted) with a Gaussian laser pulse (shown in addition
and normalized to maximum relative intensity). The frequency is
modulated to ensure efficient population transfer.
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during the detection step. Under field-free conditions the
superposition χ shows a time evolution. Omitting an overall
phase, χ can be written at the beginning of this field-free
evolution (written at a new time zero (t = 0) corresponding to
40 μs in Figure 25) as

χ φ φ φ= = − = −t( 0)
1
2

( )5
P

5
M def

5 (37)

At t = 0 the laser field has decayed and the transfer process is
finished and field-free evolution sets in. In the beginning the
state has negative parity, due to dipole selection rules with
respect to parity. The dynamics of the state is governed by the
energy difference between states φ5

P and φ5
M, which is the

parity violating energy difference ΔpvE in this level (compare
Table 11). Thus

χ φ π φ= − − Δt Et h( )
1
2

( exp( i2 / ) )5
P

pv 5
M

(38)

Again, for simplicity, we omitted the irrelevant overall phase.
After a time t = τpv/2 = h/(2ΔpvE), the state χ has evolved into

χ τ φ φ φ= = + = +t( )
1
2

( )pv/2 5
P

5
M def

5 (39)

which describes a state of positive parity. Note that at all
times the time-dependent probability density in space remains
constant:

χ φ π φ

χ φ φ π φ φ

φ φ φ

= − − Δ

⇒ | = | | + | | + Δ

= | | + | | = | | ∀

=

+



t Et h

t Et h

t

( )
1
2

( exp( i2 / ) )
(40)

( )
1
2

( 2 cos(2 / ) )

(41)

1
2

( ) , (42)

5
P

pv 5
M

2
5
P 2

5
M 2

pv 5
P

5
M

0

5
P 2

5
M 2

5
2

The parity of χ oscillates with a period of motion inversely
proportional to ΔpvE:

τ = Δh E/( )pv pv (43)

This enables us to extract the magnitude of ΔpvE from the
dynamics of the parity change of χ. This can be realized by a
third probe pulse (third arrow in Figure 21) exciting a high-
lying state of well-defined parity. In the simulation, the con-
verged averaged energy of the transition as a function of field-
free evolution time was recorded and is proportional to the
transition probability in a real experiment. Figure 26 shows the
situation for probing to a state of negative parity. The transition

is initially forbidden (due to parity selection rules) but becomes
allowed as soon as the parity of χ changes. We can represent
this fact by writing down the transition probability, which is the
time-dependent probability for the detected state pD(t) as a
function of ΔpvE and field-free evolution time t:

π= Δp t Et h( ) sin ( / )D
2

pv (44)

Because ΔpvE is so small, the period of parity change is, in the
case of Cl−O−O−Cl, several seconds. In a real experiment we
may use a molecular beam to do the parity experiment in a
collision-free environment. Still, we can reduce the interaction-
free time needed for the measurement in cases where we have a
high sensitivity of our detection set up. The initial time evolu-
tion in eq 44 is quadratic (dashed line in Figure 26, bottom):

π≈ Δp t Et h( ) ( / )D pv
2

(45)

In the case of Cl−O−O−Cl we need to be able to record
changes in transition probabilities of about 10−6 if we want
to keep the interaction-free interval close to the millisecond
time scales (Figure 26, top). From a fit of the experimentally
recorded signal to eq 45, we could determine the absolute value
of ΔpvE. In our case

Δ = × − −E 5.5 10 cmpv
13 1

(46)

is expected in accordance with Table 11.
In an actual experimental setup tested on ammonia, the

sensitive detection of selected parity levels was achieved with an
effective flight time of about 2 ms (flight path 0.8 m).109,110 The
REMPI detection can essentially detect single ions generated, the
sensitivity being in practice limited by the background signals.

4. CONCLUSION AND OUTLOOK
We presented a detailed numerical study of the stereomutation
processes in a prototypical chiral molecule. We employed the

Figure 26. Transition probability as probability for detected states
pD(t) as a function of free evolution time (full line) and the initially
quadratic evolution (dashed). As soon as χ changes its parity, the
transition probability increases. The total period is about 60 s;
however, for high detection sensitivity, one could in principle measure
the signal for a short time interval (top graph) and extract ΔpvE from a
fit according to eq 45.

Figure 25. Time-dependent wavepacket during the transfer process
shown for 0 ≤ t ≤ 20 μs with dτ = Δτ = 1°. The delocalized
wavepacket generated after the pump pulse becomes a wavepacket of a
superposition state χ with initially well-defined parity (at t ≈ 40 μs)
after using a frequency-modulated transfer pulse. At much longer times
(t > 1 ms); however, the parity is time-dependent leading to nonzero
detection probability (Figure 26).
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quasiadiabatic channel reaction path Hamiltonian method of
solving the 3N − 6 dimensional vibrational eigenvalue problem
and combined the solution with a perturbative treatment of
parity violation and an approximate treatment of the quantum
dynamics under laser excitation. Cl−O−O−Cl acts also as
prototypical molecule for the dynamics of an axially chiral
molecule that shows tunneling switching for higher torsional
excitations. Indeed, our calculations have shown a rich variety
of interesting phenomena in the quantum dynamics of chiral
molecules including electroweak parity violation and interaction
with coherent laser fields.
The overall dynamics is governed by

1. The time evolution of molecular states under field-free
conditions and including electroweak parity violation.
Interconversion between enantiomers of chiral molecules
can be due to tunneling stereomutation (TSM). Chiral
states are unstable (fast tunneling motion), de facto stable
(slow tunneling motion), or de lege stable (energetically
stabilized due to parity violation, no tunneling motion),

2. The time evolution during laser interaction. Laser-
induced stereomutation (LISM) can be achieved by an
exciting laser field through population transfer between
chiral and suitable intermediate states. Resonance Raman
induced stereomutation (RRISM) is identified as a
special case of LISM.

Depending on the time scales of TSM and laser interaction,
both cases have to be accounted for when the quantum
dynamics of excitation processes is studied.
We also presented a simple method to control population

transfer in chiral molecules by introducing frequency-
modulated or “chirped” laser pulses. Finally, we showed a
simulation of a possible measurement of the parity violating
energy difference ΔpvE between enantiomers of chiral
molecules based on probing time-dependent parity states.
In the future, further such experiments on stereomutation in

chiral molecules could be investigated in the laboratory for
prototypical molecules like H−O−O−H, H−S−S−H, and
Cl−O−O−Cl and isotopomers with the help of a suitable laser
setup and spectroscopy. The experiment to determine the
parity violating energy difference directly was simulated for the
case of Cl−O−O−Cl, which serves as theoretical proof of
principle for such a measurement. The first successful experi-
ments on population transfer with an appropriate experimental
setup as a test on simple achiral molecules like acetylene or
ammonia have been demonstrated.107,108,109

Among the most significant results of the present
investigation we should discuss the first complete simulation
of the time-dependent quantum dynamics of chiral molecules
under coherent laser irradiation with inclusion of the
electroweak interaction and parity violation. Though these
simulations are still approximate, they are perfectly realistic for
a molecule that, in principle, would be suitable for carrying out
the experiment to measure ΔpvE. Current limitations on
available lasers make the experiments in the given frequency
range not practical, though. Also, the theoretical values of ΔpvE
for Cl−O−O−Cl are relatively small, which would make such
experiments for this molecule difficult although not impossible
from this point of view.
Our calculations treat all internal degrees of freedom and

rotation in a realistic, although approximate fashion. The
quasiadiabatic channel reaction path approximation used here is
clearly the most serious approximation. Rovibrational couplings

in the real molecule will change the detailed rovibrational
dynamics appreciably. Even non-Born−Oppenheimer effects
are much larger than the parity violating potentials. However,
all these neglected effects are exactly symmetrical with respect
to space inversion. Thus, they will not affect the fundamental
aspects of the dynamics of time-dependent parity change
relevant to the experiments, as these arise from antisymmetrical
effects with respect to space inversion. Also, in principle, today
the theoretical methods would be available to treat the quan-
tum dynamics including coupling of all degrees of freedom for a
molecule with just four atoms, as has been demonstrated for
H−O−O−H and NH3 and their isotopomers, for example, in
refs 83, 111, and 112.
The simulations of population transfer in the present work

are closely related to experiments already carried out in our
laboratory on simpler test molecules,108,109 and further
techniques for efficient quantum state selective population
transfer are available as well.105,106,113

Current and future work toward detecting molecular parity
violation, following the route as outlined here in detailed
simulations, concerns the selection of suitable molecules, which
are accessible with currently available laser technologies. These
will use excitation of strong transitions in the mid-infrared with
lower laser powers (in the Watt range, using intensities below
1 kW/cm2).109 Some success in the search for such molecules
has been achieved, although they are of higher complexity than
Cl−O−O−Cl.114,115 Nevertheless, the present theoretical
simulations, the currently available experiments, and new
molecular systems make the outlook for successful experiments
promising. In the future, such experiments at high precision,
combined with appropriate theoretical analysis, could provide
information on the fundamental aspects of the standard model
of particle physics (SMPP) complementary to results from
high-energy physics.10

■ APPENDIX
In the Supporting Information (as electronic document) we
provide the new program package used for our computations,
as briefly summarized here. This had as a starting point our
previous work.62,67,87 A comparison of the old RPH program
package adapted for very small tunneling splittings from
refs 62 and 87 with the current version from ref 68 is shown in
Figure 27.
In the first step, the ab initio data are fitted to a trigonometric

series in the new version compared to a spline interpolation of
the data in the previous version. The new version has the
advantage that small deviations and numerical “noise” due to
limited precision in the ab initio calculations along the path can
be easily accommodated and corrected. However, the
disadvantage is that the topology of the potential has to be
known a priori. In the case of torsional problems the potentials,
etc. have to be periodic; therefore, a fit to a Fourier sin or cos
series is possible. For other cases a polynomial expansion may
be used.
Another advantage is that derived quantities such as

harmonic wavenumbers can be tested for the right symmetry
with respect to torsion. The symmetry could be enforced in the
new version, whereas in the old version a filtering of the total
sum potential is carried out at the end of the calculation.
The new calculations need almost a factor of 5 less in grid

size to show convergence for the smallest tunneling splittings.
Detailed discussion of differences in eigenenergies are given in
section 2.1. Although the improvements are clearly significant
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numerically, they have no influence on the basic physics and
discussions of ref 62, because of the extremely small values for
tunneling splittings in those ranges, where the difference
between the results are large in a relative sense, but still very
small absolutely. The program is made available electronically
in the Supporting Information.
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über das Schwingungs- und Rotationsspektrum bei Molekeln mit mehr
als zwei Kernen. Z. Phys. 1927, 43, 805−826.
(8) Quack, M. Structure and Dynamics of Chiral Molecules. Angew.
Chem., Int. Ed. Engl. 1989, 28, 571−586.
(9) Quack, M. Molecular Spectra, Reaction Dynamics, Symmetries
and Life. Chimia 2003, 57, 147−160.
(10) Quack, M. Fundamental Symmetries and Symmetry Violations.
In Handbook of High-Resolution Spectroscopy; Quack, M., Merkt, F.,
Eds.; John Wiley: Chichester, U.K., 2011; Vol. 1, Chapter 18, pp 659−
722.
(11) Albert, S.; Quack, M. High Resolution Rovibrational Spectros-
copy of Chiral and Aromatic Compounds. ChemPhysChem 2007, 8,
1271−1281.
(12) Quack, M.; Stohner, J.; Willeke, M. High-resolution
Spectroscopic Studies and Theory of Parity Violation in Chiral
Molecules. Annu. Rev. Phys. Chem. 2008, 59, 741−769.
(13) Patterson, D.; Schnell, M.; Doyle, J. M. Enantio-specific
Detection of Chiral Molecules via Microwave Spectroscopy. Nature
2013, 497, 475−477.
(14) Frank, P.; Bonner, W. A.; Zare, R. N. On One Hand But Not
The Other: The Challenge of the Origin and Survival of
Homochirality in Prebiotic Chemistry. In Chemistry for the 21st
Century; Keinan, E., Schechter, I., Eds.; Wiley:Weinheim, 2001; pp
175−208.
(15) Quack, M. How Important is Parity Violation for Molecular and
Biomolecular Chirality? Angew. Chem., Int. Ed. 2002, 41, 4618−4630.
(16) Meierhenrich, U. Amino Acids and the Asymmetry of Life: Caught
in the Act of Formation; Springer: Berlin, 2008.
(17) Jortner, J. Conditions for the Emergence of Life on the Early
Earth: Summary and Reflections. Philos. Trans. R. Soc., B 2006, 361,
1877−1891.
(18) Quack, M. On Biomolecular Homochirality as a Quasi-Fossil of
the Evolution of Life. Adv. Chem. Phys. 2014, 157, 244−290.
(19) Lin, G.-Q., You, Q.-D., Cheng, J.-F., Eds. Chiral Drugs:
Chemistry and Biological Action; Wiley: Hoboken, NJ, 2011.
(20) Shapiro, M.; Brumer, P. Quantum Control of Molecular Processes.
Second, Revised and Enlarged ed.; Wiley-VCH: Weinheim, 2012.
(21) Gonzal̀ez, L.; Hoki, K.; Kröner, D.; Leal, A. S.; Manz, J.;
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