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Abstract

We introduce the basic concepts of symmetry breakings and approximate constants of
the motion in relation to time scales for molecular primary processes from yoctosec-
onds to seconds and extending to the age of the universe. We then discuss the con-
cepts for the experimental approach to study these processes of molecular quantum
dynamics by high-resolution spectroscopy and the basic scheme for control of symme-
tries and the observation of the evolution of approximate constants of the motion by
generating “exotic superposition isomers.” We illustrate the results from our theoretical
and experimental work with emphasis on the conservation and violation of nuclear spin
symmetry and parity violation in chiral and achiral molecules.
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1. Introduction

Symmetry and asymmetry are concepts which are used in a wide range

of contexts from the fundamental sciences, mathematics, physics, chemistry,

and biology to the arts, music, and architecture.1 If asymmetries are small,

one may still introduce the concept of approximate symmetries.

Symmetries in physics and chemistry can be associated with constants of

the motion, and correspondingly approximate symmetries with approxi-

mate constants of the motion. Particularly interesting approximate molecu-

lar symmetries lead to the approximate conservation of nuclear spin

symmetry and parity in spectroscopy and kinetics.2–4 In the present article

we shall start with an outline of how symmetries can be applied to the under-

standing of the time scales in fundamental kinetic primary processes. We

shall briefly discuss our approach to derive molecular quantum dynamics

from high-resolution spectroscopy and illustrate it with some selected exam-

ples from our research including results on intramolecular energy flow and

molecular tunneling and tunneling switching phenomena in free molecules

and under excitation with coherent time-dependent electromagnetic fields.

The control of symmetry by external fields is of particular interest.We intro-

duce the concepts of our experimental approach to prepare interesting non-

classical states of well-defined initial symmetry and observe the subsequent

evolution of the approximate symmetry property or “constant of the

motion” with time to study fundamental primary processes in general, quan-

tum molecular switches for quantum technology, and molecular parity vio-

lation, in particular. The time-dependent process of parity change connects

molecular physics with the standard model of particle physics (SMPP) and

we shall report about the current status of our project on this topic.

The experimental investigation of time-dependent molecular processes

notably by spectroscopic observation has a long and rich history, starting

with Wilhelmy’s investigation in 1850 of the “inversion” of sugar by means

of the study of time-dependent optical activity. For the kinetics of the solu-

tion of sugar containing also an acid he formulated and analyzed a pseudo-

first order rate law of what turned out to be also the first quantitative kinetic

analysis of homogeneous catalysis.5 Reaction times were then conveniently

measured by ordinary clocks on quite suitable time scales of muchmore than

seconds. A century later, formerly “immeasurably fast” reactions on the

microsecond to nanosecond time scales were investigated by time resolved

techniques developed by Eigen6,7 and Norrish and Porter8 as well as by

shock wave techniques.9,10 The picosecond and femtosecond ranges were
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made accessible in the time from 1970 to 19908,11,12 and today’s short time

frontier is attosecond kinetics and spectroscopy13–15 (we do not claim any

completeness in this short history, see also Refs. 16–29 for various aspects

and further references cited therein).

In parallel to experiments in the 20th century, quantum theory for

kinetic primary processes was developed with the time-dependent

Schr€odinger equation30–34 and the Heisenberg equations of motion.35–37

Slow tunneling processes38–40 and fast exponential decay processes41,42 were

analyzed by quantitative theory (see the reviews in Refs. 25–29, 43–45).
Starting from about 1980 we developed an experimental approach based

on molecular spectroscopy with high frequency resolution, but low time

resolution, even stationary, in combination with a quantum theoretical anal-

ysis, which allows for covering essentially all time scales from the yoctosec-

onds (10�24 s) to seconds and even much longer times.25,46–51 This leads

then also to the question of a theoretical understanding of these very differ-

ent time scales for molecular primary processes by quantum chemical kinet-

ics, and we shall address this question here with emphasis on the role of

symmetries and the fundamental molecular processes of nuclear spin sym-

metry and parity violation (see also Refs. 3, 4). Fig. 1 provides a survey

of this spectroscopic approach addressing also the role of symmetries, which

we shall discuss in more detail in Section 2.

High-resolution molecular spectroscopy

Electronic Schrödinger
equation

Rovibronic Schrödinger
equation

Fourier transform spectroscopy, laser
spectroscopy (symmetry selection rules)

Effective Hamiltonian operators
(effective symmetries)

Molecular kinetics and statistical mechanics
(Conservation laws and constants of motion)

Ab initio potential energy
Hypersurfaces and Hamiltonian
operators (symmetries)

Molecular dynamics

Time-evolution operator Û (matrix)

Molecular Hamiltonian operator Ĥ
(observed symmetries)

Ab initio Hamiltonian operators
(theoretical symmetries)

Fig. 1 Scheme of the experimental approach to derive intramolecular dynamics
(molecules in motion) from high-resolution spectroscopy. After Quack, M. Molecules in
Motion. Chimia 2001, 55, 753–758.
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2. Basic concepts of symmetry breakings, approximate
constants of the motion and a survey of time scales
for molecular processes

Motto: Stationary states are the cemetery of quantum dynamics.52

In the Schr€odinger picture nonrelativistic (or semi-relativistic) quantum

molecular dynamics is described by the time-dependent Schr€odinger equation

i
h

2π
∂Ψðq, tÞ

∂t
¼ ĤΨðq, tÞ (1)

where q is implied to represent the collection of all spin and space coordinates

of the molecule (or the single space coordinate for a simple one-dimensional

model) and t is the time tobemeasured, say, by an atomic clock,with i ¼ ffiffiffiffiffiffiffi�1
p

and the generally time-dependentHamiltonian Ĥ. The solution of Eq. (1) can

be written by means of the time evolution operator Ûðt, t0Þ, Eq. (2):
Ψðq, tÞ ¼ Ûðt, t0ÞΨðq, t0Þ (2)

satisfying an equivalent differential equation (Eq. 3).

i
h

2π
∂Ûðt, t0Þ

∂t
¼ Ĥ Ûðt, t0Þ (3)

For an isolated molecular system with a time-independent Hamiltonian

(Ĥðt0Þ ¼ Ĥðt00Þ for all t00, t0) one has

Ûðt, t0Þ ¼ exp � 2πi
h

Ĥ � ðt � t0Þ
h i

(4)

and

Ψðq, tÞ ¼
X
k

ck φkðqÞ exp �2πiEkt=h½ � (5)

where ck are time-independent complex coefficients and the φk are the

solutions of the time-independent Schr€odinger equation

Ĥ φkðqÞ ¼ Ek φkðqÞ (6)

with eigenvalues Ek and eigenfunctions φk(q). The name stationary states

arises from the fact that the “time-dependent states” for such a special case

Ψkðq, tÞ ¼ φkðqÞ exp �2πiEkt=h½ � (7)
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result in a time-independent probability density Pk(q,t)¼ Pk(q,t
0) for all t,t0:

Pkðq, tÞ ¼ Ψkðq, tÞΨ*
kðq, tÞ ¼ jΨkðq, tÞj2 ¼ jφkðqÞj2 (8)

The time evolution operator Ûðt, t0Þ also solves the Heisenberg equation of

motion for the operator Q̂ðtÞ related to some observable

Q̂ðtÞ ¼ Û
{ðt, t0ÞQ̂ðt0ÞÛðt, t0Þ (9)

or also the Liouville–von Neumann equation for the statistical-mechanical

density operator ϱ̂ðtÞ

ϱ̂ðtÞ ¼ Ûðt, t0Þϱ̂ðt0ÞÛ{ðt, t0Þ (10)

For further details and background we refer to Refs. 28, 29. These basic

equations of time-dependent quantum dynamics describe the essence of

quantum dynamical time-dependent molecular (and atomic) phenomena.

Now, instead of asking for some time-dependent phenomenon

described, say, by the observable Q̂jðtÞ, one may ask the opposite question:

What remains constant in some molecular process, when all these many

Q̂jðtÞ change with time? The answer to this are the “constants of the

motion” Ĉ, which are the operators commuting with Ĥ (see Refs. 2, 3,

for instance)

ĤĈ ¼ ĈĤ (11)

These form a group, the group of the molecular Hamiltonian.3 With the

Heisenberg equation of motion (9) one can see in one line that they are,

indeed, time independent

ĈðtÞ ¼ Û
{ðt, t0ÞĈðt0ÞÛðt, t0Þ ¼ Û

{ðt, t0ÞÛðt, t0ÞĈðt0Þ ¼ Ĉðt0Þ (12)

This follows from the unitary property of Û

Û
{
Û ¼ 1 (13)

and because Û as a function of the Hamiltonian Ĥ (Eq. 4) also commutes

with Ĉ

ÛĈ ¼ ĈÛ (14)

With similar reasoning it follows from the equation for the density operator

ϱ̂ðtÞ that the expectation values of Ĉ are time independent
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ĈðtÞ� � ¼ trðϱ̂ ĈÞ ¼ Ĉðt0Þ
� �

(15)

and also, ifΨ(q, t) is an eigenfunction ζn(t) of Ĉwith eigenvalue Cn, one has

ĈðtÞ� � ¼ ζnðtÞ ĈðtÞ
�� ��ζnðtÞ� � ¼ Cn (16)

The Cn are “good quantum numbers,” which do not change with time. At

first sight this might appear as a theoretical dead end, because, while showing

that some observed properties, indeed, do not change at all with time, while

others show slow and fast changes, it would not provide any further useful

information on the dynamics on different time scales of molecular processes.

Such information can, however, be obtained by considering various

contributions of different magnitude in the molecular Hamiltonian:

Ĥ ¼ Ĥ0 + Ĥ1 + Ĥ2 + Ĥ3… (17)

Here Ĥ0 will be assumed to be much larger than Ĥ1, which itself is much

larger than Ĥ2 and so forth. Such a description is in fact common in molec-

ular spectroscopy where the different contributions correspond to different

levels of accuracy and precision in the spectroscopic analysis. The procedure

can, however, also be useful in a much more general way in the analysis of

time-dependent molecular quantum dynamics. Ĥ0 may be a zero order

Hamiltonian contributing most of the energy and having a large symmetry

group with correspondingly many constants of the motion Ĉ0. Ĥ1 may con-

tribute much less to the energy and have a smaller symmetry group with

constants of the motion Ĉ1. Then some of the Ĉ0 will not appear among

the Ĉ1 and thus, when considering the time-dependent dynamics of the

molecular system described by (Ĥ0 + Ĥ1), some of the observables Ĉ0 will

show a time dependence, and so forth also for the other contributions,

which can be analyzed in a completely analogous fashion. The point in this

procedure is, that when looking at the time variation of a Ĉ0 it cannot arise,

by symmetry, from the large Ĥ0, but must arise, say, from the possibly much

smaller Ĥ1. Therefore, there would be no need to solve the time-dependent

dynamics with Ĥ0at a precision corresponding to the small Ĥ1, because inde-

pendent of any numerical errors arising in the use of Ĥ0 we know exactly by

symmetry that such errors or uncertainties cannot have an influence on the

time variations of any of the Ĉ0, these changes must arise from Ĥ1 (or other,

further terms).
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To use a common phrase, it allows one to weigh the captain directly,

without having to weigh the captain with the ship and then the ship alone

and get the captain’s weight by obtaining the difference, which may have an

uncertainty much larger than the weight of the captain.3 For instance in the

case of molecular parity violation the typical contributions of molecular

energies at the level of Ĥ0 are in the range of 1 eV, say, while parity violating

contributions are often in the sub-feV range, say 100 aeV. Thus we can

bridge a gap of 16 orders of magnitude by these symmetry considerations,

an accuracy that is not achievable by electronic structure calculations on

complex molecular systems.3,53–55 The considerations work in the same

way also for an experimental approach.47 Fig. 2 shows a summary of the

experimental scheme.47–52,56,57

We have used this approach as a very general procedure in analyzing the

time scales for different intramolecular primary processes (Refs. 3, 46–52, 56
and references cited therein). Table 1 summarizes results from work of our

group over many years for some selected primary processes. Of course, there

is muchwork on various kinetic primary processes from other groups, which

could be analyzed in a similar fashion, in principle.

One may say that, if certain processes occur by symmetry on a time scale

which is well separated from other time scales, then they form “an island in

the ocean of time.”52,88 This view is represented graphically in Fig. 3.

Of the numerous results summarized in Table 1 we may consider here as

one example the fast and mode-selective energy loss from a highly excited

local C-H stretching excitation in organic molecules. It turns out that this

energy flow is very different in alkylic (sp3)R3C-H molecular structures,

Fig. 2 Scheme for control of symmetries and time evolution in molecular dynamics.
Modified after Quack, M. Comments on the Role of Symmetries in Intramolecular
Quantum Dynamics. Faraday Disc. 1995, 102, 90–93, 358–360.
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Table 1 Time scales for intramolecular primary processes as successive symmetry
breakings.
Approximate constant of
the motion

Symmetry breaking process
(selected references) Time scale

Quantum numbers of

separate harmonic

oscillators (for harmonic

approximation in

polyatomic molecules)

Selective vibrational

stretch-bend Fermi

resonance in

R3CH
48,49,58–64

10–200fs

Ordinary, weakly selective

anharmonic

couplings48,49,64–67

500fs–10ps

Quantum numbers of

adiabatically separable

anharmonic oscillators

“Vibrationally

nonadiabatic” couplings

R-C≡ C-H25,48–51,61,68–72

Δl coupling in

C3v symmetric tops

R3CH
73

10ps–1ns

Structural identity for

structures separated by

high BO barriers

Tunneling

processes44,45,74–77
1 ps to very long

Nuclear spin symmetry

(separable nuclear

spin-rotation–vibration
states)

Violation of nuclear spin

symmetry (rotation–
vibration nuclear spin

coupling)2,3,78

1ns–1s

Parity (space inversion

symmetry)

Parity violation2,3,46,47,79–84 1 ms–1ks (theory only)

Time reversal symmetry T T-violation in chiral and

achiral

molecules?3,49–52,56,85–87

Molecular time scale not

known (neither

quantitative theory nor

experiment) but known

in SMPP

CPT Symmetry Hypothetical CPT

violation3,51,52,56,85
So far not found in any

part of physics

Source: Modified after Quack, M. Fundamental Symmetries and Symmetry Violations From High
Resolution Spectroscopy. In: Handbook of High Resolution Spectroscopy, Quack, M.; Merkt, F.
(Eds.), Vol. 1, Wiley: Chichester, New York, 2011; pp. 659–722 (Chapter 18); Quack, M. Molecul-
ar Femtosecond Quantum Dynamics Between Less Than Yoctoseconds and More than Days: Exper-
iment and Theory. In: Femtosecond Chemistry, Proc. Berlin Conf. Femtosecond Chemistry, Berlin
(March 1993), Manz, J.; W€oste, L. (Eds.). Verlag Chemie: Weinheim, 1995; pp. 781–818
(Chapter 27); Quack, M. Molecules in Motion. Chimia 2001, 55, 753–758.
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where it takes typically between 10 fs and 100 fs and in acetylenic (sp)≡C-H
structures, where time scales a factor of 1000 longer between 10 ps and 100

ps can be found.25,48,49,58–68,88 This has recently been reconfirmed in

“bichromophoric” molecules with an alkylic CH infrared chromophore

at one end of the molecule and an acetylenic infrared chromophore at

the other end, (H-C≡C-CH2X
72).Within the samemolecule one can excite

with a short pulse (100 fs) either one chromophore or the other, as they

absorb in quite separate frequency ranges and indeed, the times for energy

loss are orders of magnitude different even for the same molecule at similar

(but not identical) energies.72 An early example of a molecule with two dif-

ferent infrared chromophores (-CH2F and -CHDF) was investigated in the

infrared multiphoton excitation and dissociation of a difluorobutane.89

FH2C�CH2 � CH2 �CHDF !nhν CH2 ¼ CH�CH2 � CHDF + HF (18a)

or ! CH2F� CH2 �CH ¼ CHD + HF (18b)

Independent of whether theCH2F or theCHDF chromophore was excited, a

statistical distribution of products was found for time scales exceeding 10�11 s,

as accessible then. From this result, intramolecular energy relaxation to equi-

librium could be inferred for times longer than 10 ps, which is an upper bound

for the time for energy flow under these conditions. A lower bound can be

Fig. 3 Islands in the ocean of time. Modified after Quack, M. Naturwissenschaft als Beruf
und Abenteuer: Servir sans Disparaı̂tre. lecture ETH Z€urich, 2014 (unpublished).
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estimated for energy transfer over some distance using the speed of light as

maximum speed. Thus for, say, 300 pm one finds 1 as (10�18 s) as a bound,

which is a broad range indeed, but still instructive. Precise results can be

obtained on specific systems by the approach summarized in Fig. 1 by numer-

ous spectroscopic approaches,90 where we mention in particular the chapters

on infrared spectroscopy,66,91–93 by either Fourier transform or laser tech-

niques. Extensions to the microwave region at the low frequency end,94 of

particular importance for slower tunneling processes, and to visible and UV

(also VUV) spectroscopy of relevance to electronic excitation95,96 should

be mentioned as well in an exemplary, not exhaustive, fashion.

Before addressing the approach to measure the effects from molecular

parity violation at ultrahigh experimental resolution, appearing at the

current long time frontier in Table 1, we shall discuss here two very simple

theoretical limiting cases of solutions of the Schr€odinger equation, Eq. (5),
which illustrate the quantitative relation between certain energy contribu-

tions from the Hamiltonian and the various time scales. The first example

concerns the evolution resulting from just two states in Eq. (5) with energies

E1 and E2, being rewritten in the form of Eq. (19)

Ψðq, tÞ ¼ 1ffiffiffi
2

p exp �2πiE1t=hð Þ φ1 + φ2 exp �2πiΔEt=hð Þ½ � (19)

with ΔE ¼ E2 � E1. The resulting measurable probability density is

obtained from Eq. (8)

Pðq, tÞ ¼ Ψðq, tÞj j2 ¼ 1

2
φ1 + φ2 �2πiΔEt=hð Þ½ �j j2 (20)

This represents a periodic motion with a period

τ ¼ h=ΔE (21)

This type of periodic motion often describes simple tunneling motions

well.38–40,44,45 It also describes the spin dynamics in simple hyperfine inter-

actions. It is used, indeed, also in atomic and molecular clocks, which are

based on such a two state dynamics. For instance the current definition of

the second in the SI (Système International) is based on the Cs atomic

clock as an exact multiple of the period to the hyperfine interval ΔE(Cs)
in the F ¼ 3 to F ¼ 4 hyperfine transition.

1 s ¼ 9192631770 � τðCsÞ (22)

ΔEðCsÞ ¼ ðhcÞ � 0:3066331899 cm�1 (23)
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This hyperfine structure in the ground state of 133Cs arises from the inter-

action of the electronic spin s¼ 1/2 of the unpaired valence electron and the

nuclear spin I ¼ 7/2 for the 133Cs nucleus.97–99 A simpler hyperfine struc-

ture arises in the H-atom MASER which is based on the F ¼ 1 to F ¼ 0

hyperfine transition in the 2S1/2 ground state of 1H where the electron spin

(1/2) interacts with the proton spin (1/2). The ammonia MASER, on the

other hand is based on a tunneling transition in 14NH3 and has been pro-

posed as a molecular clock.100

The complex phase factor exp �2πiΔEt=hð Þ ¼ exp ð�iαÞ appearing in
Eq. (20) for the atomic clock can be illustrated graphically in the Gaussian

plane (see Fig. 4).

The unit vector in the Gaussian plane appears as the “hand of the atomic

clock”which turns clockwise for positive times t completing one cycle in one

period. In the time reversed state it turns anticlockwise ( exp ðiαÞ ).56,101
We might furthermore note here that together with the definition of the

A

B C D

Fig. 4 Illustration of the atomic clock: (A) The “hand of the atomic clock” represented by
the vector of the complex phase factor in the Gaussian plane. (B) Time reversed state.
(C) Time forwardmotion. (D) The “second clock” (Sekundenuhr) from Jost B€urgi showing
the various “hands” (see also Ref. 102 and Kunsthistorisches Museum, Wien, with per-
mission www.khm.at/de/object/f9ae92df72). Modified after Quack, M. Time and Time
Reversal Symmetry in Quantum Chemical Kinetics. In: Fundamental World of Quantum
Chemistry. A Tribute to the Memory of Per-Olov L€owdin, Br€andas, E. J.; Kryachko, E. S.
(Eds.), Vol. 3. Kluwer Academic Publishers: Dordrecht, 2004; pp. 423–474; Quack, M.
Intramolekulare Dynamik: Irreversibilit€at, Zeitumkehrsymmetrie und eine absolute
Molek€uluhr. Nova Acta Leopoldina 1999, 81 (Neue Folge (No. 314)), 137–173.

61Fundamental and approximate symmetries, parity violation and tunneling



second the speed of light in vacuo (c) and the Planck constant h as appearing in

Eqs. (21) and (23) are exactly defined constants in the new SI97,98

c ¼ 299 792 458 ms�1 (24)

h ¼ 6:626 070 15 � 10�34 Js (25)

where Eq. (24) implies a definition of the meter (m) and Eq. (25) implies a

definition of the kg (kilogram, through 1 J¼ 1 kg m2/s2). Thus in this sense

the modern international system of units is entirely based on quantum

dynamics and fundamental natural constants, removing the need for using

artifacts as prototypes (as it was necessary for the “old” kg and the even older

meter). We may conclude this general discussion with the picture of the his-

torical first clock which was constructed to be able to measure time with an

uncertainty of less than 1 s (Fig. 4D). Jost B€urgi built this clock between 1620
and 1627 and it includes explicitly a hand showing the seconds in addition to

hands for the minute and the hour.102 Jost B€urgi seems to have been the first

to build a clock for an accurate measurement of the second which today is

our time standard by use of an atomic clock. This clock was used in astron-

omy at the time and indeed the definition of the second until 1967 was based

on an astronomical time, being defined then as an appropriate fraction of the

tropical year 1900 (1a ¼ 31556925.9747 s).97 The name “second” derives

from Latin “secunda” as a “second” division of the minute, minuta, into

60 parts, the minute (from Latin minutus, small, very small or "reduced into

small pieces") being the “first” division of the traditional time unit hour

(hora) into sixty minutes, to provide here a complement in terms of histor-

ical etymology.

The second simple limiting case of Eqs. (1)–(5) to be discussed here is the
exponential decay of an isolated state into a (quasi-)continuum41,42 (see also

Ref. 29). This corresponds to an exponential decay law for the probability of

the initial state (the “survival probability”)

pðtÞ ¼ exp ð�ktÞ ¼ exp ð�t=τdÞ (26)

with

pðtÞ ¼ Ψðq, tÞjΨðq, 0Þh ij j2 ¼ Ψðq, 0ÞjΨðq, tÞh ij j2 (27)

and

τd ¼ 1=k ¼ h

2πΓ (28)
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where Γ is the Full Width at Half Maximum (FWHM) of a probability

distribution for the energy eigenstates

pðEÞ ¼ 1

π
ðΓ=2Þ

ðE � EmÞ2 + ðΓ=2Þ2 (29)

Here Em is the energy eigenvalue at the maximum of the Lorentzian

(Cauchy) distribution given by Eq. (29). Eq. (28) has been derived originally

using perturbation theory41 as is also common in textbooks for what is often

called “Fermi’s Golden rule,” but Bixon and Jortner42 have derived it from an

analytically exactly solvable model of multistate dynamics in a simple scheme

with equidistant levels and constant couplings. We might note here that Eqs.

(26)–(28) depend neither on perturbation theory nor on simple coupling

models.Another simpleexactly solvablemodel,which showsexponential decay

of an initial state and provides explicit wavefunctions, is the harmonic oscillator.

The time-dependent wavefunction for the exponential decay of a harmonic

oscillator in an initial state given by a Lorentzian probability distribution over

eigenstates according toEq. (29)hasbeendiscussed inRefs. 103, 104.Of course,

at long times the motion of the harmonic oscillator is periodic, the “recurrence

time” τr ¼ 1/ν being the period of the oscillator, which goes to infinity as the

frequency and the energy intervalΔE¼ hν go to zero. The recurrence times in

statistically distributed spectra aremuch longer than for equidistant spectra,with

the general inequality τr � h ϱh i ¼ h= ΔEh i with the average density of states

ϱh i .105,106 We might also note here the common procedure of introducing

exponential decay by assigning complex values to energy eigenstates:

En ¼ ReðEnÞ � i Γn=2 (30)

This convenient procedure removes the need for an explicit treatment of the

large number of states in the (quasi-)continuum.107,108 It introduces, how-

ever, non-Hermitian Hamiltonians and the need to handle effective

Hamiltonian matrices which are complex symmetric.108–111 We refer to

Refs. 109–114 for a more detailed discussion of various further aspects.

We might finally note a very frequent misconception in particular in the

textbook literature. The so-called “fourth uncertainty relation”

ΔEΔt � h=ð4πÞ (31)

following Heisenberg36,115 is used as an equality in order to “derive”

Eq. (28) (or also Eq. (21)) which then obviously needs some generous

“adjustment of constants.” That this procedure is illegitimate should be
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obvious and, indeed, the uncertainty productΔEΔt for the pair of exponen-
tial and Lorentzian functions is infinite, clearly consistent with the inequality,

Eq. (31), but useless for “deriving” Eq. (28) (see Refs. 28, 29 for a critical dis-

cussion).We use the notion "Equation" (Eq.) in a generalized sense including

strict equalities and also inequalities such as Eq. (31) as special cases.

While we do not intend to dig deeply into this matter, we note that the

inconsistency of using the inequality (Eq. 31) as an equation to “derive” the

lifetime τd in Eqs. (26) and (28) from the width Γ in Eq. (29) does not depend

on how one justifies Eq. (31) by fundamental theory. Even if one takes Eq.

(31) as an empirically based inequality with ΔE being the experimental root

mean square deviation of an energy distribution andΔt the root mean square

deviation of the lifetime distribution, then the “empirical” uncertainty prod-

uct ΔEΔt ¼ ∞ for the pair of Lorentzian and exponential distributions

obviously satisfies the inequality in Eq. (31) perfectly, but cannot be used

to derive a finite value of τd from a finite Γ. On the other hand, the relation

of Eq. (28) is an exact relation based on the Schr€odinger equation (1).

Of course, the nontrivial nature of the theoretical foundations of Eq. (31)

has been known for a long time, in fact from shortly after its original formula-

tion115 and the observation by Pauli116,117 that time in quantum mechanics

cannot be considered to be an “ordinary observable” with a definition of a

self-adjoint time operator canonically conjugate to the Hamiltonian, which

has an energy spectrum bounded from below. The theoretical foundations

of Eq. (31) and the definition of time in quantummechanics have foundmuch

interest and discussion in the literature, to which we refer with some selected

references without any claim for completeness and with apologies to themany

authors thatmayhavebeenomitted116–125 (seealsoRefs.28,29, 126,127,220).

The analysis of Lorentzian and also more complex structures of spectral

line shapes and scattering resonances in terms of exponential (or possibly non-

exponential) decay times has widespread use.29,51,70,71,112–114,127,163,217,218

We conclude this general discussion with the example of the Z-Boson reso-

nance discovered and analyzed at CERN in 1983. Fig. 5 shows the

corresponding resonance line shape (analyzedwith relativistic and further cor-

rections) leading to what may be the shortest lifetime which has been quan-

titatively analyzed for a kinetic primary process.128,129 The analysis with a

model assuming three neutrino families for the decay products fits experiment

giving a width Γ¼ 2.49 GeV and a lifetime of only 0.26 ys (1 ys¼ 10�24 s). In

this ultra short time light travels over a distance of less than 0.1 fm, a fraction

only of the size of a nucleus. We shall see below that the Z-Boson as field

particle of the parity violating weak nuclear force plays a special role also

for the stereochemistry of chiral molecules.3,4,79–84,130,131,177 In this context

the first mentioning of the yoctosecond time scale in the chemical physics
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literature seems to have been made at the First Femtosecond Chemistry

Conference in Berlin 1993.25We might mention other short but slightly lon-

ger lifetimes of particles in the SMPP.221–223 The top quark has a lifetime of

0.5 ys.224 The lifetime of the Higgs Boson is not accurately known from

experiment,222 but a recent publication from the CMS collaboration provides

bounds on the width Γ ¼ 3.2 (+2.6/–2.2) MeV, corresponding to about

τ ¼ 200 ys225 (see also Ref. 226). We note here the alternative interpretation

of the “Higgs Boson resonance” at 125 GeV in a model, which gives,

however, the same Z-Boson lifetime as the SMPP.227

3. Time dependence of exotic superpositions and the
molecular quantum chameleon

3.1 Elementary scheme for intramolecular coupling and
symmetry breaking

We shall illustrate here the general summary of the previous section with a

simple prototypical model for intramolecular couplings and primary

processes by symmetry breaking. Fig. 6 shows an energy level scheme which

is applicable to many types of intramolecular processes. Assume an Ĥ0which

generates two sets of states of different symmetry which are uncoupled and
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Fig. 5 Lineshape of the resonance of the Z-Boson. The resonance cross section σz for
producing the Z-Boson in collisions of positrons and electrons is shown as a function
of the center of mass energy Ecm. The measured points are simulated with models
assuming decay into 2, 3, or 4 neutrino families. Modified after Schopper, H.; Dilella, L.
60 years of CERN: Experiments and Discoveries. World Scientific Publ.: Singapore, 2015;
Schopper, H. Lebenszeiten im Mikrokosmos von ultrakurzen bis zu unendlichen und
oszillierenden. In: Nova Acta Leopoldina NF 81, Nr. 314, K€ohler, W. (Ed.). Wissenschaftliche
Verlagsgesellschaft, Stuttgart, 1999; pp. 109–134.
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for which the symmetry labels (here p and o) are “constants of the motion.”

A coupling Hamiltonian Ĥ1does not show this symmetry and leads to a cou-

pling W breaking that symmetry generating a new set of eigenstates Ψi, Ei

and Ψn, En from the zero order states Ψip, Eip and Ψno, Eno. As the

Hamiltonian Ĥ1 is assumed to be small, the coupling matrix element W

is effective only for near resonant levels and most of the spectrum remains

unaffected, i.e. Ψp, Ep, Ψexp, Eexp, Ψo, Eo, etc. retain their characteristic as

eigenstates even if Ĥ1 is included. The coupling is only important “near

resonance,” i.e.W’ δ¼ Eno � Eip. Of course, this situation is well known

in spectroscopy. The classic case is the anharmonic Fermi Resonance in

CO2.
132 The situation is well treated in many textbooks (see Ref. 66 for

example, which we follow here, and Ref. 133 also for the early history).

The situation is also applicable to other types of anharmonic resonances,

such as Darling Dennison resonances, as well as rovibrational resonances,

if treated as simple two-level perturbation problems. Table 1 contains many

examples of this kind for more realistic systems including couplings of many

levels, but the basics are the same. The couplings here lead to intramolecular

rotational-vibrational redistribution usually on the fs to ps time scale, but

extending also to ns.66,134

Another type of situation refers to nuclear spin-rotation–vibration cou-

pling, which breaks the nuclear spin symmetry. Here Ĥ0 would generate

separate spectra for the nuclear spin isomers (say ortho and para, which

can be connected to the labels o and p in Fig. 6) and we shall discuss the

orders of magnitude of the much smaller couplings below. A further

Fig. 6 Elementary level scheme for intramolecular couplings (not to scale).
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example would be structural isomers, where Ĥ0 describes the spectra of the

separate isomers and Ĥ1 allows coupling, say, by tunneling with a tunneling

matrix elementW. For all of these examples there exist, in fact, experimental

results. A very interesting example of this kind are the enantiomers of chiral

molecules where Ĥ0 leads in the “high barrier limit” to a (nearly) degenerate

set of states of the two structural isomers, which can be coupled by tunneling

and for this situation experimental results exist as well.44,45 There is, how-

ever, also a further coupling between the nearly degenerate chiral states, by

means of the parity violating weak nuclear interaction.3,4,46,47 So far this

effect on the dynamics of chiral molecules has only been obtained by theory.3

As has been shown in Ref. 47, the effect might be measured by using the

scheme in Fig. 6 to generate “exotic superpositions” of the two enantiomers,

which then are at the same time left handed and right handed structures of the

chiral molecule thus “nonclassical” states generated from two different

“classical” structures, like a “Schr€odinger cat,” which is at the same time dead

and alive (see Ref. 4). We have suggested, however, as a different animal

analogy the “quantum chameleon,” which stays alive in the experiment in

contrast to the Schr€odinger cat, which dies with 50% probability in the

experiment (Ref. 52, see discussion below). The simplest discussion of the

scheme of Fig. 6 uses only the coupling of the two isolated levels Eip and

Eno in the scheme. We shall furthermore discuss the preparation of Ψip by

optical excitation of the coherent superposition of Ψi and Ψn. In a further

scheme one can transform the isomer “p” into “o” by connecting Ep with

a laser excitation to Ei (with νL1) followed by transfer to Eo or Eexo with a

second laser pulse νL2. Finally one can generate a coherent “nonclassical”

superposition of Ψp and Ψo (or similarly of Ψexp and Ψexo) by a sequence

of laser pulses exciting Ei from Ep (with νL1) and then generate a superposi-

tion of both Eexp and Eexo starting from Ei (with νL3) shown by the various

arrows. The particular properties of these last states are such that they allow for

an ultrahigh resolutionmeasurement of very small energy differencesEexp and

Eexo or similarly alsoEp andEo. As pointed out inRef. 47 and demonstrated in

the proof of principle experiment of Ref. 83, one can by use of these quantum

chameleon states make energy differences of the order of 100 aeV accessible to

measurement as they are relevant for the parity violating energy differences

ΔpvE between the ground states of enantiomers of chiral molecules (see also

Refs. 3, 4). We shall thus in the following subsections address the following

questions: (i) Can one prepare “exotic” superpositions of nuclear spin isomers?

(ii) Can one prepare “exotic” nonclassical superpositions of structural isomers

(such as syn- and anti- or cis- and trans-isomers)? (iii) Can one prepare super-

positions of enantiomers generating thereby states of well-defined parity?
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The short answer to these questions would, of course, be given by the

quantum mechanical superposition principle:

IfΨA andΨB are possible dynamical states, for instance also as solutions to

Eq. (1), then

Ψ ¼ a ΨA + b ΨB (32)

is also a possible dynamical state. Thus the answer to the three questions

above is by means of quantum mechanics: Yes.

While the answer might be obvious, there has been substantial debate on

this question for some of these superpositions in the literature (see below)

where occasionally their very existence was questioned, or they were

excluded as “unphysical” or removed by a “superselection rule.” Indeed,

the fact that such statesΨ exist, in principle, does not show, how they might

be generated as “real” physical states in practice, and this was shown then by

the scheme proposed in Ref. 47 for the particularly relevant question of

parity violation. We shall illustrate here, how this idea can be used in a very

general way for many processes and then discuss the current status for molec-

ular parity violation. For definiteness we start out by providing the elemen-

tary analytical solutions for the two-level coupling following,66 which can

be consulted for more detail. Considering only the two zero order states Ψip

andΨno one has an effective Hamiltonian matrix when including a coupling

matrix element W ¼ Ψip Ĥ1

�� ��Ψno

� �
which we assume for simplicity to be

real, giving a real, symmetric matrix (in general, however, Hermitian)

Heff ¼
Eip W

W Eno

� �
(33)

with

δ ¼ Eno � Eip (34)

One has two eigenvalues Ei and En summarized in the one Eq. (35) with

alternatives + and �

Ei,n ¼ �En,i � 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4W 2 + δ2

p
(35)

and a mean value of the energy, �En,i

�En,i ¼ Eip + Eno

2
¼ Ei + En

2
(36)

with eigenfunctions
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Ψi ¼ a Ψip � b Ψno (37)

Ψn ¼ b Ψip + a Ψno (38)

and

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4W 2 + δ2

p
+ δ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4W 2 + δ2

p
 !1=2

(39)

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4W 2 + δ2

p
� δ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4W 2 + δ2

p
 !1=2

(40)

One can furthermore give the explicit expression for the time evolution

matrix.29,66 For this we refer without loss of generality to an energy zero

Eip ¼def 0 and define an effective Hamiltonian in terms of parameters given

as angular frequencies in Eq. (41):

2πHeff

h
¼ 0 V=2

V=2 D

� �
(41)

corresponding to introducing parameters D ¼ 2πδ/h and V ¼ 4πW/h for

convenience and furthermore an angular resonance frequency ωR with

“resonance period τR”

ωR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2 + D2

p
¼ 2π=τR (42)

The resonance period has the simple interpretation of being the period

of motion of the superposition of the eigenstates Ψi and Ψn and in particular

also when there is perfect resonance, i.e. Eip ¼ Eno and thus En � Ei ¼ 2W.

The time evolution matrixUeff for the two state system can be exactly derived

by means of the eigenstates and eigenvalues of Heff
29,66,135

Z�1ð2πHeff=hÞZ ¼ Λ ¼ Diagðλ1, λ2Þ (43)

Ueff ðt � t0Þ ¼ Z exp ð�iΛðt � t0ÞÞZ�1 (44)

with

λ1 ¼ 1

2
D +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2 + D2

p� 	
(45)

λ2 ¼ 1

2
D�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2 + D2

p� 	
(46)

x ¼ 1

2
� D

2ωR


 �ð1=2Þ
(47)
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y ¼ 1

2
+

D

2ωR


 �ð1=2Þ
(48)

U11ðtÞ ¼ exp ð�iλ1tÞ x2 + y2 exp ðiωRtÞ
� 

(49)

U22ðtÞ ¼ exp ð�iλ1tÞ y2 + x2 exp ðiωRtÞ
� 

(50)

U12ðtÞ ¼ U21ðtÞ ¼ exp ð�iλ1tÞxy 1� exp ðiωRtÞ½ � (51)

where we have set t0 ¼ 0 for simplicity of notation. We extend the simple

two-level dynamics in the examples below to coherent radiative excitation

of the multilevel scheme of Fig. 6. We solve the time-dependent

Schr€odinger equation for coherent radiative excitation treating the field as

a z-polarized quasi-classical electromagnetic wave with electric field

Ezðy, tÞ ¼ jE0ðtÞj cos ðωt + η0 � kωyÞ (52)

where E0 is related to the laser intensity by means of the simple practical

equation

E0

Vcm�1

��� ��� ’ 27:44924

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I

Wcm�2

r
(53)

and the interaction energy with the field is treated in the electric dipole

approximation, combining the phase factors into η, resulting for our case in

V̂el:dipole ¼ �μ̂zEzðy, tÞ (54)

¼ �μzjE0ðtÞj cos ðωt � ηÞ (55)

and in a time-dependent Hamiltonian

ĤðtÞ ¼ ĤMol � μzjEzðtÞj cos ðωt � ηÞ (56)

where ĤMol is the time-independent Hamiltonian of the isolated molecule.

This results in a time-dependent matrix Schr€odinger equation for time-

dependent coefficients bk of the multilevel system

i
h

2π
db

dt
¼ HðtÞbðtÞ (57)

We have solved this equation for the simple examples below numeri-

cally in the quasi-resonant approximation,135–137 which is an excellent

approximation for our conditions. We also note that excitation in the mag-

netic dipole approximation would follow equivalently with a simple change

of parameters (see Ref. 137, where one can also find computer program

packages). We shall give now some exemplary solutions, providing in

general the time-dependent populations pk ¼ jbkj2. We may furthermore
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note here that the quasiresonant approximation for the radiative excitation

with two levels results in an effectively time-independent Hamiltonian sim-

ilar to Eq. (41) with V being replaced by an electric dipole coupling matrix

element, which can be computed with the practical Eq. (58)29,135,137:

Vkj=s
�1

�� �� ¼ 8:682273� 107 Mkj=D
�� �� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I= Wcm�2ð Þ
p

(58)

with the matrix element Mkj being inserted in Debye units (D) and the pre-

factor rounded to 7 significant digits. To within some further approximations

the numerical results presented below can also be obtained as sequential pro-

cesses involving analytical calculations using two-level formulae.158

3.2 Violation of nuclear spin symmetry and the superposition
of nuclear spin isomers

We use the scheme in Fig. 6 as a prototypical, simplified example for

coupling in nuclear spin isomers. The parameters are chosen such, that they

correspond to typical hyperfine couplings, where W/h is on the order of

MHz if quadrupole nuclei with nuclear spin (I� 1) are involved. The cou-

pling is much smaller, say, kHz range for molecules including only

nuclei with spin (1/2), but relatively large values have been found for rad-

icals.144 Because of the difficulty of satisfying the near resonance condition

jWj’jEip � Enoj in sparse spectra, when couplings are so small only rela-

tively few examples with an explicit high-resolution spectroscopic analysis

for such couplings between ortho and para nuclear spin isomers (also meta,

etc.) have been reported in the literature138–144 (see also the references in

Ref. 3). There is no doubt, however, that at high density of states relevant

in polyatomic molecules at high rovibrational excitations (also electronic)

such couplings are important and abundant. There do not seem to exist

any direct observations of the time-dependent primary process of intramo-

lecular change of nuclear spin symmetry in isolated molecules, although such

experiments have been proposed for quite some time.57 In many experi-

ments on polyatomic molecules in supersonic jet expansions nuclear spin

symmetry conservation on short time scales has been found (Refs.

145–153 and references cited therein). For the diatomic molecule H2 ortho

and para nuclear spin isomers have been known to be stable in bulk even for

months.154,155 On the other hand slow conversion of nuclear spin isomers

has been observed both in the bulk gas and condensed phases (Refs. 78, 154,

155 and further references cited there and in Refs. 45, 153). The question of

the existence of superpositions of nuclear spin isomers has led to some

debate in the past, as there is a “folk myth” among spectroscopists that

such superpositions cannot be prepared. Such a statement can even be

found in the recent literature, where such superpositions were identified
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as “unphysical.”156 We have pointed out repeatedly in the past in such

discussions, however, that one can prepare these superpositions for instance

with the scheme of Ref. 47 (see Refs. 57, 157, 158, for example). Here we

use the basic scheme of Fig. 6, with parameters adjusted to a typical situation

of nuclear spin symmetry coupling in infrared spectra of polyatomic mole-

cules to demonstrate the three main processes connected to this scheme:

(i) Preparation of an excited state Eip and oscillatory probability

transfer to Eno.

(ii) Nuclear spin isomerization from a para to an ortho isomer state

with the two-pulse sequence νL1 followed by νL2
(iii) Generation of a superposition of nuclear spin isomers with the

sequence of pulses νL1 and νL3.
The numerical parameters of the model are given in Table 2. They corre-

spond in magnitude to, say, rovibrational intervals in an asymmetric rotor

like H2O,149,150 but with stronger couplings more typical of quadrupole

nuclei such as ClSSCl which has found interest in this context as also

in parity violation77,140. We have, however, not retained the complexity

of the multilevel structure arising from the many magnetic sublevels.

The basic features and orders of magnitude, however, are retained in

the simple model. For definiteness we also give here the structure of the

wavefunctions for the simple case of ortho- and para- isomers in a proton

spin s ¼ 1/2 case such as in 1H2
16O.149,150 We denote the single nuclear

spin functions α (for ms ¼ +1/2) and β (for ms ¼ �1/2) and indicate in

Table 2 State energies for Fig. 6 and transition moments.a

State Estate/(hc cm
21) Transition moments

p 0 Ψp μj jΨip

� � ¼ 1:05 D

o 0.1 Ψo μj jΨnoh i ¼ 0:95 D

exp 5 Ψexp μj jΨip

� � ¼ 1:05 D

exo 5.02 Ψexo μj jΨnoh i ¼ 0:95 D

ip Ein � δ=2

no Ein + δ=2

i Ein � 1
2
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 � W 2 + δ2

p

n Ein +
1
2
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 � W 2 + δ2

p

aEin=ðhcÞ can be assumed to be 3300 cm�1 corresponding to an infrared transition, but in the
quasi-resonant approximation it could also take other values without change in the results.
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parentheses the numbering of the nucleus considered (say proton 1 and pro-

ton 2with α(1) and α(2), etc.). The nuclear spins I1,2 combine accordingly to

a total spin I (I1 ¼ I2 ¼ s ¼ 1/2 for the example)

jI1 � I2j � I � I1 + I2 (59)

with integer steps in the quantum number I, thus with two protons we have

I ¼ 0 or 1. We obtain three normalized symmetrical nuclear spin functions

with I ¼ 1 and MI ¼ 0, �1

φs1 ¼
1ffiffiffi
2

p αð1Þβð2Þ+ αð2Þβð1Þ½ � with MI ¼ 0 (60)

φs2 ¼ αð1Þαð2Þ with MI ¼ 1 (61)

φs3 ¼ βð1Þβð2Þ with MI ¼�1 (62)

There is one antisymmetrical function with I ¼ 0 and MI ¼ 0

φa ¼ 1ffiffiffi
2

p αð1Þβð2Þ � αð2Þβð1Þ½ � (63)

The total wavefunction can be written approximately as a product of the

combined electronic (spin and space) and vibration rotation function Ψevr

and the nuclear spin function, where we assume that the electronic part is

already properly antisymmetrized. If we assume nuclear spin symmetry

conservation one would have:

Ψtot,j ’ Ψevr,j � φspin,j (64)

but the exact total wavefunction including coupling between states of

different nuclear spin symmetry will be:

Ψtot exact ¼
X
j

cjΨtot, j (65)

Often there will be a leading term in the sumwith one jckj ’ 1, but if there is

mixing as for the upper levels in Fig. 6 there may be two cj of similar absolute

magnitude and in the limit of very high density of states with many states

mixing one may have to retain many terms in the sum. However, all indi-

vidual terms as also the total wavefunction must satisfy the generalized Pauli

principle for the two Fermion nuclei concerning the symmetry with respect

to the permutation (12) of the two nuclei

ð12ÞΨtot ¼ �Ψtot (66)
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Eq. (66) is a special case of the generalized Pauli principle for N different

kinds of particles (ni each kind) and the direct product of symmetric groups

Sni for these

Sn1,n2,n3… ¼
YN
i¼1

Sni (67)

where the character under the group operation Q is given by Eq. (68):

χQ ¼
YNF

i¼1

�1ð ÞPiQ (68)

PiQ is the parity of the permutation of the ith kind of Fermions (total

number NF) in the group element Q. If Q permutes only bosons we have

χQ ¼ +1 (see Refs. 2, 3).

Fig. 6 represents the typical situation where most states are well described

by Eq. (64). Then one can identify two separate sets of states, one with a

symmetric nuclear spin function (with I ¼ 1, called the ortho nuclear spin

isomer) and one with I¼ 0 (called the para isomer). We may note in passing

that neither for H2 nor for H2O so far any pairs of strongly mixing ortho and

para states have been identified by high-resolution spectroscopy, although

they certainly must exist at high excitation. This situation leads also to

the consequence, that in general the relative energies of the nuclear spin iso-

mers are not as precisely known as the relative energies within each isomer.

This is similar to other types of isomers, where the isomerization energy has

to be determined in addition to the very accurate level positions within each

isomer. For instance, the isomerization energy between the ortho and para

isomers of H2 has only recently been determined accurately by a special

experimental technique159 although it had been calculated accurately by

theory for some time and was, of course, known at lower accuracy also

by experiment. In the few molecules where mixing levels have been

measured by high-resolution spectroscopy, one has, of course, direct access

to the isomerization energy as in the scheme of Fig. 6. We shall now

discuss in an exemplary way different kinetic processes for such a scheme.

If we consider as the simplest example only the two coupled levels Eip

and Eno of the para and ortho isomers at perfect resonance Eip ¼ Eio and

W/h ¼ 1 MHz then with the energy splitting of eigenstates (2W) one

has a periodic oscillation between the ortho and para states with period

τ¼ h/(2W)’ 0.5 μs. If the resonance is not exact the time evolution follows

from Eqs. (45)–(51). The question arises, how to prepare the initial state
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and for this we consider radiative excitation in a schemewith initial population

in the ground state, which is p with energy Ep in Fig. 6. Given the selection

rules, Ψip acts as “chromophore state” (see Table 2), but we carry out the

calculation in the basis of spectroscopic eigenstates with (Ep, Ei, and En) as

relevant states in the solution of Eq. (57) and numerical parameters as given

in the caption of Fig. 7.

One can nicely see the build-up of population in a coherent super-

position (Ψi, Ψn) starting from Ψp at time zero and projecting the time-

dependent wavefunction after the pulse onto the ortho and para zero order

states one sees the starting population in Ψip followed by an oscillation

toward Ψno and back with a period of 500 ns as expected, describing thus

perfectly well a realistic situation for such a spectroscopic experiment with

ortho-para conversion in an isolated molecule.

As a next example we consider excitation of a para state p with a laser

frequency νL1 to the eigenstate with Ei and then generating an excited ortho

state at Eexo (Fig. 8) using a laser frequency νL2.
Finally, we consider the preparation of the superposition of a pair of

ortho and para states (Fig. 9) using a long laser pulse of frequency νL1 to pre-
pareΨi followed by a short laser pulse at 1.3 μs to generate the superposition
of Ψexo and Ψexp.

Fig. 7 For the scheme in Fig. 6 with δ¼ 0 andW/h¼ 1 MHz, i.e., En � Ei ¼ h � 2 MHz, we
have the time evolution starting from 100% population in the ground state p (pp ¼ 1)
excited with a laser (peak intensity of 0.04 W/cm2, Gaussian time profile with

ΔtFWHM ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p � 50 ns ¼ 117:7 ns and frequency νL0 ¼ Eni=h ¼ 0:5 � ðEi + EnÞ=h).
The gray line shows the normalized laser intensity. For this particular condition Ψi

and Ψn are equally populated (pi ¼ pn). The dashed and dotted oscillating lines show
the projection onto the unperturbed states Ψip and Ψno with the expected oscillation
period of 500 ns for the probabilities pip and pno.
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Fig. 8 For the scheme in Fig. 6 with δ¼ 0 andW/h¼ 1 MHz, i.e., En � Ei ¼ h � 2 MHz, we
have the time evolution starting from 100% population in the ground state p (pp ¼ 1)
excited to Ψi with a laser (peak intensity of 0.8 mW/cm2, Gaussian time profile with

ΔtFWHM ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p � 0:5 μs ¼ 1:177 μs and frequency νL1 ¼ Ei/h) and with a second
laser pulse with the same intensity and length but with frequency νL2 ¼ (Ei � Eexo)/h
to the excited ortho state Ψexo. The gray line shows the normalized laser intensity of
the first and the second laser pulse, each normalized independently to 1. The dotted
line shows the projection onto the unperturbed states Ψip and Ψno.

Fig. 9 For the scheme in Fig. 6 with δ¼ 0 andW/h¼ 1 MHz, i.e., En � Ei ¼ h � 2 MHz, we
have the time evolution starting from 100% population in the ground state p (pp ¼ 1)
excited to Ψi with a laser (peak intensity of 8 mW/cm2, Gaussian time profile with

ΔtFWHM ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p � 0:15 μs ¼ 0:3532 μs and frequency νL1 ¼ Ei/h) and with a second
shorter and stronger laser pulse (peak intensity 40 kW/cm2, Gaussian time profile with

ΔtFWHM ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p � 0:05 ns ¼ 0:1177 ns and frequency νL3 ¼ (Ei � (Eexp + Eexo)/2)/h)
to the two excited ortho and para states Ψexo and Ψexp. The gray line shows the
normalized laser intensity of the first and the second laser pulse, each normalized
independently to 1. The width of the second pulse at 1.3 μs is not visible on this scale
giving the sharp vertical line. The dotted line shows the projection onto the unperturbed
states Ψip and Ψno.
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Obviously this time-dependent state is perfectly “physical,” it can be

prepared and will then show after the pulse an oscillation with a period given

by τ¼ h/ΔEop whereΔEop¼Eo�Ep if one returns to a ground state pair or

it could be given by ΔEexop ¼ Eexo � Eexp for an excited pair as in Fig. 9.

The oscillation could be detected by time resolved spectroscopy (see also the

corresponding discussion in Section 3.3). An accurate measurement of the

oscillation periods would provide an accurate value for the energy differ-

ences (Eexo � Eexp or Eo � Ep), which in this case would also be available

from the relevant high-resolution spectroscopic combination differences.

We shall not discuss in detail the many further results that we have con-

sidered for various sets of parameters. For the case of nuclear spin symmetry

mixing, typically one should consider situations with large values of δ, as a
close “accidental” resonance is unlikely. However, also for large δ rather

similar results can be obtained with appropriate changes. Rather than relying

on an accidental resonance one can induce a close degeneracy by applying

external fields, as has been elegantly done in the pioneering experiments of

Ozier and coworkers in 1970/71 for methane (12CH4)
138,160 (see also Refs.

161, 162). In methane one has three nuclear spin isomers which we can label

by their “motional” symmetry A(I ¼ 2, “meta”), E(I ¼ 0, “para”) and

F(I ¼ 1, “ortho”) (with the total Pauli allowed nuclear spin in parentheses,

but one also frequently uses ortho, meta, and para with relative abundances

9/16, 5/16, 2/16 (Refs. 145–148), ortho being the most and para the least

abundant at high temperature by convention). It turns out that at rotational

angular momentum quantum number J ¼ 2 methane has a triplet of levels,

a pair of closely degenerate E levels of different parity (E+ and E�) and an

F�1 level 0.000266 cm�1 higher. At a magnetic field of about B ¼ 0.2

Tesla the F�1 (MF¼0, I¼1, MI¼+1) level becomes degenerate with the

E� (I¼0, MF¼MI¼0) level, thus resulting in a perfect mixing of the two

nuclear spin isomers. From the splitting at the avoided crossing one can

derive the coupling W and one would have a level scheme such as in

Fig. 6 with δ ¼ 0, disregarding the other levels. Ozier et al. did not consider

the further effect of parity violation, which was discussed by us later as

well.3,46,162 In principle this would lead to a further avoided crossing

between two levels of different parity shown in the lower part on the

right-hand side of Fig. 10. If this were measurable by high-resolution spec-

troscopy, one could measure the effect of parity violation in methane from

this avoided crossing. Our preliminary calculations on parity violating

potentials in methane79 indicate, however, that the effect would be too small

to be accessible with current experimental technology. Thus for detecting

parity violation in molecules another approach would be more promising
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(see below). For a more detailed discussion of the mixing effects in methane

we refer to Refs. 3, 46, 162. We may mention here that level crossings have

more generally a number of interesting consequences in a variety of situations

in spectroscopy and electronic structure theory.3,28,29,95,163–165

3.3 Mixing and superposition of structural isomers:
The molecular quantum switch

Another interesting example for the application of the scheme of Fig. 6 is

the molecular quantum switch recently demonstrated for the case of

meta-D-phenol.166–168 Phenol C6H5-OH in its electronic ground state

has a planar CS geometry with two equivalent potential minima in its

Born-Oppenheimer potential, because of the nonlinear bent C-O-H struc-

ture. The potential barrier to internal rotation (torsion) of the C-OH group

A B

Fig. 10 Scheme for crossings and avoided crossings in sublevels of the same rotational
angular momentum quantum number J ¼ 2 in methane CH4 but different symmetry
and nuclear spin (I ¼ 0 with E and I ¼ 1 with F) in the experiment by Refs. 138, 160.
(A) This shows the overall level behavior as a function of magnetic induction B. The cross-
ing is supposed to occur at 0.2 T161,162, and each linewould have a further smaller Zeeman
splitting into five levels with MJ ¼ 2, 1, 0,� 1,� 2. Furthermore, the crossings in the circle
are avoided, as shown in detail in (B). Here, only the sublevels with the same total angular
momentum F (¼ 2 for the example with J ¼ 2) are shown with MF ¼ 0 (there are similar
schemes for the other values of MF). The crossing in the large circle between the F�1 and E�

levels is strongly avoided, whereas the crossing between levels of positive and negative
parity in the small circle could at most be weakly avoided by the parity violating weak
nuclear force. We assume that the zero order (dashed lines) E+ level is below E� similar
to Ref. 161, where parity violation was not considered, but the opposite ordering is also
possible and would result in otherwise equivalent schemes. The parity violation at the
crossing would mix levels of different parity, creating possibly chirality162. It could be
observed either by directly mapping the magnetic dipole transition frequencies at
extremely high resolution160 or by observing magnetic dipole forbidden transitions but
the effects are expected to be very small79 (see also Ref. 3). Modified after Pepper, M. J.
M.; Shavitt, I.; von Ragu�e Schleyer, P.; Glukhovtsev, M. N.; Janoschek, R.; Quack, M. Is the
Stereomutation of Methane Possible? J. Comp. Chem. 1995, 16 (2), 207–225.
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is modest (	 1000 cm�1) and there is a ground state tunneling splitting in the

MHz range,166–168 with correspondingly delocalized wavefunctions. When

substituting in either ortho or meta position with a D-atom one breaks the

symmetry in the effective tunneling potential because of zero point energy

effects which are much larger than the phenol tunneling splitting.167 This

then leads to localized wavefunctions in the syn- and anti-geometry of

the OH group with respect to D (see Fig. 11). At low energies one has thus

two sets of geometrical isomers (anti- and syn- instead of p and o in Fig. 6).

The ground state energy difference was determined accurately by a careful

high-resolution spectroscopic analysis as ΔE ¼ (hc) � 0.82 cm�1.166 Thus

structural identity is a “constant of the motion” at low energy. At high

torsional excitation the localized states are coupled by tunneling leading

to delocalized eigenstate pairs such as Ψi, Ei and Ψn, En in the scheme of

Fig. 6. In contrast to the nuclear spin isomers, where such an analysis does

not yet exist, we have been able to carry out the complete high-resolution

analysis and quantum dynamical simulation for this “real” molecular system

of m-D-phenol.166–168

Fig. 11 Time evolution for the two-pulse excitation scheme from 0(anti) to 3(lower) and
from 3(lower) to 0(anti) and 0(syn) with the notation v(isomer). The parameters of the

two laser pulses are ΔtFWHM ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p � 25 ps ¼ 58:87 ps, peak intensity 1 GW/cm2

and with a wavenumber of eν ¼ 813:72 cm�1 (first pulse, resonant with 0(anti) to 3

(lower) transition, and second pulse with ΔtFWHM ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p � 2:5 ps ¼ 5:887 ps and
peak intensity 60 GW/cm2 and with a wavenumber of eν ¼ 813:10 cm�1 (3(lower) to
0(anti) and 0(syn). The gray line shows the normalized laser intensity of the first and
the second laser pulse, each normalized independently to 1 (cf Fig. 13 from Ref. 168
where one finds also the parameters used for the simulation in the model, as simplified
here). Equivalent results are obtained when starting from the syn-isomer or also from a
racemate, with the appropriate changes taking the mixture of syn and anti.
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In molecular quantum systems with localized eigenstates of well-defined

quasi-classical molecular structures at low energies showing a transition

to delocalized eigenstates by tunneling at high energies one observes a

phenomenon, which we call “tunneling switching”169 allowing for a variety

of interesting quantum dynamical experiments. They can be designed either

for use as quasi-classical molecular switches, but also for use as molecular

quantum switches offering completely new possibilities. Meta-D-phenol

has been analyzed by full-dimensional wavepacket simulations in this

context168 based on the high-resolution spectroscopic experiments and

including all 33 vibrational degrees of freedom in the quasiadiabatic channel

reaction path Hamiltonian approximation.74,75 Here we reproduce the

most significant result for the use as a molecular quantum switch on the basis

of the simple scheme of Fig. 6. Fig. 11 shows the simulation of the quantum

switch in terms of the relevant populations (anti ¼ p in Fig. 6, syn ¼ o, Ψi

corresponds to Ψ3lower, which is the lower tunneling level with 3 quanta of

the torsion with large tunneling splitting of about 16 cm�1). With a

sequence of two laser pulses shown in Fig. 11 one generates at t > 220 ps

a superposition of the syn- and anti-structures Ψ(t) ¼ a Ψ0syn + b Ψ0anti

in the torsional ground state. After the end of the pulse sequence the nearly

equal probabilities jaj2 and jbj2 and also the 33-dimensional probability

density in structural space do not change with time. However, because of

the complex phase factors there is a periodic change of the spectra as analyzed

in168. The period corresponds to the ground state energy difference of the

two isomers (hc � 0.82 cm�1)

τ ¼ h

E0syn � E0anti
	 40 ps (69)

The change of the spectra is like the “change of color of a quantum

chameleon.” It is quite pronounced and can be understood by the periodic

change with time of the approximate symmetry of the superposition state

between symmetric and antisymmetric with respect to the plane containing

the C-O bond and perpendicular to the phenyl ring, while the eigen-

states of the well separated tunneling sublevels at high torsional excitation

are also approximately symmetrical and antisymmetrical.168 The result in

Fig. 11 is analogous to the result in Fig. 9, now with times and other

properties being obtained from the high-resolution spectroscopy of the

real molecule m-D-phenol. The simple scheme of Fig. 6 with the results

of Fig. 11 reproduces the essence of the complete quantum dynamical

results shown in Fig. 13 of Ref. 168. The highly nonclassical “bistructural”
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superposition state generated at t ¼ 220 ps introduces a fundamentally new

concept in the history of molecular structure.170 Such a state is at the same

time a syn- and anti-isomer (like Schr€odingers cat would be assumed to be

at the same time dead and alive) but it behaves very differently from a mixture

of syn- and anti-structures, which would have time-independent spectra, for

instance. Of course in terms of the concepts of classical molecular structures

the quantum chameleon switch state would be considered impossible or

“unphysical” (perhaps “unchemical”), but it is a perfectly real time-dependent

quantum state and can be used, in principle, for quantum technology,

quantum machines or quantum computing168,171 opening thus opportunities

going far beyond the possibilities of quasi-classical molecular switches and

molecular machines.172 We note here that the pulse sequence with νL1 and
νL2 in the scheme allows, of course, also the realization of a quasi-classical

molecular switch based on m-D-phenol and we refer to Ref. 168 for a

more detailed discussion. We should mention also the considerations on

the possible role of quasi-classical or quantum molecular switches in primary

processes connected to the neurophysiology of vision and thought.52,56

3.4 Relaxation processes in multistate systems at high
densities of states

Of course the simple scheme of Fig. 6 describes only certain special

systems with well localized interactions in a realistic manner. In many real

molecular primary processes one has to consider multistate interactions and

interactions with (quasi-)continua. In the limit of high densities of states

one will then observe kinetic relaxation phenomena as summarized schemat-

ically in Fig. 12.

The observation of relaxation processes after symmetry selective radia-

tive excitation will provide access to the observation of a variety of primary

processes related to symmetry breakings. The nature of these relaxation

processes can be of different kinds and we refer to the detailed discussion

of different statistical-mechanical cases in Refs. 46, 106, 108. In complex

multilevel situations a complete analysis can be difficult, with sometimes

ambiguous outcome. For instance, some of the slow relaxation processes

in the IR-multiphoton excitation of 12,13CF3I may be due to nuclear spin

symmetry effects, but proof of this has not been possible, yet.173 Complete

relaxation of this kind at longer times would, however, be consistent also

with the observation of statistical distributions of hyperfine levels in the

iodine atom product of the dissociation of CF3I after IR-multiphoton

excitation.137,174
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4. The experimental approach toward parity violation in
chiral molecules

The scheme of Fig. 6 for the preparation of exotic superposition states

was originally proposed for fundamental investigations on chiral molecules,

in particular also toward the observation of parity violation.46,47,175,176

Within ordinary quantum chemistry retaining only the electromagnetic

force (e.g., Refs. 53–55) the molecular Hamiltonian is strictly symmetric

with respect to inversion of the spatial coordinates (parity operation P̂ or

Ê*, with x !�x, y !�y, z !�z). Therefore one would have

P̂Ĥ ¼ ĤP̂ (70)

This would be valid at all levels of accuracy and precision (including non-

Born-Oppenheimer, relativistic, quantum electrodynamic effects, etc.).

When including the weak (nuclear) force from the standard model of

particle physics (SMPP) in the framework of what we have called

“electroweak quantum chemistry,”79,130,177 there is a small violation of

space inversion symmetry with the consequence that we have

P̂Ĥew 6¼ ĤewP̂ (71)

Fig. 12 Selection of nuclear spin symmetry, parity, and other (approximately) conserved
quantum numbers for kinetic detection of symmetry violations in polyatomic mole-
cules. Rate constants describe nuclear spin conversion (kNSC), parity violation (kPV),
stereomutation (kRS), intramolecular vibrational (rotational) redistribution (kIVRR), and
dissociation (kdiss). Modified after Quack, M. Comments on the Role of Symmetries in
Intramolecular Quantum Dynamics. Faraday Disc. 1995, 102, 90–93, 358–360.
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Whereas within ordinary “electromagnetic” quantum chemistry the reac-

tion enthalpy ΔRH


0 for the stereomutation reaction (72) between enantio-

mers of chiral molecules would be exactly zero by symmetry which has been

the assumption over the history of conventional stereochemistry,170 as

already noted by van’t Hoff, today’s electroweak quantum chemistry

predicts a small “parity violating” energy difference ΔpvE between the gro-

und states of the enantiomers

R Ð S (72)

with

ΔRH


0 ð“electromagnetic”, van’t Hoff Þ ¼ 0 (73)

or

ΔRH


0 ð“electroweak”Þ ¼ NA � ΔpvE (74)

with the Avogadro constant NA. The values for ΔpvE depend on the mol-

ecule. Current theory (reviewed in Refs. 3, 4, 130, 178, for example) pre-

dicts a typical order of magnitude in the sub-feV range (100 aeV to 1 feV), if

chiral molecules containing only the lighter elements up to, say, Cl are

included, larger values are possible when also heavier elements are involved.

Strictly speaking within parity conserving quantum mechanics at the

time of Hund,38–40 Eq. (70), the eigenstates of chiral molecules form tunnel-

ing doublets of well-defined parity for each state (+ or�) split by a tunneling

splitting ΔE� related to the tunneling period τRS for stereomutation

τRS ¼ h=ΔE� (75)

Including parity violation onemust distinguish two dynamical limiting cases.

(i) As long as ΔpvE is small compared to the tunneling splitting

ΔpvE ≪ ΔE� (76)

parity violation is unimportant and then rotation–vibration tunneling

states retain their character with well-defined parity. This is applicable

to molecules which are chiral in their equilibrium geometry but have a

large tunneling splitting such as hydrogen peroxide HOOH74,75 or

ammonia NHDT,76 with tunneling splittings on the order of cm�1

or, say, 1 meV ’ (hc) � 8 cm�1. Such molecules are only transiently

chiral on the picosecond time scale.

(ii) On the other hand when parity violation dominates over tunneling

ΔpvE ≫ ΔE� (77)

the ground states have well localized chiral structures separated by an

energy difference ΔpvE. This case actually applies to molecules that exist

as stable enantiomers under normal conditions such as CHFClBr.81,179,228
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Fig. 13 shows the energy level scheme for such molecules. Even for mole-

cules with rather modest barriers for stereomutation such as ClSSCl with a

barrier of about 6000 cm�1, tunneling splittings for the hypothetical sym-

metric case are exceedingly small with hypothetical tunneling times much

exceeding the age of the universe.77

Therefore the condition Eq. (77) is frequently satisfied andΔpvE is a mea-

surable energy difference between isomers, as we had also discussed for the

achiral molecule m-D-phenol in Section 3. The new aspect is the exceedingly

small magnitude of ΔpvE (100 aeV for CHFClBr81,179,228 corresponds to

about 10�11 Jmol�1 or 10�12 cm�1) as compared to other isomerization ener-

gies (say (hc) � 0.8 cm�1 for syn- and anti- m-D-phenol, considered already to

be quite a small value). Therefore a spectroscopic analysis with the ordinary

techniques of high-resolution spectroscopy as for m-D-phenol discussed in

Section 3.3 cannot be successful (note the 12 orders of magnitude jump).

There have been a number of proposals for special techniques to measure

ΔpvE reviewed in Ref. 3 in more detail. We hadmentioned already the level

crossing experiment discussed in Ref. 162 in Section 3.3. As of today there

seem to be only two major efforts world wide, one in Zurich which started

with first publications in 198646,47 and one in Paris starting with first

Fig. 13 The energies of the S and R enantiomers are different due to symmetry viola-
tion, note: hνR � hνS ¼ΔpvE*�ΔpvE . Modified after Quack, M.; Stohner, J. Influence of
Parity Violating Weak Nuclear Potentials on Vibrational and Rotational Frequencies in
Chiral Molecules. Phys. Rev. Lett. 2000, 84 (17), 3807–3810; Quack, M. How Important Is
Parity Violation for Molecular and Biomolecular Chirality? Angew. Chem. Int. Edit. 2002,
41, 4618–4630. Angew. Chem. 2002, 114, 4812–4825.
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publications in 1999.180 The two projects have been reviewed for example

in Refs. 3, 4, 131, 181, 219 and we shall not discuss details.

We note, however, the basic difference of the approaches. In the approach

fromParis (Ref. 180 following an earlier suggestion of Letokhov182 and related

spectroscopic work preparing for such experiments in Zurich62,183,229) one

measures at ultrahigh precision the absorption lines in infrared spectra of

separate enantiomers hνS and hνR in Fig. 13, which then would provide a

difference of parity violating energy differences

ΔpvE
* � ΔpvE ¼ hðνR � νSÞ (78)

So far these experiments have not been successful, but with current devel-

opments of high-resolution techniques one can hope for success in the future

for molecules with very large ΔpvE (when containing very heavy elements).

Our approach in Zurich uses the idea of the scheme in Fig. 6. At high inter-

nal excitations the tunneling splittings may become large enough such that

ΔE**
� ≫ ΔpvE

** (79)

for some excited level (a typical “tunneling switching” situation). Or else

one can use rovibrational levels of well-defined parity in an excited elec-

tronic state which is achiral, for instance planar as illustrated in Fig. 14.

A B

C

Fig. 14 Generation of a superposition state with initially + parity and probing for the
opposite � parity using ground and excited electronic states.
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Alternatively as also sketched in Fig. 14 one can use an excited tunneling

doublet in the electronic ground state, satisfying Eq. (79). Fig. 15 shows a

schematic representation of the several steps. Among the advantages of this

approach one can recall that it allows for a separate measurement of individ-

ual ΔpvE, ΔpvE*, etc, not only differences of differences. It also does not

need enantiopure samples, one could work on racemic mixtures as starting

Fig. 15 Experimental molecular beam setup showing the three laser beams of the three
steps. Modified after Dietiker, P.; Miloglyadov, E.; Quack, M.; Schneider, A.; Seyfang, G.
Infrared Laser Induced Population Transfer and Parity Selection in 14NH3: A Proof of
Principle Experiment Towards Detecting Parity Violation in Chiral Molecules. J. Chem.
Phys. 2015, 143 (24), 244305.
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materials. Furthermore for the selection and preparation steps one needs a

typical frequency resolution in the MHz range only.

Nevertheless, with an evolution time in the ms time range provided by a

flight path in a molecular beam setup (Fig. 15) of about 1 m we have dem-

onstrated that with sensitive detection by multiphoton ionization on the test

molecule NH3 we could achieve a sensitivity which would correspond to a

measurement of aΔpvE of about 100 aeV in a chiral molecule.83 Obviously,

NH3 is not chiral and thus the experiment demonstrates effectively parity

conservation for the spectroscopic parity states.

ΔpvE of 100 aeV and even larger values exist for molecules involving

only elements lighter than Cl or S,3,82,131,169,184,186,191 which is an advan-

tage in the theoretical analysis. Fig. 16 illustrates schematically the spectral

changes and provides a nice illustration for our motivation to call such

time-dependent “parity isomers” a “quantum chameleon” changing color.

While showing the same quantum characteristic as a Schr€odinger cat, the
molecular quantum chameleon as animal analogy stays alive in the experi-

ment and only changes color “while being exposed tomild forms of harmless

infrared radiation.”52

Fig. 17 finally illustrates the steps in the experiment with a realistic

simulation for the molecule ClOOCl.82 This follows in essence the steps

Laser 1(νL1) and Laser 3 (νL3) in the scheme of Fig. 6 but the simulations

are for a realistic theoretical and quantum dynamical representation

Fig. 16 Schematic illustration of the spectral changes in the superposition experiment.
Modified after Quack, M. On Biomolecular Homochirality as a Quasi-Fossil of the Evolution
of Life. Adv. Chem. Phys. 2014, 157, 249–290.
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Fig. 17 The upper part shows the time-dependent wavepacket (as probability jΨ(τ, t)j2
dτ as a function of the torsion angle τ, integrated over all other coordinates in ClOOCl)
during the transfer process shown for 20 μs � t � 40 μs with dτ ¼ Δτ ¼ 1o. 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 fre-
quency-modulated transfer pulse. At much longer times (t > 1 ms); however, the parity
is time-dependent leading to nonzero detection probability, pD(t) for parity change
(shown in the middle part). At the bottom the simplified level scheme is shown.
Modified after Prentner, R.; Quack, M.; Stohner, J.; Willeke, M. Wavepacket Dynamics of
the Axially Chiral Molecule Cl-O-O-Cl under Coherent Radiative Excitation and Including
Electroweak Parity Violation. J. Phys. Chem. A 2015, 119 (51), 12805–12822.
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of a real molecule, where for the first time vibration–rotation-tunneling
dynamics, coherent radiative excitation and electroweak parity violation

were included in the computations.82 The major current challenge

concerns the analysis of the very complex tunneling-rotation–vibration
spectra of suitable chiral molecules that could be used for these

experiments.4,184–186

5. Concluding remarks on theory, experiment,
and future possibilities

Symmetry in chemistry is frequently associated with purely geo-

metrical concepts.1,230,231 The many facets of the symmetries of crystals

with their beautiful shapes have a long and rich history.187,188 This gives

a purely static picture. Here we have addressed symmetry from a quantum

dynamical and kinetic point of view.25,51 The breaking of approximate

symmetries and the time evolution of approximate constants of the

motion provide a window on the time scales of many important processes.

The experimental concept for the preparation and evolution of exotic

superposition isomers offers opportunities for fundamental experiments,

notably the measurement of the parity violating energy difference ΔpvE

between enantiomers of chiral molecules,47 but also for possible uses of

molecular quantum switches in quantum technology and quantum infor-

mation.168 While the experiment to measure ΔpvE in chiral molecules

might have appeared to be impossible, when it was first proposed,46,47,175

the current outlook for a successful experiment is excellent. Indeed,

provided that adequate funding for the continuation of the current project

can be secured and that the required spectroscopic analyses thereby can be

completed, most significant results for each of the possible outcomes of

the experiment can be expected:

(i) Either one finds in the experiment the theoretically predicted value

for ΔpvE, then one can analyze the results of the precision experi-

ments in terms of properties of the standard model of particle physics

(SMPP) in a range of quantum systems not yet tested by previous

experiments.3

(ii) Or else, if one finds values for ΔpvE different from the theoretical

predictions, this will lead to a fundamental revision of current theories

for ΔpvE with even the potential for “new physics.”3
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(iii) Finally, a profound experimental and theoretical understanding of

ΔpvE in chiral molecules can be a first step toward understanding

the possible implications for our understanding of biomolecular

homochirality.4,179,232

The underlying theoretical concept as well for the design of experiments as

also for a quantitative theory is the study of the evolution of approximate

constants of the motion discussed in Section 2. It allows us to separately

and accurately determine the very small parity violating contributions in

the Hamiltonian independent of any of the (large) uncertainties in the much

larger contributions from the parity conserving “electromagnetic”

Hamiltonian of ordinary quantum chemistry. Interestingly it also leads us

to fundamental investigations at the “long time frontier” of the molecular

primary processes summarized in Table 1. These parity violating processes

happen on time scales of seconds, but they are induced by the Z-Boson as

field particle, the lifetime of which appears at the current experimental short

time frontier in physics in the subyocto second time range. Thus, indeed, the

underlying physics of these processes connects primary processes ranging

from the yoctosecond to the second time scale, and longer, if we also include

the role of tunneling processes in chiral molecules.25,44,45

Some brief remarks may be in order concerning the current status of

the theory of parity violation in chiral molecules, which has been reviewed

in detail elsewhere3,130,131,178,189,190 (see also Refs. 1, 79, 157, 191). The

history of this theory can be broadly summarized in three phases. In a first

phase after discovery of parity violation in nuclear and high energy

physics192–197 in 1957, qualitative suggestions were made concerning the

role of parity violation in chiral molecules, with estimates which were often

wrong by many orders of magnitude (in the period of about 1960–80,233–235

see also the reviews in Refs. 1, 3, 46, 130). Attempts toward a quantitative

theory started in about 1980 based in particular on the work of Hegstr€om,

Rein and Sandars,198 Mason, and Tranter,199 and others200,201 (see also the

reviews3,130,131,157). It turned out, however, that these approaches were

quantitatively inadequate. When we carefully reinvestigated the theory

starting from its foundations in the standard model and critically analyzed

the effects within “electroweak” quantum chemistry,79,80,177 we found in

1993–95 values for ΔpvE by one and often two orders of magnitude larger

for typical benchmark molecules as compared to previous results. These

new values were subsequently confirmed by quite a few other theory

groups,202–205 (see the reviews in Refs. 3, 130, 131, 157, 178 for much more
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complete references). Today there seems to be general agreement from dif-

ferent approaches on the new orders of magnitude (see for instance the recent

summary in Ref. 191). One may thus assume, that at least no “trivial” effects

have been overlooked in the theories.

Nevertheless, given the earlier history, experimental tests seem to be an

absolute requirement. The new orders of magnitude have also made the

outlook for such experiments much more promising.

We may conclude here with an outlook on new frontiers in experiment

in the more distant future. Time reversal symmetry violation is a topic of

interest. Some experiments attempt the measurement of a permanent electric

dipole moment of electrons in this context, also for diatomic molecules206,207

(see also the reviews in Refs. 1, 3, 190). A more direct molecular alternative

would be “motion reversal” in a polyatomic molecule, say, by a sequence of

laser pulses, which amounts to seeing entropy reversal.87,101,157 So far there is

neither a successful experiment nor a quantitative theory available for such an

effect in molecules, but the effect is known in particle physics.208 Clearly,

looking at the lower part of Table 1 in Section 2 the most challenging

frontier would be a test of CPT symmetry, the simultaneous inversion of

charge (C for charge conjugation), parity (P representing space inversion)

and time (T for time reversal). Current tests using the mass of the proton

compared to the antiproton have tested this symmetry at a precision of about

10�12 (for Δm/m in the masses206). A similar precision has been reached

very recently in studies of the spectrum of hydrogen atom in comparison

with antihydrogen.209 These latter approaches should, however, be extend-

able to a precision of 10�18 with current spectroscopic technology.236,237

About this level of precision and even better has also been reached for leptonic

matter (when measuring the g-values of the electron and positron210–212).

A CPT test with a precision of 10�19 has been claimed in studies of the neutral

K-meson (Kaon), the nature of the test being somewhat different from the

other tests mentioned (see also Ref. 238).213

We have shown, that using the spectroscopic concept of the exotic

superposition of molecular isomers one might be able to reach a precision

corresponding to Δm/m 	 10�30, by essentially the experimental approach

described in Section 4 (then on hypothetical chiral clusters of anti-

hydrogen49,51,85,214). While this is not expected to be feasible in the near

future, it demonstrates the power of the experimental concept. Fig. 18 pro-

vides a brief graphical summary of such a scheme involving matter and anti-

matter.3,51,85 We might note here even the recent extensions to theoretical
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studies in cosmology as far fetched as this may seem.215Wemight mention as

well, that, in principle, the preparation and observation of the “exotic

superpositions” of the enantiomers of chiral molecules or other, more com-

plex objects based on this technique could be considered to be a fundamental

test of the superposition principle of quantum mechanics which can also be

related to the neurophysiology of vision and thought, so far hypothetical.56
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