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Abstract

The article presents an overview of atomic and molecular tunneling processes, where tunneling of “heavy” particles (i.e., nuclei,
not electrons) is important. After an introductory tour d’horizon including a brief history of the tunnel effect, we discuss some
topics of current interest. These include tunneling and parity violation in chiral molecules, tunneling in weakly bound complexes,
and tunneling processes in slightly asymmetric potentials with tunneling switching and the development of a molecular quantum
switch. We then present a selection of recent results for isomerization reactions, bimolecular reactions, tunneling in ions, radicals
and electronically excited states, and of the motions of molecules inside a cage. We conclude with some remarks on certain general
problems related to tunneling.

7.1 INTRODUCTION
7.1.1 Aim and Overview of the Article
Tunneling is a fundamental quantum-mechanical phe-
nomenon with a wide range of applications in chem-
istry and physics, on which numerous books have been
written already. As far as atomic and molecular pro-
cesses are concerned, one must distinguish phenomena
where the “light” electrons are involved in tunneling
(for instance, in redox reactions, tunneling ionization
in strong fields, etc.) and processes, where the tunnel ef-
fect is important for the “heavy” particles, that is, the
atomic nuclei, where we assign the attribute “heavy”
also to “light nuclei” such as hydrogen and deuterium
where tunneling processes are of particular relevance.
The present review deals only with such processes in-
volving “heavy-particle” tunneling, which is also of-
ten called “quantum atomic and molecular tunneling”,
which also forms the theme of a conference series (Eck-
ert et al., 2015, 2017, 2019). The organization of the
chapter is as follows: After an introductory “tour d’hori-
zon” of the role of atomic and molecular tunneling in
current chemical and molecular dynamics, we provide a
brief sketch of the history of the tunnel effect, which
is motivated by some interesting aspects of the early
history, on the one hand, and by the frequent misrep-
resentations and misconceptions of that history in the
literature, on the other hand. In the main part of the
article we discuss in turn various topics of particular
current interest, as already outlined in the abstract and
table of contents, and we conclude with some remarks

and an outlook. The present article is in part based on
an earlier brief review (in German) (Seyfang and Quack,
2018).

7.1.2 The Quantum Mechanical Tunneling
Process for “Heavy” Particles (Atoms
and Molecules): a Tour d’Horizon

Tunneling processes with the motion of electrons are
dominating many physical and chemical processes
due to the small mass of the electron. The quantum-
mechanical tunneling process was discovered, however,
by Friedrich Hund (1927a; 1927c; 1927b) for the ex-
ample of molecular transformations with the motion
of “heavier” atomic particles, like the stereomutation
of the enantiomers of chiral molecules or for the “text-
book example” of the inversion motion of ammonia,
NH3. The early history is found in text- and handbooks
of spectroscopy and kinetics (Herzberg, 1939, 1945;
Bell, 1980), and historical articles (Quack, 2014), and
also for recent developments, for example, in Quack
and Merkt (2011). We shall give a brief summary below.
Remarkable progress has been made recently by the de-
velopment of new spectroscopic methods (Quack and
Merkt, 2011), and especially by theoretical methods for
the description of high-dimensional quantum mechan-
ics of polyatomic molecules (Császár et al., 2012, 2020,
Chapter 2, Carrington, 2011; Yamaguchi and Schaefer,
2011; Breidung and Thiel, 2011; Tennyson, 2011) in the
framework of the equally high-dimensional underlying
potential hypersurfaces (Marquardt and Quack, 2011).
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FIG. 7.1 H2O2 in its two enantiomeric equilibrium
geometries: P-enantiomer on the left and M-enantiomer on
the right connected by a fast tunneling reaction (after
Quack, 1999, see also Fehrensen et al., 1999a,b, 2007).

The still today widespread classical molecular dy-
namics (MD) with empirical force fields (van Gunsteren
et al., 2006; Riniker et al., 2012; Meier et al., 2013b;
Karplus, 2014; Levitt, 2014; Warshel, 2014), as well as
Car–Parrinello “ab initio” MD based on the potential
hypersurfaces from density functional theory (Car and
Parrinello, 1985) neglect the quantum mechanical tun-
nel effect which might be crucial for many processes
with themotion of H-atoms and, as we know today, also
for many processes with the motion of heavier atoms
(like C, N, S, Cl, etc.), also in many biologically relevant
reactions (Allemann and Scrutton, 2009). The develop-
ment of exact procedures and “good” approximation
procedures for the description of the tunneling process
are therefore a field of research with vigorous develop-
ment.

Thereby in the first place, Diffusion QuantumMonte
Carlo (DQMC) methods have been applied for the full-
dimensional description of tunneling processes in the
simplest hydrogen-bond complexes like (HF)2 (Quack
and Suhm, 1991a, 1995; Klopper et al., 1998b), later on
the more widely usable DVR-methods (discrete variable
representation) (Meyer, 1970; Luckhaus and Quack,
1992; Bac̆ić and Light, 1989; Light and Carrington,
2001; Carrington, 2011; Tennyson, 2011), which also
allowed for a first full-dimensional time-independent
and time-dependent description of stereomutation re-
action between the two enantiomers of the hydrogen
peroxide molecule HOOH (Fehrensen et al., 1999b,
2007) (see also Fig. 7.1). Today exact methods are im-

plemented in software packages like GENIUSH (Fábri
et al., 2011; Császár et al., 2012; Császár and Furten-
bacher, 2016). This accurate approach has recently been
combined with the accurate theoretical treatment of
the interaction with coherent radiation fields (Quack,
1978) to provide a full-dimensional quantum picture
of the control of the tunneling motion in ammonia
isotopomers (including the chiral NHDT) (Fábri et al.,
2019). Exact treatments can also be used for the vali-
dation of approximation methods like the quasiadia-
batic channel RPH method (Fehrensen et al., 1999b,
2007, 1999a), (reaction path Hamiltonian, Miller et al.,
1980), which also can be related to older methods such
as the statistical adiabatic channel model (Quack and
Troe, 1974, 1998; Merkel and Zülicke, 1987) or similar
methods (Hofacker, 1963; Hougen et al., 1970), related
to “adiabatic transition state theory”. Approximation
concepts related to semiclassical dynamics and transi-
tion state theory (Miller, 1975b) are also found in the
instanton theory of the tunneling process (Benderski
et al., 1994; Zimmermann and Vaníček, 2010; Richard-
son, 2016; Richardson et al., 2015; Kästner, 2014b,a),
see also Chapter 9 (Cvitaš and Richardson, 2020). Ad-
ditional newer developments are found in the RPD-
method (ring polymer dynamics) (Richardson and Al-
thorpe, 2009, 2011; Richardson, 2016). The develop-
ment of the quantum mechanical path integral method
for the description of tunneling processes has great po-
tential for an extension of the program systems of the
classical MD for the application to biomolecular tun-
neling processes (Ceriotti et al., 2011; Mátyus et al.,
2016; Zimmermann and Vaníček, 2010; Buchowiecki
and Vaníček, 2010; Marx, 2006; Ivanov et al., 2015, see
also Marquardt and Quack, 2020, Chapter 1), where
there are also a large number of experimental investi-
gations (Roston and Kohen, 2013; Roston et al., 2014;
Francis et al., 2016; Luk et al., 2013; Ruiz-Pernía et
al., 2013; Chan-Huot et al., 2013; Shenderovich et al.,
2015).

Another very versatile procedure for the description
of the quantum dynamics of polyatomic molecules in-
cluding tunneling is based on the MCTDH method
(multiconfiguration time-dependent Hartee) (Meyer et
al., 1990, 2009; Ansari and Meyer, 2016; Manthe, 2015).
The “multimode” package has also been applied to tun-
neling processes, together with an RPH-like approxi-
mation (Carter et al., 2013; Wang and Bowman, 2013;
Homayoon et al., 2014). An interesting theoretical de-
velopment is also found in the investigation of the
“electronic” and “nuclear flux” in the tunneling process
(Grohmann et al., 2013; Liu et al., 2015; Bredtmann et
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al., 2015; Hermann et al., 2016; Bredtmann et al., 2016;
Lu et al., 2016).

We have mentioned here a selection of recent theo-
retical methods for the description of the tunneling pro-
cess which can now be applied to interesting physical-
chemical processes. We shall turn to these after provid-
ing a short survey of the history of the discovery of the
tunnel effect.

7.1.3 A Brief History of the Discovery of the
Tunnel Effect and Further
Developments

When one discusses the history of the tunnel effect, one
must distinguish between the experimental observation of
phenomena which involve the tunnel effect and the theoreti-
cal understanding of the underlying effect based on quantum
mechanics and wave mechanics. Only the latter should be
counted as part of the history of the discovery of the
“tunnel effect” properly speaking. Otherwise one would
have to tell the history of all kinds of wave phenomena,
including even macroscopic surface wave phenomena
(Stocker and Johnson, 1991) (which can be related to
the tunnel effect) in the long and old history of sci-
ence. Also, radioactive α-decay was discovered experi-
mentally early on by Rutherford (1900), but without
any understanding of the underlying quantummechan-
ical phenomena. Indeed, it is the discovery and theoret-
ical understanding of this most striking phenomenon
of transgressing a potential barrier without ever having
sufficient energy to overcome that barrier – completely
impossible, even unthinkable of in classical mechanics
– which should be qualified as the discovery of the tun-
nel effect. This discovery was made by Friedrich Hund
(1927a; 1927c; 1927b) in a theoretical investigation
of certain spectroscopic and kinetic consequences of
the quantum-mechanical treatment of the vibrational
(vibrational-tunneling) dynamics of molecules, in par-
ticular chiral molecules and pyramidal molecules such
as ammonia. In this early work Hund provided a careful
explanation of the quantum mechanical phenomena
and the basic equations for the relation of the “tunnel-
ing splitting” �E between energy eigenstates of differ-
ent parity in such molecules and their time evolution,
which we quote here as the tunneling period τ ,

τ = h/�E, (7.1)

and the transfer time for the motion of the molecular
system from one well in a double minimum potential
to the other well separated by a potential barrier much
exceeding the total available energy of the molecule (see
also Figs. 7.2 and 7.5 further below)

ttransfer = τ/2= h/(2�E). (7.2)

Hund then proceeds to discuss also the dependence
of the tunneling time upon shape, with height and
width, of the potential barrier. With simple quantum-
mechanical estimates of the Born–Oppenheimer like
potential barriers for substituted chiral methane deriva-
tives, he calculated lifetimes longer than millions of
years for such chiral molecules, therefore resolving what
was later often called by others “Hund’s paradox”: The
fact that for chiral molecules one does not observe the
energy eigenstates of well defined parity (assuming par-
ity conservation to be exact as was common then) but
localized time-dependent states. The predicted long life-
times would provide a resolution of the “paradox” (see
also Janoschek, 1991). We shall see in Section 7.2 that
the physics of the situation is changed today fundamen-
tally. We might also note in passing that later (Pfeif-
fer, 1983) and Primas (1981) have discussed another
paradox: Why can one synthesize and buy the chiral
enantiomers but not the achiral superpositions which
might be assumed to be more “natural” by being en-
ergy eigenstates? As pointed out in Quack (1989), this
latter paradox has two solutions: first, by dominant par-
ity violation making, in fact, the chiral states to be the
energy eigenstates, and second, because the phase re-
lations necessary for the superpositions or “parity iso-
mers” are quickly destroyed by collisions.

Returning to the history of tunneling, the next effects
to be treated along these lines were electron emission
(Fowler and Nordheim, 1928) and α-decay (Gamov,
1928b,a; Gurney and Condon, 1928, 1929). Indeed,
Gamov’s work on α-decay is frequently referred to as the
discovery of the tunnel effect in the literature, frequently
also without any mention of Hund. A recent example
amongmany is the article by Reiss (2014), although his-
torical articles and books do mention the earlier work
of Hund (Bell, 1980; Devault, 1984; Merzbacher, 2002).
The work of Gamov and of Gurney and Condon was ac-
tually carried out independently and essentially simul-
taneously (the first paper by Gurney and Condon has
a submission date 30 July 1928, published September
1928, and the paper by Gamov has a submission 2 Au-
gust 1928, published shortly thereafter in 1928). Both
papers date from about a year after the work of Hund,
thus quite long afterwards. Indeed, Gurney and Condon
(1928) make explicit reference to Hund’s publication,
noting also the similarly striking, very strong depen-
dence of the tunneling rate upon barrier height and
width. While this work carried out in another continent
across the Atlantic thereby gives explicit reference and
credit to the earlier work of Hund, the paper of Gamov
submitted from Göttingen in the Zeitschrift für Physik,
thus from the same place and in the same journal (also
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in German) just like Hund’s (1927a; 1927c; 1927a)
work makes no mention of Hund’s publication. Gamov
mentions earlier work by Oppenheimer (Oppenheimer,
1928) and Nordheim (Fowler and Nordheim, 1928)
on electron emission. It seems unlikely that, while in
Göttingen and being a reader of Zeitschrift für Physik,
Gamov did not know about Hund’s work. Thus the
omission is striking. Similarly later Eckart (1930) and
Bell (1933) make no mention of Hund’s work in their
treatment of the tunnel effect while Wigner (1932) does
mention it in the very first instance as being important
for chemical reaction. In these early papers the word
“tunneling” is not used for the effect. Wigner (1932)
calls it “non-mechanical transgression” (unmechan-
isches Überschreiten) and Born and Weisskopf (1931)
in a treatment of adsorption use the words “break-
ing the energy barrier” (“Durchbrechung der Energie-
schwelle”). On the other hand, Cremer and Polanyi
(1932) already use the expression “tunneling-theory”
(“Tunneltheorie”) and “tunnel-effect” (“Tunneleffekt”)
in their treatment of quantum effects in heterogeneous
catalysis, see also Schottky (1931, writing about a “wave-
mechanical tunnel effect” (einen wellenmechanischen
Tunneleffekt)). Later much use is made of these ex-
pressions and also of the effect in chemical reactions,
particularly in relation to non-classical “tunneling cor-
rections” to transition state theory (Eyring, 1938a,b;
Wigner, 1938; Eyring et al., 1944; Bell, 1980). We shall
add just a sketch of further developments. The early
work is usually restricted to one-dimensional treat-
ments of tunneling both in terms of model problems
for various processes (Heilbronner et al., 1956; Brick-
mann and Zimmermann, 1968, 1969; Löwdin, 1963;
Zimmermann, 1964) and in applications to spectro-
scopic problems (Herzberg, 1939, 1945), where even
the one-dimensional treatment was considered to be
quite demanding numerically until about 1970, giving
motivation to provide and use solutions in extended
tables (see, e.g., Coon et al., 1966; Quack and Stock-
burger, 1972). Similarly in transition state theory, nu-
merous one-dimensional tunneling corrections were
discussed (see, e.g., the review by Truhlar et al., 1996)
or mentioned in the state selective version of transition
state theory in the framework of the statistical adia-
batic channel model (SACM) (Quack and Troe, 1974,
1998). An important development towards multidi-
mensional tunneling theory arose from Miller’s semi-
classical approach towards quantum dynamics (Miller,
1974, 1975a, 2014), which can be considered to be re-
lated to WKB theory (Wentzel, 1926; Kramers, 1926;
Brillouin, 1926) which itself can be related to the “old”
quantum theory of Bohr and Sommerfeld (see Merkt

and Quack, 2011). Multidimensional tunneling is thus
incorporated into transition state theory (Stratt et al.,
1979; Hernandez and Miller, 1993; Clary, 2018; Shan
et al., 2019) and in the so-called instanton theory of
tunneling (Miller, 2014; Benderski et al., 1994; Goldan-
skii, 1976; Richardson, 2016, 2018; Richardson and
Althorpe, 2011; Meisner and Kästner, 2018; Rommel et
al., 2011). As mentioned, the approximate reaction-path
Hamiltonian (RPH) is an alternative to multidimen-
sional tunneling in transition state theory (Miller et
al., 1980). It is essentially a version of adiabatic tran-
sition state theory, see also Hofacker (1963); Marcus
(1964, 1965); Quack and Troe (1974, 1998). An ex-
tension is based on an idea of the statistical adiabatic
channel model (SACM) to “diabatize” vibrationally adi-
abatic channels in such a way that certain channels may
cross in order to allow them to maintain their physical
nature, which leads to the quasiadiabatic channel RPH
model (Fehrensen et al., 1999a,b, 2007; Prentner et al.,
2015), which has been successfully applied to spectro-
scopic problems and tested against full-dimensional,
“numerically exact” computations of stereomutation
(Fehrensen et al., 2007; Quack et al., 2008). By now,
exact quantum dynamics for tunneling has been car-
ried out, for example, using diffusion quantum Monte
Carlo (DQMC) techniques for the dimer (HF)2, indeed,
already some time ago (Quack and Suhm, 1991a) much
extended later on, using other techniques (Vissers et al.,
2003; Wu et al., 1995; Felker and Bac̆ić, 2019). Full-
dimensional vibration–rotation–tunneling, including
time dependence under coherent laser excitation, was
studied most recently for the prototype system of am-
monia isotopomers (Fábri et al., 2019) which brings us
to modern times to be discussed from here onwards.

7.2 TUNNELING AND PARITY VIOLATION IN
CHIRAL MOLECULES

7.2.1 Exact and Approximate Studies of
Tunneling in Prototypical Molecules:
Hydrogen Peroxide and Ammonia
Isotopomers

Chiral molecules have, as already mentioned, played a
central role in the history of the discovery of the tun-
neling process (Hund, 1927a,c,b; Bell, 1980; Quack,
2014). Fig. 7.1 shows the H2O2 molecule with the two
enantiomers in their equilibrium geometry. This was to
our knowledge the first example where a reaction of
stereomutation was described on a full-dimensional po-
tential surface with all 6 internal degrees of freedom
(Kuhn et al., 1998) and a quantum-mechanical treat-
ment with exact DVR methods for the spectroscopic
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TABLE 7.1
Tunneling splittings from the numerically exact solution (�ν̃6D

i
), from the quasiadiabatic channel RPH

approximation (�ν̃RPH
i

) and from experiment (�ν̃
exp
i

). T6D is the tunneling transfer timea.

i ωi/cm−1 ν̃
exp
i

/cm−1 ν̃6D
i

/cm−1 �ν̃
exp
i

/cm−1 �ν̃6D
i

/cm−1 �ν̃RPH
i

/cm−1 T6D/ps

0 0.0 0.0 0.0 11.4 11.0 11.1 1.5

1 3778 3609.8 3617.7 8.2 7.6 8.4 2.2

2 1453 1395.9 1392.0 (2.4?) 6.1 5.0 2.7

3 889 865.9 850.5 12.0 11.1 10.8 1.5

4 392 254.6 259.3 116 118 120 0.14

5 3762 3610.7 3605.8 8.2 7.4 7.4 2.0

6 1297 1264.6 1236.5 20.5 20.8 21.8 0.8

a After Fehrensen et al., 1999b, 2007.

stationary states and the time-dependent wave packet
dynamics of the tunneling process (Fehrensen et al.,
1999b, 2007). Hydrogen peroxide is well suited as a
prototype molecule for such investigations due to the
large tunneling splitting of ca. 10 cm−1 in the ground
state which leads to the result that effectively a quantum
dynamics in the spirit of Hund is valid independent of
the also existing, but for the dynamics negligible, par-
ity violation (see below) (Bakasov et al., 1996, 1998;
Berger and Quack, 2000a,b). In Table 7.1 the tunnel-
ing splittings from the numerically exact solution are
compared to the approximate results from the quasia-
diabatic channel RPH approach and to experimental
results. The strongly mode selective tunneling times as a
function of the excitation of the different degrees of free-
dom can be recognized. Thus by exciting various vibra-
tional modes, say with a pulsed laser, one can control
the stereomutation rates. For example, the excitation of
the OH-stretching vibration results in a slowing down
of the tunneling process even though the excitation en-
ergy is a multiple of the barrier height: it remains an ef-
fectively quasiadiabatic tunneling process with a slightly
modified effective quasiadiabatic channel potential and
moment of inertia (“quasi”-tunneling mass) slightly in-
creased by the excitation of the OH-stretching vibration
which explains qualitatively the slowing down of the
process. Similar effects have been found for the inver-
sion motion in the aniline isotopomers (with the chiral
isotopomer C6H5NHD) (Hippler et al., 2011; Albert et
al., 2016d), which shows such a mode selective “non-
statistical” tunneling process with a slowing down after
NH-stretching excitation despite the very high density
of states at high excitation.

FIG. 7.2 Six-dimensional wave packet evolution for H2O2;
|�|2 shows the time-dependent probability as a function of
the torsional coordinate, where the probability density is
integrated over all other coordinates: (A) shows the time
interval 0–5 ps and (B) the time interval 100–105 ps with
identical initial conditions at t = 0 as in (A) (Fehrensen et al.,
1999b, 2007). The migration of the wave packet from the left
to the right corresponds to a change from one enantiomer
to the other in Fig. 7.1.

Fig. 7.2 shows as an example the “wave packet dy-
namics” in the ground state of the H2O2 molecule in
terms of the 6-dimensional quantum-mechanical prob-
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FIG. 7.3 The lowest torsional wavefunctions supported by the adiabatic channel corresponding to the
antisymmetric bending fundamental ν6 (calculated with the RPH model). (Full lines) Wavefunctions of
positive parity (+); (Dotted lines) Wavefunctions of negative parity (-). The ordinate axis labels refer to the
energies E/(hc cm−1), the wavefunctions are shown without scale for illustration, centered at the positions
of the corresponding energy levels (after Fehrensen et al., 2007).

ability density as a function of the torsional angle (in-
tegrated over the other 5 degrees of freedom). One can
see the initially, at time t = 0, “left” localized density
which shows an approximately Gaussian shape around
the equilibrium geometry of the “left” enantiomer and
which after 1.5 ps transforms to the “right” localized
wavepacket close to the equilibrium geometry of the
second (“right”) enantiomer.

The detailed full-dimensional analysis of the wave-
packet dynamics can be used to test the validity of
the quasiadiabatic channel-RPH approximation, which
turns out to be a remarkably good approximation for
this example. Even at high energies one finds indeed
quasiadiabatic tunneling above the barrier. The different
tunneling velocities for various excitations of different
channels in all possible degrees of freedom can be used
for a “mode selective” tunneling control of the reaction
velocity, for instance, with the help of laser excitation
(Prentner et al., 2015; Fábri et al., 2019).

Fig. 7.3 shows a quasiadiabatic channel potential
with one quantum excitation of the antisymmetric
bending fundamental ν6 in HOOH, together with the
supporting torsional wavefunctions. As seen from Ta-
ble 7.1, this excitation leads to an enhancement of the
tunneling rate by a factor of 2, and the quasiadiabatic
channel RPH result is within 5% of the exact result.
The time-dependent wavepackets from the exact and ap-
proximate results are virtually indistinguishable by eye
although the small numerical differences can, of course,
be established easily (Fehrensen et al., 2007).

While rotation was treated approximately by
Fehrensen et al. (1999b, 2007), in the recent work
on tunneling in ammonia isotopomers all degrees of
freedom (vibration and rotation) were treated numer-
ically exactly in a 9-dimensional vibration–rotation–
tunneling calculation (Fábri et al., 2019). In addition
to tunneling wavepackets in the isolated ammonia
isotopomers, the control of tunneling rates by well-
designed electromagnetic (laser) radiation fields was
studied in this work. Fig. 7.4 shows the tunneling en-
hancement achieved for the chiral isotopomer NHDT,
where with a suitable laser excitation a transfer time of
40 ps can be obtained compared to a transfer time of
150 ps in the isolated NHDT molecule in its ground
state.

7.2.2 Tunneling in Chiral Molecules Where
Parity Violation Dominates Over
Tunneling

At the time of Hund’s discussion of chiral molecules
(1927), parity conservation was assumed to be rigorous.
The discovery of parity violation in particle physics (Lee
and Yang, 1956; Wu et al., 1957; Garwin et al., 1957;
Friedman and Telegdi, 1957; Schopper, 1957) leads to
a fundamental change also in the tunneling dynam-
ics of chiral molecules, as a consequence in molecular
physics arising from high energy physics. Such tunnel-
ing processes and their theoretical analysis have gained
recently a new fundamental interest in connection with
the phenomenon of parity violation in chiral molecules
(Quack, 2011b; Quack et al., 2008). Indeed, parity vi-



CHAPTER 7 Atomic and Molecular Tunneling Processes in Chemistry 237

FIG. 7.4 Reduced probability density as a function of the inversion coordinate ϕ and time t for NHDT. The
two enantiomeric structures correspond to ϕ � 120◦ and ϕ � 240◦, respectively. The left and right panels
show reduced probability densities (probability densities integrated over all other coordinates) for the
tunneling enhancement (left) and field-free dynamical schemes (right). The parameters of the laser pulse are
ν̃0 = 793.5.0 cm−1, Imax = 3.15 GWcm−2, and tp = 40 ps (after Fábri et al., 2019).

FIG. 7.5 Illustration of the symmetrical potential (left, as discussed by Hund 1927a; 1927c; 1927b) for
chiral molecules and the asymmetry induced by the electroweak interaction in an originally symmetric
double minimum potential (right, see Quack et al., 2008; Quack, 1986, 2015b).

olation creates an effectively asymmetric potential for
tunneling as shown in Fig. 7.5, as calculated by “elec-
troweak quantum chemistry” derived from the standard
model of particle physics (SMPP) which allows one to
obtain the very small extra potential showing the asym-
metry (it should not be viewed as Born–Oppenheimer
potential; Bakasov et al., 1996, 1998). While older the-
ories of this effect were incorrect by one to two or-
ders of magnitude, the new theoretical values (Bakasov
et al., 1996, 1998; Berger and Quack, 2000a,b; Quack
and Stohner, 2000) are now confirmed by several re-
search groups (see reviews in Quack et al., 2008; Quack,
2011b, 2015b,a). The asymmetric potential distinguish-
ing between the enantiomers is predicted to be in the
sub-feV range (corresponding to about 100 pJ/mol); it
dominates the dynamics in molecules with very small
tunneling splitting (Prentner et al., 2015). Recent ex-
amples of this kind are the HOOH-analogue molecule
ClOOCl (Prentner et al., 2015; Horný and Quack, 2015;
Horný et al., 2016) and the 1,2-dithiine molecule (Al-
bert et al., 2016a,b). A further example with a more

complex tunneling dynamics is the HSSSH molecule,
trisulfane (Fábri et al., 2015). In this molecule typi-
cal tunneling splittings �E± on the order of less than
(hc) ·10−20 cm−1 (corresponding to about 1 yeV, yocto-
electronvolt = 10−24 eV) are calculated for the ground
state, while the parity violating energy difference �PVE,
corresponding to the effective asymmetry of the po-
tential, is calculated in the range from (hc) · 10−11 to
10−12 cm−1 (corresponding to ca. 1 to 0.1 feV, see also
Prentner et al., 2015; Horný and Quack, 2015; Horný et
al., 2016; Albert et al., 2017, 2016a,b; Fábri et al., 2015).
For these cases, as always when one has

�PVE � �E±, (7.3)

parity violation is dominating the quantum dynamics,
as demonstrated also quantitatively for ClSSCl (Berger
et al., 2001). Indeed, in the work on ClSSCl a new ex-
trapolation method was developed based on WKB the-
ory and exact calculations in order to estimate tunneling
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FIG. 7.6 (A) Sequence of the steps in the experiment to measure the parity violating energy difference
�PV E (Quack, 1986, 2015b). (B) Time evolution of the measured spectra under the influence of the parity
violating energy difference �PV E after preparation of a superposition state with initially negative parity (in
the example, the reverse would be equivalent) (Quack et al., 2008; Quack, 2015b). (n = (ν − ν0)/ν0 is a
reduced frequency scale and s(n) is a reduced absorbance signal.)

splittings �E± � (hc)10−60 cm−1 for the hypothetical
symmetrical potential while �EPV � (hc)10−12 cm−1.

The extremely small values of �PVE can be mea-
sured according to a scheme shown in Fig. 7.6. After the
selection of a parity state, a “parity isomer” of a chiral
molecule is prepared which is at the same time an R
and S (or P and M) enantiomer, therefore a superposi-
tion of both enantiomers, which shows a well-defined
parity (a negative parity in our example of Fig. 7.6).
Due to parity violation, this state develops into a state
of opposite parity which shows a different spectrum

(Fig. 7.6B), where the population p+ (t) of the new state
(initially forbidden) follows the equation

p+(t) = sin2(πt�PVE/h) = 1− p−(t), (7.4)

and approximately at the beginning (for small values of
t and the argument of the sin2 function)

p+(t) ≈ π2t2�PVE2/h2. (7.5)
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FIG. 7.7 Model calculations for the laser preparation (red) and of the laser detection (blue) for the
measurement of the parity violating energy difference in an XYYX-molecule (Cl2O2). The wave functions of
the levels populated by the laser excitation are shown (after Prentner et al., 2015).

This state of positive parity can then be detected very
sensitively by multiphoton ionization as a function of
time.

For the example of the achiral ammonia molecule
NH3, it could be shown recently in test experiments that
a sensitivity can be reached which allows, in principle,
for the measurement of values of �PVE � 100 aeV or
larger (Dietiker et al., 2015). A simulation for the realis-
tic example of the chiral ClOOCl molecule shows that
in principle for this molecule a measurement should be
possible (Prentner et al., 2015) (see also Figs. 7.7 and
7.8). This simulation is a first example where tunneling
processes including the weak parity violating interac-
tion and coherent laser excitation could be addressed.
In addition to the quasiadiabatic RPH approximation
for the multidimensional tunneling process, also the
rotational states have been considered explicitly with
an approximate effective Hamilton operator. The time-
dependent interaction with the coherent laser field has
been calculated with and without the quasiresonant ap-
proximation (Quack, 1978; Quack and Sutcliffe, 1985,
1986; Marquardt and Quack, 1989, see also Chapter 1,
Marquardt and Quack, 2020). However, there are no
appropriate lasers available in the necessary frequency
range for the ClOOCl molecule.

The laser sources for such a molecular beam exper-
iment in the mid-infrared (Dietiker et al., 2015) are
in principle available for molecules like 1,2-dithiine
and trisulfane which should have appropriate molec-
ular states above 2500 cm−1 for the parity selection.
The relatively complex spectra of these molecules are
currently subject of intense investigations (Albert et al.,
2017, 2016b,a; Fábri et al., 2015). Fig. 7.9 shows the
potential for the tunneling process and the parity vio-
lating potential in dithiine for which a very favorable,
relatively high value for �PVE is predicted (approxi-
mately 1 feV or �PVE/hc � 10−11 cm−1). For the ex-
ample of the trisulfane, due to the two hindered S–H-
rotors, in principle, a two-dimensional tunneling prob-
lem has to be solved for which the 2-dimensional po-
tential surface is shown in Fig. 7.10. However, trisulfane
has the advantage that for such a 5-atomic molecule to-
day, in principle an exact multidimensional calculation
is feasible (9-dimensional) which will for a long time
not be possible for larger molecules like 1,2-dithiine.
These problems of the tunneling dynamics including
parity violation are the subject of current studies at
the limit of experimental and theoretical possibilities
and of our knowledge of effects reaching from high
energy physics to molecular quantum dynamics. Trisul-
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FIG. 7.8 (A) Time dependence of the wave packet for ClOOCl from Fig. 7.7 after the end of the preparation
step. For t = 40 μs, a wave packet with well defined parity is obtained. (B) Time evolution of the level
population p+(t) corresponding to �PV E � �E± (blue) and p+(t) = sin2(πt�PV E/h) = 1− p−(t) or
approximated by p+(t) = π2t2�PV E2/h2 (red). The insert shows the evolution for the first 50 ms (after
Prentner et al., 2015).

FIG. 7.9 Calculated symmetric Born–Oppenheimer potential (blue, scale to the left) and the parity violating
antisymmetric potential (red, scale to the right) for 1,2-dithiine. The structure of the two enantiomers is
displayed in the upper part of the figure (after Albert et al., 2016b).
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FIG. 7.10 One- (upper) and two-dimensional potential (lower part) energy surface for trisulfane, HSSSH.
Also displayed are the different laser steps to measure the parity violating interaction �PV E in trisulfane as
given by the arrows in the scheme in the upper part of the figure (Fábri et al., 2015; Albert et al., 2017). For
the nomenclature of P and M see Helmchen (2016); �PVE is greatly overemphasized (not to scale) for this
illustration.

fane, HSSSH, is also interesting at a more conventional
level of tunneling processes, as it shows “sequential
tunneling” trans(P) → cis → trans(M) with an inter-
mediate cis structure of slightly higher energy than the
two trans structures (P and M) for which the energy
difference �PVE is overemphasized (not to scale); see
Fig. 7.10.

7.3 TUNNELING PROCESSES IN WEAKLY
BOUND COMPLEXES

The dimer (HF)2, Fig. 7.11, is prototypical for hydro-
gen bond complexes and is the first example where
the tunneling process for the reorganization of the hy-
drogen bound has been investigated by high-resolution
microwave (MW) spectroscopy (Dyke et al., 1972) and
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FIG. 7.11 Scheme of (HF)2 conformations and inter
conversions with definition of the numbering of the nuclei
for the molecular symmetry group (after von Puttkamer and
Quack, 1987).

later understood in detail by full-dimensional calcula-
tions (Quack and Suhm, 1991a; Klopper et al., 1998b).
Here too, the mode selectivity showed pronounced
non-classical and non-statistical behavior (Manca et al.,
2008; Quack, 1981; von Puttkamer and Quack, 1989).
Because (HF)2 has been such an important prototype in
our understanding of hydrogen bond tunneling dynam-
ics, we add a little more detail here. This dimer is highly
non-rigid with large amplitude motions, both by vibra-
tion and rotation, which greatly influence the tunneling
rearrangement process shown in Fig. 7.11. Thus it is the
permutation inversion group S∗

2,2 = S2 × S′
2 ×S∗ and

its subgroups such as MS4 which are relevant for ana-
lyzing the spectroscopy and quantum dynamics for the
vibration–rotation–hydrogen-bond–tunneling motion.
We use the notation of Quack (1977, 2011b); Merkt and
Quack (2011) where S2 is the symmetric group of the
permutations of the two equivalent H atoms (or pro-
tons) 1 and 3, S′

2 corresponds to the F nuclei 2 and 4,
and S∗ is the inversion group. Table 7.2 provides the rel-

evant character tables (from von Puttkamer and Quack,
1987). We note that the character table for S∗

2,2 is not
given explicitly but is easily obtained, because of the
direct product property S∗

2,2 = S2,2 ×S∗, by taking the
table for S2,2 and adding E∗ and all permutation in-
versions with a star such as (13)∗, etc. The symmetry
species A1, A2, B1, B2 will have an exponent “+” for
all characters of the starred operations being the same
as the unstarred and will have an exponent “–” for all
species where the characters of the starred operations
have the opposite sign compared to the unstarred oper-
ation (thus + and – indicate positive and negative parity
for the same species in the permutation group).

Because the barrier to exchanging protons attached
to different F atoms is very high (Klopper et al., 1998a)
the tunneling splitting corresponding to such exchanges
is not observed and the subgroup of feasible permutat-
ion-inversion operations, according to Longuet-Higgins
(1963), is the molecular symmetry group MS4 of or-
der 4 given in Table 7.2 as well. This has four symme-
try species A+, A−, B+, B− in the systematic notation
of Quack (1977) (with an alternative notation being
added in parenthesis), which assigns unique permuta-
tion species (symmetric A, antisymmetric B) and parity
(positive + and negative –). This group describes the
observable tunneling splittings for the rearrangement
process of Fig. 7.11. It should be noted here that the
concept of “feasible” symmetry operations of Longuet-
Higgins (1963), which has occasionally been criticized,
invokes the concept of “high barriers” in the Born–
Oppenheimer approximation preventing “feasibility”.

TABLE 7.2
Character tables for the symmetry groups of the dimer (HF-HF).

(a) Character table of the molecular symmetry group MS4 of (HF)2 (after von Puttkamer and Quack, 1987)

Species E E∗ (ab)
(13)(24)

(ab)∗
(13)(24)∗


(MS4) ↑ S∗
2,2

A+(Ag) 1 1 1 1 A+
1 + A+

2

A−(Au) 1 −1 1 −1 A−
1 + A−

2

B+(Bu) 1 1 −1 −1 B+
1 + B+

2

B−(Bg) 1 −1 −1 1 B−
1 + B−

2

(b) Character table for S2,2
Species E (13) (24) (13)(34) (S2,2) ↓ MS2

A× A ≡ A1 1 1 1 1 A

B× B ≡ A2 1 −1 −1 1 A

B× A ≡ B1 1 −1 1 −1 B

A× B ≡ B2 1 1 −1 −1 B
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FIG. 7.12 Scheme for the observed rovibrational transitions assigned to the torsional (out of plane
bending) fundamental of (HF)2; 
vb
r = 
vrb is the vibrational, rotational symmetry species including the
bending motion with the tunneling splitting; 
r is the rotational symmetry species (after von Puttkamer and
Quack, 1987). The nuclear spin statistical weights gk are given in red color and help the unique assignment
of the high resolution spectra.

It can, however, be introduced much more rigorously
relying only on exact theory or, in fact, directly on
experiment, without invoking the Born–Oppenheimer
or other related approximations (Quack, 1985, 2011b;
Merkt and Quack, 2011; see also Chapters 1 and 2 and
Section 7.9 of the present chapter). Fig. 7.12 shows in
an exemplary way how these symmetry considerations
leading to selection rules and nuclear spin statistics al-
low for an assignment of tunneling spectra.

In the investigations of (HF)2 it turned out that tun-
neling depends in a highly mode-selective way on the
excitation of various degrees of freedom. The “low fre-
quency” motions such as strongly non-rigid K-rotation
of the near symmetric rotor and the out of plane bend-
ing, “librational” or “torsional” mode promote tunnel-
ing appreciably (von Puttkamer and Quack, 1987; von
Puttkamer et al., 1988). On the other hand, excitation
of the high frequency (HF)-stretching vibration (Pine
and Lafferty, 1983; Pine et al., 1984; Pine and Howard,
1986) as well as the even higher lying (HF)-stretching
overtones (von Puttkamer and Quack, 1985, 1989; Hip-
pler et al., 2007; Chuang et al., 1997; He et al., 2007; Yu

et al., 2005; Manca et al., 2008) leads to a decrease of
the tunneling splittings and a considerable lengthen-
ing of the tunneling times for the switching process in
Fig. 7.11. This early work has revealed many interesting
and fundamental facets of the hydrogen bond dynam-
ics in such clusters, see the early review (Quack and
Suhm, 1998). The possibilities for concerted proton ex-
change were studied systematically for the larger (cyclic)
hydrogen fluoride clusters, (HF)n (with n = 3–6) (Klop-
per et al., 1998a). It was shown that pair potentials are
quite insufficient to describe tunneling barriers, at least
3-body terms in the many body expansion must be in-
cluded (see also Quack et al., 1993b, 2001; Quack and
Suhm, 1997; Marquardt and Quack, 2011). The early re-
sults on simple prototype systems (HF)n can be seen as
an introduction to much later work on more complex
systems. (H2O)n is an obvious candidate of interest,
and we refer to the review by Cvitaš and Richardson
in Chapter 9 (Cvitaš and Richardson, 2020). Indeed,
many of the basic effects originally found in the quan-
tum dynamics of hydrogen fluoride clusters were later
also found in water clusters. These include the mode
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selective enhancement or inhibition of tunneling by ro-
tational and vibrational excitation, or the importance
of three-body terms in the development of the potential
hypersurfaces to give just two important effects (Quack
and Suhm, 1991a,b, 1995; Quack et al., 1997; Quack
and Suhm, 1998; Quack et al., 1993b, 2001; Klopper et
al., 1998a,b; Keutsch et al., 2001; Mukhopadhyay et al.,
2018; Barclay et al., 2019; Luzar and Chandler, 1996;
Luzar, 2000; Richard et al., 2014; Leforestier, 2012; Pae-
sani, 2016; Cole et al., 2015, 2017, 2018), and for many
body effects in water clusters see (Xantheas, 1996), for
example. But also other and evenmore complex systems
have found interest recently. Indeed, since then numer-
ous additional hydrogen-bond complexes have been
investigated. Tunneling processes are generally fast here,
due to the low barrier for these processes. Many experi-
mental studies have usedmicrowave- or IR-spectroscopy
(Grabow, 2011; Shipman and Pate, 2011; Caminati,
2011; Tanaka et al., 2011; Endo and Sumiyoshi, 2011;
Albert et al., 2011; Snels et al., 2011; Havenith and
Birer, 2011; Potapov and Asselin, 2014). Three relatively
complex recent examples concern the structure and tun-
neling in methylsalicylate-monohydrate (Ghosh et al.,
2015), benzoic-acid monhydrate (Schnitzler and Jäger,
2014), and the trimer of fluoroethanol (Thomas et al.,
2015) and the H2O2 - formic acid complex (Li et al.,
2018). Further complex tunneling systems have been
investigated by low temperature UV–VIS and NMR spec-
troscopy with the aim to understand the influence of
the polarity on the isomerization of carboxylate and
similar phenomena (Koeppe et al., 2013; Pylaeva et
al., 2015). Among the prototypical larger complexes re-
cent studies of the trimer (HF)3 could be mentioned
(Asselin et al., 2014) where already earlier a full di-
mensional potential with a many body potential ex-
pansion has been formulated (Marquardt and Quack,
2011; Quack et al., 1993a,b, 1997, 2001). (HF)n clusters
up to n = 6 have been studied by supersonic jet spec-
troscopy (Quack et al., 1993a; Luckhaus et al., 1995),
see also Nesbitt (1994) and this species has also led
to the first IR-spectroscopic observation of nanoclusters
(Quack and Suhm, 1997; Quack et al., 1997; Maerker
et al., 1997). Much effort has been devoted to under-
stand the far infrared and microwave spectra of water
clusters of different size theoretically (Richardson et
al., 2011, 2013, 2016, see also Cvitaš and Richardson,
2020, Chapter 9 in the current volume). Quantum ef-
fects and tunneling processes in supercooled water have
been investigated by neutron scattering and relaxation
spectroscopy (Agapov et al., 2015). The GENUISH pro-
gram was used to understand the spectra and tunneling
processes in ionic complexes F− (H2O)) and F− (D2

O)) (Sarka et al., 2016b) and for the important pro-
totypical complex (CH4–H2O) (Sarka et al., 2016a),
the prototype of the methane-hydrates (see also the re-
view by (Tanaka et al., 2011) for spectroscopic studies
of complexes). Tunneling phenomena may even be of
relevance in every day phenomena such as the slipper-
iness of ice. It was already established that this effect is
related to the surface mobility of H2O molecules by a
rolling motion, so far studied with a classical molecular
dynamics simulation in relation to experiments (Weber
et al., 2018). However, since such a motion involves re-
arrangement of hydrogen bonding, tunneling may be
important.

The double proton (or H-atom) transfer by tunnel-
ing in the dimer (HCOOH)2 of formic acid has a long
history as a simple straightforward example of this kind
of processes (Ortlieb and Havenith, 2007; Havenith and
Birer, 2011; Luckhaus, 2006; Zielke and Suhm, 2007;
Xue and Suhm, 2009, see also Quack and Jans-Bürli,
1986; Blumberger et al., 2000). Recently an attempt
was made to describe the process on a full dimensional
potential hypersurface (Qu and Bowman, 2016). Also
tunneling processes in the prototype systemmalonalde-
hyde still find much interest (Tautermann et al., 2002;
Hargis et al., 2008; Lüttschwager et al., 2013; Vaillant et
al., 2018, and references cited therein).

7.4 TUNNELING PROCESSES IN SLIGHTLY
ASYMMETRIC POTENTIALS,
TUNNELING SWITCHING, AND THE
MOLECULAR QUANTUM SWITCH

The very weakly asymmetric potentials of chiral molec-
ules under the influence of parity violation are an ex-
treme case which is still today only proven by theory
(Quack, 2011a,b). Somewhat larger asymmetries, but of-
ten still rather small ones, are found for isomerization
reactions of isotopically substituted molecules. For such
reactions the electronic Born–Oppenheimer potential
for the tunneling process is symmetric, see also Chap-
ters 1 and 2 (Marquardt and Quack, 2020; Császár et al.,
2020). Through an appropriate substitution with iso-
topes the effective potential becomes asymmetric due
to zero point energy effects. A straightforward exam-
ple is the rearrangement of the hydrogen bonding in
the dimer (HF)2 (Dyke et al., 1972; Quack and Suhm,
1991a,b; Klopper et al., 1998a,b). As discussed in Sec-
tion 7.3 this process exchanges the positions of the sym-
metrically equivalent (by the generalized Pauli principle
identical) H-atoms in the dimer. The tunneling split-
ting (�ET /hc) is approximately 0.7 cm−1 in the ground
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FIG. 7.13 If in the HF-Dimer one H is replaced by a D, then
the structures are distinguishable and the zero point energy
is different for the two structures.

state. If one H-atom is substituted by D the two struc-
tures become distinguishable (Fig. 7.13).

Even though the potential minima have the same en-
ergy within the Born–Oppenheimer approximation the
zero point energy of the two structures is different which
results in an energy difference of the ground states of
(�Eeff/hc) ≈ 70 cm−1 (Klopper et al., 1998b). As there
is

�Eeff � �ET , (7.6)

the energy levels of the corresponding isomers are local-
ized in the ground state. For more highly excited levels
one finds

�Eeff � �ET (7.7)

with delocalized eigenstates. This transition is called
“tunneling switching” (Quack andWilleke, 2006; Albert
et al., 2013). Another example is found in the mixed
H/D isotopomers of the CH+

4 -cations (Signorell et al.,
1999; Signorell and Merkt, 2000; Wörner et al., 2007;
Wörner and Merkt, 2009). The high resolution analyses
of tunneling processes of this kind inmore complex and
larger molecules are rare. It was predicted (Albert et al.,
2013) that for phenol, marked with deuterium in the
ortho or meta position, an energy difference on the or-
der of (�Eeff/hc) � 1 cm−1 is to be expected, orders
of magnitude larger than �ET in symmetric phenol
C6H5OH. This prediction and also the phenomena of
tunneling switching after excitation could be confirmed
recently in the high resolution analysis of the GHz-
(mm wave) and THz (FTIR)-spectra with synchrotron
radiation of meta-D-phenol (Albert et al., 2016c).

Fig. 7.14 shows a summary of the results for tran-
sitions between syn- and anti-isomers. For the ground
state and the transition to the first excited state of the
torsional vibration of the OH-group relative to the rigid
aromatic ring structure, an effectively localized struc-
ture is found which could be proven by the different
rotational constants of the two isomers in the rota-
tional spectra and also of the corresponding rotational-
vibrational spectra in comparison with the theory (Al-
bert et al., 2016c). One finds separate transitions for
both isomers, without transitions between the isomers.

Above the torsional state excited with 2 quanta, one
finds delocalized structures with correspondingly al-
lowed transitions between the syn- and anti-structures,
as is shown in the corresponding diagram of Fig. 7.14.
The transitions considered are slightly weaker than the
“main” transitions in the center of the spectrum, but
the rotational fine structure could be precisely simu-
lated and the corresponding spectroscopic parameters
could be ascertained. A similar picture is obtained in ab
initio predictions with the quasiadiabatic channel RPH
model where the agreement with experiment (without
any adjustment) is excellent within the uncertainty of
the quantum chemical electronic structure methods for
problems of this size. This first spectroscopic proof of
such a tunneling switching is on the one hand of im-
portance for the corresponding analysis of molecules
like 1,2-diithine showing tunneling switching with par-
ity violating potentials which then requires most highly
resolved, currently available laser spectroscopy. On the
other hand, tunneling switching in molecules like m-
D-phenol can be used for quantum mechanical molec-
ular switches and a possible quantum technology and
quantum mechanical machine of this kind (Albert et
al., 2016c; Fábri et al., 2018). Indeed, based on the
accurate spectroscopic data and the analysis for m-D-
phenol, a true molecular quantum switch could be re-
cently demonstrated. Fig. 7.15 shows the wavepacket
for the quantum switch transfer from a syn- to an anti-
structure, which behaves quasiclassically. On the other
hand, Fig. 7.16 shows the preparation of a “bistruc-
tural state” at the end of the laser pulse sequences,
which is a superposition of syn- and anti-structures and
shows time independent probability distributions, but
time dependent spectra. This type of quantum switch
may offer realistic opportunities for quantum machines
and quantum computing in the future (Fábri et al.,
2018).

Here we should point out also a fundamentally new
isotope effect which is introduced by the parity violating
interaction in “isotopically chiral” molecules (Quack,
1989). This effect has been calculated quantitatively for
the first time (for PF35Cl37Cl) in Berger et al. (2005).
It arises from the differences in the electroweak charges
QW of the nuclei as available from the standard model
of particle physics (SMPP) see Quack (2006) and Mar-
quardt and Quack (2020), Chapter 1. A requirement
for this effect and for stable isotopic chirality is a suf-
ficiently small tunneling splitting (e.g., not fulfilled in
the case of NHDT or hydrogen peroxide) for the stere-
omutation. The small effects of isotopic chirality have
been discussed recently in connection with asymmet-
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FIG. 7.14 (Top) Conformers of the meta-D-phenol. (Middle) Scheme of the energy levels with respect to
the tunneling coordinate up to vT = 2. (Bottom) Measured spectrum for the transition from vT = 1 to vT = 2,
compared to a simulation with the fitted parameter of an effective Hamiltonian and with the parameters of
the RPH-prediction. The transitions, which are crossing over between left and right in the level scheme,
correspond to the weaker transitions becoming allowed by the tunneling switching (after Albert et al.,
2016c).
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FIG. 7.15 Time-dependent wavepacket for meta-D-phenol (reduced probability density as a function of
the torsional angle ϕ and time t ) and populations (|0anti〉, blue; |0syn〉, red; |2lower〉, green) for the two-pulse
excitation scheme |0anti〉 → |2lower〉 → |0syn〉. The parameters of the two laser pulses are τP = 50 ps,
t0 = 100 ps, Imax = 150 MW cm−2 and ν̃0 = 582.82 cm−1 (first pulse, resonant with the |0anti〉 → |2lower〉
transition), and τP = 80 ps, t0 = 360 ps, Imax = 150 MW cm−2 and ν̃0 = 582.00 cm−1 (second pulse, resonant
with the |0syn〉 → |2lower〉 transition). The Gaussian envelope functions (normalized to maximum intensity) of
the two sequential laser pulses are shown by the dashed lines (after Fábri et al., 2018, where detailed
definitions and conditions are given).

FIG. 7.16 Time-dependent wavepacket and populations for meta-D-phenol (|0anti〉, blue; |0syn〉, red;
|3lower〉, green) for the two-pulse excitation scheme |0anti〉 → |3lower〉 → |0anti〉 + |0syn〉. The parameters of
the two laser pulses are τP = 50 ps, t0 = 100 ps, Imax = 1 GW cm−2 and ν̃0 = 813.72 cm−1 (first pulse,
resonant with the |0anti〉 → |3lower〉 transition), and τP = 5 ps, t0 = 210 ps, Imax = 60 GW cm−2 and
ν̃0 = 813.10 cm−1 (second pulse). The Gaussian envelope functions (normalized to maximum intensity) of
the two sequential laser pulses are shown by the dashed lines (after Fábri et al., 2018, where detailed
definitions and conditions are given).

ric induction by the Soai mechanism (Soai et al., 1995;
Kawasaki et al., 2009; Sato et al., 2003; Matsumoto et
al., 2016) which is of interest in the context of the evolu-
tion of biological homochirality (Quack, 2002, 2015b;
Blackmond, 2004; Al-Shamery, 2011; Luisi, 2006; Lehn,
2002; Hawbaker and Blackmond, 2019). If asymmetric
induction is possible by labeling with “heavy” atoms
(like 14 N/15 N) this might be an indication for a pos-
sible asymmetric induction by the very small effects
arising from the parity violating interaction (see also
the recent report on the history of the nomenclature of
chiral molecules Helmchen, 2016, and a more general
overview in Jortner, 2006; Meierhenrich, 2008; Quack,
1989, 1999, 2015b,a).

7.5 ISOMERIZATION REACTIONS WHICH
ARE SUBSTANTIALLY INFLUENCED BY
TUNNELING

7.5.1 A Brief Overview Over Some Recent
Studies

We provide here a brief review of examples for such re-
actions. Isomerization reactions with a reaction barrier
between 30 and 60 kJmol−1 are ideally suited for inves-
tigations by infrared spectroscopy in a low temperature
matrix (Schreiner et al., 2011; Schreiner, 2017). There
the reaction can be initiated through the absorption of
a photon in the infrared or visible spectral region. Ex-
amples for such isomerization reactions with significant
contributions from tunneling are: 2,4-pentanedione
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(Lozada-Garcia et al., 2012), tetrazol-5-yl-acetic acid
(TAA) (Araujo-Andrade et al., 2014), glyoxalic acid
(Gerbig and Schreiner, 2015), pyruvic acid (Reva et al.,
2015), oxalic acid (Schreiner et al., 2015), carbonic acid
(Wagner et al., 2016), trifluoromethyl-hydroxycarbene
(Mardyukov et al., 2016). For the interpretation of the
data often ab initio calculations are used in combina-
tion with the WKB (Wentzel–Kramers–Brillouin) theory
of tunneling. The case of methyl-hydroxy-carbene is of
interest as it shows two competing reactions: on the
one hand, to vinyl alcohol through a [1,2] hydrogen
shift along the C–C bond and, on the other hand, to
acetaldehyde through a [1,2] hydrogen shift along the
C–O bond. At low temperatures below 250 K, the reac-
tion channel to the aldehyde is preferred with a higher
but narrower barrier than for the competing channel
to the alcohol which can be explained easily by the-
ory (Kästner, 2013). An even more complex tunneling
reaction is the proton transfer in triplet 2-formyl pheny-
lazide which is produced by UV-photolysis. It reacts
in the dark on a time scale of 7 hours to 6-imino-
2,4-cyclohexadiene-1-ketene. The [1,4] H-atom migra-
tion from the nitrene to the imino ketene proceeds on
the triplet surface before the molecule is transferred to
the ground state (Nunes et al., 2016).

The tautomerism of porphycene has been studied by
femtosecond pump–probe experiments in a molecular
beam (Ciaćka et al., 2016). The rate of isomerization
is an order of magnitude faster in the S0-state com-
pared to the S1-state with a strong isotope effect upon
N-deuteration. This study was extended to 19 differ-
ently substituted porphycenes (Ciaćka et al., 2015), as
well as to experiments in He-droplets in a molecular
beam (Mengesha et al., 2015) and on a metal surface
Cu(111) (Böckmann et al., 2016) and to investigations
of single molecules using an STM (Scanning Tunneling
Microscope) (Ladenthin et al., 2016). Details on this in-
teresting type of reactions have been summarized in a
recent review article (Waluk, 2017).

The one-dimensional rotational motion of CH2Cl
about the C–Cl axis was investigated by infrared spec-
troscopy after photolysis of CH2ClI in solid parahydro-
gen at 3.7 K. It was found that the nuclear spin conver-
sion between the ortho and para nuclear spin species
of the radical occurred on a time scale of a few hours
(Miyamoto et al., 2013). The conformational compo-
sition and the change in conformational ratio induced
by UV irradiation of β-alanine have been investigated
in solid parahydrogen using FTIR spectroscopy. It could
be shown that the conformational changes are signif-
icantly faster in p-H2 in an Ar-matrix (Wong et al.,
2015). Benzvalene, fulvene and Dewar benzene were

obtained by exposing benzene to UV-radiation at 193
or 253.7 nm in solid parahydrogen. Neither tunneling
reaction for any isomerization nor reaction with a hy-
drogen molecule from the matrix could be detected on
the time scale of days (Toh et al., 2015).

Heavy atom tunneling is the dominant mecha-
nism in ring-expansion and ring-opening reactions at
cryogenic temperatures after activation by a visible or
UV-photon. Photon activated 1H-bicyclo[3.1.0]-hexa-
3,5-diene-2-one rearranges to 4-oxacyclo-hexa-2,5-
dienylidene. The rate of rearrangement was found to be
temperature independent for temperatures smaller than
20 K and was interpreted as a tunneling process (Ertelt
et al., 2014). Through experiments in H2, HD, and D2
at cryogenic temperatures, is has been shown that tun-
neling governs the insertion of 1-azulenylcarbene into
H2 and D2 (Henkel and Sander, 2015). Benzazirines
were identified by IR-spectroscopy after photolysis of
4-methoxyphenyl azide and 4-methylthiophenyl azide.
Despite a calculated barrier of 14 kJ mol−1, the ben-
zazirines rearranged to ketenimines at 10 K by a tun-
neling process (Inui et al., 2013). By a similar tunnel-
ing process the triplet 2-formyl phenylnitrene, obtained
from the photolysis of 2-formyl phenylazide, is reacting
to singlet 6-imino-2,4-cyclohexadiene-1-ketene (Nunes
et al., 2016). The ring expansion of noradamantyl-
methylcarbene could either proceed to 2-methyl-
adamantene or to 3-vinylnoradamantane. It could be
shown by DFT calculations that at 10 K the forma-
tion reaction of 3-vinylnoradamantane is by 8 orders of
magnitude faster than the one to 2-methyladamantene
(Kozuch et al., 2013). The SCI (small-curvature tun-
neling) approximation has been applied to estimate
tunneling corrections to classically calculated rate con-
stants for the ring expansions of noradamantyl-carbenes
to form adamantenes. The calculation showed that
below temperatures of 30–50 K the rearrangement is
dominated by heavy atom tunneling (Kozuch, 2014b).
Another system which can be treated as heavy atom
tunneling is the isomerization of substituted pental-
enes, heptalenes, and acepentalenes (Kozuch, 2014a).
Particularly noteworthy are also the studies of Limbach
and coworkers on proton tunneling in organic model
systems (Limbach, 2007). Tunneling by the puckering
motion in ring compounds has been studied extensively
(Laane, 1999), and we refer here to the prototypical
study of the cyclobutane as an example (Blake and
Xantheas, 2006; Frey et al., 2011).

For the prototypical reaction of the degenerate iso-
merization of semibullvalene there is a prediction that
at low temperatures a temperature independent rate
constant of 2 · 10−3 s−1 should be found (Zhang et
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al., 2010). This prediction has been tested by studies of
the rate of equilibration after the synthesis of a mixture
of 1,5-dimethyl-semibullvalene-2-D1 and 4-D1 (Ertelt
et al., 2015). Another prototypical isomerization is the
proton transfer in tropolone (Tanaka et al., 1999). This
has been recently studied by making the effective poten-
tial for tunneling slightly asymmetric with various 13C
substitutions (Tanaka et al., 2019), similar to our study
of phenols, discussed in Section 7.4 (Fábri et al., 2018;
Albert et al., 2013).

Tunneling is not only relevant for conversion pro-
cesses but may also influence the molecular structure,
if the atomic wave function penetrates deeply into the
classically forbidden region of the potential function.
An extreme example is the very weakly bound He2
molecule (Zeller et al., 2016). Here, it was shown in re-
cent experiments that 80 % of the probability density
in the ground state of the molecule is found within the
classically forbidden region. This results in an extremely
large “bond length”, which, however, is not to be under-
stood as a sharply defined quantity.

7.5.2 Ammonia as a Prototype for the
Inversion at Nitrogen and Mode
Selective Control of Tunneling
Processes

Ammonia has for a long time been a fundamental
molecule of physics and chemistry (Townes, 1964,
1965; Townes and Schawlow, 1975; Ertl, 2008) In ad-
dition to complex isomerization reactions in organic
prototype molecules, the simplest tunneling processes
in the ammonia molecule have further attracted interest
with new results. For the ammonia molecule a number
of full-dimensional potential energy surfaces were for-
mulated in the last decade. A global potential hypersur-
face not only took into account the tunneling process
of the inversion at low excitation energies, but also all
possible dissociation reactions at higher energies (Mar-
quardt et al., 2005; Marquardt and Quack, 2011; Mar-
quardt et al., 2013). The inversion potential for NH3
has been prototypical for this type of inversion at the
nitrogen atom (Hund, 1927a,c,b; Fermi, 1932; Prelog
and Wieland, 1944; Laane, 1999). Mode selective tun-
neling has been repeatedly discussed in the past for the
ammonia molecule and its isotopomers, for example,
in Herzberg (1945); Marquardt et al. (2003a,b, 2005);
Snels et al. (2000, 2003, 2006b,a, 2011). Tunneling
splittings have been discussed and analyzed in differ-
ent recent publications (Marquardt et al., 2013, 2003a;
Al Derzi et al., 2015; Fábri et al., 2014). The time de-
pendent dynamics has also been discussed (Marquardt
et al., 2003a; Sala et al., 2012) and was extended in

most recent times to the complete series of isotopomers
NH3, NH2D, NHD2, ND3, NHDT, NH2Mu, ND2Mu,
and NHDMu, where the stereomutation of the chiral
isotopomers is of special importance (Fábri et al., 2015;
Fábri et al., 2019). Very highly resolved measurements
of infrared spectra using a special OPO laser system
resulted in hyperfine structure resolved spectra of the ex-
cited NH-stretching vibrations and have also been used
as a test system for the preparation of an experiment to
measure the parity violating energy difference in chiral
molecules (Dietiker et al., 2015).

Because ammonia has been a prototypical system for
tunneling by inversion, somewhat related to our dis-
cussion of (HF)2 being prototypical for tunneling in
hydrogen bonded systems, we shall discuss here also
in some more detail the developments in our under-
standing of spectroscopy and tunneling dynamics in
the NH3 molecule. Indeed, after the early discussion of
Hund (1927a,c,b) there was an analysis of the vibra-
tional spectrum and potential by Fermi (1932) and at
almost that same time as well a quantitative analysis of
the tunneling dynamics in the framework of WKB the-
ory (Dennison and Uhlenbeck, 1932). The early work
typically dealt with the ground state tunneling – includ-
ing notably the ammonia Maser (Gordon et al., 1955)
– and used one-dimensional models for the tunneling
process (Morse and Stückelberg, 1931; Manning, 1935;
Wall and Glockler, 1937; Newton and Thomas, 1948;
Costain and Sutherland, 1952; Swalen and Ibers, 1962).
Much of the early history can be found in Herzberg
(1939, 1945, 1966). Ammonia tunneling by inversion
has been reviewed on the broader context of poten-
tial barriers for inversion at the nitrogen atom by Lehn
(1970) and in relation to one dimensional potential
functions for tunneling by Laane (1999). Strongly hin-
dered inversion at nitrogen has been discussed in the
context of molecular chirality (Prelog and Wieland,
1944; Felix and Eschenmoser, 1968), see also the review
by Quack (1989). Ammonia has also been used as a
testing ground for developing quantum chemical meth-
ods to compute barriers for isomerization (see Veillard
et al., 1968; Császár et al., 1998; Klopper et al., 2001;
Marquardt et al., 2005, 2013, and references therein). Fi-
nally, tunneling is also important in prototypical studies
of the photoionization of ammonia isotopomers (Hol-
lenstein et al., 2007; Merkt et al., 2011) and ammonia
has been used as a test case for nuclear spin symme-
try conservation (Wichmann et al., 2020). Here we shall
discuss in some detail a recent extended investigation of
spectroscopy and quantum dynamics of ammonia and
its isotopomers in view of an understanding of its mul-
tidimensional tunneling and mode selective reaction
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TABLE 7.3
Character table of the symmetry group S∗

3 for NH3 (ND3) isotopomers (compared to D3h). The first three
columns provide species following three different notations: 1, [partition]parity; 2, [S3 species]parity; and
3, D3h point group species (see text).

D3h (class): E 2C3 3C2 σh 2S3 3σv

S∗
3 (class): E 2(123) 3(12) E∗ 2(123)∗ 3(12)∗

species


[S∗
3] 
[D3h] 
(S∗

3) ↓ S2∗ 
(S∗
3) ↓ MS6(C3v)

[3]+ A+
1 A′

1 1 1 1 1 1 1 A+ A1
[13]+ A+

2 A′
2 1 1 −1 1 1 −1 B+ A2

[2,1]+ E+ E′ 2 −1 0 2 −1 0 A+ +B+ E

[3]− A−
1 A′′

1 1 1 1 −1 −1 −1 A− A2
[13]− A−

2 A′′
2 1 1 −1 −1 −1 1 B− A1

[2,1]− E− E′′ 2 −1 0 −2 1 0 A− +B− E

TABLE 7.4
Character table of the symmetry groups S∗

2 for NH2D and NHD2 compared to C2v (transition state
structure group).

C2v (class): E C2 σyz σxz

S∗
2 (class): E (12) E∗ (12)∗ 
 (S∗

2) ↑ S∗
3 
 (S∗

2) ↓ MS2 (CS) 
 (S∗
2) ↓ S∗

species 
 (S∗
2 ) 
 (C2v)

[ 2 ]+ A+ A1 1 1 1 1 A+
1 +E+ A A+

[ 2 ]− A− A2 1 1 −1 −1 A−
1 + E− B A−

[ 12]− B− B1 1 −1 −1 1 A−
2 + E− A A−

[ 12]+ B+ B2 1 −1 1 −1 A+
2 + E+ B A+

control of the corresponding isomerization by inversion
at the nitrogen atom. As far as tunneling in vibrationally
excited states is concerned, an extensive MARVEL anal-
ysis has reviewed the available data for the isotopomer
14NH3 (Al Derzi et al., 2015).

Much less work is available on the deuterated iso-
topomers. However, in an extended spectroscopic
project directed specifically also at the understanding of
vibrationally mode-selective effects and control of tun-
neling rates the deuterated isotopomers ND3, NHD2,
and NH2D were investigated in some detail (Snels et
al., 2000, 2003, 2006b,a) and combined with quantum-
dynamical wavepacket calculations under coherent ex-
citation including global potential and electric dipole
hypersurfaces (Marquardt et al., 2003b,a; Fábri et al.,
2019). Here we highlight some of the aspects with re-
spect to mode selective tunneling dynamics as derived
from the high resolution spectra. One important as-

pect concerns the symmetry of the rotation–vibration–
tunneling levels, which can be understood in relation to
the character tables (Tables 7.3, 7.4, 7.5, and 7.6) rele-
vant for the different isotopomers. For ammonia and its
isotopomers one has the special situation that one can
use equivalently the point group of the planar transition
structure (D3h for NH3, ND3, C2v for NH2 D andNHD2
and also Cs for NHDT, for which, however, no high res-
olution spectroscopic data seem to be available (Snels et
al., 2006a; Quack, 2002)) or the corresponding isomor-
phous permutation inversion groups S∗

3, S
∗
2 and S∗ with

a one-to-one relation between group elements and irre-
ducible representations (symmetry species). This proce-
dure is not generally possible, for instance, for methane
and other molecules this would not be possible (Quack,
2011b). However, for ammonia we can give the cor-
responding notations in Tables 7.3, 7.4, 7.5, and 7.6.
The tables include also relevant induced and subduced
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TABLE 7.5
Character table molecular symmetry group MS2
and point group Cs for NH2D and NHD2.

CS (class) E σ

MS2 (class) E (12)∗
species 
 (CS) 
 (MS2) 
 (MS2)↑ S∗

2

A’ A 1 1 A+ + B−

A” B 1 −1 B+ + A−

TABLE 7.6
Character table of the subgroup MS6 of the
molecular symmetry group MS12 (S∗

3) and
induced representation 
 (MS6) ↑ S∗

3; MS6 is
isomorphous to C3v

a.

C3v E 2C3 3σv
MS6 E 2(123) 3(12)∗ 
(MS6) ↑ S∗

3
A1 1 1 1 A+

1 + A−
2

A2 1 1 −1 A+
2 + A−

1

E 1 −1 0 E+ + E−

a After Dietiker et al., 2015.

representations. Table 7.6 gives also the character ta-
ble for C3v, isomorphous to the molecular symmetry
group MS6. The induced representation 
 (MS6) ↑ S∗

3
gives the symmetry structure of the tunneling sublevels
in NH3 and ND3. We note furthermore that for NH3
the Pauli principle excludes the A+

1 and A−
1 levels in

the corresponding tunneling doublets (thus hypotheti-
cal, but not real) whereas E+ and E− doublets exist and
are observable by spectroscopy. On the other hand, all
the rovibrational symmetry species A±

1 , A
±
2 and E± are

Pauli allowed for ND3 with appropriate nuclear spin
functions and therefore all the tunneling doublets exist
as observable levels. Fig. 7.17 summarizes one main re-
sult from the analysis of the tunneling spectra in ND3
(Snels et al., 2000).

The ground state tunneling splitting in ND3 is
0.053 cm−1, as expected much smaller than in NH3
(0.7 cm−1). Thus the tunneling transfer time is rather
long in the vibrational ground state (314 ps). However,
exciting the symmetric ND3 stretching fundamental at
2420.1 cm−1 one finds an increase of the tunneling
splitting to 0.541 cm−1 corresponding to a “promo-
tion” or enhancement of the tunneling rate by a factor
of 10, with a shorter tunneling transfer time of 31 ps.

FIG. 7.17 Schematic drawing of observed transitions and
vibrational tunneling levels in ND3. The tunneling splittings
are about to scale: the vibrational wavenumber scale is
interrupted (after Snels et al., 2000). See also text.

While such an enhancement of tunneling with vibra-
tional excitation might seem natural, one finds the re-
verse effect at even higher excitation with the degenerate
ND3 stretching fundamental centered at 2563.9 cm−1,
where the tunneling splitting is reduced to 0.021 cm−1,
by more than a factor of 2 compared to the ground
state splitting and correspondingly an inhibition of the
tunneling rate with an excitation well above the “tun-
neling barrier” and a very long tunneling transfer time
of more than 600 ps. Of course, a very comparable sit-
uation has been found for H2O2 (see Table 7.1) and
this is a further illustration of “quasiadiabatic above
barrier tunneling”. Indeed, a very rich variety of such en-
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TABLE 7.7
Summary of tunneling times τL→R (in ps) for
NH2D and NHD2 ground states and
fundamentalsa.

NH2D NHD2
ν̃ (cm−1) τL→R (ps) ν̃ (cm−1) τL→R (ps)

ν0 0 41 0 98

ν1 2506 27 3404 214

ν2 886 0.83 815 1.8

ν3a 3366 7.1 2433 4.4

ν3b 3439 99 2560 107

ν4a 1598 1.1 1235 6.6

ν4b 1390 28 1462 84

a After Snels et al., 2006a.

hancements and inhibitions of tunneling is also found
in the extensive analysis on the NH2D and NHD2 iso-
topomers as summarized in Table 7.7. There the overall
ranges of enhancements and inhibitions with various
excitation of fundamental vibrations cover a factor of
more than 100 with a shortest tunneling transfer time
of about 1 ps and a longest tunneling transfer time of
214 ps. These experimental results can be compared to
recent full-dimensional theoretical calculations (Fábri
et al., 2015, 2019).

7.5.3 Methyl Group Internal Rotation as a
Prototype for Tunneling

The methyl group (–CH3) is a ubiquitous building
block of organic molecules and biomolecular systems.
Its torsional motion, a hindered internal rotation,
shows a great variety of tunneling effects, which range
from slightly anharmonic torsional vibration with only
very small tunneling splittings to essentially free inter-
nal rotation, depending upon the molecular environ-
ment. The quantum dynamics of methyl group tun-
neling has been extensively studied in the solid, liquid
and gas phases by NMR spectroscopy, neutron diffrac-
tion and optical spectroscopy, including high resolution
studies from the microwave to the UV regions. It is a
“classic” among the tunneling systems and has been
extensively reviewed (Press, 1981; Heidemann et al.,
1987; Prager and Heidemann, 1997; Horsewill, 1999;
Bauder, 2011; Pratt, 2011). A great variety of systems has
been studied in detail (Tan et al., 1989, 1991; de Haag
et al., 1990; Barlow et al., 1992; Piecha-Bisiorek et al.,
2014), including also –CD3 group dynamics (Lalowicz
et al., 1988; Börner et al., 1991). A particularly note-
worthy aspect is the coupling of the tunneling motion

with nuclear spin symmetry and the studies of the ki-
netics of the nuclear spin symmetry conversion (Haupt,
1972; Beckmann et al., 1977; Vandemaele et al., 1986;
Buekenhoudt et al., 1990; Häusler, 1990; Würger, 1990;
Hartmann et al., 1992; Plazanet et al., 2000). Due to
the generalized Pauli principle (Quack, 2011b) the sym-
metries of the lowest tunneling levels for the hindered
rotation are (in C3) A combining with a total nuclear
spin of the three protons I3H = 3/2 in the ground state
and E with I3H = 1/2 in the first excited state, with
only weak couplings between levels of different nuclear
spin symmetry and correspondingly slow interconver-
sion kinetics, depending also on the environment. The
quantum dynamics of the methyl group tunneling in
4-methyl pyridine (γ -picoline, CH3–C5H5N), for exam-
ple, generates a tunneling splitting of about 130 GHz (4
cm−1) resulting in long lived nuclear spin states (up to
hours and more) and the so-called Haupt effect (Haupt,
1972). This effect has notably been used for a develop-
ment of Haupt magnetic double resonance (Tomaselli
et al., 2003, 2004) in view of sensitivity enhancements
in NMR spectroscopy, see also Ludwig et al. (2010); Icker
and Berger (2012); Ernst et al. (1987) and the theo-
retical treatment in Meier et al. (2013a); Dumez et al.
(2015). We should mention here also the close relation
of the symmetry effects in the long lived nuclear spin
symmetry states in the methyl group tunneling with the
effect of nuclear spin symmetry conservation observed
by high resolution infrared spectroscopy of supersonic
jet expansions of CH3X molecules (Horká-Zelenková et
al., 2019) and of NH3 (Wichmann et al., 2020).

We shall discuss here as an example in some detail
methanol (CH3OH), which is among the simplest ex-
amples for the tunneling motion by hindered internal
rotation of the methyl group, or strictly speaking the rel-
ative internal rotation of the methyl- and OH-fragments
with respect to each other and with the corresponding
reduced moment of inertia. The spectroscopy and quan-
tum dynamics of methanol have been extensively stud-
ied and reviewed (Moruzzi et al., 2018). It shows many
of the essential features of methyl group tunneling and
also some interesting special effects. For this molecule
a full-dimensional ab initio potential hypersurface has
been developed by Qu and Bowman (2013), which in-
cludes the dissociation into CH3 + OH at high energies
but also the low energy hindered internal rotation bar-
riers. The mode selective multidimensional tunneling
dynamics has been studied by Fehrensen et al. (2003)
using the approximate quasiadiabatic channel reaction
path Hamiltonian approach. Fig. 7.18 shows the molec-
ular structure and coordinate definitions including the
torsional angle τ defining in essence the tunneling reac-
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FIG. 7.18 (A) Equilibrium re structure of CH3OH calculated
with a basis of triple ζ quality on the MP2 level of theory
(Fehrensen et al., 2003) The corresponding structure
parameters are rCO = 142.3 pm, rOH = 95.8 pm,
rCHb = 108.8 pm, rCHa = 108.1 pm, θ(HOC) = 107.9◦,
θ(OCHa) = 112.0◦, θ(OCHb)) = 106.6◦, and
δ(HOCHb) = 61.5◦ (r = bond lengths, θ = bond angles, δ =
dihedral angle). (B) Newman projection of methanol
indicating the torsional angle τ , which is defined as the
dihedral angle between the HOC plane and the Hb′CO
plane; τ closely follows the reaction coordinate, but
relaxation of the CH3 group bond angles and lengths slightly
breaks the C3 symmetry along τ . A more accurate (but still
approximate) representation of the reaction coordinate is
the symmetry adapted combination τ + (δ1 − δ2)/3; δ1 is
defined as dihedral angle between the planes spanned by
Hb′ , C, O and by C, O, Ha , δ2 is the corresponding dihedral
angle between the planes spanned by Hb′ , C, O and by C,
O, Hb′′ ; τ , δ1 and δ2 have a clockwise orientation (after
Fehrensen et al., 2003).

tion path coordinate, and Fig. 7.19 shows the effective
tunneling potential with the lowest energy levels of A
and E symmetry (Fehrensen et al., 2003).

The ground state splitting between the lowest lev-
els is �ν̃EA = ν̃E − ν̃A = 9.12 cm−1 from experiment,
in good agreement with the ab initio predictions from
the anharmonic quasiadiabatic channel RPH model

(7.9 cm−1). It is thus about twice as large as for the
4-methylpyiridine mentioned above. The first excited
torsional state is located essentially at the top of the bar-
rier with inverted order for symmetry reasons and has
a �ν̃EA(1) = ν̃E(1) − ν̃A(1) = −85.5 cm−1 from experi-
ment (Moruzzi et al., 2018) and −81.1 cm−1 from the
prediction, expressed here as a negative quantity in or-
der to retain the definition of �ν̃EA and showing the in-
version. Given the position at the barrier it is obviously
a “borderline tunneling” problem at this level. At higher
energies the levels approach the energy level patterns of
free internal rotation in a well known manner, see, for
example, the correlation scheme given in Bauder (2011).
An interesting result concerns the interaction of the
tunneling motion with the OH stretching vibration ν1,
which in fact acts as an inhibiting mode, slowing down
the tunneling motion. For the first excited OH stretch-
ing state v1 = 1 one finds �ν̃EA(v1 = 1) = 6.3 cm−1
(6.2 cm−1 from the prediction) and this trend con-
tinuous smoothly up to �ν̃EA(v1 = 6) = 1.5 cm−1 (1.5
cm−1 from the prediction). The agreement between the
experimental result by Boyarkin et al. (1999) and the ab
initio prediction from the quasiadiabatic channel RPH
model is very good. Fig. 7.20 summarizes the trend for
the tunneling splittings in conjunction with the trend
for the quasiadiabatic channel potential barriers, which
smoothly increase from less than 400 cm−1 at v1 =
0 to more than 600 cm−1 at v1 = 6. This increase of
the effective barriers explains in part the decrease in
tunneling splitting. An about equally important con-
tribution to the decrease in tunneling splittings arises
from the lengthening of the effective O–H bond length
〈rOH〉 with excitation of the strongly anharmonic O–H
stretching vibration. This lengthening of 〈rOH〉 results
in an increase of the effective moment of inertia which
acts in a similar way as an effective “tunneling mass”
(Fehrensen et al., 2003).

Another interesting effect was observed in experi-
ments of the tunneling splittings of the asymmetric CH
stretching fundamentals ν2 and ν9, where the tunnel-
ing doublets are inverted �ν̃EA(v2 = 1) = −3.26 cm−1
and �ν̃EA(v9 = 1) = −5.48 cm−1 (Xu et al., 1997; Wang
and Perry, 1998). This effect is explained within the
quasiadiabatic channel RPH model as arising from a
Herzberg–Longuet-Higgins–Berry type phase from a
conical intersection of the vibrationally adiabatic po-
tential surface in the collinear C–OH structure where
the modes ν2 and ν9 correlate with a degenerate mode
of symmetry E in C3v . The theoretical results give
then correspondingly �ν̃EA(v2 = 1) = −3.6 cm−1 and
�ν̃EA(v9 = 1) = −3.2 cm−1 in reasonable agreement
with experiment (Fehrensen et al., 2003). This type of
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FIG. 7.19 Quasiadiabatic channel potential (full line) for the zero point level of 12CH3OH including the
ground state doublet and the first excited torsional state doublet. For comparison the pure electronic
potential Ve(τ ) relative to its minimum energy is shown with a dashed line. The maximum of the adiabatic
channel potential corresponds to 406.4 cm−1 and for the pure electronic potential Ve to 369.0 cm−1, in
each case relative to the corresponding minimum energy. The potential is periodic with period 120◦ (after
Fehrensen et al., 2003).

FIG. 7.20 Effective quasiadiabatic channel barrier height Veff as a function of the OH stretching excitation
ν1 (open squares) and the corresponding tunneling splittings �ν̃EA = ν̃E − ν̃A (filled circles, after Fehrensen
et al., 2003).

symmetry effect arising from vibrational conical inter-
sections has notably been further pursued by Perry and
coworkers (Perry, 2008, 2009; Dawadi and Perry, 2014)
and by Li Hong Xu and coworkers (Xu et al., 2010, 2011,
2014) using various models and perspectives and we
shall not enter here the intricate discussions of themany
detailed effects arising in the different model treatments
(see also Fehrensen et al., 2003; Hänninen et al., 1999).

We should point out, however, a general aspect both
of the “conical intersections” and the relative phases

associated with them. Similar to the case of conical in-
tersections of electronic potential energy hypersurfaces
arising from the Born–Oppenheimer approximation
(Yarkony, 1996; Domcke and Yarkony, 2012), these ef-
fects are always model dependent. If one omits the
Born–Oppenheimer approximation and treats the elec-
trons and nuclei “exactly” on a similar footing in a treat-
ment, which has been called “pre-Born–Oppenheimer
theory” (Simmen et al., 2013; see also Marquardt and
Quack, 2020, Chapter 1, and Császár et al., 2020,
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Chapter 2) there are no Born–Oppenheimer poten-
tial hypersurfaces, and thus no conical intersections
and associated “Berry phases”. This holds true in an
analogous fashion for the vibrational-rotational prob-
lem in CH3OH: If that is treated without making
the vibrationally adiabatic approximations, say in a
12-dimensional (or 15-dimensional vibration-rotation)
computation, no reference needs to be made to vibra-
tional conical intersections and the associated phases.
While such an “exact” treatment (similar to that quoted
above for NH3) would give numerically accurate results,
there is still merit in the simpler models beyond just the
enormous reduction in computational costs: The simple
models such as the quasiadiabatic channel RPH model
allow for an interpretation and deeper understanding of
the plain numerical results (Quack, 2014). An example
for such an understanding can be seen from Fig. 7.19
and Fig. 7.20 and, of course, there are many such cases.

Wemaymention here the discussion of the role of vi-
brational conical intersections in water dimers (Hamm
and Stock, 2013) in relation to intramolecular vibra-
tional redistribution (IVR) also in the chiral conformers
for methanol isotopomers (Quack and Willeke, 1999)
as intrinsically vibrationally non-adiabatic effects (Beil
et al., 1997; Kushnarenko et al., 2018). In a more gen-
eral context we may mention also the role of parity
violation in the isotopomer CHD2OH with transient
chirality due to tunneling and CHDTOHwith persistent
chirality (Arigoni and Eliel, 1969; Lüthy et al., 1969;
Berger et al., 2003). We conclude by mentioning also
the methyl rotor tunneling studied also in the rela-
tively complex molecules formic-acetic-acid anhydride
(Bauder, 2013) and in para-halotoluenes (Shubert et al.,
2013) showing most interesting dynamical effects. M.
Schnell provided a detailed discussion of some complex
cases with several methyl rotors (Schnell, 2011).

7.6 TUNNELING IN BIMOLECULAR
REACTIONS

7.6.1 Direct Bimolecular Reactions
The prototype for tunneling in direct bimolecular reac-
tion is certainly

H + H2 → H2 + H (7.8)

with its various isotopic variants. It has been in the focus
of interest from the start of reaction dynamics, when it
also was used for designing potential hypersurfaces for
reaction dynamics and for experiments on the ortho–
para conversion in H2 (Eyring et al., 1944). Just as H2,
as a molecule, has been the prototype for fundamental

tests of theory until today (Sprecher et al., 2013; Hölsch
et al., 2019 and references therein), the H + H2 reac-
tion system continues to be of interest in the study of
the tunnel effect in direct bimolecular reactions, as is
also the H+

3 system for complex forming reactions to be
studied in the later Section 7.6.2.

A comprehensive review of the H + H2 systemwould
be far beyond our scope. We shall mention here a few
highlights. Early studies started with classical trajectory
calculations on ab initio potential hypersurfaces and
simple tunneling corrections, if any; see Karplus (2014)
for a review. The reaction may have been the first, where
instanton theory was used to study tunneling in a bi-
molecular reaction (Chapman et al., 1975). It was the
reaction where the so-called Marcus Coltrin path was
discussed with “corner cutting” (Marcus and Coltrin,
1977). Among early experiments providing absolute
cross-sections, we may mention the work of Wolfrum
and coworkers (Buchenau et al., 1990; Wolfrum, 2001;
Kneba andWolfrum, 1980) and notably the recent work
of Zare and coworkers on H + D2 and D + H2 and other
isotopic variants (Jankunas et al., 2012, 2013a,b; Jamb-
rina et al., 2016; Mukherjee et al., 2017; Aoiz and Zare,
2018; Althorpe et al., 2002; Aoiz et al., 2002; Ayers et
al., 2003; Pomerantz et al., 2004; Ausfelder et al., 2004;
Koszinowski et al., 2005 and references therein).

The reaction of muonium, the “lightest isotope of
the H atom” (with a mass of 0.114 Da), with H2 has re-
cently received attention due to its large inverse kinetic
isotope effect and the extremely large enhancement of
the rate when H2 is in its first excited vibrational state.
The reaction rate constant for 300 K has been deter-
mined experimentally and by converged quantum dy-
namics calculations using a Born–Huang (BH) defini-
tion for the potential surface (Bakule et al., 2012). The
importance of zero-point energy, tunneling and adia-
baticity of the vibrational state for the understanding
of this reaction has been summarized in a recent re-
view article (Mielke et al., 2015). Different theoretical
methods to consider the zero-point energy and tunnel-
ing effects within a classical or semiclassical framework
were compared to accurate quantum calculations for
the reaction D + HMu → DMu + H. It was found
that RPMD (ring polymer molecular dynamics) calcula-
tions provide overall a better result than methods based
on transition state theory (TST) like canonical varia-
tional theory (CVT) or semiclassical instanton theory
(SCI) (de Tudela et al., 2013). In time independent
quantum calculations and quasi classical trajectory cal-
culations the rate constants for H-atom abstraction and
Mu-transfer were calculated for the temperature range
from 100 to 1000 K. The calculations showed that for
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the complete temperature range the rate constant for
the Mu-transfer is found 1 to 2.5 orders of magnitude
above the rate constant for H-atom abstraction (Aoiz et
al., 2014).

The reaction of myonic helium with H2 has been
investigated experimentally and by accurate quantum
dynamics calculations on a Born–Huang potential en-
ergy surface and compared to the reaction of myonium
with H2 in the temperature range from 300 to 500 K.
For the higher temperatures the calculated rate constant
agreed with experiment. However, for the lower temper-
atures the theoretical value was found to be substan-
tially smaller than for the experiment (Fleming et al.,
2011b,a).

The importance of tunneling in bimolecular reac-
tions has been extensively studied in the past for the
reaction F + H2 and its deuterated modifications, where
quantum effects are important already at room temper-
ature (Lee, 1987). To model the temperature depen-
dence of the rate constant for the temperature range
from 10 to 350 K, a model function for the temperature
dependence of the Arrhenius activation energy was de-
rived by comparison with exact quantum calculations. It
was found that the temperature dependence of the acti-
vation energy can be characterized by a “sub-Arrhenius”
behavior (Aquilanti et al., 2012; Cavalli et al., 2014).
Instanton and canonical variational transition state the-
ories with optimized multidimensional tunneling were
applied to calculate the reaction rates and kinetic iso-
tope effects for the reaction H2 + OH → H2O + H
and all its possible isotopic combinations down to tem-
peratures of 50 K. It was found that atom tunneling is
becoming important for temperatures below 250 K for
proton transfer and below 200 K for deuterium transfer
(Meisner and Kästner, 2016). In recent experiments He-
droplets have been found to be an ideal environment
for heavy atom tunneling. In a He-droplet the helio-
philic Xe resides inside the droplet, while the heliopho-
bic Rb stays outside at the surface of the droplet. The
dissociation of this XeRb-complex could be described
by a tunneling process (Poms et al., 2012).

Parahydrogen, forming quantum crystals at low tem-
peratures, is a new matrix to study the physical and
chemical processes of molecules at low temperatures.
The large lattice constant and the large zero-point am-
plitude of the lattice vibrations in solid hydrogen pro-
vide more free space for the guest molecules than other
matrices and the interactions with the surrounding host
molecules become weak compared with those in no-
ble gas matrices. An early experiment is the reaction of
H2 with differently deuterated methyl radicals at 5 K.
For the deuterated modifications a rate constant around

10−6 s−1 was found which is increasing with the num-
ber of D atoms. For the reaction with CH3 an upper
limit for the rate constant of 8 · 10−8 s−1 could be de-
termined (Hoshina et al., 2004).

Bimolecular reactions on dust grains play an im-
portant role in interstellar chemistry (Bromley et al.,
2014). An experimental investigation of O-atom diffu-
sion and reactivity on water ice in the temperature range
of 6–25 K showed that tunneling processes are impor-
tant for O-atom diffusion at 6 K (Minissale et al., 2013;
Congiu et al., 2014). The formation of O2 and O3 at
low temperatures on an amorphous silicate surface is
determined by the mobility and reactivity of the ad-
sorbed O-atoms. The diffusion of O-atoms in the tem-
perature range from 6.5 to 30 K could be explained by
a Langmuir–Hinshelwood mechanism taking into ac-
count a non-negligible tunneling process (Minissale et
al., 2014). A hybrid model of quantum and molecular
mechanics has been combined with instanton theory to
investigate the reaction H + HNCO on an amorphous
solid water surface. Including contributions from tun-
neling the rate constant was calculated for temperatures
down to 103 K and compared with results for the gas
phase. The kinetic isotope effect (KIE) increased from
146 for the gas phase to 231 for the reaction on the
cold surface (Song and Kästner, 2016). In a recent pub-
lication the reaction rate for the reaction H + H2O2
has been calculated for temperatures down to 50 K us-
ing the instanton theory based on electronic potentials
from DFT calculations of different complexity. The cal-
culations showed that at 114 K the reaction to H2O +
OH is preferred by 2 orders of magnitude as compared
to the reaction to H2 + HO2. Including the Eley–Rideal
reaction mechanism it could be shown that the second
reaction is at low temperature on surfaces of similar or-
der of magnitude (Lamberts et al., 2016). The MCTDH
(Multiconfiguration Time-Dependent Hartree) method
was used to calculate the relaxation rates of the vibra-
tional states for H-atoms adsorbed on a Pd(111) surface.
The calculation showed that even at room temperature
quantum effects cannot be neglected to describe the dif-
fusion of H-atoms on a Pd(111) surface (Firmino et al.,
2014). An interesting discussion of the importance of
tunneling in interstellar chemistry and applications of
“harmonic quantum transition state theory” as a refor-
mulation of instanton theory can be found in (Bromley
et al., 2014).

7.6.2 Bimolecular Reactions With
Intermediate Complex Formation

Numerous bimolecular reactions do not occur by direct
collision mechanisms but rather pass in a two step pro-
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cess from reactants to products via a more or less long
lived and possibly strongly bound intermediate com-
plex according to the general scheme

A + BC � ABC∗ � AB + C. (7.9)

One thus has in a first step a (re)combination or capture
and in the second step a (re)dissociation, which is a uni-
molecular reaction. Indeed, by microscopic reversibility
all these processes can be understood as unimolecular
reaction dynamics of the intermediate complex ABC∗.
The reactions are frequently very fast, occurring with-
out barriers (or very small ones), when they involve
free radicals such as the reaction (Farrar and Lee, 1974),
Fig. 7.21

F + C6H5Cl → C6H5FCl
∗ → C6H5F + Cl, (7.10)

or (Quack and Troe, 1974, 1975a,b, 1976, 1977a,b,c;
Glänzer et al., 1976, 1977; Quack, 1979)

H + CH3 → CH∗
4 → CH3 + H, (7.11)

or when they involve ions such as the prototypical ion
molecule reaction (and its isotopic variants)

H+ + H2 →H+
3 →H2 + H+, (7.12)

which has no barrier for the “capture” process form-
ing the strongly bound molecular ion H+

3 with a deep
minimum in the electronic potential, quite in contrast
to the direct reaction (7.8) involving neutral H3 which
has a pronounced barrier. When two ions of oppo-
site charge are concerned one has charge recombina-
tion quite specifically. Numerous reactions of this gen-
eral type have been studied, both for radical and ion
molecule collisions and we provide just a small selec-
tion of some early references (Herschbach, 1973; Farrar
and Lee, 1974; Schultz et al., 1972; Rice, 1975; Ches-
navich and Bowers, 1979; Herschbach, 1987; Lee, 1987;
Polanyi, 1987). Fig. 7.21 shows a schematic energy dia-
gram for an example of such reactions (Quack, 1980).

For barrierless reactions one might assume that tun-
nel effects are unimportant, except for a small quan-
tum effect with a threshold law that slightly reduces the
cross-section compared to the classical reaction cross-
section (Quack and Troe, 1974, 1975a,b, 1981, 1998).
However, in such reactions there are important effects
from angular momentum conservation (Zare, 1988;
Quack and Troe, 1975a, 1998). Thus in collisions with
capture one has to take into account effective potentials,
which have “centrifugal barriers” due to extra rotational
energy to be added to the purely attractive electronic

FIG. 7.21 Schematic energy diagram for a typical complex
forming reaction. E(J ) gives the minimum rotational energy
for a total angular momentum J of C6H5FCl as indicated by
the numbers. The open circles represent the electronic
energy without the zero point energy (after Quack, 1980).

potential. Tunneling through these effective potential
barriers then becomes important at threshold as shown
in Fig. 7.22.

These effective barriers for tunneling have been
widely calculated using treatments where the relative
rotation of the collision partners is considered to be
free, with a quasidiatomic quasiclassical treatment for
the centrifugal barriers, such as in phase space theory
(Pechukas and Light, 1965; Nikitin, 1965), Gorin type
models for radical recombinations (Gorin, 1938), or
Langevin models for ion–molecule reactions (Giou-
mousis and Stevenson, 1958; Levine and Bernstein,
1989; Levine, 2005). We shall address here an impor-
tant aspect for such effective tunneling potentials, which
can be understood in the framework of the quasiadia-
batic channel model (Quack and Troe, 1998). There the
effective tunneling potential includes effects from the
quantized energy of hindered relative rotation of the
diatomic or polyatomic collision partners as illustrated
with the potential labeled Vacm (J, a) in Fig. 7.22. These
zero point energy effects are quite important and have
been calculated quantitatively in a numerically exact
way by the quasiadiabatic channel Diffusion Quantum
Monte Carlo (DQMC) method of Quack and Suhm
(1991a) for the collisions

2HF → (HF)2 (7.13)

forming the hydrogen bonded complex (HF)2. Fig. 7.23
shows such results for the lowest quasiadiabatic chan-
nel potentials with J = 0, where the effective barriers
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FIG. 7.22 Effect of zero point energy and angular
momentum on polyatomic reaction dynamics as illustrated
by the adiabatic channel model. Ve is the electronic
(Born–Oppenheimer) potential in the reaction coordinate q,
Vcc(J ) the effective, classical centrifugal potential (for a total
angular momentum quantum number J, and Vacm(J, a) the
effective adiabatic channel potential including zero point
energy for J and channel a (after Quack, 1990).

are not visible, and Fig. 7.24 shows the lowest chan-
nels for higher total angular momenta (J = 10, 30, 60),
where they are easily visible. These full-dimensional
quasiadiabatic channel Quantum Monte Carlo calcula-
tions carried out on the full-dimensional SQSBDE po-
tential hypersurface have demonstrated the great quan-
titative importance of the zero point energy effects. For
instance, in the J = 60 channel the effective pure ro-
tational energy barrier for capture occurs at R′

ab = 15a0
with an energy E′

B = (hc)33.6 cm−1, whereas with in-
clusion of the correct quantum zero point energy by
DQMC it occurs at R′

ab = 11a0 with a much higher en-

ergy E′
B = (hc)123 cm−1. This demonstrates that clearly

the full quantum dynamical treatment of the effective
potentials must be carried out before doing calculations
for capture in such systems with or without tunneling.

Notably, Troe and coworkers have applied the SACM
(statistical adiabatic channel model), sometimes in-
cluding further approximations to a variety of capture
processes (Auzinsh et al., 2013; Troe, 1987, 1992, 1996;
Nikitin and Troe, 2010a,b; Dashevskaya et al., 2003,
2010, 2011).

FIG. 7.23 Lowest quasiadiabatic DQMC dissociation
channels of A+ (�), A− (∇), B+ (©), B− (♦) symmetry and
1D stretching levels for (HF)2. Note that for the A− and B−
channels, the symbol is about the size of the error bar, while
it is twice the error bar for B+ and 5–20 times the error bar
for A+, depending on Rab′ . The channel potentials Va (Rab)
are referred to V0 (Rab → ∞) ≡ 0. The electronic potential is
shown as a dotted line, defining Vel (Rab → ∞) ≡ 0 in this
case (after Quack and Suhm, 1991a).

The fast reaction with intermediate complex forma-
tion have received further recent attention due to devel-
opments in studying reactions at very low temperatures
(Smith, 2006; Hoshina et al., 2004; Ospelkaus et al.,
2010; Perreault et al., 2017; Kilaj et al., 2018; Hall et al.,
2013), see also Bergmann et al. (2019) for state selective
preparation by STIRAP, and references therein. Besides
the possible role of tunneling through small centrifu-
gal barriers in such reactions, there are also interesting
threshold effects due to symmetry, which we can illus-
trate again with the (HF)2 system. Fig. 7.25 illustrates
the symmetry correlations for the lowest quasiadiabatic
channels (Quack and Suhm, 1991a). We can use again
the group S∗

2,2 as discussed in Section 7.3 or the smaller
group MS4 if the HF monomer units remain intact, be-
cause the barrier for exchanging protons between the
different F-atom partners in the HF units is very high.
One sees in Fig. 7.25 that the ground state tunneling
doublet correlates with the ground state products A+
and an excited vibrational state with B+-symmetry and
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FIG. 7.24 Lowest quasiadiabatic DQMC dissociation
channels for J = 10,30,60 together with the minimum
energy path potential of dissociation (after Quack and
Suhm, 1991a).

an energy corresponding to 2B (with B being the rota-
tional constant of HF). The lowest A− channel involves
excitation of the out of plane bending (vibrational, tor-
sional) mode ν6 neat 400 cm−1 in (HF)2 and correlates
at the product side with the lowest possible A− state
with energy corresponding to 4B. This implies, for in-
stance, that the excited levels of (HF)2 with A− symme-
try and J = 0 cannot predissociate even if their energy
is above the lowest threshold (energy = 0 in Fig. 7.25)
but below (hc ∗ 4B), unless one invokes parity violation
(Quack, 2011b). These excited states would therefore be
extremely long lived. The upper tunneling level of v6
= 1 has B− symmetry and correlates with a product B−
channel of energy (hc∗8B). Thus B− excited levels (with
J = 0) cannot predissociate above threshold unless they
reach an energy (hc ∗ 8B) or more. In the energy range
between hc∗4B to hc∗8B they could predissociate with
violation of nuclear spin symmetry and below hc ∗ 4B
again only with parity violation, thus being extremely
long lived. Of course, these correlations also appear in
the effective channel potentials in Fig. 7.24.

As a fully state selective version of transition state
theory the statistical adiabatic channel model (SACM)

FIG. 7.25 Correlation diagram for the lowest rotationless
states of (HF)2 and the corresponding monomer fragments;
v3 > v6 is assumed (after Quack and Suhm, 1991a).

allowed for proper explicit inclusion of all conserved
quantum numbers, such as angular momentum, parity
and nuclear spin symmetry, as also of other approxi-
mately conserved quantum numbers. At the same time
it allowed for a consistent treatment of barrierless re-
actions by a kind of transition state approximation,
a unique property at the time of its development, as
the usual versions of transition state theory relied on a
well defined transition structures at a saddle point (in
the multidimensional hypersurface), which is absent
in barrierless reactions. The latter feature was later in-
cluded in the so-called “variational transition state the-
ory” (Truhlar and Garrett, 1984; Truhlar et al., 1996),
but which has been shown to be only an approximation
to the full SACM (Quack and Troe, 1977c,a,b). Varia-
tional transition state theory generally gives somewhat
too high values for the rate constant of barrierless reac-
tions, although the results are much better than in the
older versions of transition state theory or RRKM (Rice–
Ramsperger–Kassel–Marcus) theory. As a early crucial
experimental test we may mention the prediction of an
increase of the barrierless methyl radical recombination
rate by a factor of 20 by the then available RRKM calcu-
lations

CH3 + CH3 → C2H6, (7.14)
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FIG. 7.26 Schematic drawing of adiabatic channel
potentials for the predissociation of H+

3 (see detailed
discussion in the text, the electronic potential is omitted)
(after Quack, 1990).

whereas the SACM predicts a constant or slightly de-
creasing rate coefficient over the range 300 to 1300 K.
The SACM prediction (Quack and Troe, 1974) was con-
firmed by experiment (Glänzer et al., 1976, 1977).

7.7 TUNNELING IN IONS AND IN
ELECTRONICALLY EXCITED STATES

We have already mentioned the prototypical ion H+
3

in the context of barrierless recombination reactions.
It can also be used as a prototype for studying tun-
neling and symmetry in unimolecular dissociation of
ions. Indeed, its high resolution infrared predissocia-
tion spectrum has remained for decades without as-
signment and analysis (Carrington et al., 1982; Car-
rington and Kennedy, 1984). Symmetry and tunneling
in this predissociation can be analyzed as illustrated in
Fig. 7.26 (Quack, 1990).

For the symmetry analysis one can in practise use
the group S∗

3 = S3 ⊗ S∗ as the direct product of the
symmetric group S3 of the three protons and the inver-
sion group S∗. We consider here the case of the totally
symmetric electronic ground state. The j = 1 and j = 0
product rotational channels in

H+
3 + hν → (H+

3 )∗ → H2(j) + H+ (7.15)

are separated by about 120 cm−1 (1.4 kJ mol−1) for a
low total angular momentum channel with J = 1 with
no or with nearly zero barrier, or a high angular mo-
mentum channel with large J and a large centrifugal
barrier as indicated in Fig. 7.26.

Let us consider a predissociating state labeled (1) in
Fig. 7.26. It may dissociate to give j = 0 product with an
“orbital” angular momentum quantum number l = 1
for the relative motion of the fragments (l = J = 1 in
this case with j = 0, i.e., para-H2). This channel has neg-
ative parity and E− symmetry with total nuclear spin I
= 1/2, as A−

1 is Pauli forbidden. Thus if |1〉 is of A+
2

symmetry, it can only predissociate by parity violation
not by tunneling, thus it will be extremely long lived.
The same conclusion is true for an E+ level of H+

3 at
an energy of |1〉. On the other hand, an E− state at that
energy can predissociate by tunneling, the lifetime will
then only depend on the tunneling probability andmay
be short enough to be found in predissociation. An A−

2
level at the energy of |1〉 could only predissociate by nu-
clear spin symmetry change, thus it would be long lived
(but not as long lived as an A+

2 level). More conclusions
can be obtained in a similar way, see Quack (1990). One
can reverse this reasoning: When detecting the product
state of H2 in reaction (7.15) (ortho or para) in con-
junction with the predissociation spectral line, one can
assign the symmetry of the predissociating state of H+

3
observed through that line. We may note here that for
the reaction

H+
2 + H2 →H+

3 + H, (7.16)

which proceeds without barrier through a very short
lived H+

4 , the symmetry selection rules (Quack, 1977)
were experimentally confirmed by Uy et al. (1997).

Tunneling processes are also of relevance in other
positively charged ions where H+

5 is an important exam-
ple. The GENUISH program has been used to calculate
the rotational-vibrational energy levels for H+

5 and its
deuterated modifications for a reduced and full dimen-
sional model (Sarka and Császár, 2016). The “astruc-
tural” highly non-rigid ion CH+

5 has found much in-
terest as well (Fábri et al., 2017 and references therein).
The calculations showed that energy separations of the
rotational and vibrational levels are in each case on the
same order of magnitude, reflecting the flatness of the
potential hypersurface and therefore there is no good
way to separate “rotational” from “vibrational” spectral
structures, while, however, symmetries can be properly
included following (Fábri et al., 2017).

Tunneling processes in the ground state of the ion
had to be included to explain the ZEKE (zero-kinetic
energy) spectra of propen-H6 and -D6 (Vasilatou et al.,
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2010). A modified Hamiltonian for the Jahn–Teller ef-
fect has been derived to enable a joint treatment of the
Jahn–Teller effect and the internal hindered rotation to
explain the zero-kinetic energy photoelectron spectrum
of C2H4 and C2D4 (Schulenburg and Merkt, 2010).
Threshold photoelectron–photonion coincidence spec-
tra on the two isotopic modifications of dimethyl ether,
(CH3OCH3, DME-H6)n and (CD3OCD3, DME-D6)n,
n = 1 and 2 did not show any isotope effect. The as-
sumption of a barrierless proton transfer across weak
CH· · ·O hydrogen bonds was supported by DFT calcu-
lations (Yoder et al., 2015). The tunneling process of the
pseudo rotation in the 12E’ ground state of Na3, a classi-
cal example for the Jahn–Teller effect, has been revisited
in a recent publication (Hauser et al., 2015). The ground
state of Na3 is defined by the interplay of Jahn–Teller-,
spin-orbit-, rovibrational and hyperfine interactions. In
the investigation the rovibrational levels, theoretically
obtained from an effective Hamiltonian have been com-
pared to the results from highly resolved microwave
spectra (Hauser et al., 2015).

Rotational and vibrational predissociation is a promi-
nent tunneling process in the electronically excited
states of small molecules and ions (Herzberg, 1966;
Merkt and Quack, 2011; Merkt et al., 2011; Wörner and
Merkt, 2011; Amano, 2011; Pratt, 2011; Schmitt and
Meerts, 2011; Guennoun and Maier, 2011). In the vac-
uum ultraviolet spectrum of the C1 ← X+

0 and D+
0 ←

X+
0 band system of ArXe a second state of � = 1 sym-

metry was assumed to explain several tunneling/pre-
dissociation resonances found ∼200 cm−1 above the
C1-state (Pittico et al., 2012). For the benzoic acid dimer
a tunneling time of 111 ps is found experimentally for
the double proton exchange in the electronic ground
state and of 666 ps in the electronically excited state.
In the electronically exited state the predicted excitonic
splitting of the S1- and S2-state is of the same order
of magnitude. For the electronically excited states an
exciton splitting between the S1- and S2-state is pre-
dicted theoretically. However, an exciton splitting of
0.94 cm−1 is found experimentally, significantly smaller
than predicted (Ottinger and Leutwyler, 2012; Ottinger
et al., 2012), see also the reviews of Willitsch (2011) and
Müller-Dethlefs and Riese (2011) for further experimen-
tal studies of ions and predissociation by tunneling.

At this point we should also mention an alternative
theoretical approach for treating proton dynamics in
polyatomic ions, not together with the other nuclei on
a Born–Oppenheimer potential hypersurface but rather
together with the electrons as “light” particles. This in-
teresting approach was named nuclear-electron orbital

(NEO) approach by Sharon Hammes-Schiffer and de-
veloped for a number of applications which automati-
cally should include “quantum tunneling” of the pro-
tons implicitly as also other quantum effects related to
proton motion, see Yang et al. (2017); Brorsen et al.
(2017).

7.8 TUNNELING OF MOLECULES INSIDE A
CAGE

The quantum dynamics of molecules in cages have
found much recent interest in the context of metal or-
ganic frameworks (MOFs) (Yaghi, 2016; Yaghi et al.,
2019; Yaghi, 2019; Zhou et al., 2016; Schoedel et al.,
2016; Rungtaweevoranit et al., 2016; Nguyen et al.,
2014; Kundu et al., 2016) and Zeolites, for example,
(Sauer, 2016; Tuma and Sauer, 2015; Piccini et al.,
2018), which are important examples for heterogeneous
catalysis often involving presumably tunneling reac-
tions (Sauer and Freund, 2015).

The inside volumes of C60 and other fullerenes pro-
vide an ideal environment for the quantum dynamics
of coupled translational and rotational motions of H2
and similar molecules which are accessible to inelastic
neutron scattering. Using a 5D translational-rotational
Hamiltonian, the eigenstates could be obtained to en-
able the assignment of the INS (inelastic neutron scat-
tering) spectrum for different temperatures. From the
assigned INS spectra a special selection rule could be
derived for INS spectra of the motion of H2 in a near-
spherical potential (Xu et al., 2013, 2019; Felker et al.,
2019; Lauvergnat et al., 2019). The new selection rule
is also found for HF in C60 (Xu et al., 2019). With
the same theoretical approach the 6D translational-
rotational (TR) eigenstates of para- and ortho-H2O in-
side C60 could be calculated (Felker and Bac̆ić, 2016).
The nuclear spin symmetry conversion between the or-
tho and para species of the endohedral H2O inside C60
was studied in the solid phase by low temperature NMR.
The experimental data are consistent with a second-
order kinetics, indicating a bimolecular spin conversion
process. Numerical simulations showed a spin diffusion
process allowing neighboring ortho and para molecules
to exchange their angular momenta (Mamone et al.,
2014). This should be compared to nuclear spin sym-
metry conservation in H2O in supersonic jet expansions
(Manca Tanner et al., 2013, 2018), where nuclear spin
symmetry conversion may occur with cluster formation.

Hydrogen clathrate hydrates are inclusion com-
pounds where hydrogen molecules are trapped in-
side closely packed polyhedral cavities within the ice-
like lattice of hydrogen-bonded water molecules. The
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translational-rotational eigenstates and INS spectra
were calculated by a quantum-mechanical method
for H2 inside spherical clathrate domains of gradu-
ally increasing radius and increasing number of water
molecules (Powers et al., 2016). In an additional study
the diffusion of H2 and D2 through clathrate hydrates
was investigated. Path integral based molecular dynam-
ics simulations were used to calculate the free-energy
profiles for the H2 and D2 diffusion rates as a function
of temperature. For temperatures above 25 K, zero point
energies of vibrations perpendicular to the reaction path
lead to a decrease of the quantum mechanical (cal-
culated) rates compared to classically calculated rates.
For low temperatures, tunneling becomes dominant
(Cendagorta et al., 2016). Using neutron scattering and
ab initio calculations a new “quantum tunneling state”
of the water molecule confined in 500 pm wide chan-
nels in the mineral beryl has been discovered, which
is characterized by extended proton and electron delo-
calization. The maxima in the neutron scattering data
could be uniquely assigned to a new tunneling state of
water (Kolesnikov et al., 2016).

Metal–organic frameworks (MOFs) represent a class
of porous materials that have been considered to be
promising for applications in H2 storage. The inelas-
tic scattering of neutrons from adsorbed H2 is an ideal
method for obtaining information on the type and na-
ture of H2 binding sites in porous materials. Energy
levels and transition energies may be obtained from
quantum dynamics calculations with an accuracy lim-
ited by the quality of the potential energy surface and
can be directly compared to the experiment. In a recent
review the results from some quantum and classical
mechanical calculations have been summarized (Pham
et al., 2016b). An example for such a porous material
is [Mg3(O2CH)6], a metal–organic framework (MOF)
that consists of a network of Mg+

2 -ions coordinated to
formate ligands. In simulations and two-dimensional
quantum calculations of the rotational levels it was
found that different groups of maxima in the inelastic
neutron scattering experiments correspond to particular
adsorption sites in the material. In addition, 8 different
rotational tunneling transitions could be identified ex-
perimentally and theoretically as well and their barrier
height could be determined (Pham et al., 2016a).

7.9 CONCLUDING REMARKS ON
TUNNELING

In many theories and mechanistic discussions in chem-
istry atomic and molecular tunneling processes are
neglected even though chemical examples had been

known from the beginning of the discovery of the
tunnel effect in the early times of quantum mechan-
ics (Hund, 1927a; Herzberg, 1939, 1945; Bell, 1980;
Quack and Merkt, 2011). The present survey shows that
just now in recent years a large number of phenomena
in chemistry based on the tunnel effect with contribu-
tions from atoms or atomic groups in molecules and
not only from electrons have been discovered and un-
derstood in detail. Here, for the future still important
applications have to be expected, and we can highlight
as just one example the possible use of tunneling in the
design of molecular quantum switches and quantum
machines (Fábri et al., 2018), discussed here in Sect 7.4.
Numerous further examples of quantum atomic and
molecular tunneling systems in molecular kinetics and
spectroscopy have been illustrated in the present review.
These provide a view of “molecules in motion” (Quack,
2001) from the true quantum perspective of the tunnel
effect. By necessity a review of such a vast field cannot
provide a comprehensive coverage of the literature, and
we extend our apologies to those authors whose work
may have been less than adequately covered in our se-
lection of examples of recent interest and developments
in the field.

To conclude we shall address a few conceptual
points, which we have until now omitted but which
are of some current relevance. The first concerns a re-
mark on nomenclature for “tunneling sublevels”. These
are often labeled as 0+, 0−, 1+, 1−, v+

n , v−
n , where the

number vn give some vibrational (e.g., torsional, inver-
sional, etc.) quantum number in the “high barrier” limit
whereas the exponent “+” indicates the lower and “–”
the upper tunneling sublevel. This widely used nomen-
clature is related to the intuitive notion that the lower
sublevel is often symmetric and the upper sublevel an-
tisymmetric with respect to some symmetry operation.
This type of symmetry assignment is, however, not gen-
erally true and it obviously fails in slightly asymmetric
potentials where at low energies the wavefunctions may
be localized, whereas at higher energies one may have,
indeed, delocalized “tunneling sublevels”. A more gen-
eral useful label would be simply “l” for the “lower”
and “u” for the “upper” sublevel, which is a neutral
nomenclature leaving the question of symmetry and lo-
calization and delocalization open and perhaps to be
specified by some further nomenclature. Indeed, when
the tunneling sublevels arise from a process related
to the concept of “feasibility” according to Longuet-
Higgins (1963), one can then use a symmetry label
from the appropriate symmetry group. There has been
a somewhat unfortunate multitude of conventions and
nomenclatures in this field and we should strongly ad-
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vocate the use of symmetry labels which give a unique
symbol for symmetries in the restricted permutation
group (A for symmetric, B for antisymmetric with in-
dices Ai , Bi as may be needed, E for doubly degenerate,
F for triply degenerate species, and then with increasing
degeneracy systematically G, H, etc.) or else the parti-
tion in the full permutation group Sn as is conventional
in mathematics. The parity of the species can be indi-
cated by an exponent “+” for positive parity and “–”
for negative parity. This notation was systematically in-
troduced in Quack (1977) and has been recommended
in Cohen et al. (2011) and Stohner and Quack (2011)
for example. It differs sometimes from the various less
systematic conventions used also in Bunker and Jensen
(1998), which is among the frequently used sources for
conventions, but there are also quite a few further ones
(for instance, Oka, 2011, similar but not identical to our
recommended one). A critical discussion and summary
has been given in Quack (2011b), to which we refer for
further details, and which also leads to the recommen-
dation we give here (see also for some of the history and
further references Mills and Quack, 2002). Obviously
all this is a matter of convention and not fundamental.
In principle any convention and nomenclature can be
used, if it is well defined. Nevertheless, a good system-
atic nomenclature can be helpful in scientific work.

There is a second point of current interest, which, in
fact, has led to some debate: The notion of the “tun-
neling time”. This particular time is sometimes (not al-
ways) defined as the “time the particle spends in the
classically forbidden region under the barrier during
the tunneling process”. We shall not enter here the de-
tails of the debate around the question of the “tun-
neling time”, but we refer to some of the key refer-
ences from which the reader can obtain a perspec-
tive on this debate (MacColl, 1932; Hauge and Stoev-
neng, 1989; Landauer and Martin, 1994; Lépine et al.,
2014; Dahlström et al., 2012; Telle et al., 1999; Gall-
mann and Keller, 2011; Gallmann et al., 2012; Lands-
man et al., 2014; Landsman and Keller, 2014, 2015;
Cattaneo et al., 2016; Hofmann et al., 2019; Pollak,
2017; Petersen and Pollak, 2017, 2018; Wörner and
Corkum, 2011). The discussions have sometimes led to
considerations of fundamental physics extending into
cosmology (Nimtz and Haibel, 2004; Hawking, 1975;
Vilenkin, 1988; Low, 1998; Nimtz, 2011). We shall
not dig deeply into these considerations here but con-
clude with the following remark relevant to “heavy
particle” tunneling in molecules in the framework of
potential barriers arising in the framework of Born–
Oppenheimer or related potential hypersurfaces. In the
limit where the non-relativistic dynamics as described

by the time-dependent Schrödinger equation can be
used (i = √−1),

i
h

2π

∂�(�q, t)

∂t
= Ĥ �(�q, t), (7.17)

one can certainly state that experimentally observable
quantities can be calculated for any tunneling process,
and thus if one can define some kind of “tunneling
time” which can be measured experimentally, then one
can also compute it by solving the Schrödinger equa-
tion and thereby “understand” it, in that sense there
is no real enigma. Similar statements hold true if we
use the Heisenberg picture with the Heisenberg equa-
tions of motion or considering the time evolution of the
density operator according to the Liouville–von Neu-
mann equation (Merkt and Quack, 2011; Marquardt
and Quack, 2020, Chapter 1).

Finally, we shall address a fundamental aspect re-
lated to the concept of the “potential function”, which
appears in the usual discussions of tunneling. Indeed,
at first sight it may seem that the concept of “tunneling”
necessarily involves the existence of such a potential
function. A closer look shows, however, that things
are not quite as simple. We shall start here by con-
sidering tunneling within the quasiadiabatic channel
reaction path Hamiltonian and “quasiadiabatic above
barrier tunneling”. The lowest levels and wavefunctions
shown in Fig. 7.3 show a tunneling sublevel struc-
ture and tunneling wavepacket dynamics as given by
the effective one-dimensional quasiadiabatic channel
potential, although their energy is high above the bar-
rier in the multidimensional Born–Oppenheimer sur-
face. One might then be tempted to say that it is not
a “true” tunneling process, as it results from an ap-
proximate model. However, the “exact” 6-dimensional
vibration-tunneling calculation on the complete hy-
persurface shows about the same level structure and
wavepacket dynamics as the approximate calculations,
and therefore one must conclude that the full quantum
dynamics shows “tunneling behavior” even above the
barrier. It is furthermore true that also the tunneling
sublevel structure and dynamics at energies below the
6-dimensional saddle point result from an approxima-
tion. Without the Born–Oppenheimer approximation
(see also Marquardt and Quack, 2020; Császár et al.,
2020, Chapters 1 and 2) the “Born–Oppenheimer po-
tential barriers and saddle points” disappear. If one
treats hydrogenperoxide or other molecules with Born–
Oppenheimer barriers “exactly” by means of quantum
dynamics of a collection of the electrons and nuclei
in the molecule, the “true” potential arises in essence
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from the Coulomb-interaction of these particles in a
very high dimensional space. But even then without
any Born–Oppenheimer barriers to tunnel through, the
“exact” quantum dynamics will show very much the
same sublevel structure and tunneling dynamics as it
is described by the approximate theory and confirmed
by experiment. This suggests a new definition of quan-
tum tunneling dynamics that does not depend on the
concept of potential barriers, as we have pointed out
already in the context of the definition of the “molec-
ular symmetry group” of non-rigid molecules. While
Longuet-Higgins has, indeed, motivated this group by
the existence of high Born–Oppenheimer potential bar-
riers separating symmetrically equivalent isomers and
thereby generating systematically degenerate level struc-
tures, we pointed out that in a rigorous discussion
the symmetry groups should not be defined by an ap-
proximation but rather by the induced representation
corresponding to the degenerate sublevels, which one
can define from an exact theory without any approx-
imation and also by experiment (Quack, 1977, 1985,
2011b). When the perfect degeneracy is lifted by tunnel-
ing leading to observable tunneling splittings, one can
consider this effect then as the breaking of an approx-
imate symmetry without having to refer to tunneling
through potential barriers from the Born–Oppenheimer
approximation. Thus the tunnel effect can be under-
stood as a quantum dynamical phenomenon with-
out making reference to approximate concepts such as
Born–Oppenheimer potential hypersurfaces. One can
say, however, that the Born–Oppenheimer approxima-
tion and also the quasiadiabatic channel reaction path
Hamiltonian with their effective potentials provide us
with simple models (Quack, 2014), which allow us in
the first place to qualitatively understand the phenom-
ena and in the second place also compute the phenom-
ena approximately without too much effort (see also
the general discussion by Roald Hoffmann (1998) on
qualitative understanding versus computation).

The discussion can be continued similarly at an
even deeper level: From the standard model of parti-
cle physics we understand even the Coulomb potential
as not being a “fundamental preexisting” potential but
rather as arising from photons as field particles me-
diating the electromagnetic interaction (Quack, 2006;
Marquardt and Quack, 2020, Chapter 1). Similarly the
parity violating interaction leading to the slight asym-
metry effect in the effective potential as illustrated in
Fig. 7.5 arises from the Z-bosons as field particles medi-
ating the weak interaction between electrons and nuclei
(or protons, neutrons, quarks, etc.). The small effec-
tive “parity violating potential” (really an extra effective

potential hypersurface which is antisymmetric with re-
spect to inversion and should not at all be interpreted
as a “Born–Oppenheimer hypersurface”) arises from
an approximation in carrying out the computation in
electroweak quantum chemistry (Bakasov et al., 1998;
Berger and Quack, 2000a,b; Quack and Stohner, 2000;
Quack, 2006, 2011b). While there would be no need to
make the approximation, it nevertheless corresponds to
a useful model which allows us to understand the small
symmetry violation and to practically compute it with
feasible effort. Conceptually, however, exact tunneling
dynamics in this effective asymmetric potential should
be understood on the basis of the quantum sublevel
structure arising from the symmetry breaking removal
of a degeneracy, which can be observed by experiment
or could also be derived from an exact theory without
making any reference to the parity violating potential
hypersurface.

A brief note is also useful concerning the role of
relativistic effects. As is well known, these are impor-
tant for the dynamics of electron motion, whenever the
heavier elements are involved in the molecules con-
sidered. These effects can be calculated by relativistic
quantum chemistry (Reiher and Wolf, 2009) and can
lead, indeed, to dramatic changes in the effective Born–
Oppenheimer potential barriers for tunneling. Once
these effects are included, the tunneling motion of
atoms and molecules can be computed and understood
in very much the same way using the Schrödinger equa-
tion as discussed for non-relativistic potentials. If the
molecules move at relativistic speeds, one has to con-
sider the changes in the definition of time which is then
to be measured by an atomic clock moving at relativistic
speed. Indeed, molecular tunneling systems such as am-
monia can be and have been used as molecular clocks,
and one has the well understood (and, in fact, experi-
mentally observed) relativistic effects, such as an atomic
and molecular “twin paradox” (Einstein, 1922). Fur-
ther considerations arise when considering violations of
time reversal symmetry and possibly a hypothetical vi-
olation of CPT symmetry and we refer to Quack (1999,
2003, 2004, 2006, 2011b,a) where one can also find a
discussion of the “42 open problems”, some of which
are related to tunneling.

ACKNOWLEDGMENTS
We gratefully acknowledge support, help from and dis-
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