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Abstract
The πσ*-mediated photochemistry of heteroaromatic molecules has provoked
the investigation of the conical intersection dynamics. The Born–Oppenheimer
approximation fails at the conical intersection where the S1 (ππ*) and S2 (πσ*)
states cross. The nonadiabatic transitions are much influenced by the nuclear con-
figuration of the reactive flux particularly in the curve-crossing region encoun-
tered along the reaction pathway. In this article, we focus on the tunneling
dynamics of phenols and thiophenols. The O (S) H bond cleavage occurs via
tunneling through the barrier which is dynamically shaped by the upper-lying
S1/S2 conical intersection in terms of the couplings at the individual branching
planes as well as along the (3N-8) dimensional seam coordinates. State-specific
tunneling rates and their interpretation are given for phenol, substituted phenols,
thiophenol, ortho-substituted thiophenols, and benzenediols including their 1:1
water clusters. The completely orthogonal modes to the tunneling coordinate are
very critical in the dynamic shaping of the reaction barrier.
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INTRODUCTION

The πσ*-mediated photochemistry in heteroaromatic mol-
ecules has been both extensively and intensively studied
for many recent decades.1–8 The efficient coupling of the
optically bright S1 (ππ*) state with the upper-lying opti-
cally darker S2 (πσ*) state gives rise to the conical inter-
section where the nonadiabatic transition is supposed to
be much facilitated.9–12 The Born–Oppenheimer approxi-
mation fails in the vicinity of the conical intersection, and
one should deal with the situation where the nuclear
motion does not stick to the adiabatic potential energy
surface anymore.13–18 As surface crossings are ubiquitous
in the excited states, many photochemical and photobio-
logical processes undergo nonadiabatic transitions
through conical intersections encountered along their

reaction pathways. The πσ*-mediated photochemistry, in
this aspect, is quite unique as it gives the rational explana-
tion for the ultrafast nonradiative transitions of many hetero-
aromatic molecular systems upon the electronic excitations,
which are often relevant to the photochemical or photobio-
logical activities.6,19–38 As a matter of fact, spectroscopic and
dynamic studies on heteroaromatic systems including
phenols,9,12,39–75 thiophenols,10–12,76–97 anisoles,98–102

thioanisoles,5,103–115 or many others are vast in terms of their
diversities and detailed dynamic features. Herein, we focus
on the H-atom detachment reactions of phenols and
thiophenols especially in terms of the state-specific tunneling
rate constants.

The O H (or S H) bond dissociations of phenols
(or thiophenols) in the S1 state take place via tunneling
through the reaction barrier which is the consequence
from the curve-crossing of the bound S1 (ππ*) and
unbound S2 (πσ*) state. The tunneling reaction is thenJunggil Kim and Kyung Chul Woo contributed equally to this study.
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governed by the S1/S2 conical intersection in terms of its
multidimensional structure and dynamic role especially in
nonadiabatic transitions. As the S2 state is repulsive along
the O H (or S H) bond extension coordinate, the tunnel-
ing from the bound S1 to the unbound S2 leads to the
H-atom detachment reaction. In the planar geometry
where the O H (or S H) bond axis lies on the plane of
the benzene moiety, the wave packet sliding on the repul-
sive S2 state experiences another conical intersection located
in the later stage of the reaction pathway. This second coni-
cal intersection results from the curve crossing of S2 (which
is diabatically correlated to the ground (thio-)phenoxyl radi-
cal (eX)) with the S0 state (diabatically correlating to the
electronically excited (thio-)phenoxyl radical (eA)) at the
asymptotic limit (Figure 1).4,12,59,76 Nonadiabatic transition
at the second S0/S2 conical intersection gives rise to the
ground state of the (thio-)phenoxyl radical whereas the
excited state of the (thio-)phenoxyl radical is generated
by the adiabatic pathway. The nonadiabatic transition
probability at the S0/S2 conical intersection could be then
precisely estimated experimentally by measuring the
branching ratio of these pathways from translational
energy distribution of the H-fragment,10–12,76–78,83 provid-
ing the great opportunity to understand and control the
conical-intersection dynamics in the state and structure
specific ways.11,77,80–83,86,93–95 The rate of the whole reac-
tion though is governed by that of the tunneling process
through the barrier which is dynamically shaped by the
S1/S2 conical intersection.

54,96,116–121 It should be empha-
sized that the tunneling dynamics of phenols
(or thiophenols) is multidimensional in nature although
the tunneling process could be regarded to occur along
the one-dimensional O H (or S H) bond extension coor-
dinate. This is because that the tunneling barrier is
dynamically shaped along the branching plane as well as
(3N-8) dimensional seam coordinates of the conical inter-
section.58,61,64,88–90,122 Multidimensional aspects of the
tunneling could be clearly manifested in the mode-
dependent tunneling rates measured for phenols and
thiophenols.69,73,85,96,117,121

In this mini-review, we try to summarize and give the
perspective mainly based on a series of recent works from
our own group although it should be emphasized that
this review would not be possible without the contribu-
tion of a number of beautiful works from other prominent
research groups. Thus, it should be noted that this article
may not provide the complete survey of literatures on the
tunneling dynamics of phenols or thiophenols. In the
main text, the characters of the excited states of the het-
eroaromatic systems will be briefly explained. The overall
features of the potential energy surfaces along the
tunneling coordinate are quite similar for both phenols
and thiophenols. State-specific tunneling rate measure-
ments and their interpretations will be then given for
(i) phenol, (ii) substituted phenols such as o-cresol
(2-methylphenol), (iii) thiophenol, (iv) ortho-substituted
thiophenols (2-methoxythiophenol, 2-fluorothiophenol,

and 2-chlorothiophenol), and (v) benzenediols (catechol,
resorcinol, and hydroquinone) and their 1:1 water clus-
ters. Finally, the perspective on the subject is briefly
given.

THE TUNNELING DISSOCIATION OF THE O H
BOND IN THE S1 STATE OF PHENOLS

Phenol: The prototypical system of the
πσ*-mediated photochemistry

Phenol is one of the most studied systems in the field of
photochemistry not only because it is the simplest het-
eroaromatic system but also because its photochemistry
is quite relevant to the biological activities in certain cir-
cumstances.6,36 Though the photochemistry of phenol
had long been investigated, the important role of the S2
(πσ*) state in the nonadiabatic transitions of the excited
states was realized not so long ago.1,2,39 For instance, the
Ni group has identified the fast H-atom fragmentation
from phenol excited at 193 and 248 nm using their multi-
mass ion imaging apparatus40,43 whereas the Ashfold
group has analyzed the detailed coupling mechanism of
the O H dissociation reaction by means of the highly
resolved Rydberg-tagging H-atom translational spectros-
copy.41,48,50 It is now well established that the optically
bright bound S1 (ππ*) state is strongly coupled to the
upper-lying unbound S2 (πσ*) state to give rise to the fast
H-atom fragment, as depicted in Figure 1. The S1 state
lifetime of phenol had been numerously estimated from
various spectroscopic and time-resolved studies at
the zero-point vibrational energy level,116,123–127 giving

F I G U R E 1 Schematic potential energy curves along the O H
tunneling coordinate in phenol. The reactive flux tunneled through the
barrier under the S1/S2 conical intersection slides on the repulsive S2
state to give high or low kinetic energy H-atom fragments revealing the
nonadiabatic transition at the S0/S2 conical intersection (see the text).
Adapted from Ref. 73 using the potential energy surfaces calculated by
Ref. 59
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τ � 2.5 ns for the S1 origin, for instance, from the femto-
second (fs) time-resolved pump-probe method by the
Stavros group.53 The S1 lifetime reflects the sum of rates
of all possible S1 decay pathways, and the radiative and
nonradiative transition rates (the S0–S1 internal conver-
sion and/or T1–S1 intersystem crossing) contribute to the
decay of the S1 phenol at its zero-point level quite signifi-
cantly.41,123–128 Actually, the quantum yield of the H-atom
tunneling at the S1 origin had been estimated to be �0.83,
indicating that the tunneling rate is about five times faster
than the sum of other decay rates at the S1 zero-point
level.124 This in turn though suggests that the measured S1
lifetime of phenol is mostly determined by the H-atom
tunneling rate. Because of the intrinsic broad bandwidth of
the fs laser pulse, the state-specific tunneling rate of the S1
phenol could not be invoked until quite recently.69,73 The
Tseng group firstly used the picosecond (ps) pump-probe
method to obtain the parent ion transients at several differ-
ent S1 vibronic modes of phenol, showing the dramatic
mode-dependency of the tunneling rates.69 The more com-
plete ps-resolved tunneling rates for the properly assigned S1
vibronic bands as well as the associated H-atom translational
distributions have been precisely measured by our own
group,73 revealing the multidimensional nature of the tunnel-
ing reaction and nailing down the otherwise controversial ori-
gins of the slow and fast H-atom fragment.41,50,53,129 The fast
H-atom fragment with the Gaussian-shaped translational dis-
tribution results from the funneling into the S0/S2 conical
intersection, whereas the slower H-fragment should represent
the reactive flux which undergoes the vibrational
predissociation process along the adiabatic potential surface
generated under the S0/S2 conical intersection.

58,130

Consistently with the previous studies,53,69,116,123–127

the lifetime (τ) at the S1 origin is found to be �2.3 ns.
Thereafter, however, the S1 lifetime gets largely fluctuated
with the dramatic mode-dependency especially in the
low excitation energy region of 0–1200 cm�1, where the
intramolecular vibrational redistribution (IVR) is not
turned on yet due to the low density of states (Figure 2).
For instance, the lifetime gets slightly decreased to
�1.9 ns at 324 cm�1 (112) whereas it increases to �2.9 ns
at 374 cm�1 (16a2). Interestingly, the 16a2 mode was
reported to be highly activated in the product-state distri-
butions.41,44,50 The experimental finding that the tunnel-
ing rate at the 16a2 mode excitation is slowed down thus
seems to be contradictory at the first impression. On the
other hand, it may suggest that the 16a2 mode is indeed
coupled to the tunneling coordinate but in a way of
impeding the tunneling rate. The reactive flux inside the
S1 well is then somehow retained along the 16a normal
mode to be manifested in the final product energy
release. The S1 lifetime gets converged to τ � 800 ps at
the S1 internal energy of 3600 cm�1 where the given
internal energy is expected to be randomized among iso-
energetic states. Actually, the tunneling rate starts to be
converged without the mode-dependency at the S1 inter-
nal energy of �1200 cm�1, suggesting that the IVR rate
from thereon is now comparable to or faster than the
tunneling rate. It is quite notable that the slow IVR rate in
the low internal energy of S1 gives the great opportunity
to disentangle the govern the dynamic shaping of the
associated multidimensional tunneling barriers. Tunneling
rates of phenol clearly demonstrate that the tunneling
cannot be explained by the one-dimensional picture

F I G U R E 2 (a) Picosecond (1 + 10) resonance-enhanced two-photon ionization (R2PI) spectrum of the S1 state phenol. (b) Mode-specific tunneling
rates of phenol obtained from the time-resolved pump-probe parent ion yield transients. Some transients at the S1 zero-point energy level (red), 11

2

mode, and 16a2 modes (black) are shown on the right panel with the single exponential fits
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alone. The strong mode-dependent tunneling rates con-
firm that the tunneling dynamics is strongly influenced by
the multidimensional nuclear configurations spanned by
the specific vibronic mode excitations. As the tunneling
barrier is shaped by the S1/S2 conical intersection, its
shape with respect to the multidimensional coordinates is
dictated by the magnitudes of the nonadiabatic coupling
matrix elements which are strongly dependent on the
individual coupling mode characteristics.62–64,131,132

The one-dimensional barrier height for the O H
tunneling of the S1 phenol at the fixed planar geometry
had been predicted to be 7000–8500 cm�1.9,50,53,58,62

From the simplistic assumption, one may calculate the
one-dimensional tunneling rate by the semi-classical
theory using the Wentzel–Kramers–Brillouin (WKB) approx-
imation, which is sensible and yet overestimating the
experiment.53,116,120,121 As a matter of fact, tunneling
dynamics of phenol has been subject to many high-level
dynamic calculations for recent years.9,42,44,51,59,62–67,70,71,74,75

For instance, Guo and colleagues reported that the O H
tunneling rate of phenol calculated on the full-
dimensional potential energy surfaces does not repro-
duce the experiment without the consideration of the
geometric phase which is inevitable in the nonadiabatic
transition where the reactive fluxes encircles the conical
intersection.62–64,74 The geometric phase issue in the
tunneling process is extremely interesting, and the experi-
mental demonstrations would be highly desirable in the
near future as the excited-state dynamics of phenol
(or thiophenol) is one of the ideal targets for resolving this
important problem.

It is quite notable that the prominent quantum beats
have been observed for several Fermi-doublets in the S1
phenol.133 For example, the Fermi-doublet located at the
S1 internal energy of 935 and 938 cm�1 (Figure 2) repre-
sent a couple of eigenstates resulting from the Fermi-type
coupling of the optically bright 11 fundamental and opti-
cally dark 4110b1 combinational modes (Figure 3).134,135

Within the coherent width of the picosecond pump laser
pulse (Δt � 1.5 ps), this doublet is coherently excited to
give the largely modulated quantum beat in the ioniza-
tion cross section. The Fourier transform of the interfero-
gram then gives the gap of 3.302 � 0.001 cm�1 between
the Fermi doublet with the great precision. The largely
modulated quantum beat survives during the entire S1
lifetime of 2.9 ns, confirming that the dissipative IVR does
not take place within the tunneling lifetime even at the
internal energy of �1000 cm�1.73 Moreover, the sharply
contrasted quantum beat seems to open the great oppor-
tunity to investigate the nonstationary quantum state as
the superposition of Fermi-doublet could be almost
completely decomposed into the zeroth-order states in
the temporal domain. One may then select the otherwise
mixed zeroth-order state by choosing the particular delay
time between pump and probe laser pulses. It still sounds
quite challenging, and yet this temporal isolation could
be conceptually employed for the investigation for the
mode effect of the spectroscopically inseparable mixed-
eigenstates.

Substituted phenols: The role of the conical
intersection (multidimensional) seam
coordinate

Chemical derivatives of phenol including fluorophenol,
chlorophenol, bromophenol, iodophenol, or methylphenol
(cresol) have been much studied to date.100,116–121,136–151

Depending on the ortho(o), meta(m) or para(p) position of
the substituent on the phenol ring with respect to the OH
moiety, the associated dynamics is apparently quite different.
In general, the substitution on the meta- or para-position of
phenol does not seem to be much influential on the O H
bond cleavage dynamic in terms of the tunneling rate and
the excess energy disposal dynamics,116,120,138,142,143,145–151

except the presence of the additional chemical bond

F I G U R E 3 (Left) Quantum beats of the parent ion signal in the picosecond time-resolved pump-probe measurement after the photoexcitation of
the 11/4110b1 Fermi doublet of the S1 state phenol. The upper panel with open dots is experimental data points and the lower panel with filled
symbols represents the residuals after subtracting the exponentially decaying component. (Right) Schematic showing the complete decomposition of
the Fermi doublet into the zeroth-order states in the temporal domain
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cleavage channels introduced especially for the bromo- or
iodo-phenol, for example.137,141 The ortho-substitution, on
the other hand, gives rise to the substantial changes in the
whole reaction dynamics. As a prototypical case, the most
dramatic change has been observed in the S1 dynamics of
2-chlorophenol.147,152 Namely, the S1 lifetime is found to be
ultrashort which is less than a picosecond for the syn-
conformer of 2-chlorophenol,147 suggesting that the O H
tunneling is not the major channel anymore for the S1 state
of syn-2-chlorophenol. The strong intramolecular O H� � �Cl
hydrogen bonding seems to be responsible for the ultrafast
nonradiative decay presumably through the S1/S0 conical
intersection extended along the C Cl bond extension coor-
dinate. The S1 relaxation dynamics of 2-chlorophenol, by
itself, is extremely interesting. The associated reaction
mechanism in terms of the various product channels, non-
radiative transition rates, or the dynamic role of the intra-
molecular hydrogen-bonding is still subject to the further
detailed investigation.

Another very interesting system turns out to be the
2-methylphenol (o-cresol) molecule.116,121 o-Cresol adopts
either cis or trans conformational isomer, and both are
significantly populated in the molecular jet. Quite inter-
estingly, the S1 lifetime of cis-o-cresol at its origin is found
to be �1.8 ns (from the biexponential fit, vide infra),

which is quite similar to that of phenol.121 This suggests
that the O H tunneling dynamics and the competitive
nonradiative transition rates are little influenced by the
CH3 substitution on the ortho-position in the cis-
conformational structure. Remarkably, however, the S1
decay dynamics of trans-o-cresol has been found to be
dramatically different from that of phenol in many ways.
First of all, the S1 lifetime at the origin is estimated to be
�700 ps (Figure 4), indicating that the tunneling barrier
of the trans conformer should be significantly lower than
that of the cis conformer.116,121 More interestingly, the
O H tunneling rate of trans-o-cresol is found to be
strongly dependent on the eigenstates associated with
the CH3 internal rotation with respect to the phenol moi-
ety. In the very narrow energetic region (0–150 cm�1),
the tunneling lifetime varies in the wide dynamic range
(τ � 697–419 ps). The trans-o-cresol undergoes the struc-
tural change upon the S1–S0 excitation with respect to
the methyl internal rotor, giving a number of highly
excited CH3 internal rotor states as manifested in the
resonance-enhanced two-photon ionization (R2PI) spec-
trum (Figure 4). The tunneling rate (τ � 697 ps) at the
zero-point level (0a1/1e) increases with the CH3 rotor-level
excitation (τ � 493 or � 419 ps for the 2e or 3a1 state,
respectively), and yet it falls back again with increasing

F I G U R E 4 The O H tunneling rate dictated by the CH3 torsional mode excitation. (a) The tunneling lifetimes of S1 trans-o-cresol at different CH3

torsional levels. The effective tunneling barrier calculated for each CH3 torsional state is overlaid with the experimental lifetime. (b) Potential energy
curves of S1 (

1ππ*) and S2 (
1πσ*) states along the O H bond extension coordinate for the staggered (triangle) or eclipsed (circle) CH3 geometry with

respect to the OH moiety. (c) The CH3 torsional potential energy curves represented by the sinusoidal functions at the S1/S2 crossing point (orange)
and the S1 minimum (pink)
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the internal energy (τ � 515 or � 510 ps at 4e and 5e,
respectively).

As the CH3 moiety is geometrically remote in the trans
conformer and its internal rotation seems to be irrelevant
to the OH tunneling coordinate from the perspective of
the S1/S2 conical intersection where the most influential
coupling coordinate should be the C2 C1 O H dihedral
torsional angle, it could sound quite counterintuitive that
the O H tunneling rate is modulated by the CH3 internal
rotor quantum states. In the ground electronic state (S0)
of the trans-o-cresol, the CH3 moiety with respect to the
molecular plane adopts the staggered geometry. As
the CH3 torsional barrier height in S0 is �355 cm�1, only
the nearly degenerate 0a1/1e states of the zero-point
level are populated in the molecular jet. Upon the S1–S0
transition, the trans-o-cresol undergoes the structural
change from the staggered to eclipsed geometry, where
the S1 torsional barrier height is precisely estimated to be
83 cm�1.153–155 According to the equation of motion
coupled cluster singles and doubles (EOM-CCSD) calcula-
tions of S1 and S2 surfaces, the CH3 torsional barrier in the
S1 state is calculated to be �0.01 eV for both conformers,
which is in excellent agreement with the previous
report.153 Quite amazingly, on the other hand, the CH3

staggered geometry is calculated to be more stable than
the eclipsed geometry in the S2 (1πσ*) state of the trans
conformer. The torsional potential at the conical inter-
section is the sinusoidal function with the eclipsed and
staggered conformations as crest and trough, respec-
tively, with the calculated conformational barrier of
�400 cm�1 (Figure 4). This indicates that the S1/S2 conical
intersection is extended into the seam coordinate of the
CH3 torsional angle, suggesting that the CH3 internal
rotation may play an essential dynamic role as one of the
(3N-8) dimensional seam coordinates. This gives the
extremely interesting dynamic feature regarding the rela-
tionship between the molecular geometry and tunneling
dynamics. Namely, the tunneling barrier for the S1
reactive flux is determined by the energetics and nuclear
configuration of the S1/S2 conical intersection with the
eclipsed (crest) or staggered (trough) geometry devel-
oped along the CH3 torsional seam coordinate, respec-
tively, indicating that the O H tunneling barrier should
be much higher for the eclipsed geometry compared to
that for the staggered geometry. The tunneling barrier for
the eclipsed and/or staggered geometry is weight aver-
aged according to the square of the wave function of
each CH3 torsional quantum level over the nuclear config-
uration of the entire 0–2π torsional angle, giving the esti-
mation for the “effective” tunneling barrier for each CH3

internal rotor level, giving the perfectly matched effective
torsional barrier with the experiment (Figure 4). This
example, for the first time, demonstrates experimentally
that the extension of the conical intersection into the
seam coordinate is quite essential in dictating the multi-
dimensional tunneling reactions. Notably, dynamics of
the cis-o-cresol conformer needs the further investigation.

As shown in Figure 4, the S1 parent transient (at the ori-
gin) shows the biexponential behavior, giving the faster
component with τ � 1.8 ns whereas the lifetime of the
slower component could be more than 10 ns. In the
rather narrow 0–3.0 ns temporal window, however,
extracting the exact time constants is not totally reliable.
The observation of the biexponential behavior in the tran-
sient is quite rare in the simple kinetic scheme as the dis-
tinct reactive fluxes should have been prepared in the
initial photo-excitation as the parent transient otherwise
would show the single-exponential behavior regardless of
the number of different reaction pathways.

THE TUNNELING DISSOCIATION OF THE S H
BOND IN THE S1 STATES OF THIOPHENOLS

Thiophenol: The ultrafast S H bond rupture
gives the high nonadiabatic transition
probability

The S1-state dynamics of thiophenol is quite similar to
that of phenol in terms of overall features regarding coni-
cal intersections of S0, S1 (ππ*), and S2 (πσ*) along the
S H bond extension coordinate, as depicted in Figure 5.
And yet, its detailed dynamics is very different especially
in terms of energetics. One of the most distinct differ-
ences could be found in the energetics of the final prod-
ucts of the ground and first excited state of the
thiophenoxyl radical (C6H5S�). The difference between the
ground (eX) and the first electronically excited (eA) states of
the C6H5S� radical has been precisely measured to be
�3000 cm�1.156 This is much smaller than the gap of
�7700 cm�1 between eX and eA states of the C6H5O� radical
for phenol.157 Therefore, differently from the case of phe-
nol, both the eX and eA states of the C6H5S� radical are pro-
duced even at the S1 origin level of thiophenol. This
indicates that the nonadiabatic transition probability
could be quantitatively estimated for thiophenol as the eX
state of C6H5S� originates from the nonadiabatic funnel-
ing into the S0/S2 conical intersection while the adiabatic
path avoids the S0/S2 conical intersection to generate the
eA state of the C6H5S radical at the asymptotic limit. The H
or D fragment translational distributions from thiophenol
(C6H5SH) or thiophenol-d1 (C6H5SD), respectively, have
been obtained by the velocity-map ion imaging
method.10,11,76,77,83 The relative ratio of the high- to
the low-kinetic energy portions gives the eX=eA product
branching ratio which increases with the increase of the
nonadiabatic transition probability. The eX=eA product
branching ratio at the S1 origin of thiophenol-d1 is esti-
mated to be �0.75� 0.15 and remains more or less con-
stant over the 0–2000 cm�1 range.83 This indicates that
the quite large portion of the reactive flux funnels
through the conical intersection, disobeying the Born–
Oppenheimer approximation. On the two-dimensional
branching plane of the conical intersection (for both S1/S2
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and S0/S2), the gradient vector is along the S H
(D) extension coordinate whereas the most influential
coupling vector is parallel to the C2 C1 S H(D) dihedral
torsional angle (ϕ).81–83,87–90 In other words, when ϕ≈ 0�

(planar), the probability of the reactive flux to funnel
through the conical intersection is expected to be high
whereas it should be significantly reduced as the mole-
cule becomes nonplanar with the increase of the torsional
angle (ϕ≠ 0�). Utilizing this fact, the nonadiabatic transi-
tion probability could be largely controlled by the manip-
ulation of the conformational structure of thiophenol by
the chemical substitution.11,80,86,93–96 Namely, for
instance, the eX=eA product branching ratio of �0.75 at the
243 nm excitation estimated for thiophenol-d1 is much
reduced to �0.10 for para-methoxythiophenol-d1.

11 This
is mainly attributed to the perpendicular orientation of
the S D bond axis with respect to the molecular plane of
para-methoxythiophenol-d1 in S0, compared to the planar
geometry of thiophenol.80,158 Upon the vertical excitation
at 243 nm, the ultrafast S D bond rupture of para-
methoxythiophenol-d1 takes place on the nonplanar
geometry to avoid the S0/S2 conical intersection to follow
the adiabatic reaction path rather exclusively.

The S1 lifetime of thiophenol (or thiophenol-d1) has
been estimated to be 50–60 (or 70–80) fs from the spec-
troscopic features78,83 or real-time transients.85,159 This
indicates that the S H(D) bond rupture occurs promptly
with a very small tunneling barrier, although the tunnel-
ing barrier should not be taken to be one-dimensional. In
this regard, the one-dimensional potential energy surface
as depicted in Figure 5 hardly explains the experiment
(the multidimensionality of the tunneling dynamics will
be more discussed in Section 3.2). Anyhow, the ultrafast
S H(D) bond rupture is quite consistent with the high

probability of the nonadiabatic transition of thiophenol,
giving the large eX=eA product branching ratio of �0.75 at
the asymptotic limit (vide supra). The reactive flux pre-
pared on S1/S2 proceeds very fast, and thus the molecular
planarity maintains at the S0/S2 conical intersection to
give the high nonadiabatic transition probability. More
interestingly, it has been found that the product angular
distribution is sharply varied with increasing the S1 inter-
nal energy of thiophenol.83 As the S H(D) bond breakage
occurs much faster than the rotational period, the anisot-
ropy parameter (β) from I(θ) = (σ/4π) � [1+ β � P2(cos θ)] is
expected to be positive for the angular distribution of D
from the S1 thiophenol-d1 as the transition dipole
moment of the S1–S0 transition is parallel to the S H
(D) bond axis. Here θ is the angle between the direction
of the fragment velocity and the electric vector of linearly
polarized light, σ is the absorption cross section, and P2 is
the second-order Legendre polynomial. As a matter of
fact, β is estimated to be +0.25 at the S1 origin. And yet, β
is found to decrease sharply with increasing of the S1
internal energy to give the negative value of �0.60 before
going back to nearly zero again, giving a broad peak
(ΔE≈ 200 cm�1) in β centered at the S1 internal energy of
�600 cm�1. This peculiar β-dip could be explainable by
invoking the S2–S0 transition dipole moment of which the
direction is perpendicular to both the benzene plane and
the S D bond axis.77 The β-dip observed at 600 cm�1

above the S1 origin of thiophenol-d1 should be then due
to the excitation of a particular vibronic band through
which the nuclear configuration near the S1/S2 conical
intersection seam is accessed (Figure 5). As the explored
phase space volume accessed by the one-photon excita-
tion is limited by the Franck–Condon window, the multi-
dimensional aspects of the S1/S2 conical intersection still

F I G U R E 5 (a) Potential energy curves of the S0, 1
1ππ*, 1πσ*, and 21ππ* states of thiophenol along the S H(D) bond extension coordinate at the

planar geometry, calculated using CASPT2//SA4-CASSCF(12,11) level of theory. (b) Potential energy profiles of the S1 and S2 states of thiophenol along
the CSH(D) bending vibrational mode (β) coordinate where the β-mode conical intersection (CIβ) is connected to the minimum energy conical
intersection (MECI) along the seam coordinate (adapted from Ref. 83)
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need the further refinement by other means in the near
future.

The thiophenol system seems to be quite ideal
for studying the nonadiabatic dynamics as one can
quantitatively measure the nonadiabatic transition
probability.87–90 Namely, one can tune the various quantum
variables such as the electronic (or internal) energy or
vibronic quantum numbers to interrogate the relationship
between the quantum state and nonadiabatic dynamic
behavior, giving the rare opportunity to unravel the structure
and dynamic role of the conical intersection in a state-specific
way. The geometric phase which has been theoretically
invoked in the situation where the reactive flux encircles the
conical intersection (vide supra) should also be applied to the
case of the prompt S H bond dissociation of thiophenol.
Compared to the case of phenol, the S1/S2 conical inter-
section is located quite close to the S1 origin for thiophenol
(Figures 1 and 5), ensuring the ultrafast nuclear motion in the
proximity of the conical intersection. Therefore, one can think
of the preparation and real-time monitoring of the S1 coher-
ent wave packet which undergoes the constructive or
destructive interference by the encircling reactive fluxes due
to the geometric phase. For this experiment, one many need
the ultrashort (<<10 fs) laser pulse as well as the new experi-
mental scheme to overcome the Franck–Condon limit in the
optical excitation, which is challenging but will be quite
rewarding in terms of figuring out the role of the geometric
phase in real-time.

Substituted thiophenols: Dynamic shaping of
the tunneling barrier by the upper-lying
conical intersection

The S H(D) bond dissociation of the S1 (or S2) thiophenol
is ultrafast (<<100 fs), as described in Section 3.1, and
thus the investigation of the vibronic mode dependence
of the tunneling rate is intrinsically nontrivial as the lifetimes
of all accessible S1 modes of thiophenol are much shorter
than 100 fs which is beyond the experimental limit. In order
to study the slowed-down tunneling process, dynamics of
three ortho-substituted thiophenols have recently been
investigated.93–97 These include 2-methoxythiophenol
(2-MTP; 2-CH3O-C6H4SH), 2-fluorothiophenol (2-FTP; 2-F-
C6H4SH), and 2-chlorothiophenol (2-CTP; 2-Cl-C6H4SH).
Remarkably, the S H(D) bond dissociation is significantly
slowed down in all three substituted thiophenols, giving the
great opportunity to interrogate the vibronic mode depen-
dency of the tunneling rate in quite details. For instance, the
R2PI spectra using the nanosecond laser pulse provide the
well-resolved S1 vibronic structures of 2-MTP,95 2-FTP, and
2-CTP,93 indicating already that the corresponding S1 lifetimes
are much longer than those of thiophenol. In ortho-
substituted thiophenols, due to the presence of the rather
strong intramolecular hydrogen bonding (S H� � �O, S H� � �F,
or S H� � �Cl for 2-MTP, 2-FTP, or 2-CTP, respectively), the

overall nonadiabatic transition probabilities (equivalent to the
eX=eA product branching ratios) are found to be quite
higher than those of thiophenol in the S1 state.93,95 For
2-MTP, it has been estimated to be more than 2.0 (com-
pared to 0.75 for thiophenol) near the S1 origin, strongly
indicating that the intramolecular hydrogen-bonding
tends to maintain the molecular planarity throughout the
reaction pathway. Particularly, in the low S1 internal
energy less than �500 cm�1, the eX=eA product branching
ratio remains above �1.0 for all of 2-MTP, 2-FTP, and 2-
CTP, suggesting that the intramolecular hydrogen bond-
ing plays an important role in the enhancement of the
nonadiabatic transition probability for all three molecules.
As the S1 internal energy increases, however, the
nonadiabatic transition probability at the S0/S2 conical
intersection dramatically decreases for 2-MTP and 2-FTP.
This may suggest that the reactive flux becomes more
flexible along the out-of-plane coordinate as the internal
energy increases above the SH out-of-plane torsional bar-
rier for 2-MTP and 2-FTP. When the IVR rate is comparable
to or faster than the tunneling rate, the eX=eA product
branching ratio seems to be unchanged with increasing
the internal energy. For thiophenol, the eX=eA product
branching ratio is independent of the S1 internal energy
(vide supra)83; this is most likely due to the ultrafast
(<<100 fs) S H(D) bond rupture in the wide energetic
range of the S1 internal energy. Namely, the ultrafast S H
(D) dissociation pathway more or less remains same in
nature regardless of the excitation of the vibrational
modes which are orthogonal to the S H(D) extension
coordinate. Notably, the eX=eA product branching ratio is
also not influenced by the S1 internal energy for 2-CTP.93

Actually, the dynamics of 2-CTP is quite unique in terms
of its diversity of the S1 decay pathways. In 2-CTP,
although the S H bond rupture takes place by tunneling,
its quantum yield seems to drastically decrease with
increasing the S1 internal energy,96 indicating that the
new decay channel may be opened at the relatively low
internal energy. Further investigation of different decay
channels of the 2-CTP (S1) is quite desirable in the near
future.

The H-atom detachment rate has been measured by
the picosecond pump-probe scheme for 2-MTP, 2-FTP, and
2-CTP.96 Individual vibronic modes could be well resolved
and their mode characters could be well isolated by
employing the slow-electron velocity-map imaging spec-
troscopy and ab initio calculations. Indeed, compared to
the case of thiophenol, the tunneling rate of 2-MTP, 2-FTP,
or 2-CTP is found to be significantly slowed down. Namely,
the picosecond time-resolved parent ion transient at the S1
origin of 2-MTP shows a single exponential decay with a
lifetime of �44 ps (Figure 6). The rate measurement of the
monodeuterated sample, 2-methoxythiophenol-d1 (2-MTP-
d1), gives the huge primary kinetic isotope effect on the
tunneling rate, giving τ ≈ 640 or 410 ps at the S1 origin or
τMeO2 (101 cm�1) band excitation of 2-MTP-d1, respectively,
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confirming that the S H bond dissociation takes place via
tunneling. Most dramatically, the tunneling rate of 2-MTP
increases approximately twofold when exciting the τMeO2

(101 cm�1) or 10b2 (152 cm�1) out-of-plane modes, giving
corresponding lifetimes of �22 or 25 ps, respectively,
before falling back to τ ≈ 40 ps at the 151 (282 cm�1) mode
excitation. Thereafter, the tunneling rate increases rather
monotonically with increasing the internal energy. The mul-
tidimensional nature of the tunneling dynamics should be
invoked for the explanation of the experiment. For instance,
the 10b2 (152 cm�1) mode involves the dihedral torsional
motion of the S H bond with respect to the molecular
plane. In a two-dimensional picture involving the S H
bond elongation (parallel to the gradient vector) and out-
of-plane torsional angle (parallel to the coupling vector)
coordinates, the S1/S2 conical intersection appears as an
apex at the planar geometry, with lower-lying saddle points
along the S H out-of-plane torsional coordinate. In this
case, the lower S1 adiabatic potential energy surface laid
along the S H out-of-plane torsional angle is dynamically
“shaped” by the upper-lying S1/S2 conical intersection. As
the minimum energy geometry of the S1 2-MTP is pseudo-
planar, the reactive flux prepared at the τMeO2 or 10b

2 mode
excitation is supposed to follow the tunneling path through
the adiabatic barrier which has been much reduced along
the associated out-of-plane coupling vectors at the conical
intersection. This is the direct consequence of the “shaping”
of the multidimensional tunneling barrier mediated by the
coupling vectors at the conical intersection seam.

The picosecond time-resolved transient at the S1 ori-
gin of 2-FTP gives the tunneling lifetime of ≈12.3 ps.
Quite similar to the case of 2-MTP, it is abruptly reduced
to τ ≈ 6.0 ps at the 10b2 (155 cm�1) mode excitation
whereas it sharply increases again to τ ≈ 12 ps at the in-
plane 151 (235 cm�1) mode excitation. Though it is less

dramatic, the mode-specific fluctuation of tunneling rates
of 2-FTP continues up to the S1 internal energy of
�1000 cm�1. Thereafter, the tunneling rate increases
monotonically, indicating that the energy randomization
process starts to overwhelm in the higher internal energy
region. The S1 state lifetime with increasing internal
energy found for 2-CTP is somewhat different to that in
2-FTP and 2-MTP. The lifetime of the S1 origin of 2-CTP is
�227 ps. The acceleration of the tunneling process by the
out-of-plane mode excitation (τ � 104 ps at the 10b2

[195 cm�1] mode excitation) is also quite evident in
2-CTP, confirming again that the tunneling dynamics is
dictated by the upper-lying conical intersection along the
out-of-plane S H torsional angle. However, the S1 lifetime
of 2-CTP thereafter decreases very rapidly with increasing
the S1 internal energy, giving τ � 60 or 11 ps at �600 or
1100 cm�1, respectively. Such a rapid change of the S1
decaying rate suggests that the fast nonradiative decay
channel should be newly opened at the low internal ener-
gies. Nonradiative transitions through the near-lying coni-
cal intersection mediated by the C Cl bond extension
and/or HCl formation coordinate might be responsible for
the fast S1 decaying channel of 2-CTP. The similar phe-
nomenon of the ultrafast excited-state decay has also
been observed in the S1 dynamics of 2-chlorophenol (see
Section 2.2).147,152 The strong S H� � �Cl (2-CTP) or
O H� � �Cl (2-chlorophenol) intramolecular hydrogen
bonding as well as the presence of the πσ* state along
the C2 Cl bond extension coordinate seem to be respon-
sible for the ultrafast nonradiative transitions (other than
the H-atom tunneling) in those systems. Although it
might be complicated, the peculiar dynamic behavior of
2-chlorophenol or 2-chlorothiophenol brings another very
interesting issue in photochemistry.

Quite intriguing finding is that the Autler–Townes
(AT) splitting has been experimentally observed in all of
2-MTP, 2-FTP, and 2-CTP in the nanosecond R2PI spectros-
copy.97 Actually, the AT splitting has not been anticipated
as there are many internal degrees of freedom, and thus
it has long been considered that it should be negligible in
the spectroscopy of polyatomic molecules. Surprisingly,
however, the AT splitting has been clearly observed for all
ortho-substituted thiophenols especially between zero-
point levels of S0 and S1, allowing the direct observation
of the light-dressed states in polyatomic molecules.
Remarkably, AT splitting is found to be robust if the
coherent Rabi frequency and dephasing dynamics of the
coupled eigenstates are within certain ranges even for
polyatomic molecules, especially if they provide the open
system of which the excited-state lifetime is shorter than
hundreds of picoseconds. The semi-classical optical Bloch
equations160 or the dressed-atom approach161 based on
the three-state atomic level model are found to be
extremely useful for the successful explanation of the
experiment.97 Generally speaking, the AT split energy gap
increases as the state S1 lifetime decreases. The plot of AT

F I G U R E 6 (a) Picosecond (1 + 10) resonance-enhanced two-photon
ionization (R2PI) spectrum of the S1 state 2-methoxythiophenol (2-MTP)
with the vibronic band assignment.93 (b) Plot of the S1 state lifetimes of
2-MTP obtained from the parent ion transients and single-exponential fits
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splitting versus the square root of the laser intensity for
all three molecules (2-MTP, 2-FTP, and 2-CTP) shows a
straight line. As the molecule becomes more complicated,
the atomic model seems to be less validated. Therefore,
the influence of the complexity on the state dressing is a
remaining subject to be resolved.

THE O H BOND TUNNELING IN THE S1
STATES OF BENZENEDIOLS AND THEIR
WATER CLUSTERS

The S1 excited-state dynamics of three different
benzenediols such as catechol (1,2-dihyroxybenzene),
resorcinol (1,3-dihydroxybenzene), and hydroquinone
(1,4-dihyroxybenzene) as well as their 1:1 water clusters have
been investigated.151 The state-specific S1 lifetime of catechol
was reported to be 7 or 11 ps at the S1 origin and first quan-
tum of the OH torsional mode, respectively,117,118,148 and it
has been ascribed to the nonplanarity of the S1 catechol at its
minimum energy.162,163 The S1 lifetime of hydroquinone had
been reported to be 2.7–3.0 ns,145,148,149 whereas that of resor-
cinol seems to be scattered in the literature, giving the lifetime
in the 2.7–4.5 ns range.143,145,148,149 When benzenediols are
complexed with a single water molecule, the S1 relaxation
dynamics is significantly influenced by the modified potential
energy surfaces especially in the vicinity of the ππ*/πσ* curve
crossing regions.148,149 Recently, the state-specific S1 lifetimes
of three benzenediols at various vibronic levels have been
precisely measured using the narrow-band picosecond laser
pulses (ΔE � 20 cm–1 and Δt � 1.7 ps), giving state- and/or
conformer-specific S1 decaying lifetimes.151 In addition, the
S1-state lifetimes of 1:1 clusters of water with catechol, resor-
cinol, and hydroquinone are also estimated in a conformer-
specific way.

The picosecond (1 + 10) R2PI spectrum of the jet-cooled
catechol shows distinct S1 vibronic structures (Figure 7)
where each vibronic band is appropriately assigned. The life-
time (τ) at the zero-point level (00) is�5.9 ps, and it increases
to τ � 9.0 ps at the 116 cm�1 band (the first symmetry-
allowed OH out-of-plane torsional mode [τ 1]) while it slightly
decreases to τ � 7.9 ps at the 257 cm�1 band (τ 2). This is
due to the dynamic change of the tunneling barrier, indicat-
ing that the S1(ππ*)/S2(πσ*) conical intersection is avoided
more efficiently at the nonplanar geometry to lower the
effective tunneling barrier for the H-atom detachment. This
is in accordance with the experimental studies on the tunnel-
ing dynamics of 2-MTP, 2-FTP, and 2-CTP as described in
Section 3.2. The catechol�water 1:1 cluster has the minimum
energy structure where the free OH moiety is hydrogen-
bonded with the water molecule in both ground (S0) and
excited (S1) electronic states.164,165 The picosecond R2PI
spectrum of the catechol�water cluster identifies the S1 origin
band which is red-shifted from that of the monomer by
�150 cm�1.164 At its zero-point energy (ZPE) level, the S1
lifetime of the cluster is estimated to be �1.8–2.0 ns.148,151

The 300-fold retardation of the S1 decay rate by the water

clustering could be due to the huge increase of the reaction
barrier against the H-atom detachment or the excited-state
hydrogen transfer (ESHT) process,1 indicating that the H-
atom detachment reaction is completely blocked in the clus-
ter. The nonradiative transitions such as the internal conver-
sion or intersystem crossing should be largely responsible for
the rather slow decaying time of the S1 state of the cate-
chol�water cluster. Interestingly, the S1 lifetime gets signifi-
cantly shortened to τ � 1.03 ns at the intermolecular
stretching mode (σ) excitation at 146 cm�1, suggesting that
the ESHT through the intermolecular hydrogen bonding
might take place (Figure 7).38,116,166–168

The S1 lifetime of the CS asymmetric isomer (cis) or C2V
symmetric isomer (trans) of resorcinol has been estimated
to be �4.5 or 6.3 ns at its ZPE, respectively. Although the
lifetime of trans is about 1.4 times longer than cis, the life-
time estimation is subject to the further refinement as the
reported lifetimes are rather scattered in litera-
tures143,145,148,149 and the experimental temporal window
was limited to 0–2.7 ns. The relatively long S1 lifetime of
both conformers of resorcinol suggests that the
nonadiabatic transition may be more responsible for the
S1 relaxation process compared to the H-atom detach-
ment.143 The resorcinol�water (1:1) clusters give slightly
shorter S1 lifetimes compared to those of monomers, giv-
ing τ � 3.0–4.5 ns, indicating that the S1 lifetime gets
shortened by the 1:1 clustering with water. For hydroqui-
none, the S1 lifetime turns out to be not conformer-spe-
cific, giving τ � 2.8 ns for both trans and cis conformers.
Spectroscopic identification of trans and cis conformers of
hydroquinone and their water clusters had been well
established by the recent Stark deflection experiment,169

where the differences in dipole moments of different con-
formers have been utilized for the spatial deflection in
the strong electric field, giving the unambiguous identifi-
cation of the structural isomers of hydroquinone and its
water clusters. The S1 decay is facilitated by the water
clustering for both trans and cis of hydroquinone, giving
τ � 2.27 or 1.92 ns, respectively, which is attributed to
the electron-withdrawing effect of hydrogen-bonded
water on the OH moiety in the para position with respect
to the free OH moiety undergoing the H-atom detach-
ment via tunneling. In contrast to the case of the cate-
chol�water cluster, the intramolecular hydrogen-bond
stretching mode (σ) does not seem to play the significant
role in the tunneling rate of the hydroquinone�water clus-
ter, implying that ESHT may not be activated in the latter
due to the much higher potential barrier of hydroqui-
none. Ab initio calculations support the experiment quite
well.151

SUMMARY AND OUTLOOK

The πσ*-mediated photochemistry has been intensively
studied for many years. The dynamic role of the πσ*
state through the vibronic coupling to the nearby
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optically bright ππ* state turns out to be quite essential
in understanding (and controlling) the excited-state
chemistry of heteroaromatic polyatomic systems. Ultra-
fast energy transfer and/or relaxation among different
vibronic states which plays an important role in
protecting the biological system from the external irradi-
ation take place via the nonadiabatic coupling to the πσ*
state,1 for example. Curve-crossings of the bound ππ*
state (S1) and the unbound πσ* state (S2) give rise to the
conical intersections along many different relaxation
pathways, provoking the scientific investigation of the
nonadiabatic dynamics in the vicinity of the conical
intersection. Especially, as the conical intersections
encountered along the various reaction paths are multi-
dimensional in nature, the excited-state chemistry of the
heteroaromatic systems provides the great opportunity
to study the multiple aspects of the conical inter-
section in terms of its structure and dynamic role.
Although the optical window is often Franck–Condon
limited, the various vibronic mode excitations could pre-
pare the reactive fluxes spanning many different nuclear
configurations where nonadiabatic dynamics is dictated
depending on their degrees of the proximity to the
conical intersection. In the same context, the adiabatic
potential energy surfaces are dynamically shaped by the
upper-lying conical intersection extended along the
multidimensional seam coordinates, governing the
rate and energy disposal dynamics associated with

predissociation, tunneling, or other nonradiative transi-
tion processes. In this regard, the study of the H-atom
tunneling reactions in the S1 states of phenols or
thiophenols (as reviewed in this article) are quite mean-
ingful as one can study the new aspects of the dynamic
shaping of the tunneling barrier by the presence of the
upper-lying conical intersection. The state-specific
tunneling rates of phenols and thiophenols, measured
by the picosecond time-resolved pump-probe scheme,
reveal their drastic mode-dependences, confirming the
multidimensionality of the tunneling dynamics. The exci-
tations of the low-frequency (particularly out-of-plane)
vibrational modes are found to be enormously influential
on the tunneling rate, indicating that such vibrational
modes (which are completely orthogonal to the O H
(or S H) bond extension coordinate) are actually quite
critical in the dynamic shaping of the adiabatic potential
energy surfaces. Control of the tunneling dynamics by
the nuclear layout along the seam coordinate of the con-
ical intersection has been nicely demonstrated in the
O H tunneling reaction of the trans-o-cresol (Figure 8).
The (effective) tunneling barrier is modulated by the
CH3 internal rotor states, and its effect on the tunnel-
ing dynamics has been clearly manifested in the
sharply varying state-specific tunneling rates. This is a
beautiful demonstration of the dynamic shaping of the
tunneling barrier by the upper-lying conical inter-
section extended along the particular normal mode

F I G U R E 7 (a) Picosecond (1 + 10) resonance-enhanced two-photon ionization (R2PI) spectra of catechol (black) and the catechol�water cluster
(magenta) with the vibronic band assignment.164 Mode-specific S1 lifetimes of (b) catechol and (c) the catechol�water cluster obtained by monitoring
the parent ion signal as a function of pump-probe time delay. (d,e) The S1 lifetime of the catechol�water cluster gets shortened by twofold at the
intramolecular hydrogen bond stretching vibrational mode (σ) excitation, implying that the excited state hydrogen transfer (ESHT) might occur
through the reaction barrier under the S1/S2 curve crossing
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coordinate which is absolutely orthogonal to the reac-
tion coordinate.

Phenols and thiophenols are similar in the overall
characteristics of the excited-state photochemistry in gen-
eral. And yet, they are quite different in terms of the
structures, energetics and resultant dynamic details. Espe-
cially, thiophenols are found to be the ideal systems to
interrogate the nonadiabatic transition dynamics, as it is
plausible to quantify the nonadiabatic transition probabil-
ity with changing the quantum variables of the reactive
flux. For instance, as the nonadiabatic transition probabil-
ity is (qualitatively) proportional to the proximity degree
of the reactive flux to the conical intersection, its structure
could be informed by identifying the nuclear configura-
tion spanned by the particular reactive flux which gives
the higher nonadiabatic transition probability. Though
the underlying principles behind the dynamic behaviors
of phenols or thiophenols would remain not much differ-
ent, the individual systems have their own characteristics.
For instance, the S1-state dynamics of 2-chlorophenol or
2-chlorothiophenol is very interesting as the ultrafast non-
radiative transition process competes with the H-atom
tunneling and it seems to be mediated by the strong intra-
molecular hydrogen bonding. Generally speaking, it is still
quite a formidable task to figure out the structure and
dynamic role of the conical intersection of the polyatomic
molecules. As the optical excitation is governed by the
Franck–Condon principle, the complete characterization of
the conical intersection in the multidimensional coordinates
is not unambiguous yet. In the high-frequency region, the
energy randomization rate becomes comparable to or
exceeds the tunneling rate in many cases. Therefore, it is
not feasible to unravel the mode-specific dynamics along
the high-frequency normal mode coordinates. In order to
overcome these difficulties, one may employ the infrared +
ultraviolet double excitation schemes to explore the other-
wise inaccessible nuclear configurations of the excited
state. The harsh cooling of the sample lower than 0.1 K

may help to reduce the IVR rate in the high internal energy
region. The experimental observation of the geometric
phase for the reactive fluxes encircling the conical inter-
section seems to be a quite challenging remaining issue.
Measurement of the tunneling rates for a series of the over-
tones of the identical vibrational mode might be extremely
interesting as it could show the modulation of the tunnel-
ing rate due to the constructive or destructive interferences
caused by the geometric phase. Theoretical modeling for
the explanation of the tunneling experiment is highly
desirable in the near future. The one-dimensional semi-
classical WKB approximation is anticipated to be not satis-
factory. The Zhu–Nakamura (ZN) theory developed based
on the semi-classical nonadiabatic model might be quite
helpful for the more quantitative comparison with the
experiment as the concept of the nonadiabatic coupling
has been invoked in the ZN theory.170–174 Full quantum
mechanical calculations would be quite desirable though
they are quite demanding as the full-dimensional potential
energy surfaces of polyatomic molecular systems are
required.
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