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ABSTRACT: The S−H bond tunneling predissociation dynamics of thiophenol and its
ortho-substituted derivatives (2-fluorothiophenol, 2-methoxythiophenol, and 2-chlor-
othiphenol) in S1 (ππ*) where the H atom tunneling is mediated by the nearby S2 (πσ*)
state (which is repulsive along the S−H bond extension coordinate) have been
investigated in a state-specific way using the picosecond time-resolved pump−probe
spectroscopy for the jet-cooled molecules. The effects of the specific vibrational mode
excitations and the SH/SD substitutions on the S−H(D) bond rupture tunneling
dynamics have been interrogated, giving deep insights into the multidimensional aspects
of the S1/S2 conical intersection, which also shapes the underlying adiabatic tunneling
potential energy surfaces (PESs). The semiclassical tunneling rate calculations based on
the Wentzel−Kramers−Brillouin (WKB) approximation or Zhu−Nakamura (ZN)
theory have been carried out based on the ab initio PESs calculated in the (one, two, or
three) reduced dimensions to be compared with the experiment. Though the
quantitative experimental results could not be reproduced satisfactorily by the present
calculations, the qualitative trends among different molecules in terms of the behavior of the tunneling rate versus the (adiabatic)
barrier height or the number of PES dimensions could be rationalized. Most interestingly, the H/D kinetic isotope effect observed in
the tunneling rate could be much better explained by the ZN theory compared to the WKB approximation, indicating that the
nonadiabatic coupling matrix elements should be invoked for understanding the tunneling dynamics taking place in the proximity of
the conical intersection.

■ INTRODUCTION
Nonadiabatic dynamics is ubiquitous especially in the
photochemical and/or photobiological processes where the
closely spaced electronically excited states are heavily involved
in the chemical reactions and/or structural transformation.
Close-lying electronic states are then degenerate at some
nuclear configurations, giving the multidimensional conical
intersections where the Born−Oppenheimer approximation
breaks down. Thereafter, the nonadiabatic transition especially
in the proximity of the conical intersection occurs with the
significantly high probability to govern the overall dynamic
outputs such as reaction rates, product yields, branching ratios,
or energy disposals.1−4 The nonadiabatic transition probability
is extremely sensitive to the nature of the reactive flux with
respect to the electronic/nuclear configurations at the conical
intersection, and thus its theoretical prediction (or the
explanation of the experiment) has been quite challenging
especially for polyatomic molecular systems. In this aspect, the
πσ*-mediated photochemistry of the heteroaromatic molecular
system5−9 has provided the nice platform for many recent
years not only for elucidating the mechanism of the ultrafast
nonradiative transitions frequently found in biological building
blocks but also for the thorough understanding of the conical

intersection dynamics.10−14 Among the systems of interest,
predissociation dynamics of thioanisole is particularly nota-
ble.15−21 Therein, the S1/S2 and S0/S2 conical intersections are
encountered along the S−CH3 bond extension coordinate. The
former is close to the vertical transition region whereas the
latter is located at the later stage of the reaction. Due to the
small energy difference (∼3000 cm−1) of two final distinct
product channels into either C6H5S·(Ã) or C6H5S·(X̃),22 the
nonadiabatic transition probability could be precisely esti-
mated from the analysis of product translational energy
distributions in a state-specific way. The nonadiabatic
dynamics from the well-defined quantum state of the reactant
to that of the product gives the resonance-like features in the
nonadiabatic transition probability, giving the unprecedented
deep insights into the structural and dynamic properties of the
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conical intersections responsible for the eventual S−CH3 bond
breakage.15,17,21 It has also been found that the reactive flux in
S1 is bifurcated at the first S1(ππ*)/S2(πσ*) conical
intersection into either the Herzberg type-I (electronic) or
type-II (vibrational) predissociation process23−25 with distinct
reaction rates and nonadiabatic transition probabilities.18 Very
interestingly, the reactive flux of the type-I electronic
predissociation is faster to give the higher nonadiabatic
transition probability compared to the case of the type-II
vibrational predissociation, indicating that the electronic
predissociation in which the reactive flux should funnel
through the rather narrow conical intersection region fast
exhibits the higher nonadiabatic transition probability.
Resonance-like enhancements of the nonadiabatic transition
probability observed at the particular S1 vibronic modes then
provide the crucial information regarding the multidimensional
nuclear configuration of the S1/S2 conical intersection, though
they are rather limited to the Franck−Condon window.21
The overall characteristics of the potential energy surfaces in

terms of curve crossings among three lowest singlet states (S0,
S1, and S2) are identical for thioanisole and thiophenol
(including their chemical derivatives) (Figure 1). And yet, the
mechanisms of the S-CH3 or S−H bond dissociation are quite
different from each other in many aspects. Namely, the S−CH3
bond breakage of thioanisole takes place rather slowly with the
S1 lifetime (τ) of hundreds of picoseconds18,26 whereas the S−
H bond dissociation of the S1 thiophenol occurs extremely fast
to give τ ∼ 50 fs.27−29 Moreover, the quantum-mechanical
tunneling occurs very efficiently in the latter, whereas its
probability is expected to be very low for the former
presumably because of the much heavier reduced-mass in the
fragmentation event. The S−H chemical bond dissociation of
thiophenol (or its chemical analogues) thus provides the great
opportunity to investigate the dynamic influence of the conical
intersection on the tunneling dynamics as the tunneling barrier
is shaped by the upper-lying conical intersection characterized
along the multidimensional coordinates.28,30−32 Notably, the
O−H bond dissociation of the S1 phenol, as a prototypical
system of the πσ*-mediated photochemistry, has been

intensively investigated for many years. The upper limit of
the O−H tunneling rate of the S1 phenol at the zero-point level
(ZPL) has been measured to give τ ∼ 2.3 ns.33−36 This is more
than ∼104 times slower than that of the S−H bond rupture of
the S1 thiophenol at ZPL, indicating that the tunneling barrier
height of the S1 thiophenol should be much lower compared to
that of phenol. This also implies that the S−H tunneling
dissociation of thiophenol (S1) would be largely influenced by
the upper-lying S1/S2 conical intersection responsible for the
shaping of the underlying adiabatic tunneling barrier, as it is
located much closer to the S1 minimum compared to the case
of phenol. In this aspect, we focus (although the O−H
tunneling dynamics of phenol and its analogs36−40 have also
been found to be extremely interesting) on the study of the S−
H (or S−D) dissociation dynamics of the S1 thiophenol or its
chemical derivatives in terms of the mode specificity and the
kinetic isotope effect as it may unravel the detailed dynamic
influence of the conical intersection on the tunneling reactions.
It should be noted that the S−H(D) tunneling dynamics has

recently been studied by our own group for several chemical
derivatives of thiophenol including 2-fluorothiophenol (2-
FTP), 2-methoxythiophenol (2-MTP), or 2-chlorothiphenol
(2-CTP),32,41−43 giving the very interesting dynamic features
in terms of the mode-specific tunneling rates.32 In the ortho-
substituted thiophenol, the S2 (πσ*) state is found to be
energetically lifted up with respect to the S1 (ππ*) state in the
vertical excitation region, giving the resultant tunneling barrier
height that is much higher than that of the bare thiophenol
along the S−H(D) bond extension coordinate.41,42 The upper
bound of the tunneling barrier in the one-dimensional picture
has been roughly estimated from the S1/S2 curve-crossing at
the planar molecular configuration to be 1800, 3900, 4400, or
5200 cm−1 for thiophenol, 2-FTP, 2-MTP, or 2-CTP,
respectively (Figure 1). Although these barrier heights are
most likely overestimated as the upper bounds of the adiabatic
tunneling barrier, the qualitative trend of the experiment is
rationalized as the S1 lifetime at ZPL has been experimentally
estimated to give τ ∼ 0.05, ∼12, ∼44, or ∼230 ps for
thiophenol, 2-FTP, 2-MTP, or 2-CTP, respectively, conform-

Figure 1. (a) One-dimensional potential energy curves of thiophenol for the four lowest singlet electronic states (S0, 11ππ*, 1πσ*, and 21ππ*) along
the S−H bond extension coordinate. Two planar conical intersections associated with the S2 (πσ*) state are depicted in gray. (b) Potential energy
curves of thiophenol (black square), 2-FTP (red circle), 2-MTP (blue diamond), and 2-CTP (purple triangle) corresponding to the 1ππ* or 1πσ*
states near the S1/S2 conical intersection calculated at the planar geometry. All rigid-body calculations have been performed using the CASPT2//
SA4-CASSCF method at the frozen ground state equilibrium geometries except the S−H bond lengths. ZPL(SH) and ZPL(SD) stand for the zero-
point energy level of thiophenol and thiophenol-d, respectively.
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ing to the general conception of the slower tunneling rate with
the larger barrier height. Incidentally, it should be noted that
the S1 vibronic bands, which were nontrivial to be identified in
thiophenol due to its ultrashort lifetime, could be well resolved
now in 2-FTP, 2-MTP, or 2-CTP, giving the great opportunity
to unravel the mode-specific tunneling behavior.32 For
instance, the tunneling rate is found to be increased by ∼2
times (compared to that at ZPL) at the two quanta of C−C−
S−H out-of-plane torsional mode (τSH2) excitation for all of 2-
FTP, 2-MTP, and 2-CTP. This fact already indicates that the
reactive flux spread along the C−C−S−H out-of-plane
torsional coordinate would experience the much lowered
effective tunneling barrier as it is shaped by the upper-lying
multidimensional S1/S2 conical intersection along the deriva-
tive coupling vector on the conical intersection branching
plane, for instance.44

Herein, we report the tunneling dynamics of the S1ortho-
substituted thiophenols (2-FTP, 2-MTP, and 2-CTP) in terms
of their mode-dependent tunneling rates and H/D kinetic
isotope effects (KIEs). The picosecond (or femtosecond)
time-resolved pump−probe spectroscopy for the jet-cooled
molecules has been employed for the state-specific lifetime
measurements as well as their isotope effects. The calculations
using the semiclassical tunneling theories have been carried out
for the rational explanation of the experiment. It is particularly
noteworthy that the KIE may be one of the most crucial factors
for judging the validity of the theoretical models of tunneling.
And yet, it seriously lacks the experimental result of the state-
specific KIE of tunneling dynamics for the isolated chemical
system to date. In this aspect, the state- and isotope-specific
tunneling rates of thiophenols here provide the quite rare
opportunity for the stringent test of the theoretical models of
tunneling. Two semiclassical calculations based on the
Wentzel−Kramers−Brillouin (WKB) approximation and the
Zhu−Nakamura (ZN) theory have been carried out to be
compared with the experiment. It is interesting to note that the
tunneling rate calculated by the WKB approximation on the
one-dimensional adiabatic potential energy curve already gives
the quite good estimation of the experimental value within 1
order of magnitude. Furthermore, the significant increase of
the tunneling rate upon the τSH2 mode excitation could be well
explained by the extension of the PES into the additional
dimension along the C−C−S−H torsional angle coordinate.
On the other hand, the H/D KIE has been found to be much
better explained by the calculation based on the ZN theory
compared to that with WKB, suggesting that the nonadiabatic
coupling matrix elements imposed by the upper-lying conical
intersection should be properly taken into account in the
tunneling dynamic calculations.

■ METHODS
The samples of thiophenol and 2-FTP (98%, TCI) were
heated to 40−60 °C in a stainless-steel reservoir and mixed
with the neon carrier gas at the total pressure of ∼2.4 bar. The
mixture was expanded into a high-vacuum chamber through a
nozzle orifice (ϕ = 100 μm) of the Even−Lavie pulsed valve
operating at the repetition rate of 200 Hz. The molecular beam
was collimated by a 2 mm diameter skimmer and crossed by
the femtosecond or picosecond laser pulses in the
perpendicular geometry. The parent ions generated by the
laser pulses were accelerated in the conventional velocity-map
ion electrodes45 before they were detected by the Chevron-
type microchannel plates (MCPs) coupled to a phosphor

screen. The ion signals were obtained by integrating the
photomultiplier tube (PMT) signals and recorded as a function
of delay time between pump and probe laser pulses. The delay
time was manipulated by a retroreflector placed on a 300 mm
long linear translational stage. The femtosecond pulses (Δt ∼
35 fs) were generated by a pair of optical parametric amplifier
(OPA) units (TOPAS-prime, Light Conversion) pumped by a
1 kHz fundamental output (791 nm) of the femtosecond
Ti:sapphire regenerative amplifier system. The picosecond
laser pulses (ΔE ∼ 20 cm−1, Δt ∼ 1.7 ps) were generated by
two separate units of OPA (TOPAS-800 ps, Light Conversion)
pumped by the fundamental output (791 nm) of the 1 kHz
picosecond Ti:sapphire regenerative amplifier. Both femto-
second and picosecond amplifier systems were seeded by a 80
MHz femtosecond Ti:sapphire oscillator. The pump and probe
pulses were collinearly aligned into the vacuum chamber to be
overlapped with the molecular beam without using the
focusing lens. The polarization axis of the linearly polarized
probe laser pulse was kept at the magic angle (54.7°) with
respect to that of the pump laser pulse. The intensity of the
laser pulses were attenuated by a set of neutral density (ND)
filters before entering the vacuum chamber.
The ground-state geometries of thiophenol, 2-FTP, 2-MTP,

and 2-CTP were optimized using a state-averaged complete
active space self-consistent field (SA-CASSCF) method with 6-
311++G(2df,2pd) basis sets. The CAS(12,11) active space
consists of 12 electrons and 11 orbitals: three pairs of π/π*
Hückel orbitals, a pair of σ/σ* orbitals on the C−S bond, a
pair of σ/σ* orbitals on S−H bond, and one nonbonding
orbital on the S atom. The one-dimensional potential energy
curves for the four lowest singlet states along the S−H bond
extension coordinate were calculated using the same level of
theory of the single-state second-order perturbation (SS-
CASPT2) correction for the appropriate dynamic correlations.
All CASPT2 calculations were carried out with an imaginary
level shift of 0.4 au. While scanning, all molecular parameters
except the S−H bond length were kept frozen at the
equilibrium ground state (Cs) geometry. All calculations were
performed using the MOLPRO program suite version
2010.1.46

■ RESULTS AND DISCUSSION
A. State-Specific H(D)-Tunneling Rates of Thiophe-

nols in S1. The S1 state lifetime (τ) of thiophenol had been
previously estimated to be ∼50 fs from the homogeneously
broadened spectral bandwidths in the photofragment ex-
citation (PHOFEX) spectra obtained by monitoring the H
fragment as a function of the excitation energy.28 This
experiment conforms to the femtosecond time-resolved
transients taken at the S1 ZPL (λpump ∼ 285.8 nm), Figure 2.
Considering the cross-correlation width of ∼130 fs (the full
width at half-maximum of the instrumental Gaussian function),
the single exponential fit to the transient gives τ ∼ 70 fs for the
S1 ZPL of thiophenol. This is quite consistent with the
previous femtosecond time-resolved measurement by the
Longarte group.29 The S1 lifetime seems to be invariant with
the increasing vibrational energy, indicating that the wave-
packet may be swept away from S1 too quickly to reveal any
mode dependency. The KIE (kH/kD) is less pronounced,
giving τ ∼ 82 fs for thiophenol-d (C6H5S-D). Actually, the KIE
is maintained to be small in the 1.2−1.4 range in the whole
explored S1 internal energy range (see Table S1 in the
Supporting Information). This exceptionally small KIE
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suggests that the effective tunneling barrier may be extremely
low for the S1 thiophenol. The sharp variation of the
anisotropy parameter observed in the angular distribution of
the D fragment from the thiophenol-d indicates that the S1/S2
curve-crossing in the Franck−Condon window may be just
∼600 cm−1 above the S1 ZPL,

28 giving still the upper limit of
the tunneling barrier as the effective tunneling barrier might be
significantly lower considering the existence of saddle points
along the out-of-plane torsion coordinates.44

The substitution of the electronegative moiety on the ortho-
position of thiophenol lifts up the energy gap between ππ* and
πσ* states quite substantially, resulting in the significant
increase of the tunneling barrier height, Figure 1b. This
happens to 2-FTP, 2-MTP, and 2-CTP. Accordingly, due to
their lengthened S1 lifetimes, many well-resolved S1 vibronic
states could be identified in the S1−S0 (nanosecond or
picosecond) resonance-enhanced two-photon ionization
(R2PI) spectra of ortho-substituted thiophenols,32,41−43 unlike
the case of thiophenol where the R2PI spectrum could not be
obtainable.27,28 And then, the picosecond time-resolved
transient for each S1 vibronic band is taken to give the lifetime
corresponding to the state-specific tunneling rate. In addition
to the previously reported lifetime measurements,32 we have
carried out further investigations here for the complete
experimental data of the tunneling dynamics of the ortho-
substituted thiophenols (2-FTP, 2-MTP, and 2-CTP) and
their deuterated species (vide infra). For instance, the lifetime
of 2-FTP-d has been newly estimated to be ∼278 ps at the S1
ZPL (Figure 3), and this is ∼23 times slower compared to that
of 2-FTP (∼12.3 ps). The KIE is maintained above ∼20 in the
low S1 internal energy (0−250 cm−1) whereas it converges to
∼10 with increasing the energy. The dramatic KIE observed in
2-FTP and 2-FTP-d nicely demonstrates that the S−H(D)
bond dissociation takes place via tunneling and the S1-state
dissipation should be mainly attributed to the tunneling
process. The mode-dependent changes of the tunneling rates
of 2-FTP and 2-FTP-d are interesting and should be further
investigated in the near future. It is notable that the tunneling

rate is accelerated by twice to give τ ∼ 133 ps at the out-of-
plane C−C−S−D torsional mode (τSD2) excitation (159 cm−1)
whereas it is slowed down again by increasing the S1 internal
energy to give τ ∼ 194 ps (10b2) or ∼252 ps (151) at 193 or
253 cm−1, respectively, as similarly found in the mode-specific
tunneling rates of 2-FTP (Figure 3). This experimental finding
(equally found for 2-FTP and its deuterated analog) confirms
that the adiabatic tunneling barrier is dynamically shaped by
the upper-lying conical intersection, especially along the out-
of-plane torsional coordinate, which is parallel to the derivative
coupling vector on the S1/S2 conical intersection branching
plane.27,47,48 The mode-dependent fluctuation of the tunneling
rate disappears as the S1 internal energy increases above ∼1000
cm−1 for both 2-FTP and 2-FTP-d, whereas the lifetime
converges to ∼5 or ∼50 ps at ∼2000 cm−1 for 2-FTP or 2-
FTP-d, respectively. This may indicate that the given internal
energy becomes rapidly randomized into the isoenergetic dark

Figure 2. Femtosecond-resolved transients obtained at ZPL of
thiophenol (upper trace) and thiophenol-d (lower trace) to give the
S1 lifetimes of ∼70 or ∼82 fs, respectively (see the text). The
transients are fitted by the convolution of the single-exponential
molecular response function convoluted with the instrumental
Gaussian function.

Figure 3. State-specific S1 tunneling rates of 2-FTP and 2-FTP-d.
Picosecond (1 + 1′) resonance-enhanced multiphoton ionization
spectrum of (a) 2-FTP32 and (b) 2-FTP-d obtained by monitoring
the parent ion signal at the zero time delay between the pump and
probe laser pulses. Vibronic assignments are adopted from refs 32 and
41. S1 lifetimes of (c) 2-FTP-d (τD) and (d) 2-FTP (τH) obtained
from the single-exponential molecular response function fits to the
transients taken at individual vibronic levels. (e) State-specific KIEs
determined from kH/kD (=τD/τH). The KIE values are plotted based
on the energies of vibronic peaks of 2-FTP in (d).
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manifolds by the intramolecular vibrational redistribution
(IVR) process starting from the internal energy of ∼1000
cm−1.32 Such a mode randomization might be responsible for
the fast tunneling rate as well as the decrease of KIE (kH/kD ∼
10) in the high internal energy region.
A number of well-resolved S1 vibronic bands are also

identified in the picosecond R2PI spectra of 2-MTP and 2-
MTP-d.32 The state-specific tunneling lifetimes measured at
individual vibronic modes are shown in Figure 4. The lifetime

of the S1 ZPL of 2-MTP or 2-MTP-d has been found to be
∼44 or ∼640 ps, respectively, giving the large KIE of ∼15.
Similar to the case of 2-FTP (or 2-FTP-d), the tunneling rate
gets increased abruptly at the out-of-plane torsional mode
(τSH2 (τSD2)) excitation at ∼101 cm−1 (∼104 cm−1) to give τ ∼
23 ps (∼410 ps) for 2-MTP (2-MTP-d). This experimental
observation confirms again that the tunneling rate is expedited
when the reactive flux is spread along the out-of-plane torsional
angle along which the adiabatic tunneling barrier is

dynamically shaped by the upper-lying S1/S2 conical
intersection. It seems to be noteworthy that the KIE measured
at the τSH2 and τSD2 mode excitations remains the same as that
at ZPL, although the KIE is anticipated to be diminished with
the increase of the tunneling rate in the adiabatic picture. This
behavior has also been observed for 2-FTP and 2-FTP-d
(Figure 3), suggesting that the conventional adiabatic model of
the tunneling might not be appropriate for the description of
tunneling in the proximal presence of the conical intersection
where the nonadiabatic coupling could be highly influential
(vide infra). With the increase of the S1 internal energy, the
lifetime of 2-MTP or 2-MTP-d converges to give τ ∼ 20 or 150
ps at ∼2000 cm−1, respectively, giving the KIE of ∼7. The
decrease of KIE with increasing the S1 internal energy could be
the consequence of the interplay between IVR and tunneling in
the presence of the strong intramolecular hydrogen bonding.42

The multidimensional tunneling potential energy surfaces that
are dynamically influenced by the upper-lying conical
intersection should be invoked for the better understanding
of the experiment (vide infra). It should be emphasized here
that the relaxation pathway of the S1 2-CTP is seemingly quite
different from that of 2-FTP or 2-MTP.32 The S1 lifetime of
∼230 ps found at the ZPL of 2-CTP, unlike other ortho-
substituted thiophenols, is not entirely attributed to the S−H
tunneling dissociation. Rather, the exceptionally fast non-
adiabatic transition (e.g., internal conversion) contributes quite
significantly to the S1 state relaxation,49,50 and thus the
quantum yield of the S−H tunneling reaction could be much
less than unity, as manifested in the S1 lifetime of ∼635 ps
measured at the ZPL of 2-CTP-d (giving the extremely small
KIE value of ∼2.8). This is the strong evidence that the S1
lifetime does not fully reflect the tunneling reaction. Actually,
the photochemistry of 2-CTP seems to be completely different
from that of 2-FTP or 2-MTP whereas it is extremely
interesting at the same time, and thus it is subject to the further
investigation as an independent subject.

B. Semiclassical (WKB or ZN) Tunneling Rate
Calculations. The WKB approximation is intuitively well
accepted, and thus it has been vastly employed for the
explanation of the tunneling processes of many chemical
systems.33,34,39,51 Under the slowly varying tunneling potential
(V) compared to the de Broglie wavelength of a particle, the
WKB tunneling probability (PWKB) is given as follows.
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Here, μ is the reduced mass of the tunneling moiety (H or D),
E is the internal energy of the system, and the one-dimensional
tunneling potential energy curve (V) is confined by the
classical turning points (x1, x2) along the tunneling coordinate
(x). As the tunneling occurs along the S−H(D) bond
extension coordinate, the tunneling lifetime is given by the
following relation.

= ·v P( )str WKB
1

(2)

Here, vstr represents the vibrational frequency (Hz) associated
with the S−H or S−D bond stretching mode approximately at
∼2,550 or 1,850 cm−1, respectively. Using the one-dimensional
potential energy curve calculated at the CASPT2//SA4-
CASSCF(12,11) level of theory (Figure 1b), the WKB
lifetimes are calculated to be compared to the experimental
results. It is quite remarkable that the WKB tunneling rate on

Figure 4. State-specific S1 tunneling rates of 2-MTP and 2-MTP-d.
Picosecond (1 + 1′) resonance-enhanced multiphoton ionization
spectrum of (a) 2-MTP32 and (b) 2-MTP-d with appropriate vibronic
mode assignments adopted from refs 32 and 42. S1 lifetimes of (c) 2-
MTP-d (τD) and (d) 2-MTP (τH) obtained from the single-
exponential molecular response function fits to the transients. (e)
State-specific KIEs determined from kH/kD (=τD/τH). The KIE values
are plotted based on the energies of vibronic peaks of 2-MTP in (d).
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the one-dimensional adiabatic PES already reproduces the
experiment quite well within 1 order of magnitude, Table 1.
For instance, the ultrashort lifetime of 70 fs (or 82 fs) of
thiophenol (or thiophenol-d) at ZPL is predicted to be 45 fs
(or 302 fs) by WKB. Overall, as listed in Table 1, the H atom
tunneling rate is much overestimated by the WKB calculation
at the given PESs, giving the much shorter tunneling lifetime
compared to the experimental result. However, the tunneling
rate of the D atom detachment is significantly underestimated
by WKB, giving the much larger KIE compared to the
experimental result. That is, the KIE of ∼6.7, ∼50, or ∼145 is
predicted by the one-dimensional WKB calculation for
thiophenol, 2-FTP, or 2-MTP, respectively, which are much
larger than the respective experimental values of ∼1.2, ∼23, or
∼14 measured at ZPL (vide infra).
Though the WKB model is adiabatic in nature, the tunneling

reaction of the polyatomic systems cannot be described by the
one-dimensional PES. Accordingly, as the tunneling barrier is
multidimensional in nature, the WKB calculations on the PES
extended into the two or three-dimensional coordinates have
been carried out. We have chosen the out-of-plane C−C−S−
H(D) torsional or the in-plane C−S−H(D) bending
coordinate as the additional dimension. The vibrational
modes associated with these coordinates disappear when the
H(D) atom detachment is complete, and thus those modes
could be strongly coupled to the tunneling reaction coordinate
as they may not belong to the spectator modes. It should be
noted that the two-dimensional PES could not be smoothly
scanned by the CASPT2 method due to the diverging issue in
the vicinity of the conical intersection at the present time.
Instead, the two-dimensional rigid-scanned “PT2-corrected”
potential energy surfaces along the S−H bond extension and
C−C−S-H torsional angle (ϕ) coordinates have been
constructed by the scaling of the CASSCF potential surfaces
to the level of CASPT2//SA4-CASSCF(12,11). Briefly, the
two-dimensional PT2-corrected potential surfaces were con-
structed by multiplying the two-dimensional CASSCF
potential surfaces by a linear scaling factor correcting the
CASSCF values to the CASPT2 energies in the CS symmetry
constraint. It is noteworthy that the rigid scan of the potential
energy surface along the C−S−H bending angle (θ) could be
carried out at the CASPT2 level without the diverging issue,
indicating that the C−S−H bending angle belongs to one of
the seam coordinates of the conical intersection. The
construction of the PT2-corrected PESs have been described
in the Supporting Information.
In Figure 5, the one-dimensional cuts of the two-dimen-

sional PT2-corrected potential surfaces are depicted near the
S1/S2 conical intersection along the S−H extension coordinate
at many different C−C−S−H torsional angles. In principle, the

potential energy curve drawn at the torsional angle of 0°
(planar) is exactly same as that obtained from the CASPT2
calculation (Figures 1 and 5). As a matter of fact, according to
the PT2-corrected two-dimensional potential energy surfaces,
the saddle point of the potential energy surfaces has been
found at the C−C−S−H(D) dihedral angle of ∼28° at ∼0.12
eV below the S1/S2 conical intersection, giving the small but
non-negligible tunneling barrier for the S−H(D) extension.
This is quite consistent with the previous experiment28 or the
recent high-level calculations reported by Lin et al.44 A tiny
kinetic isotope effect found for thiophenol and thiophenol-d,
however, may reflect the significant contribution of the
alternative mechanism where the H(D) atom predissociation
takes place on the barrierless potential energy surfaces that are
developed along the branching plane of the conical
intersection. The full-dimensional potential energy surfaces
constructed by the more elaborated computational methods
such as the multistate CASPT2 could be desirable for solving
this puzzling issue in the near future.
The WKB tunneling probability has been calculated based

on the one-dimensional potential energy curve projected from
the two-dimensional PT2-corrected potential energy surfaces
at the specific C−C−S−H torsional angle. The tunneling
probability as a function of the torsional angle (PWKB(ϕ)) is
then calculated at many different torsional angles, and it is
analytically fit by the linear combination of multiple cosine

Table 1. S1-State Lifetimes Calculated at the ZPL of Thiophenol, 2-FTP, 2-MTP, or 2-CTP by Using the WKB Approximation
or the ZN Theory (See the Text for Details)

estimated lifetimes at the S1 ZPL

thiophenol 2-FTP 2-MTP 2-CTP

model τH (ps) τD (ps) τH (ps) τD (ps) τH (ps) τD (ps) τH (ps) τD (ps)
experiment 0.070 0.082 12.3 278 44.4 640 230 635

WKB 1D 0.045 0.302 2.01 101 16.4 2390 130 53600
2D w/ torsion (τ) 0.034 0.238 1.36 61.9 7.04 763 31.5 11900
2D w/ bending (β) 0.044 0.270 1.93 93.2 15.2 2090 115 42400
3D w/ τ and β 0.032 0.199 1.31 56.5 6.57 624 28.0 10400

ZN 2D w/ τ 0.122 0.491 28.1 978 396 16300 397 9900

Figure 5. PT2-corrected potential energy curves of thiophenol along
the S−H extension coordinate calculated at different C−C−S−H
torsional angles (in degrees). The PESs obtained from the SA4-
CASSCF(12,11) level of calculation are scaled by the CASPT2 energy
values (see the text for details). All geometric parameters except the
S−H bond length and C−C−S−H torsional angle are kept fixed at
those of the ground state equilibrium geometry.
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functions. The S1 state wave function as well as its probability
distribution (ψ2(ϕ)) in the Franck−Condon region (RSH ∼
1.35 Å) is numerically solved by diagonalizing the Hamiltonian
matrix on the discrete variable representation (DVR) grids on
the one-dimensional potential energy curve analytically fitted
along the ϕ coordinate.52 The effective tunneling probability at
ZPL is then obtained by the weighted average of PWKB(ϕ)
according to ψ2(ϕ) over the whole range of ϕ from −90° to
+90°. The lifetime is then obtained by the equation in eq 2.
For the WKB calculation on the PES extended along the C−
S−H bending angle coordinate, the SQRT(V-E) term in eq 1
has been modified according to the calculated V(θ) at the
conical intersection region (e.g., RSH ∼ 1.51 Å for thiophenol).
As the C−S−H bending angle belongs to the conical
intersection seam coordinate, its dynamic influence on
tunneling is less significant. The details of the WKB
calculations on the two- or three-dimensional potential energy
surfaces are given in the Supporting Information.
The WKB tunneling lifetimes calculated on the two- or

three-dimensional PESs are compared with the experimental
results, Table 1. As anticipated, the WKB tunneling rate is
predicted to be more than 2 times faster when the potential
energy surfaces are extended into the out-of-plane torsional
coordinate (it is quite notable that the tunneling rate is
substantially influenced by extending the dimensionality of the
potential energy surface even at the zero-point level), whereas
it is only slightly accelerated by the extension into the C−S−H
bending angle coordinate. The facilitated tunneling rate
observed at the τSH2 (τSD2) mode excitation for 2-FTP (2-
FTP-d) or 2-MTP (2-MTP-d) could also be rationalized nicely
by the WKB calculation on the two-dimensional PES extended
along the C−C−S−H torsional angle coordinate. Namely, the
S1 lifetime of 1.36 ps (or 7.04 ps) calculated at ZPL is
predicted to be 0.72 ps (or 2.67 ps) at the τSH2 mode excitation
for 2-FTP (or 2-MTP) when PWKB(ϕ) is weight-averaged for
ψ2(ϕ) calculated at two quanta of τSH mode. As mentioned
above, the extension of PES into the dimension of the C−S−H
bending angle coordinate gives the little influence on the
tunneling rate (Table 1), implying that the multidimensionality
of the potential energy surfaces with respect to the remaining
(3N−8) seam coordinates of the conical intersection might not
be very influential on the tunneling dynamics. The quantitative
explanation of the experiment by the WKB method is not
satisfactory, and yet it should be emphasized that the WKB
tunneling rate is predicted to be much faster by the extension
of the otherwise one-dimensional potential energy surfaces into
two or three dimensions, strongly indicating that one should
take into account the multidimensional tunneling barrier that is
dynamically shaped by the upper-lying conical intersection.
The WKB tunneling rate of thiophenol at ZPL on the three-
dimensional potential energy surfaces, for example, is predicted
to give τ = 32 fs, which is shorter than the lifetime of 45 fs
calculated on the one-dimensional PES. The KIE in terms of
the qualitative trend is seemingly improved slightly by the
extension of the dimensionality of PES, although it is still far
from the experimental results.
As an alternative approach, we have employed the ZN

theory to calculate the tunneling probability to take into
account the nonadiabatic property of the tunneling process
occurring in the vicinity of the S1/S2 conical intersection.

53−56

The ZN theory has been quite successful in describing the
multistate curve-crossing problems (Landau−Zener non-
adiabatic transition and/or nonadiabatic tunneling) for many

years.57−60 In the ZN theory, the nonadiabatic transition
probability could be calculated on the adiabatic PESs without
invoking the complicated adiabatic-to-diabatic transformation
process. Instead, the nonadiabaticity has been taken into
account from the topographic parameters associated with the
PESs in the vicinity of the conical intersection. Here, the
explicit solution of the ZN theory for the classically forbidden
nonadiabatic tunneling has been employed for the case where
two crossing potential energy curves have the gradients
changing in the opposite directions along the tunneling
coordinate. The tunneling probability by ZN (PZN) is then
given as follows.
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Definitions of the parameters given in eq 3 are rather complex
as described in a recent review article56 though some critical
ones are further discussed later. For the ZN tunneling
probability calculations on the two-dimensional potential
energy surfaces, we have employed the same strategy used
for the WKB calculations (vide supra). Namely, PZN values
calculated based on the one-dimensional PES projections at
many particular C−C−S−H torsional angles are weight-
averaged according to the probability of the S1 ZPL wave
function over the whole range of the torsional angle. It is quite
notable that the ZN tunneling probability nearly vanishes at
the planar geometry (∠CCSH = 0°) where S1 and S2 do cross
without the avoided-crossing, whereas the WKB tunneling
probability is intrinsically insensitive to the nonadiabatic
coupling at the conical intersection as expected. In Table 1,
the ZN tunneling rates are calculated on the two-dimensional
PT2-corrected PES extended along the out-of-plane torsional
coordinate. Intriguingly, those are predicted to be slower than
the experimental values this time within 1 order of magnitude.
These are in the totally opposite side to the WKB calculations
when the experimental values are in the middle. It seems to be
too early to state that the ZN tunneling rates are substantially
underestimated as the calculations have been carried out on
the not-necessarily high-level ab initio PES in the much-
reduced dimensionality. Considering the rational assumption
that the use of the more exact multidimensional PES would
give the faster tunneling rate, the ZN tunneling rate as the
lower bound (slower than the experimental rate) might make
more sense compared to the WKB tunneling rate as the upper
bound (faster than the experimental rate) in the experi-
ment.30,61−63

Quite intriguingly, it has been found that the KIE from the
ZN tunneling rates gives the value to much closer the
experimental one compared to the WKB calculation results,
Table 1. For instance, KIE at the ZPL of thiophenol (2-FTP, 2-
MTP) is predicted to be ∼4.0 (∼35, ∼41) from the ZN rates,
which is much closer to the experimental value of ∼1.2 (∼23,
∼14) compared to the value of ∼6.2 (or ∼43, ∼95) predicted
by the WKB calculation. However, it is quite apparent that the
KIE is strongly influenced by the absolute tunneling barrier
height value in the WKB calculation as the different zero-point
energies of the H and D isotopologues bring the significant
impact on the barrier-dependent behavior of the SQRT(V-E)
term in eq 1. This implies that the overestimation of the KIE
could be aroused from the overestimation of the calculated
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tunneling barrier height. In order to judge the validity of the
semiclassical calculation methods, therefore, the calculated
KIEs have been adjusted so that the absolute values of
tunneling rates from two distinct calculations are equal to the
experimental values (for undeuterated species) by manually
manipulating the tunneling barrier height of the PESs. The
(adjusted) KIEs calculated from WKB and ZN are now
compared with the experimental values in Figure 6. The KIE

from WKB is much larger than the experimental value.
Notably, the KIE from WKB shows the monotonic increase
with the increase of the tunneling barrier height as expected
from eq 1, giving KIE ∼8.3, 83, or 214 for thiophenol (1800
cm−1), 2-FTP (3900 cm−1), or 2-MTP (4400 cm−1),
respectively. Remarkably though, the KIE from the ZN
tunneling rates reproduces the experiment quite well, giving
KIE ∼ 2.6, ∼24, or ∼5.6 for thiophenol, 2-FTP, or 2-MTP,
respectively. It is quite impressive that the KIE of 2-MTP is
predicted to be smaller than that of 2-FTP by the ZN
calculations (which conforms to the experiment) despite that
the tunneling barrier height of the latter is higher than that of
the former. This is completely opposite to the trend shown in
the WKB calculation, indicating that the adiabatic description
for the KIE in the tunneling reaction of thiophenols is
insufficient. This is completely opposite to the trend shown in
the WKB calculation, indicating that the nonadiabatic coupling
terms as implemented in the ZN theory may have been
manifested in the experimental KIE although it is subject to the
more rigorous calculations in the near future.
The KIE is expected to be largely influenced by the zero-

point energy difference between two isotopologues with
respect to the S−H(D) tunneling coordinates within two
classical bounds of the adiabatic tunneling barrier in the WKB
formulation. This is intuitively correct in the adiabatic picture
where the Born−Oppenheimer approximation holds. Namely,
in the adiabatic picture, the role of the conical intersection is
limited to the shaping of the low-lying adiabatic PES along the
multidimensional degrees of freedom. In the ZN theory, on the
other hand, two dimensionless parameters of a2 and b2 are
additionally defined (eqs 3 and 4), representing the non-
adiabatic coupling strength and the normalized internal energy
of particle, respectively.56 Those are given as follows.
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Here, Fi is the slope of the ith diabatic potential curve, ECI is
the energy of the avoided-crossing point, and VCI is the
diabatic coupling term. As a and b parameters (where the
reduced mass (μ) and the ZPL difference are explicitly taken
into account) reflect the geometric properties of two crossing
diabatic potential surfaces, the ZN tunneling probability is
anticipated to be strongly influenced by the nonadiabatic
coupling terms.53−56 Here, the adiabatic term (δ) is exactly
same as the one used for the WKB tunneling probability (eqs 1
and 5).

= [ ]m
V x E x

2
( ) d

x

x

2
1

2

(5)

When the nonadiabatic coupling between upper and lower
adiabats is negligible (or equally when the nonadiabatic term
of a2 vanishes), the ZN tunneling probability becomes identical
to the WKB tunneling probability (eq 6).56,64,65 This confirms
that the nonadiabatic coupling at the conical intersection is
fully invoked in the ZN tunneling rate whereas the WKB
formulation is completely confined to the adiabatic picture.
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In fact, the KIE of the tunneling reaction has been found to be
strongly dependent on the adiabaticity of the system of interest
and regarded to be quite useful for the judgment of the
adiabaticity (or nonadiabaticity) of the chemical reactions
under various circumstances.66−72 In this regard, the fact that
the KIE observed in thiophenol, 2-FTP, or 2-MTP is much
better explained by the ZN theory indicates that the S−H(D)
tunneling process should be nonadiabatic in nature. Namely,
the tunneling is hardly described by the sole adiabatic picture
for thiophenols, and the nonadiabatic coupling terms aroused
by the close-lying conical intersection should be properly taken
into account.
It is quite noteworthy that the importance of the

nonadiabatic coupling terms in the πσ*-mediated tunneling
reactions of the heteroaromatic molecules has been empha-
sized in a series of computational studies by the Guo
group.61−63 They have concluded that the dynamic simulations
based on the adiabatic potential energy surfaces are insufficient
to describe the tunneling reaction particularly when it takes
place in the vicinity of the conical intersection. The
nonadiabatic dynamic variables such as the geometric phase
or diagonal Born−Oppenheimer corrections had to be invoked
for the proper explanation of the experiment.61−63 In this
sense, the difference between ZN and WKB in the tunneling
probability calculated along the C−C−S−H torsional angle is
quite interesting to be noted again (Figure 7). As mentioned
above, the ZN tunneling probability almost vanishes at the
planar geometry due the absence of the avoided crossing at the
conical intersection whereas the WKB method is only
influenced by the adiabatic tunneling barrier height, which
would bring a large impact on the effective tunneling rates and
KIEs calculated in Figure 6. Quite interestingly, the vanishing
of the ZN tunneling probability responsible for the node at the
planar conical intersection (Figure 7) reminds us of the

Figure 6. KIEs measured at the ZPL of thiophenol, 2-FTP, or 2-MTP
from the experiment (magenta) are compared to the estimations from
the semiclassical calculations (WKB, orange; ZN, purple). For the
proper comparison, tunneling rates in the semiclassical calculations
have been adjusted to the experimental values (see the text for
details).
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destructive interference of two wavepackets encircling around
the conical intersection in the opposite sides due to the
geometric phase effect.73−75 Although the origins of the nodal
property of the tunneling probability should be distinct for the
semiclassical ZN theory and the full quantum-mechanical
calculations, it is notable that the dynamic behaviors at the
conical intersection resemble each other.

■ CONCLUSIONS
Here, the S−H(D) tunneling dissociation dynamics have been
interrogated for thiophenol, 2-FTP, 2-MTP, and 2-CTP
including their deuterated species. The tunneling rates are
semiclassically calculated using the adiabatic WKB method or
the nonadiabatic ZN theory based on the one-, two-, or three-
dimensional potential energy surfaces in the proximity of the
conical intersection to be compared to the state-specifically
measured experimental tunneling rates. The dimensional
extension of the PES into the C−C−S−H torsional angle
coordinate has been found to be most influential on the
tunneling dynamics. The adiabatic WKB semiclassical
calculations predict the faster tunneling rates whereas the
nonadiabatic ZN theory predicts the slower tunneling rates
compared to the experimental results. Both WKB and ZN,
however, reproduce the experiment within 1 order of
magnitude. The KIE on the adiabatic PES in the reduced
dimension given in this work is hardly reproduced by the
adiabatic WKB model whereas it is relatively well rationalized
by the nonadiabatic ZN model, suggesting that the non-
adiabatic coupling terms implemented in the latter should play
the import role in the tunneling process. The ZN calculation

conforms to the geometrical phase effect, impeding the
tunneling process through the destructive interference of the
wavepackets encircling the conical intersection in the opposite
sides. The S−H(D) tunneling predissociation dynamics of the
S1 states of thiophenols (and their deuterated species)
presented here provides the nice platform for the thorough
investigation of the tunneling reaction taking place in the
vicinity of the conical intersection, especially since the
tunneling reaction at many outstanding well-identified vibronic
modes could be identified prior to the mode randomization to
provide the otherwise formidable deep insights into the
multidimensionality of the tunneling reaction in terms of the
mode-specific rate and kinetic isotope effect. It should be
emphasized again that nonadiabatic tunneling dynamics had
been thoroughly investigated quantum mechanically using a
two state diabatic representation and reduced dimension
quantum dynamics for the bare phenol by Xie et al.61

Accordingly, the quantum mechanical calculations on the
nonadiabatic tunneling dynamics of the interesting systems of
2-FTP and 2-MTP presented here would be highly desirable in
the near future.
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Figure 7. H atom tunneling probability of thiophenol calculated as a
function of the C−C−S−H torsional angle by using the WKB
approximation (upper trace) or the ZN theory (lower trace). The
same two-dimensional potential energy curves have been used for the
rate calculations. Note that the ZN theory predicts that the tunneling
probability vanishes at the planar configuration where the avoided-
crossing rule does not hold due to the presence of the conical
intersection. The WKB model is blind to the curve-crossing as it sticks
to the adiabatic PES only.
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