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ABSTRACT: The dynamic role of the intramolecular hydrogen bond in the S1 relaxation
of cis-2-chlorophenol (2-CP) or cis-2-chlorothiophenol (2-CTP) has been investigated in
a state-specific manner. Whereas ultrafast internal conversion is dominant for 2-CP, the
H-tunneling competes with internal conversion for 2-CTP even at the S1 origin. The S0−
S1 internal conversion rate of 2-CTP could be directly measured from the S1 lifetimes of
2-CTP-d1 (Cl-C6H4-SD) as the D-tunneling is kinetically blocked, allowing distinct
estimations of tunneling and internal conversion rates with increasing the energy. The
internal conversion rate of 2-CTP increases by two times at the out-of-plane torsional
mode excitation, suggesting that the internal conversion is facilitated at the nonplanar
geometry. It then sharply increases at ∼600 cm−1, indicating that the S1/S0 conical
intersection is readily accessible at the extended C−Cl bond length. The strength of the
intramolecular hydrogen bond should be responsible for the distinct dynamic behaviors of
2-CP and 2-CTP.

The πσ*-mediated photochemistry of the heteroaromatic
molecular system1−5 has long been spotlighted not only

because it gives the mechanistic clue for the ultrafast excited
state relaxation of biological building blocks carrying the
genetic code but also because it is extremely helpful to
elucidate the nonadiabatic transition dynamics in the vicinity
of the conical intersections.6−10 The Born−Oppenheimer
approximation breaks down when the conical intersections are
encountered along the passage of the reactive flux, giving the
nonstraightforward dynamic outputs of reaction rates, product
yields, or branching ratios.11−15 From the dynamic point of
view, the πσ*-mediated chemistry of the heteroaromatic
system has provided the ideal model for investigating the
predissociation dynamics (Herzberg type-I or -II)16−18 and/or
tunneling dynamics. In the predissociation event (e.g., the S−
CH3 bond dissociation of the S1 thioanisole),19−26 the reactive
flux placed in the proximity of the conical intersection either
nonadiabatically funnels through the narrowly defined conical
intersection or sticks to the adiabatic potential energy surfaces
to explore the phase space for riding on the minimum energy
reaction path. For the tunneling case, the light atom (H or D)
escapes from the S1 potential well via tunneling through the
barrier which is dynamically shaped by the upper-lying conical
intersection.27−30 Notably, the tunneling dynamics of the S1
state has recently been thoroughly investigated in a state-
specific way for a number of heteroaromatic molecular systems
such as phenol,27,31−34 substituted phenols,35−44 o-cresol,36,43

thiophenol,45,46 2-fluorothiophenol,47,49,50 2-methoxythiophe-

nol,48−50 or 2-chlorothiophenol.47,49,50 It has been found that
the tunneling dynamics in terms of the tunneling rate (also the
energy disposal dynamics or nonadiabatic transition probability
in some cases) are quite mode-dependent, and their qualitative
behaviors could be rationalized from the dynamic shaping of
the tunneling barrier by the upper-lying S1(ππ*)/S2(πσ*)
conical intersection in many cases.30,34,43,49

Compared to the tunneling dynamics studies, the subject of
the internal conversion of the πσ*-mediated photochemistry of
the heteroaromatic systems seems to be less explored especially
as the presumably slower internal conversion process of the S1
state of phenols or thiophenols is anticipated to be the minor
channel.33,51 However, as the system gets complexed through
the functional group substitutions, the internal conversion
process might become significant so that it could dominate
over the tunneling reaction for some cases.52 Among those
πσ*-mediated dynamics of the heteroaromatic systems, the S1
state relaxation dynamics of 2-chlorophenol (2-CP) has been
found to be quite distinct.53,54 Most notably, Harris et al.54

reported that the ultrafast internal conversion into the
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vibrationally hot S0 state should be largely responsible for the
S1 state relaxation of 2-CP. Photoexcitation in the spectral
range of 266−193 nm gives rise to the product of HCl, Cl, or
Cl*, presumably resulting from the unimolecular reaction of
the vibrationally hot 2-CP in S0. In contrast, H atom
fragmentation turns out to be negligible. They suggested that
the strong intramolecular hydrogen bonding (O−H···Cl) of 2-
CP facilitates the S0−S1 internal conversion mediated by C−Cl
bond elongation.

Herein, we have investigated the S1 state dynamics of 2-CP
using picosecond time-resolved pump−probe spectroscopy for
the first state-specific lifetime measurements. The deuterated
analogue of 2-CP-d1 (where OH is substituted by OD) has also
been studied for unraveling the possible kinetic isotope effect
in the H(D) atom tunneling process. More importantly, we
have explored the state-specific S1 state dynamics of 2-
chlorothiophenol (2-CTP) where the strength of the intra-
molecular hydrogen bonding (S−H···Cl) is expected to be
weakened compared to the case of 2-CP. Quite interestingly,
the H atom tunneling turns out to significantly contribute to
the S1 state relaxation of 2-CTP in the low internal energy
region until it is overwhelmed by the rapid internal conversion
process starting at ∼600 cm−1 above the S1 zero-point energy
level. Quite intriguingly, the internal conversion rate and the H
atom tunneling rate of 2-CTP could be precisely determined
by examining the S1 lifetimes of 2-CTP-d1 as the D atom
tunneling from the latter is completely blocked (vide inf ra).
The mode-specific internal conversion rate provides important
mechanistic clues for the S1−S0 internal conversion process in
terms of its reaction pathway and relevant energetic barrier.
Competitive dynamics among tunneling and internal con-
version of the S1 2-CTP (or 2-CTP-d1) has been discussed
with the aid of the ab initio potential energy surfaces, giving
deep insights into the role of the intramolecular hydrogen
bonding in the S1 state relaxation mechanism.

Resonance-enhanced two-photon ionization (R2PI) spec-
trum of 2-CP taken with the picosecond laser pulse (ΔE ∼ 20
cm−1, Δt ∼ 1.7 ps) gives the Franck−Condon active S1
vibronic bands as shown in Figure 1a. The spectral features
of the cis-conformer could be mainly identified in the R2PI
spectrum although the trans-conformer may be slightly
populated (∼2%) in the jet-cooled molecular beam as the
latter is estimated to be less stable than the former by ∼2.3
kcal/mol in the gas phase.55−60 Although some vibronic bands
could be well isolated in the frequency domain, most bands of
cis-2-CP are found to be quite broad, implying that the
associated lifetimes may be quite short. Indeed, the S1 lifetime
(τ) of the cis-2-CP is found to be shorter than a few
picoseconds for all vibronic bands.53,54 It should be noted,
however, that the S1 lifetime of the cis-2-CP is quite mode-
dependent, and it is subject to further investigation (see Figure
S6 of the Supporting Information). The picosecond time-
resolved transient for each vibronic band shows the ultrafast
single-exponential decay of which the subpicosecond time
constant is beyond the current experimental temporal
resolution (Figure S6). As a matter of fact, the S1 origin of
the trans-2-CP has been found to be located ∼190 cm−1 below
that of the cis-2-CP.53,61 In Figure 1d, the picosecond time-
resolved transient gives τ = 1.1 ± 0.1 ns for the trans-
conformer at the S1 zero-point energy level (ZPL), which
qualitatively is in accord with the previously reported
fluorescence excitation spectroscopic study of the same
system.53 This lifetime of trans-2-CP is at least 3 orders of

magnitude longer than the lifetime of the cis-2-CP, suggesting
already that the intramolecular hydrogen bonding of the latter
should make a huge difference in the S1 state relaxation
mechanism, and this is consistent with the previous other
independent studies by Yamamoto et al.53 and Harris et al.54

In order to make sure whether or not the H atom tunneling
(which is the main relaxation pathway of the S1 phenol)
contributes to the S1 state relaxation, we have carried out the
picosecond pump−probe measurement for cis-2-CP-d1 where
the OH moiety is substituted by OD. In Figure 1c, it gives the
same ultrashort S1 lifetime with no kinetic isotope effect,
strongly indicating that the H(D) atom tunneling dissociation
from the OH(OD) moiety is little responsible for the S1 state
relaxation with nearly zero quantum yield. In order to further
elaborate the H or D fragmentation mechanism of 2-CP-d1, the
relative yields of the H and D fragments have been estimated
from their ion signals at the S1 zero point energy level of the
parent molecule (Figure S5 of the Supporting Information).
Surprisingly, the H/D fragment yield ratio is estimated to be
∼3.8, which is nearly identical with the statistical ratio of 4,
indicating that the H or D atom may be equally likely
produced via the statistical unimolecular reaction of the
vibrationally hot S0 state which is prepared by the ultrafast S0−
S1 internal conversion. Actually, this conforms to the S1
lifetime measurements, as well as the absence of the kinetic
isotope effect. According to the detailed study of 2-CP
dynamics reported by Harris et al.,54 the fast S0−S1 internal
conversion which prevails even at the ZPL is ascribed to the
significant effect of the strong (O−H(D)···Cl) intramolecular
hydrogen bonding on the electronic configurations of the
πσCCl* state especially with respect to the C−Cl bond
extension coordinate. Namely, the adiabatic S1 state (the first
excited singlet state) becomes unbound due to the electronic
configuration effect of the intramolecular hydrogen bonding

Figure 1. (a) Picosecond (1 + 1′) R2PI spectrum of 2-chlorophenol
showing vibronic structures of the S1−S0 transition obtained at zero
pump−probe time delay. The probe pulse wavelength was fixed at
λprobe = 285 nm. Parent ion transients and corresponding S1 lifetimes
of (b) cis-2-chlorophenol, (c) cis-2-chlorophenol-d1, or (d) trans-2-
chlorophenol at the zero-point energy level. The ion transient of trans-
2-chlorophenol was fitted using biexponential function, and the
fractional magnitude of the longer time component is shown in
parentheses. Full experimental data are available in Figures S6 and S7
of the Supporting Information.
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when it is relaxed along the C−Cl bond extension coordinate,
accelerating the eventual S0−S1 internal conversion.

The distinct dynamic behavior of the S1 2-CP from many
other different substituted phenols triggers the issue of the
dynamic role of the intramolecular hydrogen bonding in the
excited state relaxation, giving the important implications in
the fast relaxation of the biological building blocks under
various circumstances such as the localization of the hydrogen
bonding in the hydrophobic environment, for instance.62,63 For
further investigation of this issue, we have tackled the S1 state
dynamics of 2-CTP and 2-CTP-d1. In these systems, the
strength of the S−H(D)···Cl intramolecular hydrogen bonding
is expected to be weakened compared to the case of 2-CP due
to the less electronegative nature of sulfur compared to oxygen.
The R2PI spectra of 2-CTP and 2-CTP-d1 taken with the
picosecond laser pulse show the well-resolved S1 vibronic
bands which are totally attributed to the cis-conformer, Figure
2.47 The S1 lifetime, from the picosecond time-resolved parent

ion transient, gives τ ∼ 227 ± 3 or 638 ± 13 ps for the ZPL of
2-CTP or 2-CTP-d1, respectively.49,64 The first impressive
finding would be that the H atom tunneling reaction does take
place in these systems with a non-negligible quantum yield,
and this is quite different from the case of 2-CP or 2-CP-d1. It
indicates that the H atom tunneling reaction should be less
blocked in 2-CTP plausibly due to the weakened intra-
molecular hydrogen bonding. The second remarkable finding
is that the H/D kinetic isotope effect of 2-CTP and 2-CTP-d1
in terms of its S1 lifetime is merely ∼2.8 which is extremely
small if the S1 lifetime is mainly attributed to the H(D) atom

tunneling reaction. Namely, it is far less than the kinetic
isotope effect of ∼23 or ∼14 which had been found for 2-
fluorothiophenol or 2-methoxythiophenol, respectively.50 The
tiny kinetic isotope effect of 2-CTP and 2-CTP-d1 then
strongly suggests that the contribution of the H atom tunneling
dissociation to the S1 state relaxation may not be large enough
to account for the whole relaxation process. Instead, the
concomitant S0−S1 internal conversion may kinetically
compete even at the ZPL. Intriguingly, the S1 lifetime of 2-
CTP and 2-CTP-d1 decreases very rapidly with the increase of
the internal energy. That is, the lifetime of ∼227 or ∼638 ps of
the respective 2-CTP or 2-CTP-d1 at the ZPL falls down to
converge into the time constant of ∼60 ps at the internal
energy of ∼600 cm−1. And then it further decreases to the
subpicosecond lifetime at the internal energy of ∼900 cm−1.
This rapid change of the S1 lifetime as well as that of the
kinetic isotope effect should reflect the unusual dynamic
behavior of the S0−S1 internal conversion in the narrow energy
region (vide inf ra).

The measured S1 lifetime of 2-CTP (τH = kH
−1) or 2-CTP-d1

(τD = kD
−1) represents the kinetic sum of its tunneling rate of

kH
T or kD

T and the internal conversion rate (kIC) as follows:

= +k k kT
H H IC (1)
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Here, the internal conversion rate is taken to be the same for 2-
CTP and 2-CTP-d1, which seems to be a fairly good
assumption as the S0−S1 coupling matrix elements as well as
the density of states of two isotopologues are not anticipated to
be largely changed by the subtle SH/SD substitution.
Obviously, the convergence of the kinetic isotope effect into
the unity (at ∼600 cm−1) is the consequence from the relation
of kIC ≫ kH

T > kD
T , and completely explainable by the rapid

increase of the internal conversion rate with the increase of the
S1 internal energy. In the low internal energy region, however,
the H atom tunneling should compete with the internal
conversion. In particular, the experimental finding that the
apparent kinetic isotope effect of the S1 lifetime (kH/kD ∼ 2.8)
is unusually small may suggest that the internal conversion rate
is comparable with the tunneling rate in the low S1 internal
energy region. Namely, if the kinetic isotope effect of the pure
tunneling reaction (kH

T/kD
T) is arbitrarily chosen to be ∼20

according to our previous study,50 then kIC should be ∼1.4 ×
109 s−1 (τ ∼ 710 ps) according to the above equation. This in
turn gives the estimation of kH

T ∼ 3.1 × 109 s−1 (τ ∼ 330 ps)
and kD

T ∼ 0.15 × 109 s−1 (τ ∼ 6.51 ns) at the ZPL. Though
these absolute values of the kinetic rates may be less reliable,
this estimation indicates that the internal conversion and H
atom tunneling reactions are quite competitive for 2-CTP. On
the other hand, as kIC is much larger than kD

T by an order of
magnitude, the internal conversion is most likely to be totally
responsible for the S1 state relaxation of 2-CTP-d1 because the
D atom tunneling is kinetically much unfavorable. This
strongly suggests that the S0−S1 internal conversion rate of
2-CTP (as well as 2-CTP-d1) could be referred from the S1
lifetime of 2-CTP-d1 according to the kinetic equation (

Figure 2. Picosecond R2PI spectra of (a) 2-chlorothiophenol and (b)
2-chlorothiophenol-d1 obtained at zero pump−probe time delay. The
probe pulse wavelength was fixed at λprobe = 290 nm. Assignments and
notations of vibrational normal modes have been adapted from refs 47
and 49. (c) S1 lifetimes of 2-chlorothiophenol (τH, red circle symbols)
and 2-chlorothiophenol-d1 (τD, blue diamond symbols) obtained by
fitting the parent ion transients using exponential decay molecular
response functions. Full experimental data are available in Figure S8 of
the Supporting Information.
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k kD IC). It is quite intriguing to note that the internal
conversion rate could be directly estimated in the mode-
specific way by effectively blocking the otherwise competitive
tunneling pathway of 2-CTP-d1.52 This makes it possible that
the internal conversion rate (kIC) and the H atom tunneling
rate (kH

T) could be separately extracted from the S1 state
lifetime of 2-CTP (kH).

Kinetic competition between the S0−S1 internal conversion
and H atom tunneling reaction in the S1 state of 2-CTP
derived from eqs 1−3 is illustrated in Figure 3. In the low S1

internal energy range below ∼400 cm−1, kIC and kH
T are found

to be quite comparable to give a relative quantum yield of ∼0.5
for either the internal conversion or the H atom tunneling. The
H atom tunneling rate of 2-CTP exhibits the strong mode-
dependent behavior, giving the 2-fold increase of the tunneling
rate upon the out-of-plane 10b2 mode excitation to give kH

T ∼
5.1 × 109 s−1 compared to kH

T ∼ 2.8 × 109 s−1 at ZPL. The
abrupt increase of the tunneling rate had also been observed
for 2-fluorothiophenol or 2-methoxythiophenol,49,50 and it was
nicely rationalized by the significant lowering of the adiabatic
H atom tunneling barrier with respect to the C−C−S−H
dihedral out-of-plane torsional coordinate.50,65,66 Remarkably,
the S0−S1 internal conversion rate is also found to have the
substantial mode-dependent behavior, giving kIC ∼ 4.5 × 109

s−1 at the 10b2 mode excitation which is ∼3-fold larger than kIC
∼ 1.6 × 109 s−1 measured at ZPL. This indicates that the
delocalization of the reactive flux along the nonplanar

geometries should facilitate the internal conversion process
of which the initial path involves the C−Cl bond extension
(vide inf ra).

The dramatic increase of kIC starting from the S1 internal
energy of ∼600 cm−1 is obviously very different from the
dynamic behavior of the H atom tunneling rate which
converges and thereafter remains constant with the increase
of the internal energy as the preceding intramolecular
vibrational energy redistribution (IVR) is accompanied in the
bound S1 state.33,50 As the S1 internal energy increases more,
the internal conversion becomes much faster than the
tunneling reaction by more than 10-fold, giving nearly unity
for the internal conversion quantum yield (ΦIC ≈ 1). The
sharp increase of kIC has rarely been observed as one does not
expect a sudden increase of neither the S0-S1 coupling strength
nor that of the S0 density of states in the corresponding very
narrow energy range. Therefore, this indicates that the internal
conversion may be facilitated by the access of the reactive flux
above the adiabatic barrier (of ∼600 cm−1) which results from
the S1(ππ*)/S2(πσCCl*) conical intersection encountered
along the C−Cl bond extension coordinate. Once the reactive
flux overcomes the barrier, it may reach the S0/S1 conical
intersection through the repulsive potential energy surface in
the later stage of reaction (vide inf ra). It is interesting to note
that it had been suggested that the sharp increase of the
internal conversion rate could be correlated to the barrier
present along the ultrafast S0−S1 internal conversion pathway
of the cytosine derivatives.67,68

For a comparison of the internal conversion mechanisms of
2-CP and 2-CTP, the adiabatic potential energy curves have
been calculated for the S1 states of those systems along the C−
Cl bond extension coordinate. Interestingly, the minimum
energy geometry optimized for the S1 state using the density
functional theory (DFT) or second-order approximate coupled
cluster method (RICC2) adopts the nonplanar structure with
the elongated C−Cl bond length for both molecules,
suggesting that the S1 state may be already quasi-bound in
nature with respect to the C−Cl bond extension coordinate
(Figure S4 of the Supporting Information). For unraveling the
internal conversion pathway in a more sophisticated way, the
single point CASPT2 calculations have been carried out at the
DFT optimized S1 geometries along the C−Cl bond extension
coordinate with or without the Cs symmetry constraint, as
shown in Figure 4. This two-step calculation method is almost
same as one employed in ref 54. for the monosubstituted
chlorophenol isomers. The resultant S1 adiabatic potential
energy curves with and without the Cs symmetry constraint
converge at the large C−Cl bond distances for both 2-CP and
2-CTP to cross with the diabatic S0 states leading to the
internal conversion, although the detailed potential energy
surfaces are quite distinct for two species. Namely, the S1
potential energy curve of the planar geometry (with the Cs
symmetry constraint) intersects with that of the nonplanar
geometry (without the Cs symmetry constraint) with a shallow
barrier of ∼0.15 eV along the C−Cl bond extension coordinate
for 2-CP whereas their intersection is predicted to be located a
bit higher to give the barrier height of ∼0.40 eV for 2-CTP.
These adiabatic barriers are the consequences from avoided-
crossings under the S1(ππ*)/S2(πσCCl*) conical intersection.
Although absolute values of energetics associated with the
adiabatic potential energy surfaces for both 2-CP and 2-CTP
are subject to the further refinements, these potential energy
schemes rationalize the experimental finding that the internal

Figure 3. (Upper panel) Estimated reaction rates of the S0−S1
internal conversion (kIC, red circles) and H atom tunneling (kH

T ,
blue triangles) processes in the S1 state of 2-chlorothiophenol as a
function of the S1 internal energy, derived from eqs 1−3 in the main
text. Inset: Enlarged plot of the rates at the low S1 internal energy
region. (Lower panel) Quantum yields of two reaction channels
obtained from the equations, ΦIC = kIC/(kIC + kH

T) and ΦH = kH
T/(kIC

+ kH
T). H atom tunneling rates above the S1 internal energy of 600

cm−1 are assumed to remain constant.
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conversion rate is already fast and dominant at the S1 ZPL for
2-CP whereas it is comparable with the H atom tunneling until
it rapidly increases to be dominant above the onset of ∼600
cm−1 for 2-CTP. The aforementioned large increase of the
internal conversion rate of 2-CTP upon the 10b2 mode
excitation (Figure 3) is also well rationalized as the reactive
flux spread along the out-of-plane coordinate may be favored
into the relaxation on the nonplanar adiabatic S1 potential
energy surface extended along the C−Cl bond stretching
coordinate. The multidimensional potential energy surfaces
calculations regarding the internal conversion process as well as
tunneling reaction would be quite desirable for unraveling the
mechanism of the whole S1 state relaxation pathway.

In the previous individual reports by Yamamoto et al.53 and
Harris et al.,54 it has been claimed that the strong
intramolecular hydrogen bonding of 2-CP should be
responsible for the stabilization (or equivalently lowering) of
the πσCCl* state where the σCCl* is the antibonding orbital
along the C−Cl bond elongation coordinate. The otherwise
slow internal conversion (τ ∼ 10 ns for the S1 phenol,69,70 for
instance) then becomes 4 orders of magnitude faster (τ < 1
ps), giving the major relaxation pathway for the S1 state decay
of 2-CP. Rigid-scanned potential energy surfaces in Figure 5a
show that the reaction barrier height of 13 300 cm−1 is
required for the H atom tunneling along the O−H bond
extension coordinate, which is extremely unfavorable com-
pared to the internal conversion in the S1 state of 2-CP. Quite
interestingly, it has been newly found here that the internal
conversion rate of 2-CTP has been substantially slowed
compared to that of 2-CP in the low S1 excess energy region,
and it is attributed to the increase of the adiabatic barrier
height along the internal conversion path leading to the S0/S1
conical intersection, Figures 4 and 5. In addition, the H atom
tunneling from the SH moiety is greatly facilitated for 2-CTP
as the corresponding tunneling barrier has been substantially
lowered compared to that for the H atom tunneling from the
OH moiety of 2-CP. Although absolute values of the barrier
heights are likely to be overestimated, the overall potential
energy surfaces depicted in Figure 5 give quite reasonable
explanations of the experimental results. Accordingly, the

relatively slow internal conversion in the S1 low internal energy
region of 2-CTP compared with that of 2-CP seems to
originate from the relatively weaker intramolecular hydrogen
bonding of the former compared to the latter. Namely, the
stabilization of the πσCCl* state by the intramolecular hydrogen
bonding is less effective in the 2-CTP compared to that in the
2-CP.

As a matter of fact, ultrafast internal conversion has rarely
been reported in the heteroaromatic molecular systems of
phenol or thiophenol derivatives. Although S1 state of the
monosubstituted chlorobenzene had been reported to undergo
the internal conversion with the similar mechanism through
the S0/S1 conical intersection developed along the C−Cl
extension coordinate, its time constant remains at around the
nanosecond time range.71−75 The similar situation has also
been found for other heteroaromatic systems with no
intramolecular hydrogen bonding such as trans-2-chlorophenol
or 3-chlorophenol. Even for 2-fluorophenol37,54,76,77 or 2-
fluorothiophenol47,49,50 where the relatively weak intramolec-
ular hydrogen bonding exists,78−83 the ultrafast internal
conversion such as found in the low S1 internal energy region
of 2-CP and 2-CTP could not be observed. It is intriguing to
note, on the other hand, that the S1 vibronic states of 2-
chlororesorcinol (Figure S3 of the Supporting Information), 2-
bromophenol,53 or 2-bromothiophenol84,85 are reported to be

Figure 4. Relaxed potential energy curves for the S0 (black filled
circles) and S1 states of (a) 2-chlorophenol and (b) 2-
chlorothiophenol along the C−Cl bond extension coordinate with
the Cs symmetry constraint (blue filled symbols) or no symmetry
restriction (red open symbols). The molecular geometries at which
two adiabatic S1 curves cross near the Franck−Condon region are
depicted. Color scheme for atoms: carbon, purple; hydrogen, blue;
oxygen, red; sulfur, yellow; chlorine, green.

Figure 5. Schematic rigid-body scanned potential energy curves for
the S0 (black), S1 (ππ*, blue), and S2 (πσ*, red) states of (a) 2-
chlorophenol and (b) 2-chlorothiophenol along the C−Cl bond (left
panel) or the O−H bond (right panel) extension coordinate. The
molecular geometry is kept fixed at the S0 equilibrium geometry with
Cs symmetry, except the O−H or C−Cl bond length. Relative
potential energies on the vertical z-axis are given in 0.5 eV per each
tick.
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quite diffuse in the S1−S0 transition spectra due to the
homogeneous lifetime broadening effect. The strong intra-
molecular hydrogen bonding of those systems may be
responsible for the S1 state’s ultrafast relaxations via the
ultrafast internal conversion process plausibly activated along
the carbon−halogen bond extension coordinate. Phenomenal
observation found here for 2-CP or 2-CTP in terms of the
dynamic behavior of the S1 state relaxation process is indeed
quite intriguing, as the intramolecular hydrogen bonding seems
to facilitate the otherwise slow internal conversion process.
Chemistry of the vibrationally hot S0 state of 2-CP or 2-CTP
after the fast internal conversion is beyond our scope at the
present time though the photochemical studies of such species
in the matrix environment imply the existence of many
interesting chemical changes into various products.58,86

In conclusion, the real-time S1 state relaxation dynamics of
2-chlorophenol and 2-chlorothiophenol have been investigated
here using narrow-band picosecond time-resolved pump−
probe spectroscopy. The rapid S0−S1 internal conversion is
largely responsible for the subpicosecond S1 state lifetime of
the cis-conformer of 2-chlorophenol, corroborating the
previous findings by Yamamoto et al. and Harris et al. that
the intramolecular hydrogen bonding facilitates the internal
conversion activated by the C−Cl bond coordinate.53,54 For 2-
chlorothiophenol, on the other hand, it has been found that the
internal conversion is significantly slowed in the low S1 internal
energy region compared to the case of 2-chlorophenol,
allowing for the H atom tunneling reaction to compete with
the internal conversion before the S1 state relaxation is
dominated by the internal conversion starting at ∼600 cm−1

above the S1 zero-point energy level. The mode-dependent
internal conversion rate of 2-chlorothiophenol could be
directly estimated from the S1 lifetimes of 2-chlorothiophe-
nol-d1 as the otherwise competing D atom tunneling reaction
(from the SD moiety) is kinetically unfavorable. This makes it
possible to extract the contribution of the H atom tunneling
and that of the internal conversion to the S1-state relaxation
completely in a separate manner. Strong mode-dependent
behavior of the internal conversion rate followed by the sharp
increase in the narrow internal energy range provides the very
important dynamic aspect of the internal conversion
mechanism, where the reactive flux should experience the
adiabatic barrier set by the S1(ππ*)/S2(πσCCl*) conical
intersection along the C−Cl extension coordinate before it
reaches the internal-conversion funnel of the S0/S1 conical
intersection. The intramolecular hydrogen bonding of 2-
chlorothiophenol substantially weakened compared to that of
2-chlorophenol is most likely responsible for the slower
internal conversion of the former compared to the latter,
which is also supported by the ab initio potential energy surface
calculations. The dynamic role of intramolecular hydrogen
bonding in expediting the internal conversion of the electroni-
cally excited state seems to be a fascinating subject. Our
complete experimental investigations combined with ab initio
calculations give the unprecedented deep insights into the role
of the intramolecular hydrogen bonding in the excited state
relaxation dynamics of the πσ*-mediated systems. The
conceptual advance obtained in this work may also be
applicable to the similar systems including the biological
building blocks as the intra- or intermolecular hydrogen
bonding is ubiquitous in the biological environments.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

The details of the experimental setup had been given
elsewhere.48,50 The narrow-band picosecond laser pulses (ΔE
∼ 20 cm−1, Δt ∼ 1.7 ps) for the pump and probe were
generated using two independent tunable optical parametric
amplifier (OPA) units. Both OPAs were pumped using the
fundamental output (791 nm, 1 kHz) of a picosecond
Ti:sapphire regenerative amplifier system, which is seeded by
a mode-locked femtosecond Ti:sapphire oscillator at the
repetition rate of 80 MHz. The picosecond pump and probe
pulses were attenuated using several ND filters and colinearly
aligned into a high-vacuum chamber (10−8 Torr) through a
CaF2 window without using focusing lens. The angle of the
polarization axes between pump and probe pulses was kept at
54.7° during the measurement. The pump−probe time delay
was manipulated using a 300 mm-long mechanical translational
stage combined with a hallow retroreflector. The samples of
chlorine-substituted phenols and thiophenols were seeded in
the helium buffer gas with a backing pressure of 3 bar and
supersonically expanded into the vacuum chamber using a
pulsed Even-Lavie valve through a 150 μm-diameter nozzle
orifice at the repetition rate of 20 Hz. The molecular beam
collimated by a 1 mm diameter skimmer was crossed by the
picosecond pulses in the ion extraction region, and the
resultant parent or fragment ions were then detected by a
mass-gated time-of-flight (TOF) microchannel plate (MCP)
detector. The ion signals were digitized by an oscilloscope and
recorded as a function of pump−probe time delay for the
analysis. The minimum energy geometries of the title
molecules in the ground electronic state (S0) have been
optimized using density functional theory (DFT) with the
CAM-B3LYP functional, second order coupled cluster model
with the resolution of the identity approximation (RICC2), or
complete active space self-consistent field (CASSCF) method.
For the adiabatic potential energy curves along the internal
conversion reaction coordinate, single point energy calcu-
lations were carried out using the CASPT2 level of theory at
the DFT-relaxed S1 geometries while scanning the C−Cl bond
length. The active space employed for the CASSCF
calculations was comprised of 10 electrons and 10 orbitals,
three pairs of Hückel-type π/π* orbitals, σCCl and σCCl*, and
nonbonding p-orbitals on oxygen and chlorine. The CASPT2
calculations were performed with an imaginary level shift of 0.4
au. All ab initio calculations were carried out using Gaussian
(version 09),87 Molpro (version 2010.1),88 or Turbomole
(version 7.0.2)89 software suites.
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