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ABSTRACT: The photoinduced S−H (D) bond fission dynamics of
four ortho-substituted thiophenols, 2-fluoro, 2-chloro, 2-bromo, and 2-
methoxythiophenol at a pump wavelength of 243 nm, have been
investigated by velocity-map imaging and high-level electronic structure
calculations. The D atom images of the deuterated ortho-substituted
thiophenols show much reduced X̃/Ã branching ratios of the
cofragment radicals over that of bare thiophenol. The angular
distributions of the D fragment display negative anisotropies, indicating
that transition dipole moments are perpendicular to the fast dissociating
S−D bond axis. Initial excitation at 243 nm occurs directly to the 1πσ*
state or to the 21ππ* state followed by efficient coupling to the 1πσ*
state. The calculated potential energy curves for the 1πσ* or 21ππ*
excited states of the ortho-substituted thiophenols along the CCS−D torsion angle (ϕ) display minima at the nonplanar
structures, whereas all of the states for bare thiophenol present minima at the planar geometries. This different topology of the
ortho-substituted thiophenols in the excited states induces the wide spread of the reactive flux along the ϕ coordinate on the
repulsive surface as it should experience significant torque with respect to ϕ during the fragmentation. This encourages the
dissociating molecules to follow the adiabatic path at the conical intersection between the ground and the 1πσ* states at
extended S−D bond lengths, giving rise to decreased X̃/Ã branching ratios, demonstrating that the excited-state molecular
structure dictates the nonadiabatic transition probability.

1. INTRODUCTION

A multitude of studies on the photoinduced H(D) atom
elimination reaction of aromatic enols and azoles have been
reported, since the theoretical works of Sobolewski and
Domcke provided a new paradigm for 1πσ*-mediated non-
radiative decay.1−4 The S−H bond dissociation of thiophenol
belongs to the family of the 1πσ*-mediated photochemis-
try5−14 and was first studied at 243 nm in the gas phase over a
decade ago.15 The first singlet excited state is a bound 11ππ*
(S1) state, while the next excited state is a 1πσ* (S2) state
repulsive along the S−H bond elongation coordinate. The
1πσ* state intersects with the 11ππ* and ground (S0) states,
generating the conical intersections (CIs) of CI-1 and CI-2,
respectively. The product branching is determined at CI-2, at
which 1πσ* and S0 diabatically correlate to the ground (X̃2B1)
and excited (Ã2B2) states of the thiophenoxyl radical,
respectively. In this photodissociation reaction, the C6H5S·
(X̃) + H channel is produced only nonadiabatically by
funneling through CI-2, whereas C6H5S·(Ã) + H is yielded
on the adiabatic pathway by avoiding the CI-2. Due to an
appropriate energy difference between the two product
channels, the experimental detection of the fragment by, for
example, the velocity-map imaging (VMI) technique16 could
be used to measure the X̃/Ã product branching ratio.
Investigations on thiophenol have been extensive, covering a
wide range of photoexcitation wavelength,17−19 substituted

derivatives,20−24 time-resolved experiment,25 and theoretical
calculations.26−30 The CCSH torsional angle (ϕ) was
identified as the most important coordinate in determining
the product branching, as theoretical studies have shown that
the torsion mode is the strongest coupling mode in both CIs,26

and the shapes of potential energy curves (PECs) along the ϕ
coordinate are quite critical in explaining the experimental
results.20,21 The para substitution to the thiophenol influences
the shape of the PECs along the ϕ coordinate in the S0 state,
whereas the excited electronic states are negligibly affected,
having the same minima at ϕ = 0°,20,21 and this makes it
possible to manipulate the nonadiabatic transition probability
at CI-2 by the conformational changes in the S0 state. For the
ortho-substituted thiophenols, the resonant two-photon
ionization (R2PI) spectra for the S1−S0 transitions were
reported for 2-fluorothiophenol (2-FTP) and 2-chlorothio-
phenol (2-CTP).12 It is interesting to note that no R2PI signal
was observed for thiophenol due to its ultrashort S1 lifetime,
indicating an increased S1 state lifetime under ortho
substitution.22

In this work, we studied the 243 nm photodissociation
dynamics of 2-FTP, 2-CTP, 2-bromothiophenol (2-BTP), and
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2-methoxythiophenol (2-MTP). These thiophenols adopt cis-
planar structures in the ground states, and direct or indirect
excitation to the 1πσ* state is expected at 243 nm. The halogen
substitution, from F to I, was investigated on phenol,31,32

revealing that the O−H fragmentation dynamics at short
wavelength excitation (near 243 nm) is actually similar to that
of bare phenol. Significant differences in energetics involved in
photodissociation reactions of phenols and thiophenols
hamper direct comparison though as far as the substitution
effect on dynamics is concerned. Here, we found that ortho
substitution of thiophenol gives rise to a substantial influence
on the nonadiabatic transition probability at the conical
intersection, demonstrating that the topology of the excited-
state potential energy surface dictates the nonadiabatic
dynamics.

2. EXPERIMENTAL SECTION

Thiophenol, 2-FTP, 2-CTP, 2-BTP, and 2-MTP were
purchased from Tokyo Chemical Industry (TCI). The
deuterated samples for the VMI experiment were obtained
by mixing with D2O; 2-MTP-d1 was supplied by MediGen Inc.
All of the samples were heated to 45−85 °C. The resulting
vapors were carried out with 3 bar He gas, expanded through a
nozzle orifice (General valve series 9; 0.5 mm diameter) into
the vacuum chamber, and collimated with a skimmer (Beam
dynamics, 1 mm diameter). The VMI of the D fragment was
recorded using (2 + 1) ionization at an excitation wavelength
243.0 nm, which was obtained by frequency doubling of the
dye laser output (Lumonics, HD-500) pumped by the third
harmonic of a Nd:YAG laser (Continuum, Surelite II). The
wavelength of the laser pulse was continuously scanned over
the Doppler width of the D fragment, while the image was
being recorded. The polarization direction of the pulse was
parallel to the plane of the phosphor screen. The ions were
velocity mapped onto a microchannel plate (MCP) coupled to
a phosphor screen and recorded with a charge-coupled device
(CCD) camera. The image was sent to a PC and processed

using the IMACQ acquisition software.33 The resulting 2D
images were reconstructed to the 3D distribution using the
BASEX algorithm.34 The Jacobian factor was considered when
converting the velocity distribution into the total translational
energy distribution. The anisotropy parameter (β), which
describes the angular distribution of photofragments, was
obtained from the equation of PI( ) 1 (cos( ))

4 2βθ = [ + · θ ]σ
π

,

where θ is the angle of the fragment velocity vector with
respect to the polarization vector of the pump laser, P2 is the
second-order Legendre polynomial, and σ is the absorption
cross section. The images were energetically calibrated using
the O image from O2 at 225 nm.

Computational Details. To predict the most stable
conformation, the S0 geometries of the 2-BTP and 2-MTP
molecules were optimized by the B3LYP35 and second-order
Mollet−Plesset perturbation theory (MP2)36 methods. The Ã
and X̃ state radical energies were calculated by the B3LYP/aug-
cc-pVTZ37 and multiconfigurational second-order perturbation
theory (CASPT2)(9,8)38/cc-pVTZ methods. The (9,8) active
space comprises the three pairs of π/π* orbitals and the nπ and
nσ orbitals of sulfur. The vertical excitation energies were
calculated by the equation-of-motion coupled cluster single
and doubles (EOM-CCSD)39/aug-cc-pVTZ and TD-
HCTH40/6-311++G(3df,3pd) levels of theory. For the PECs
along ϕ, the S0 geometries were optimized using the MP2/aug-
cc-pVTZ level of theory. The vertical excitation energies for
the first three singlet excited states were obtained using the
EOM-CCSD level of theory. The ϕ value was varied, while the
other remaining nuclear coordinates were maintained at those
of the S0 MP2 geometries. The density functional theory
(DFT) and MP2 calculations were performed using Gaussian
09,41 while the torsional PECs were obtained using Molpro
2010.1.42

Figure 1. Total translational energy distributions and anisotropy parameters (black circles) of (a) thiophenol-d1, (b) 2-fluorothiophenol-d1 (2-FTP-
d1), (c) 2-chlorothiophenol-d1 (2-CTP-d1), (d) 2-bromothiophenol-d1 (2-BTP-d1), and (e) 2-methoxythiophenol-d1 (2-MTP-d1) obtained at 243
nm. Two Gumbel functions in red and blue solid lines correspond to the Ã and X̃ states of the fragment radicals, respectively. Gaussian function in
gray dashed line represents the contribution from the 11ππ* state, whereas the multiphoton background is depicted by the green dashed line. Raw
(left half) and reconstructed (right half) D images are displayed in the inset. White arrows indicate the laser polarization direction. (f) UV
absorption spectra of thiophenol (black line), 2-FTP (red dashed line), 2-CTP (blue dash−dotted line), 2-BTP (magenta short dashed line), and 2-
MTP (olive dash-dot-dotted line) in hexanes at room temperature. Arrow indicates the position of 243 nm.
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3. RESULTS AND DISCUSSION

The experimental D images obtained at the 243 nm
photoexcitation of thiophenol-d1, 2-FTP-d1, 2-CTP-d1, 2-
BTP-d1, and 2-MTP-d1 are displayed in the insets of Figure
1 together with the reconstructed images (right halves). Two
rings are observed: the outer ring, which corresponds to the X̃
state of the fragment radical, is stronger than the inner ring,
which corresponds to the Ã state for thiophenol but rather
weak for the rest of the molecules. The total translational
energy distributions derived from these images (black circles in
Figure 1) reveal that relative to that of bare thiophenol, the X̃
state yields for the ortho-substituted thiophenols are much
reduced, indicating that the nonadiabatic transition proba-
bilities are quite diminished by the ortho substitution. The red
and blue solid lines in Figure 1 correspond to the Ã and X̃ state
fragment radicals, respectively (fitting procedure in the
Supporting Information). The energy gaps between the Ã
and the X̃ states of the radical (Figure 1) from fits are roughly
estimated to be 9.5, 8.3, 7.2, 6.7, and 10.3 kcal/mol for
thiophenol-d1, 2-FTP-d1, 2-CTP-d1, 2-BTP-d1, and 2-MTP-d1,
respectively. Generally, these values follow the order of the
calculated energy gaps (Table S1). The smallest gap for 2-BTP
should be responsible for the indistinguishable rings in the D
image. The S0 structures of the ortho-substituted thiophenols
here are all considered to adopt the cis-planar form in the
supersonic jet (Table S2).22 The angular distributions of all of
the images are perpendicular to the polarization of the linearly
polarized pump laser pulse, indicating that the transition dipole
moments (TDMs) are perpendicular to the S−H(D) bond axis
and the dissociation time scale is shorter than the rotational
dephasing time. One may be tempted to assign the 243.0 nm
transition as (1πσ*)−S0 because the TDM direction of the
1πσ* states for the thiophenol systems is perpendicular to the
ring plane. However, for all of the molecules of interest, the
TDMs of the 21ππ* states, according to the EOM-CCSD and
TD-DFT calculations, are also predicted to have angles, even
though those are in plane, closer to the direction that is
perpendicular to the S−H(D) bond axis (Tables S3 and S4 for
2-BTP and 2-MTP, respectively).18,19,22 Therefore, the
negative anisotropy parameters observed in the range from
−0.6 to −0.8 indicate that an initial excitation occurs to the
1πσ* and/or 21ππ* states. UV absorption spectra in Figure 1f
show that electronic excitations by the pump wavelength of
243 nm are similar in nature for all ortho-substituted
thiophenols.
For 2-FTP-d1, the channel from the 1πσ* state is dominant

at 243 nm, although the channel at the low translational energy
originating from the 11ππ* state (mediated by the 1πσ* state)
still remains in the range 10−20 kcal/mol, as represented as
the gray dashed line in Figure 1b (<10% portion).12 The total
translational energy distribution for 2-CTP-d1 (Figure 1c)
suggests an additional channel at the higher translational
energy (olive dashed line) that is higher for 2-BTP-d1 (Figure
1d). The portion of this additional channel increases

nonmonotonically with an increase in the power of the laser
pulse, indicating that the multiphoton process should be
involved. The X̃/Ã branching ratios obtained from the fits
considering these factors to the experiment are summarized in
Table 1 together with the weighted average values of β for all
of the thiophenols studied in this work. The values for
thiophenol-d1 (X̃/Ã = 0.78, β = −0.73) agree with previously
reported data.15,18 Notably, the X̃/Ã ratios for all of the ortho-
substituted thiophenols (0.53−0.66) are significantly lower
than that of thiophenol-d1.
When the reactive flux is directly excited to the repulsive

state, the topography of the torsional surface at the Franck−
Condon region strongly dictates the nonadiabatic dynamics,
although the product branching ratio is determined at CI-2
placed near the asymptotic limit (Figure 2). Even for the initial

optical transition to the bound 21ππ* state the S−D bond
dissociation, presumably following the ultrafast S3−S2 internal
conversion, seems to take place promptly on the lower-lying
1πσ* state as the near limiting values of β imply. We calculated
the torsional PECs of the four lowest singlet states of S0, S1, S2,
and S3 along ϕ for all of the thiophenols studied here using the
EOM-CCSD method in order to explain the experimental
results, Figure 3. As reported previously, the torsional PECs of
thiophenol for the excited states including the 1πσ* state
display minima at the planar geometries (ϕ = 0°).21 On the
contrary, as shown in Figure 3, the excited-state PECs for the
ortho-substituted thiophenols in the Franck−Condon region
exhibit lower energies for the nonplanar structures in the range
ϕ = 20−45° than at ϕ = 0°. For the 1πσ* (S2) state, for
instance, this energy difference is predicted to be highest (180
cm−1) for 2-FTP and lowest (6 cm−1) for 2-CTP. Thus, from a

Table 1. X̃/Ã Branching Ratios for the 243 nm Photodissociation of the S−D Bond and β Values of Thiophenol-d1, 2-FTP-d1,
2-CTP-d1, 2-BTP-d1, and 2-MTP-d1

thiophenol-d1 2-FTP-d1 2-CTP-d1 2-BTP-d1 2-MTP-d1

X̃/Ã 0.78 ± 0.04 0.53 ± 0.02 0.66 ± 0.04 0.60 ± 0.02 0.62 ± 0.03
βb −0.73 −0.71 −0.63 −0.57 −0.76

aThe error bar was determined from the fitting procedure (Supporting Information). bWeighted averages in the range of 15−35 kcal/mol.

Figure 2. Schematic of the potential energy surfaces and reaction
pathways. Initial excitation of the repulsive surface with the S−H
torsional angle ϕ ≠ 0 at the Franck−Condon region induces the
spread of the reactive flux, thus leading to the dominant Ã state radical
channel. Oscillatory drawing of the wavepacket along the CCS-H(D)
dihedral angle in this cartoon is arbitrary, and it is just for showing the
conceptual explanation for how to avoid nonadiabatic transition by
the out-of-plane nuclear motions at the conical intersection.
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simple two-dimensional concept as depicted in Figure 2, 2-
FTP is expected to exhibit the largest spread of the initial
wavepacket along ϕ at the starting point on the way down to
the repulsive state owing to the torsional torque given to the
reactive flux sliding on the nonplanar S2. This will make the
flux to avoid the CI-2 quite effectively to afford the lowest X̃/Ã
ratio among the ortho-substituted thiophenols, which is
consistent with the estimated ratio in Table 1. The PEC of
2-CTP for the 1πσ* state, on the other hand, is quite shallow,
giving the highest X̃/Ã ratio among the ortho-substituted
thiophenols, which is again consistent with the experimental
results. The PEC for the 1πσ* state of 2-BTP does not display
this feature; however, for the 21ππ* (S3) state this molecule
exhibits a nonplanar minimum at 20°. Excitation to the 21ππ*
state can then induce torsional activity of the reactive flux
undergoing the S2−S3 internal conversion, leading to the
spread with respect to ϕ on the repulsive S2 surface along
which the flux ends up with the less favorable nonadiabatic
bifurcation at the CI-2. It is interesting to note that the
torsional PECs calculated using TD-DFT (Figure S1)
remarkably resemble the high-level EOM-CCSD PECs.

4. CONCLUSIONS

In this study, the effects of ortho substitution on the
nonadiabatic reaction dynamics occurring on the excited states
have been investigated by VMI combined with high-level ab
initio calculations. It is revealed that at 243 nm the
nonadiabatic transition probability decreases substantially for
all of the ortho-substituted thiophenols studied here relative to
that of bare thiophenol. The simple two-dimensional model
based on the high-level ab initio potential energy surfaces
calculated along the CCS−H(D) out-of-plane torsional
coordinate in the Franck−Condon region could explain the
experiment quite well, namely, contrary to the planar minima
for the excited states of thiophenol, the minima for the 2-FTP,
2-CTP, 2-BTP, and 2-MTP molecules occur at the nonplanar
structures. The reactive flux that is excited to the repulsive
surface with the initial center in the planar geometry

immediately experiences torque along the torsional coordinate
as the S−D bond elongation proceeds. Therefore, this initial
spread at the starting point leads to increased torsional activity
and prefers the adiabatic pathways at the CI-2, thereby
generating more Ã state radicals for the ortho-substituted
thiophenols. This work demonstrates that the topology of the
excited potential energy surface along the critical nonadiabatic
coupling mode may dictate the adiabaticity of the whole
chemical reaction processes.
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calculated at the CCSD and EOM-CCSD/aug-cc-pVTZ levels of theory, respectively.
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