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Experimental probing of conical intersection
dynamics in the photodissociation of thioanisole

Jeong Sik Lim and Sang Kyu Kim*

Chemical reactions that occur in the ground electronic state are described well by invoking the Born-Oppenheimer
approximation, which allows their development to be rationalized by nuclear rearrangements that smoothly traverse an
adiabatic potential energy surface. The situation is different, however, for reactions in electronically excited states, where
non-adiabatic transitions occur between adiabatic surfaces. The conical intersection, in which two adiabatic surfaces touch,
is accepted widely as the dynamic funnel for efficient non-adiabatic transitions, but its direct experimental probing is rare.
Here, we investigate the photodissociation of thioanisole and observe a striking dependence of the relative yields of two
reaction channels on the photoexcitation energy as indicated by a dynamic resonance in the product branching ratio. This
results from the interference of two different adiabatic states that are in close proximity in the region of a conical
intersection. The location of the observed resonance on the multidimensional potential energy surface thus reveals the

nuclear configuration of the conical intersection and its dynamic role in the non-adiabatic transition.

formation and dissociation. Chemical bonds are electrostatic

in nature and electrons in motion can make or break bonds
between various atoms. In the Born-Oppenheimer approximation,
the electronic and nuclear wave functions are separable because of
their distinct time scales of motion, which form the premise for
the adiabatic description of chemical reactions!. In adiabatic pro-
cesses, the reactants progress to products through transition states
that can be described as nuclear rearrangements accompanied by
fast electronic motions. Electronic energies calculated for various
nuclear configurations thus generate multidimensional potential
energy surfaces on which the chemical reaction is driven by forces
according to the overall shape of the potential energy surfaces.
This model has been extremely successful in describing chemical
reactions in the ground electronic states.

For chemical reactions that occur in electronically excited states,
however, non-adiabatic transitions in which the nuclear motion
induces coupling between two close-lying adiabatic surfaces are
not only ubiquitous, but also essential in a number of chemical
and biological processes. In particular, the conical intersection, in
which two adiabatic surfaces cross in at least the two-dimensional
coordinate, is accepted widely as the dynamic funnel for such
non- adiabatic transitions®>=. Photoisomerization in visional pro-
cesses®’, ultrafast non-radiative decay of excited DNA bases®1°
and photocatalytic organic reactions!! are prototypical examples
in which non-adiabatic transitions through single or multiple
conical intersections play key roles. Accordingly, over the past few
decades numerous theoretical and experimental studies investigated
the spectroscopic and dynamic role of conical intersections in
various chemical processes, such as bimolecular reactions'?, non-
radiative energy dephasing® %", vibronic coupling (including
Jahn-Teller)!* and photodissociation reactions™!*~2%. In most exper-
imental studies to date, however, the conical intersection region has
not been accessed directly by optical excitation, because in poly-
atomic molecules this region is generally located far from the
equilibrium configuration of the ground state in complicated multi-
dimensional nuclear coordinates, although vibration-mediated
photodissociation studies have helped to better understand conical

( :hemical reactions consist of sequences of chemical bond

intersections?®*?!. This resulted in the structure and dynamics of
molecules in the vicinity of the conical intersection being predicted
by high-level ab initio calculations to aid the interpretation of
experimental data?37:25:26,

In this work, we investigated the photodissociation of thioanisole
(C¢H5SCH,) in the gas phase. The photodissociation reaction pro-
ceeds through the dissociation of the sulfur-carbon bond that
tethers a methyl group to the molecule. Understanding the reaction
first requires us to identify the S, vibronic states of thioanisole,
which is achieved using the resonant-enhanced two-photon ioniz-
ation (R2PI) technique. Then we monitored the yield of the «CHj,
fragment produced on dissociation as a function of the photoexcita-
tion energy to give the photofragment excitation (PHOFEX) spec-
trum. We also determined the spatial anisotropy and translational
energy distribution of the nascent *CH; fragment by using the
velocity-map ion imaging method.

These experimental techniques allowed us to probe the conical
intersection region directly, and resulted in the observation of a
dynamic resonance in the photodissociation reaction of thioanisole.
At the nuclear configuration in the vicinity of the conical intersec-
tion, where the first and second electronically excited states are in
close proximity, a coherent superposition of bound (S,) and repul-
sive (S,) electronic states was prepared to give the dynamic reson-
ance in the product branching ratio. Here, the dynamic resonance
represents the energetic point at which the relative yields of two
different reaction channels change dramatically. The role of the
conical intersection in the bond-dissociation dynamics is revealed
in the detailed properties of the final products.

Results and discussion

The states and interactions involved in the dissociation reaction are
illustrated in Fig. 1. The S-CH; bond dissociation from the first
electronically excited state of thioanisole (S;) gives rise to
CcHsS+(A) or C.H.S- (X) which represent the first excited and
ground electromc states of the phenylthiyl radical, respectively. As
reported in recent studies of thiophenol dissociation dynamics'>™'8,
the singly occupied molecular orbital (SOMO) of the C;H,Se (A)
or C¢H;S+(X) radical is localized on sulfur and aligned parallel or
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Figure 1| The three lowest diabatic potential energy curves of thioanisole
along the S-CH; bond elongation coordinate. A photon induces the optical
transition from the ground (S,) to the first electronically excited state (S,).

S, is bound, whereas the upper S, state is repulsive along the S-CH,
elongation coordinate. The S, and S, states are symmetric (A") or
antisymmetric (A”) with respect to the molecular plane. At the asymptotic
limit, the S, state is diabatically correlated to C¢HsSe (X), whereas Sy is
correlated to CgHgSe (A). The conical intersections between §, and S, (CI-1)
and S, and S, (CI-2) are generated at the planar geometry. The simplified
SOMO configurations are depicted for the ground () and excited (A) states
of the phenylthiyl radical. The calculated nuclear configuration at Cl-1is
shown in comparison with the S, equilibrium geometry (magenta). The
normal mode displacement vector of the 722 cm ™' band may represent the
reaction coordinate along which the conical intersection is encountered. The
branching plane is generated by the two-dimensional nuclear coordinate, the
symmetric (in-plane) reaction coordinate and the asymmetric coupling mode
(out-of-plane). The conical intersection is on the (N™—=2)-dimensional seam,
where N™ is the number of the internal degrees of freedom.

perpendicular to the molecular plane, respectively, with an energy
gap of ~8.0 kcal mol ™! (refs 16,18).

Similar to the case of thiophenol, S, (77*) is bound, whereas S,
with no* character is repulsive along the S-CH; bond-elongation
coordinate. Here, 7 and #* are the bonding and antibonding
orbitals localized on the benzene moiety, whereas n is the non-
bonding orbital localized on sulfur and ¢* is the antibonding
orbital along the S-CH; bond axis. The S, and S, states belong to
A’ and A", respectively, that is S, and S, electronic wave functions
are symmetric (A") or antisymmetric (A”), respectively, relative to
the molecular plane. Therefore, the first conical intersection
(CI-1) is expected to be located at the nuclear configuration
where the S-CH, bond is somewhat elongated at the planar geo-
metry, as shown in Fig. 1. At the asymptotic limit, the S, state is dia-
batically correlated to CgHiSe (X), whereas S, is correlated
to CcHsSe (A). Therefore, the S,/S, conical intersection (CI-2)
should play a key role in the bifurcation of the reactive flux into
two distinct channels, which leads to C¢HsSe (A) + +CH; or
C¢H;S+ (X) + *CH,; products.

Observation of the dynamic resonance in the product branching
ratio. Here, we describe the experimentally observed resonance in the
product branching ratio between two distinct channels that lead to
either C;H.Se (A) 4 «CH; or C,H S+ (X) + CH;. We employed
R2PI, PHOFEX and velocity-map ion imaging methods to identify
the S, vibronic states, measure the product yield as a function of
the photoexcitation energy and determine the translational energy
distributions of products from various excited states of thioanisole,
respectively. The R2PI spectrum of the jet-cooled thioanisole
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shows a number of well-resolved S; vibronic bands (Fig. 2)¥,
whereas the PHOFEX spectrum obtained by monitoring the «CH,
(v=0) yield as a function of the excitation energy represents the
S-CH,; bond dissociation partial cross-section. The R2PI and
PHOFEX spectra showed almost identical patterns until the
excitation energy reached the S, internal energy region between of
700 and 800 cm™'. Above this energy region, the R2PI signal
intensity decreased, whereas the PHOFEX signal persisted with an
emerging broad background. These results may indicate that the
lifetime of the S, state shortens as the pump energy increases with
respect to the ~5 ns time window for the ionization detection of
the parent molecule.

The speed and spatial distributions of *CH; (v = 0) were deter-
mined using the velocity-map ion imaging method?. The total
translational energy distributions, deduced from the reconstructed
three-dimensional ion images, for several excitation energies are
shown in Fig. 3. The upper limit for the S-CH, bond energy (D,)
of thioanisole is estimated to be 70.8+1.0 kcal mol™ ! from the
maximum total kinetic energy of fragments (E;) using the relation-
ship D, < (hv,,, — Ey) (Fig. 3). This is consistent with the previously
reported thermochemical value of 69.442.0 kcal mol ™" (ref. 29).
The distribution from the S, origin shows one major Gaussian-
shaped peak with a small shoulder in the higher kinetic
energy region. From consideration of the energetics, it is obvious
that the major peak at E,~15.6 kcal mol ' is caused by the
CgHsSe (A) + +«CH; (v=0) channel, whereas a small shoulder at
~25 keal mol ' represents the C;HsSe (X) + «CH; (v=0) channel.
Analysis of the experiment yields_an X/A branching ratio of
~0.053, which reveals that C;H;S¢ (A) is the dominant product.

A similar pattern indicating C;HSe (A) as the major product
continued until the excitation energy reached a weakly observed
band at 722 cm™ . At this particular vibronic band we found a dra-
matic increase in the X/A branching ratio (Fig. 2), which gave a
sharp resonance. In addition, a sharp resonance was found in the
anisotropy parameter. The anisotropy parameter (3) of dissociation,
when the reaction time is faster than the rotational period of the
parent molecule, represents the vector property of the transition
dipole moment with respect to the bond-dissociation axis. The 8
value varied with the translational energy (Fig. 3), which indicates
that the S-CH; bond dissociation of thioanisole cannot be described
simply by a one-dimensional bond rupture. Other degrees of
freedom, such as the C-C-S-C torsional motion during fragmen-
tation, should affect the direction of the final fragments with
respect to the transition dipole moment. The effective 8 value at
the maximum translational energy of fragments (B,y) thus more
appropriately reflects the orientation of the transition dipole
moment with respect to the dissociating chemical bond axis,
because the excitation in internal degrees of freedom other than the
translational motion along the S-CH, elongation coordinate will
be lowest for fragments with high translational energies. Notably,
the absolute value of the anisotropy parameter reported here is
quantitatively less meaningful because of several experimental uncer-
tainties, which include the contribution of the broad back-
ground from two-photon excitation. It was found that S, measured
at E; =29 kcal mol™ "' showed a resonance feature with a peak
value of about —0.7 at 722 cm ™" (Fig. 3). The large variation of
B.g With excitation energy may indicate that different electronic tran-
sitions are mixed at the resonance position. That the S,-S, (n-o)
transition dipole moment is perpendicular to the dissociating
S-CH, bond axis suggests that the transition at 722 cm ™' comprises
characteristics of both S, and S,. The striking resonance of the
product branching ratio observed here provides both energetic and
structural information about the dynamic critical point on multi-
dimensional potential energy surfaces, as each vibronic band in
the R2PI spectrum represents its own nuclear configuration in
multidimensional coordinates.
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Figure 2 | The S, vibronic levels, the total *CH; (v = 0) fragment yield and the X /Z branching ratio plotted as a function of the photoexcitation energy.
a, R2PI spectrum of jet-cooled thioanisole. Thioanisole adopts a planar geometry in the ground state?’, which is maintained in S, (Supplementary Fig. S1).

b, PHOFEX spectrum to monitor *CH; (v=0) versus pump energy. The nascent *CH; fragment (v =0) was probed by (2 + 1) ionization with a laser pulse
(At~ 5 ns) at 333.45 nm using the Q transition via 3p2A2” without rotational selection (Supplementary Fig. S2). ¢, The )?/Z branching ratio shows a sharp

resonance feature at an internal energy of 722 cm™". All the peak positions at

which the product branching ratios were measured precisely are listed in the

Supplementary Information. The dotted line is a visual aid to show the asymmetric shape of the branching ratio. a.u. = arbitrary units.

Nature of the resonance band and non-adiabatic dynamics at the
conical intersection. We describe here the method used to
interpret the striking resonance feature in the product branching
ratio. To characterize the 722 cm™' band of S,, we used two-
photon two-colour (1 + 1') mass-analysed threshold ionization
(MATT) spectroscopy, in which the first photon was fixed at the
specific §,-S, transition and the second photon was varied to
identify the vibrational state of the thioanisole cation (D,) in a
pulsed-field ionization condition. In the MATI spectrum taken
with the 722cm™' band of S, as an intermediate state,
according to the propensity rule (Av=0) in the Dy -S,
ionization process, the band of the same normal mode as the
intermediate state was enhanced strongly (Supplementary
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Fig. S4) to give the associated D, vibrational frequency of
743 cm”'. This closely matches the theoretical value of
733 cm™ " for the 7a vibrational mode of the thioanisole cation
that corresponds to the C,-S-C, asymmetric stretching motion
(Supplementary Table S2). Therefore, the 722 c¢cm™' band is
ascribed to the C,-S-C, asymmetric stretching mode. The ab initio
calculation using CASSCF with a basis set of 6-31G*™* (see
Supplementary Information) revealed that the molecular
structure at CI-1 consisted of a significantly elongated S-CHj,
bond and a shortened C,-S bond compared with the §,
structure (Table 1), which corresponds well with the molecular
structure at the classical turning point of the 722 cm™' band.
Therefore, nuclear displacement associated with the 722 cm™'
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Figure 3 | Dynamic observables of products from the excited thioanisole near the conical intersection region. a-d, Total translational energy distributions (P(E))
deduced from CH3+ (v=10) images at the excitation energies of (a) 34,504 em™, (b) 35,226 cm™", (€) 35,229 cm ™ and (d) 35,282 cm ™. Corresponding S,
internal energies are given in the insets, with the raw image on the left and the reconstructed image on the right. The ion image probing *CH; (v, =1) shows
an identical pattern to that of «CH; (v=0) (Supplementary Fig. S3). The anisotropy parameter (8) is deduced from I(8) o< 14 B(E)P,(cos ), where 6 is

the angle between the pump polarization and recoil vector and P,(6) is the second-order Legendre polynomial. The broad background shows the quadratic
dependence on the pump laser intensity. Deconvolution of the total translational distribution into three components is shown as dotted lines below the
experimental results. For the contribution of the broad background, the low-energy part was assumed to be smoothly connected to the high-energy part.

The energy gap between A and X was fixed at 8.0 kcal mol ™" for further deconvolution into components of the A and X channels. Polarizations of the pump
and probe are denoted by the arrow in (a) (inset). e, The 7(/2 branching ratio versus the S, internal energy. A dotted line is drawn as a visual aid. f, B, at

the translational energy of 29 kcal mol ™" versus the internal energy. g, Translational energy partitioning ratios (E,,..s/E.) for A (FT(Z)) (blue circles)

and X (FT()~<)) (red circles) channels, where E,, = hv — Dy h, R2PI (filled circles) and PHOFEX (open circles) spectra in the corresponding energy region.

a.u. = arbitrary units.
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Table1 | Calculated significant structural features of
thioanisole.

So S St Cl-1
S-C, (A) 1.860 1.863 1.993 2.062
S-C, (A) 1.813 1.786 1.780 1.756
C,-S-C, () 102.9 103.7 99.9 103.0
C5-C,-S () 116.1 115.3 13.2 110.4

Values are given for the S, ground state, the zero-point level of S,, the classical turning point of the
722 cm~ " band (S;) and CI-1. Full details are given in Supplementary Table S3.

band most likely allows for the direct transition from S to the S, /S,
superposition state in the vicinity of the conical intersection. The
broad background signal in PHOFEX (Fig. 2) above the dynamic
resonance band should result from the coupling of optically
bright S, to dark S, states, consistent with the characteristic of the
722 cm™ ' band as a mediator for the direct probing of the conical
intersection region in terms of energetics and nuclear configuration.

At the dynamic resonance band at 722 cm ™', the reactive flux of
the S, character prepared directly in the vicinity of CI-1 gives less
vibrational and thus larger translational energies for departing frag-
ments compared to those of the S, component. This is because the
former undergoes prompt bond rupture on the repulsive surface,
whereas the latter resides in the bound potential with some recur-
rences, which include the eventual intramolecular vibrational redis-
tribution process coupled to S, for dissociation. Therefore, a higher
non-adiabatic transition probability at CI-2 that leads to C;H;S+(X)
is expected for fragments with a higher relative translational energy,
as predicted by the Landau-Zener formula®. This is consistent with
our experimental finding that the X /A branching ratio and the
translational partitioning ratio correlate well in the resonance
region (Fig. 3). Specifically, the translational energy distributions
associated with the X and A channel suddenly shift to the high-
energy region and then return to the original region as the excitation
energy passes through the narrow energy range near the 722 cm ™'
band. The dynamic resonance feature in the X/A branching ratio
shows an asymmetric shape, which may result from the interference
of two reactive fluxes of S, and S, character. As the relative phase of
the S, and S, components varies over the narrow CI-1 energy range,
it is possible that the Fano-type asymmetric nature of the resonance
is manifested in the product branching ratio®. An ordinary S,/S,
vibronic coupling mechanism does not seem a suitable explanation
of these dynamic features of quantum-mechanical interferences.
Therefore, the dynamic resonance in the product branching ratio
observed here may represent the coherently excited S,/S, superpo-
sition state, which is accessible only in the vicinity of CI-1, where
two multidimensional potential energy surfaces are in close proxi-
mity (Fig. 1). The weak intensity of the dynamic resonance band
at 722 cm”* (Fig. 2) indicates that the nuclear configuration
spanned by the corresponding normal mode is quite far from the
So/S, equilibrium structures, as shown by the experimental fact
that the origin band is absent in the (14 1) MATI spectrum
through the 722 cm™' band, whereas the 0-0" origin band is
observed most strongly in the MATI spectrum through the S,-S,
origin band (Supplementary Fig. S4). Accordingly, the vertical exci-
tation energy for the bound-to-repulsive S,-S, transition is expected
to lie well above CI-1, which is located far from the equilibrium struc-
ture. In the S-S, transition, because of the resonance features of the
bound §; states, the CI-1 region could be reached optically in terms of
both nuclear configuration and energetics. This is consistent with the
experimental observation that only the product branching ratio peaks
strikingly at the CI-1 region, whereas the total fragmentation yield
and absorption cross-section show no drastic change.

That C,H;Se(A) is the major product at photoexcitation energies
above the dynamic resonance position indicates that the reactive
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flux on §,, if prepared indirectly through vibronic coupling
through the optically active S, state, prefers to follow the adiabatic
path at CI-2. The vibrational excitation involved in the coupling
of the optically active S; to dark S, states may be responsible for
this observation. In the vibronic coupling process, the optically
active a’ vibrational mode in S, (A”) should be coupled to optically
dark a” modes of S, (A”). This symmetry-conservation requirement
induces vibrational excitation along the out-of-plane mode, which
may act as the asymmetric coupling mode in the branching plane
for CI-2. In some sense, this is also equivalent to the geometric
phase effect for the encircled reaction path around the conical inter-
section, because two reactive fluxes bifurcated at the conical inter-
section with different phases interfere with one another in the exit
channel, which leads to the different symmetry of the nuclear
wave function®. The spread of the reactive flux along the asym-
metric coupling mode diminishes the non-adiabatic transition
probability, to give the smaller X /A branching ratio, because the
non-adiabatic transition probability decreases for the reactive
flux on the potential energy surface region, where the vertical
energy gap between two adiabats is large as a result of the exci-
tation along the asymmetric coupling mode. Quantum states
above CI-1, after some recurrences in S;, may undergo intramole-
cular vibrational redistribution to be trapped in the upper adiabat
before the non-adiabatic leakage through CI-1, which results in
internal conversion or chemical bond-breaking processes. Our
experimental characterization of the CI-1 region provides the
nuclear configuration near the dynamic funnel for such non-
adiabatic transitions.

Conclusions

In conclusion, we used one-photon optical excitation to probe the
critical nuclear configuration near the conical intersection directly.
The dynamic role of the conical intersection manifests as a sharp
resonance in the product branching ratio between the CgHsSe
(A)++CH; (v=0) and CH.S* (X)+ +CH; (v=0) channels.
The asymmetric shape of the dynamic resonance may indicate
that a coherent superposition of the S; (bound) and S, (continuum)
states occurred in the vicinity of the conical intersection. The
resonance in the product branching ratio is accompanied by a res-
onance in the translational energy partitioning ratio, which gives a
qualitative but reasonable explanation for non-adiabatic dynamics
at CI-2.

The dynamic role of the conical intersection in the photodisso-
ciation reaction turns out to be quite remarkable and could be
used for reaction control in terms of both product branching ratio
and energy partitioning, which can be extended further to stereo-
chemistry. To search for other possible critical points on the multi-
dimensional conical intersection seam in this or similar systems
may be intriguing, but certainly high-level theoretical calculations
are desirable. Investigating the state near the conical intersection using
a strong external field or coherent phase control with two different
optical excitation schemes would also be interesting in order to
explore further the reaction dynamics at the edge of the conical
intersection, the most critical point in the chemical reaction.

Methods

To obtain the R2PI and PHOEX data, an excitation laser pulse (At~ 5 ns,

Ay ~ 0.07 cm™~!') was continuously scanned while monitoring the parent ion or the
nascent *CH, radical ion signals, respectively. For the velocity-map ion imaging
set-up, detailed experimental conditions are described elsewhere'®. Briefly, the
sample was heated to 35 °C, mixed with a helium carrier gas and expanded into a
vacuum through a 0.5 mm diameter nozzle orifice with a backing pressure of ~3
atmospheres. The *CH, images were taken for all velocity components and averaged
over 80,000-720,000 laser shots. The three-dimensional images were reconstructed
from raw images using the BASEX algorithm. Total translational energy
distributions were corrected by the Jacobian factor. For (1 + 1') MATI spectroscopy,
the long-lived high-n,! Rydberg states that converge to the cationic ground
vibrational levels of thioanisole were generated before they were ionized by the
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pulsed electric field (At~ 5 ws; ~160 V cm ™ *). The detailed experimental set-up for
the MATI spectroscopy was described previously??.
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