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Conical intersection as a dynamic funnel in nonadiabatic transition dictates many
important chemical reaction outputs such as reaction rates, yields, and energy
disposals especially for chemical reactions taking place on electronically excited
states. Therefore, the energetics and topology of conical intersections have been
subjected to intensive theoretical and experimental studies for decades as these
things are the keys to understanding and controlling nonadiabatic transitions which
are ubiquitous in nature. In this article, we focus on mo*-mediated photodissociation
reactions of thiophenols and thioanisoles. Interestingly, for these chemical systems,
the nonadiabatic transition probability can be precisely measured as a function of
the excitation energy, giving a great opportunity for spectroscopic characterization
of the multi-dimensional conical intersection seam that governs the nonadiabatic
transition dynamics of polyatomic molecules. The passage of the reactive flux in the
proximity of the conical intersection gives rise to dynamic resonances corresponding
to dramatic state-specific increases of the nonadiabatic transition probability. Accord-
ingly, it is found that the electronic and nuclear configurations of the reactive flux
and their evolution, coupled to the conical intersection seam, are critical in nonadia-
batic transition dynamics. Nonadiabaticity is found to be extremely sensitive to the
conformational molecular structure, and this has been demonstrated in the pho-
todissociation dynamics of the chemical derivatives of thiophenol. Intramolecular
vibrational redistribution, which is nontrivial in surmounting the reaction barrier, is
found to wash out state-specific dynamic resonances, implying the importance of the
dynamic interplay between vibrational energy flow and nonadiabatic transition. The
experimental results on conical intersection dynamics presented in this review
provide many interesting and important issues to be pursued in the near future by
both theoreticians and experimentalists.

Keywords: conical intersection; photodissociation; nonadiabatic transition; thiophenol;
thioanisole

Contents
Introduction: dynamics beyond the Born—-Oppenheimer approximation

Nonadiabatic transitions in no*-mediated photodissociation reactions

Nonlinear Optics and Short Pulse Spectroscopy in Berlin Research Association, Max-Born-Str.
24, 12489 Berlin, Germany, “Korea Research Institute of Standards and Science, Daejeon,
Republic of Korea; “Korea Atomic Energy Research Institute, Daejeon, Republic of Korea

PAGE
432

434

*Corresponding author. Email: sangkyukim@kaist.ac.kr

© 2015 Taylor & Francis


mailto:sangkyukim@kaist.ac.kr
http://dx.doi.org/10.1080/0144235X.2015.1072364

Downloaded by [Korea Advanced Institute of Science & Technology (KAIST)] at 21:41 12 October 2015

430 H.S. You et al.

3. The no*-mediated S-H (CH;) bond dissociation dynamics and conical

intersections 434
3.1. Thiophenol: ultrafast bond rupture dynamics 436
3.2. Chemical derivatives of thiophenol: conformational manipulation of the
nonadiabatic transition probability 440
3.3. Spectroscopic characterization of conical intersection in the photodissociation
of thioanisole 442
3.4. Refining the conical intersection seam and observation of bound resonances
embedded in the continuum 445

3.5. IVR and nonadiabatic dynamics in the proximity of the conical intersection 451

4. Conclusion and perspective 455
Disclosure statement 456
Funding 456
References 456

1. Introduction: dynamics beyond the Born—-Oppenheimer approximation

Chemical reactions are often envisioned as nuclear rearrangements destined to move on
pre-determined electronic potential energy surfaces. This adiabatic picture relies on the
Born—Oppenheimer approximation, which assumes that nuclear motion is separable in
time from the much faster electronic motion. The Born—Oppenheimer approximation
has been enormously successful in describing chemical reactions on the ground elec-
tronic state [1]. For chemical reactions taking place on electronically excited states,
however, dynamic coupling of electronic and nuclear motions is nontrivial, and thus
nonadiabatic transitions become significant in many circumstances [2,3]. Actually,
nonadiabatic transitions are ubiquitous in nature and even essential in some important
chemical and biological processes [4—17]. These include photoisomerization as an
initial impulse in the vision process [18,19], ultrafast nonradiative relaxation of
DNA bases to protect their genetic information against external deep-UV irradiation
[4,20-23], and photocatalytic reactions [24,25] that are essential in light-harvesting
systems. Nonadiabatic dynamics have been extensively and intensively investigated
both experimentally and theoretically in recent decades, and there are already many
excellent review articles dealing with this important subject [2,3,26-28]. In this article
we do not intend to review all relevant previous work. Rather, we will focus on recent
scientific findings, which have been made mainly at our own laboratory. It should be
emphasised here that this article is very likely to be quite incomplete in citing many
important works in this field.

The nonadiabatic transition has been nicely visualised in the marvellous femtosec-
ond time-resolved experiment of Zewail and colleagues, showing wavepacket motion
bouncing back and forth with finite penetrating probability against the adiabatic wall
that is generated by the avoided crossing in the photodissociation reaction of diatomic
molecules such as Nal [29-33]. For polyatomic molecules, however, the situation is
somewhat different. The non-crossing rule does not strictly apply to polyatomic
molecular systems as the number of internal degrees of freedom increases. Actually, a
conical intersection point is generated by the intersection of two potential surfaces on
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the two-dimensional branching plane [34—41]. Naturally, the conical intersection lies on
the (3N—8) dimensional seam where (3N—6) is the number of internal degrees of
freedom of the N-atomic molecular system [28,42,43]. As the energy gap between two
adiabats becomes infinitesimally small in the proximity of conical intersections,
nonadiabatic transitions become most efficient when the reactive flux or wavepacket
reaches the conical intersection region during the chemical reaction process. For dia-
tomic molecules, the interatomic distance is the only parameter in the chemical reac-
tion, and the nonadiabatic transition probability is maximised when the wavepacket
reaches the avoided-crossing region along the interatomic distance. For polyatomic
molecular systems, however, nonadiabatic dynamics are much more complicated as the
nuclear and electronic configurations are multi-dimensional in nature. High-level theo-
retical calculations of the conical intersection are thus often limited to small molecular
systems. For large chemical systems, the dimensionality should be reduced for potential
energy surface calculations and wavepacket simulations. Experimental characterization
of the multi-dimensional conical intersection is also a formidable task, though it would
be extremely valuable if one could figure out the structure and dynamic role of conical
intersection as most dynamic variables of nonadiabatic transitions are determined by
the nature of the conical intersection.

It might be fair to state that the conical intersection, in terms of its topology and
dynamic role, can be understood to some extent for certain chemical and biological
processes thanks to the many beautiful theoretical and experimental studies from promi-
nent worldwide research groups. Spectroscopic perturbations reflecting distorted poten-
tial energy surfaces caused by the conical intersection have been observed for some
simple chemical systems such as ozone [44—46]. The speed and angular distributions of
nascent products from a number of different photodissociation reactions have been
measured to reveal the dynamic role of conical intersections along the reaction pathway
[47-52]. Energy and/or mode selective photodissociation studies have been intensively
conducted and have provided valuable information about the dynamic role of the coni-
cal intersection for a variety of chemical systems [53-56]. Real-time wavepacket
dynamics in the femtosecond time resolution have been studied to visualise the surface
hopping mechanism in some important chemical and biological processes [18,57-60].
The time-resolved photoelectron spectroscopic method has been very successfully
employed to provide deep insight into nuclear and electronic configurations involved in
nonradiative transitions near the conical intersection [9,10,61-65]. Despite the many
important and successful studies regarding the conical intersection to date, however, it
remains a difficult challenge to experimentally unravel the structural and dynamic role
of the multi-dimensional conical intersection.

Recently, our group reported a promising result in this endeavour. Namely, in the
S—CH; bond dissociation of thioanisole (C¢gHsSCH3) [66], it was found that the nonadia-
batic transition probability shows a resonance-like feature at certain vibronic excitations
of the reactant. According to the theoretical concept of the conical intersection, the
nonadiabatic transition probability is expected to be increased when the reactive flux or a
wavepacket reaches a conical intersection region. Therefore, the experimental fact that
the nonadiabatic transition becomes more efficient at a specific vibronic transition, for
instance, indicates that the initial reactive flux prepared by the corresponding optical
excitation directly accesses the nuclear configuration in the proximity of the conical
intersection. This observation could be a first step toward the spectroscopic
characterization of the conical intersection in terms of its multi-dimensional topology and
energetics. First, we will briefly review the mo*-mediated photodissociation reactions of
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heteroaromatic molecular systems [67]. All of the relevant works [66,68—75] from our
group on conical intersections are in some sense extensions of the pioneering experimen-
tal works of Ashfold and colleagues and the theoretical works of Sobolewski, Domcke,
and many others on a number of interesting mo*-mediated photochemical systems.
Experimental findings from our laboratory, however, are unique as we have been able to
probe the conical intersection region via the measurement of dynamic variables, provid-
ing spectroscopic characterization of the multi-dimensional conical intersection seam for
the first time. Our results at the same time give rise to many challenging and exciting
issues that should be interesting and worthwhile to pursue for both experimentalists and
theoreticians. We will provide here a comprehensive story about the photodissociation
reactions of thiophenol [68,69,72], thioanisole [66,73], and their chemical derivatives
[70,75], as far as we understand those reactions at the present time.

2. Nonadiabatic transitions in 7o*-mediated photodissociation reactions

The photochemistry of aromatic molecules has been an attractive subject to chemical
physicists for the past several decades. This is partly because simple aromatic molecules
are ideal model systems for the investigation of the photobiological and photochemical
processes that are ubiquitous in nature [24,76—78]. Detailed understanding of the energy
flow mechanism in photo-excited aromatic molecular systems, for instance, is not only
fundamentally interesting but also quite useful in practical applications of organic devices
[24,79] in solar energy conversion. One of recent and arguably most-spotlighted subjects
in this endeavour is the photochemistry of hetero-aromatic molecules [80]. In hetero-aro-
matic molecules, a hetero-atom (X =N, S, O) is either attached to the phenyl moiety with
a chemical form of XH (or XCH3) or engaged in the m-conjugation of the aromatic ring.
The most intriguing characteristic of these photochemical systems is that the bond
dissociation along X—H or X—CHj; occurs through the repulsive mo* state which is
strongly coupled to the close-lying nn* bound state which is intrinsically aromatic. The
conical intersection of the bound nn* and the repulsive mo* states then play important
roles in the nonadiabatic transitions involved in internal conversions and/or bond cleav-
age reactions. Particularly, the role of the mo* state in the efficient nonadiabatic transitions
of biological building blocks such as DNA bases has been intensively investigated since
the pioneering work [4] of Sobolewski, Domcke, Dendonder-Lardeux, and Jouvet. Mean-
while, photodissociation reactions of hetero-aromatic systems including NH (or N—CH3),
OH (or O—CHy;), or SH (or S—CHj3) such as phenols [81-95], anisoles [96,97], anilines
[48,98-102], pyrroles [103—111], thiophenols [68—70,72,75,112—115], and thioanisoles
[47,66,73] have also been extensively and intensively studied. The Ashfold group has
reported many significant works on these systems using high-resolution Rydberg-tagged
photofragment translational spectroscopy [116]. Recent time-resolved works [117] by the
Stavros group are also quite noteworthy as they reveal the other side of the coin of the
conical intersection. As a matter of fact, the photochemistry of various hetero-aromatic
molecules has already been comprehensively reviewed by the Ashfold group [67], and
one should refer to those reviews for further detail.

3. The no*-mediated S—H (CHj3) bond dissociation dynamics and conical
intersections

The photochemistry of thiophenol and thioanisole has the common feature of the
no*-mediated photodissociation reaction of hetero-aromatic systems. Namely, two
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conical intersections are encountered along the reaction pathway leading to the S-H or
S—CH; bond fragmentation of electronically-excited states of thiophenol or thioanisole,
respectively. At the planar geometry, the first conical intersection is generated by cross-
ing of the S| bound (nn*) and upper-lying repulsive S, (nc*) states [69,70]. At the later
stage of the reaction pathway, the second conical intersection is formed as a result of
curve crossing of the S, and S, states, as S, correlates with the ground C¢HsS- radical
whereas S, correlates with the excited C¢HsS- radical diabatically at the asymptotic
level, as can be seen in Figure 1. Accordingly, the reactive flux riding on the repulsive
S, state gives rise to the first electronically-excited (A%B,) CgHsS- radical adiabatically,
whereas the ground (X°B;) C¢HsS: radical is produced by nonadiabatic transition at
the second conical intersection. One of the outstanding characteristics of thiophenol (or
thioanisole) photochemistry is that the energy gap between two distinct product chan-
nels at the asymptotic level is quite small even though they are electronically different
states [118]. The energy separation between the first electronically-excited (A%B,) and
the ground (X*B;) states of the C¢HsS: fragment is only ~3000 cm ' [119]. The differ-
ence in the electronic configurations of the A and X states of the C¢HsS- radical origi-
nates from the different alignments of their singly-occupied molecular orbital (SOMO),
which is localised on the sulphur atom with respect to the plane of symmetry [68]. The
SOMO is aligned perpendicular to the molecular plane in the ground CgHsS- radical,
whereas it is parallel to the molecular plane in the A state of C¢HsS:. This subtle
difference lead to completely different symmetry properties of the two states. Both pro-
duct channels are energetically accessible even at the zero-point energy (ZPE) level of
the first electronically excited state of thiophenol or thioanisole, making feasible an
exploration of the many quantum states of the initial reactive flux in terms of their
nonadiabatic transition probabilities by measuring product state distributions from the
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Figure 1. The diabatic potential energy surfaces (So, 1'mn*, and 'ng6*) of thiophenol along the
S—H bond elongation coordinate at the planar geometry, obtained by the CASPT2//SA4-CASSCF
(12,11)/6-311++G(d,p) level. The two dimensional branching plane of the gradient difference (g)
and nonadiabatic coupling (%) vectors parallel to specific nuclear motions provides a platform for
the conical intersection seam generated along the (N"™—2) dimensional intersection space.
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various vibronic states of thiophenol or thioanisole. Nonadiabatic transition probability
at the second conical intersection can be precisely estimated from the translational
energy distribution of fragments. More specifically, the energy available for the transla-
tional energy of the fragments is relatively larger for the nonadiabatic channel leading
to the C6HSS (X2B1) radical compared to that for the adiabatic channel giving the
CeHsS'(A”B,) radical as a final product. This simple energetic difference between
nonadiabatic and adiabatic channels is reflected in the product state distribution of H or
of the CH3 fragment, which is bimodal in shape. The product branching ratio of
CcHsS- (X B)) with respect to C¢HsS- (A B,) is proportional to the nonadiabatic transi-
tion probability. Therefore, one can estimate the state-specific nonadiabatic transition
probability by analysing the bimodal-shaped translational energy distribution of the
products.

Dynamics experiments have been carried out using the velocity-map ion imaging
technique [120—123] combined with a supersonically-cooled molecular beam. Detailed
experimental conditions and methods have been described in previous publications
[69,124] from our group. Generally, raw images are reconstructed using the Basex
[125] or pBasex [126] algorithm to give the translational energy and angular distribu-
tions of the nascent H or CH; fragments from thiophenol or thioanisole, respectively,
excited at specific S; or S, vibronic states. For most of thiophenol experiments, the SH
group is isotopically substituted to SD so that the experimental result is not interfered
by H fragmentation from the benzene moiety of thiophenol. For mode assignments of
S; vibronic bands of reactants, especially when those are well resolved, we have
employed the mass-analysed threshold ionisation (MATI) spectroscopic method
[127,128] and/or the slow-electron velocity-map imaging (SEVI) technique [129]. Since
the photo-ionisation process is prompt, both MATI and SEVI ionisation spectra reflect
the nuclear configuration spanned by a specific S; vibronic state used as an intermedi-
ate in the (1 + 1") two-colour two-photon ionisation scheme [130,131]. Since ab initio
calculations are much more reliable for cationic ground states than they are for neutral
electronically-excited states, the proper S; mode assignment can be accomplished
especially when the propensity rule of Av =0 in the ionisation is followed. Namely,
when the molecular structure remains unaltered upon ionisation, only one vibrational
band in the cationic ground state is strongly observed in the MATI or SEVI spectrum
taken via a specific S; intermediate state excitation. Mode assignment of MATI or
SEVI band observed using a comparison with theoretical calculations then naturally
leads to the proper mode assignment of the S; vibronic band. This scheme makes the
S; vibronic mode assignment reliable, which process is otherwise quite difficult and
can often lead to misleading results in many cases. It is also noteworthy that SEVI
and/or MATI spectra provide valuable information about the dynamics of vibronic
mode-mixing, such as the intramolecular vibrational redistribution (IVR) occurring in
the excited states. [132,133]

3.1. Thiophenol: ultrafast bond rupture dynamics

The S—H bond dissociation of thiophenol on the S; state is prompt. In order to obtain
the S; vibronic structure of thiophenol, the C¢HsS fragment is directly ionised by the
vacuum ultraviolet laser pulse at 9.6 eV, as shown in Figure 2. The resultant C¢HsS-"
ion fragment is monitored as a function of the S;—S, excitation energy of thiophenol to
obtain the photofragment excitation (PHOFEX) spectrum. As the quantum yield for the
S—H bond cleavage is expected to be unity, the PHOFEX spectrum represents the
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Figure 2. (a) PHOFEX spectrum (black solid line) of thiophenol monitoring the thiophenoxyl
radical fragment yield as a function of the photodissociation excitation energy compared with the
liquid UV absorption spectrum taken in n-hexane (red solid line). The origin band (blue dotted
line) was fitted to convolution profile (Voigt profile) of Lorentzian function and Gaussian width
that corresponds to the rotational contour (at T, =10K) and laser bandwidth. (b)
Franck-Condon simulation of the S;—S, transition obtained using TDDFT (B3LYP)/aug-cc-pVTZ.
Vibrational mode assignments are also given. (¢) PHOFEX spectrum (black solid line) of
thiophenol-d; monitoring the D fragment yield with a fit (red solid line). (d) The anisotropy
parameter () values averaged over the FWHM of the translational energy peak associated with
the X (blue filled squares) or A (red filled circles) state of the thiophenoxyl radical. The images
at specific S; internal energies are shown. The black arrow indicates the polarisation direction of
the pump laser pulse. (¢) Calculated transition dipole moment(TDM) vectors for the first three
singlet electronic transitions of thiophenol, calculated at TD-HCTH/aug-cc-pVTZ level. The
magnitude of the Sy('n,o*) < S, TDM vector is scaled by a factor of x2 relative to the
Si("nn*) < Sy and Ssy('nn*) < S, TDM vectors for clarity.

energy-dependent S;—S, absorption cross section. Individual vibronic bands are found
to be very broad, indicating that the lifetime of S; is ultrashort. The full-width at half-
maximum of the S; origin band is around 190 cm™", which corresponds to a lifetime of
~50 fs. This means that the S—H bond dissociation is prompt and energy randomization
does not occur prior to the bond cleavage. The S—D bond dissociation of thiophenol-d;
(C¢HsSD) is not much different from the S—-H bond rupture of thiophenol. The
PHOFEX spectrum taken by probing the D fragment also shows very broad spectral
features and this is quite consistent with the results reported by the Ashfold group
[113], as can be seen in Figure 2. Velocity-map ion images of the D fragment from
thiophenol-d; taken at various pump energies show bimodal-shaped translational energy
distributions. Total translational energy distribution is well separated by deconvolution
into two distinct Gaussian-shaped distributions, as can be seen in Figure 3. Obviously,
from a simple consideration of energetics, a distribution with larger translational energy
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Figure 3. (Colour online) (a)-(h) Total translational energy distributions of the nascent D frag-
ment after subtraction of background signal due to probe laser only at various excitation energies.
Photolysis energies minus the S; origin of 34,990 cm™' are depicted for each translational energy
distribution. The product state distributions associated with the X(blue) and A(red) states of
CgHsS+ are deconvoluted from the experiment (open circles). Contributions from S; <— S, excita-
tion (solid lines) and S, <— S, vertical excitation (shaded) are also deconvoluted from the experi-
mental results. Black arrows indicate the maximum available energies for an S-D bond
dissociation energy of 27,308 cm .
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represents the nonadiabatic channel giving the C(,HSS-()N(ZBl) fragment, whereas a
distribution with a smaller translational energy is ascribed to the adiabatic channel pro-
ducing C6HéS~(A2B2). Estimation of the branching ratio of C6HSS~()~(2B1) with respect
to CgHsS-(A”B,) is then quite straightforward. The branching ratio is estimated to be
~0.75 £ 0.15 at the S; origin and remains more or less constant over the energy range
of 0-2000 cm™' above the origin [134]. This constant branching ratio over the wide
internal energy of S; results from the ultrafast S—-D bond rupture of the S; thiophenol-
d;, indicating that the internal energy given to the initial reactive flux on S; does not
flow into nuclear motions influencing the S;/S, vibronic coupling strength, as the S-D
bond breakage takes place before any energy randomization process occurs.

Interestingly, however, the product angular distribution shows peculiar behaviour as
a function of the excitation energy. Since the S—D bond breakage occurs much faster
than the molecular rotational period, the D fragment angular distribution should reflect
the relative orientation of the transition dipole moment with respect to the laser
polarisation axis. The anisotropy parameter () is deduced from the relation of
I(0) o< 1 4+ B(E)P2(cosf), where 6 is the angle between the pump polarisation and the
recoil vector and P, is the second order Legendre polynomial [135]. According to the
time-dependent density function theory (TDDFT) calculation [136], the S; <— S, transi-
tion dipole moment is parallel to the benzene plane, whereas it is tilted about 20° from
the S—D bond axis, as can be seen in Figure 2. The anisotropy parameter () is then
expected to be positive for the angular distribution of D from the S; state of thiophe-
nol. Consistently, £ is indeed estimated to be ~0.25 at the S; origin band. Strikingly,
however, it is found that the anisotropy parameter deceases very sharply with increase
of the S; internal energy to give the negative § value of —0.60 before going back to
nearly zero again, giving a broad peak (AE ~200 cm™') in f centred at the S; internal
energy of ~600 cm™', as can be seen in Figure 2. This sharp variation of £ in the nar-
row energy region is not explicable without invoking the S, <— S, excitation, of which
the transition dipole moment is perpendicular to both the benzene plane and the S-D
bond axis. Since S, < S, vertical excitation starts at ~2000 cm ™! above the S, origin
(vide infra), however, coherent excitation of S; and S, is only plausible when the S;/S,
conical intersection is accessed by the particular S; vibronic band at ~600 cm™'. This
vibronic band is most likely attributed to the v normal mode associated with SD in-
plane bending motion. There are 33 normal modes for thiophenol, and projection of
multi-dimensional potential energy surfaces on each normal mode coordinate will pro-
duce 33 different potential energy curves. Obviously, not all of these curves produce
surface crossing points [134]. In this regard, it is interesting to find that the S; and S,
surfaces theoretically become degenerate along the v; normal mode coordinate. The
S1/S, conical intersection point along the vz normal mode coordinate (CP) then lies on
the same conical intersection seam as the minimum energy conical intersection (MECI)
which has been theoretically calculated using the CASSCF method. Actually, CI¥ and
MECT are smoothly connected on the same branching plane without a barrier to gener-
ate a conical intersection seam [134]. The bandwidth of the S-dip is similar to that of
the PHOFEX vibronic band within the error limit. The simple potential energy curve,
drawn as a function of the S-D bond elongation coordinate, gives the S;/S, crossing
point at ~1802 cm™' above the minimum energy level of S; according to the CASPT2
calculation [115]. Considering the ZPE difference between S; and S, with respect to
the S—D stretching mode, the S,/S, curve crossing is calculated to be ~850 cm™' above
the S; ZPE level. This somewhat low barrier to the S,/S, curve crossing explains the
prompt S—D bond rupture dynamics well.
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Starting at ~2000 cm~' above the S; origin, the product translational energy
distribution shows a sharp shoulder in the high energy region, indicating that a new
dynamic channel starts to open at around this energy, as shown in Figure 3. This fea-
ture becomes more pronounced at ~3000 cm” ' above the origin, giving a third peak
representing the C¢HsS+(X) fragment produced from the new channel. As the energy
increases, the Gaussian-shaped product state distribution from the S; channel dimin-
ishes, whereas the product state distribution, which has a higher translational partition-
ing ratio, becomes dominant. This experimental fact indicates that the new channel is
due to the vertical excitation to the high-lying repulsive S, state as the direct dissocia-
tion naturally gives more translational energy to the fragments. The negative anisotropy
parameter of —0.73 + 0.05, measured at ~4900 and ~5700 cm ™' above the S; origin, is
also consistent with the direction of the S,—S, transition dipole moment which is
perpendicular to the molecular plane on which the S—D bond axis is placed. The dis-
tinctly different dynamics of the two channels allow the deconvolution of the total
translational energy distribution of the nascent fragments into individual contributions
from the S|—Sy and S,—S, transitions. Intriguingly, the increase of the S,—S, vertical-
transition component with increasing excitation energy is quite well correlated with the
decrease of the anisotropy parameter of the product angular distribution [134].

In summary, it has been found that the S—H(D) bond dissociation on the S;/S, excited
states of thiophenol (-d;) takes place promptly within the single oscillation period. The
S—-H(D) bond axis lies on the benzene plane of thiophenol (-d;) in the ground state, and
its planar structure is maintained in the S;/S, optical excitation. Nonadiabatic transition
probability is thus found to be quite significant as the conical intersection acting as a
dynamic funnel for nonadiabatic transition is generated at the planar branching plane.
Most intriguingly, direct access to the nuclear configuration near the conical intersection
seam of thiophenol has been manifested by the resonance-like feature in the product
angular distribution observed at the specific vibronic band corresponding to the SD in-
plane bending mode, unravelling the nature of the complicated nonadiabatic surface
crossing structures and the dynamics of the multi-dimensional polyatomic system.

3.2. Chemical derivatives of thiophenol: conformational manipulation of the
nonadiabatic transition probability

As mentioned above, thiophenol adopts a planar geometry at both ground (S,) and
excited (S;, S,) states [112,137], and it is interesting to note that the nuclear configura-
tions along the conical intersection seam for both S;/S, and Sy/S, crossings have a
plane of symmetry [69,70,112,113,115,134]. The nonadiabatic transition probability at
the conical intersection, therefore, should be intimately related to the molecular pla-
narity of the reactive flux. For thiophenol, the S-H bond dissociation is prompt and it
occurs on the molecular plane with a significant nonadiabatic transition probability
(vide supra) as the reactive flux (or wavepacket) with a plane of symmetry would fun-
nel through the conical intersection more efficiently [134]. A naturally arising question
would be then whether or not one can manipulate the nonadiabatic transition probabil-
ity by tuning the molecular planarity of the reactive flux. One straightforward and yet
difficult solution could be the use of the IR + UV double resonance technique [54].
Namely, by exploiting the specific property of IR + UV double resonance, the
Franck-Condon overlap between the ground and excited states can be modified so that
the nuclear configuration of the reactive flux, which is otherwise difficult to access, can
be more freely explored. One of the most difficult obstacles in this endeavour, however,
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is the molecular size of thiophenol. As the number of internal degrees of freedom is 33,
IVR [138] is expected to be significant even at the fundamental vibrational level of the
ground electronic state. Particularly, out-of-plane modes, which are expected to be critical
in determining the nonadiabatic transition probability [81,88,112], would be hardly
accessible in terms of both symmetry and availability of the infrared light source.

In order to modify the molecular planarity of the molecular photodissociation event,
we have recently investigated several chemical derivatives of thiophenol [70]. Interest-
ingly, the conformational preference in the ground electronic state is found to be quite
different for various chemical substituents at the para position of thiophenol. For
instance, in 4-methoxythiophenol-d;, in which the methoxy group is substituted at the
para position of thiophenol, the C,C;SD dihedral angle of the Sy minimum energy
structure is theoretically predicted to be 73° according to our DFT calculation
[114,139], as can be seen in Figure 4. Direct excitation of 4-methoxythiophenol-d; to
the repulsive S, state at 243 nm would then prepare the initial reactive flux at the non-
planar geometry. In the time-dependent view, as the S, minimum energy state adopts
the planar geometry, the initial wavepacket is going to be located at the edge of the
downhill potential along the C,C;SD dihedral angle. Therefore, as the wavepacket
moves out along the repulsive S-D coordinate, there will be a strong torque exerted
along the C,C,SD dihedral angle. This means that the wavepacket will spread out not
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Figure 4. (Colour online) Internal energy distributions (O) of X-C¢H,—S and the deconvoluted
X (—) and A states (*+*) deduced from corresponding D images taken at 243 nm for (a) X =H,
(b) X=F, and (¢) X =0CH;. On the right, potential energy curves along the CCSD dihedral
angle are shown for the ground (O) and S, (@) states. Franck-Condon regions are shaded. (d) A
simple wavepacket propagation model on two-dimensional PESs. The S,/Sy conical intersection
is formed at the planar geometry. As the initial location of the optically prepared wavepacket is
changed, the bifurcation dynamics on CI is expected to be strongly dependent on the two-dimen-
sional wavepacket spreads. Source: Adapted with permission from Ref. [70]. Copyright (2008)
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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only along the dissociating S—D bond but also along the C,C;SD angle as the reaction
proceeds. This wide spread of the wavepacket at the Sy/S, conical intersection along
the out-of-plane C,C;SD dihedral angle coordinate is then expected to diminish the
nonadiabatic transition probability significantly. Indeed, the experiment shows a dra-
matic decrease of the nonadiabatic channel yield for 4-methoxythiophenol-d; compared
to that of thiophenol. The X/A ratio, the product branching ratio of C4HsS- (X B) with
respect to CgHsS- (A B,), is found to be ~0.1 for 4-methoxythiophenol-d;, and this is
much smaller than the value of 0.75 that is observed for thiophenol at the same pump
wavelength of 243 nm [69], as can be seen in Figure 4. This conformational manipula-
tion of the nonadiabatic transition probability has also been demonstrated for
4-fluorothiophenol-d; which adopts the minimum energy geometry at the C,C;SD
angle of 31° [114]. In 4-fluorothiophenol-d;, the nonadiabatic passage of the
wavepacket through the So/S, conical intersection is expected to be less probable than
it is in the case of thiophenol, whereas it will be more probable than it is in the
4-methoxythiophenol case. This is because the extent of the wavepacket spread along
the C,C,SD dihedral angle in the vicinity of the conical intersection of 4-fluorothiophe-
nol-d; lies between those of thiophenol and 4-methoxythiophenol-d;. As expected, the
X/A product branching ratio of 4-fluorothiophenol-d; at 243 nm is found to be ~0.35,
which is consistent with our simple wavepacket model on the two-dimensional poten-
tial energy surface. High-level theoretical calculations by Domcke and colleagues
[81,112] confirmed our simple wavepacket model that moves on two-dimensional
potential surfaces near the conical intersection. Control of the nonadiabatic transition
probability by selecting the specific conformational structure has been demonstrated in
the photodissociation reactions of thiophenol derivatives [70]. From these experiments,
it is possible to establish not only the relationship between the molecular structure and
the chemical reactivity but also to find a way to control the reaction outcome by selec-
tive preparation of the reactant flux at particular nuclear configurations.

3.3. Spectroscopic characterisation of conical intersection in the photodissociation of
thioanisole

For thiophenol, the initial quantum states of the reactant molecule are difficult to
identify spectroscopically due to their intrinsic ultrashort lifetimes even at the zero-
point level of Sy [113,134]. In order to slow down the photodissociation reaction, we
have investigated the photodissociation dynamics of thioanisole (C¢HsSCH3) [66].
Importantly, the reaction channels of thioanisole at the asymptotic level are exactly the
same as those of thiophenol [118,119]. According to CASPT2 calculations, potential
energy surfaces along the S—CH3 bond dissociation coordinate of thioanisole are very
similar, in general, to the potential energy surfaces along the S—H bond elongation
coordinate of thiophenol. Namely, similar to that of thiophenol, the bound nn*(S;) state
of thioanisole is coupled to the repulsive nc*(S,) state through the first S;/S, conical
intersection [47,66]. The ground S, state diabatically correlates to the CgHsS- (Asz)
product, whereas S, leads to C¢HsS- (X B;) nonadiabatically, giving the second S¢/S,
conical intersection at the planar geometry. Now, because of the heavy mass of the
methyl moiety, quantum tunnelling through the barrier is much slowed down.
Therefore, the S; vibronic states of thioanisole are long-lived, and give well-resolved
peaks in the resonance two-photon ionisation (R2PI) spectrum [140], as can be seen in
Figure 5. Actually, the S, state lifetime of thioanisole has recently been measured to be
~1.4 ns at S; (v =0) by Stavros and colleagues [47].
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Figure 5. (Colour online) S; vibronic levels, total CH;*(v = 0) fragment yield, and X/A branching
ratio plotted as a function of photoexcitation energy. (a) R2PI spectrum of jet-cooled thioanisole. (b)
PHOFEX spectrum monitoring CH;'(v=0) versus pump energy. The nascent CHj- fragment
(v=0) was probed by (2 + 1) ionisation with a laser pulse (At~ 5 ns) at 333.45 nm using the Q
transition via 3p 24," without rotational selectlon (c) The X/A branching ratio shows a sharp reso-
nance feature at an internal energy of 722 cm™". The dotted line is drawn as a visual aid to show the
asymmetric line shape of the branching ratio. Source: Reprinted from Ref. [66].

Interestingly, it has been found that the R2PI spectrum of S; thioanisole is quite
different from the PHOFEX spectrum which was obtained by monitoring the nascent
‘CH3 (v =0) fragment as a function of the excitation energy. If the quantum yield for
S—CHj; fragmentation remains constant, PHOFEX is expected to represent the energy-
dependent absorption cross section for the S;—S, transition of thioanisole. Actually, the
R2PI and PHOFEX spectra show almost identical patterns until the excitation energy
reaches the S; internal energy region between 700 and 800 cm™'. Above this energy
region, the R2PI signal intensity decreases, whereas the PHOFEX signal persists with
an emerging broad background, as can be seen in Figure 5. These results indicate that
several dynamic constraints may be altered in this energy region. One possibility is that
the S, state lifetime gets shortened as the pump energy increases, leading to a weaker
R2PI signal compared to the PHOFEX signal because of the relatively long temporal
window (~5 ns) in the ionisation detection of the parent molecule in the former.
Another and yet related possible scenario is that vibronic coupling of the S; vibronic
states to the S, continuum state becomes severe in this energy region. In this case, the
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ionisation cross section would be largely modified to give possibly a much reduced
R2PI signal, whereas the PHOFEX spectrum would have a complicated energy cou-
pling process. In order to clarify the mechanism behind this huge difference between
the case of R2PI and PHOFEX, we have measured the translational energy distribution
of the nascent CH; fragment at each discernible vibronic band [66].

The total translational energy distributions of CHs-(v = 0) are determined using the
velocity-map ion imaging method [141] at different excitation energies corresponding
to many distinct S; vibronic bands. The upper limit for the S—-CH3 bond energy (D) of
thioanisole is estimated to be 70.8 + 0.8 kcal/mol [142]. In the translational energy dis-
tribution, the major peak at E, ~ 15.6 kcal/mol is associated with the C6HSS-(A2B2) +
CHj:(v=0) channel, while the relatively small peak at ~25 kcal/mol represents the
C¢HsS-(X?B;) + CH;+(v = 0) channel [66]. For most S; vibronic bands, the nonadia-
batic reaction leading to the C6H5S~()~(2B1) product is found to be a minor channel,
suggesting that the S-CH3 bond dissociation of S; thioanisole mostly follows the adia-
batic reaction path to give CeHsS'(A”B,) at the asymptotic level. For example, the
X/A product branching ratio is estimated to be ~0.053 at the S, origin. This indicates
that the nonadiabatic transition probability at the S¢/S, conical intersection is very low.
This is in contrast to the case of thiophenol [72]. As mentioned above, the S—-H(D)
bond dissociation of thiophenol occurs promptly with the maintaining of the molecular
planarity, therefore showing significant probability for the nonadiabatic transition at the
So/S, conical intersection. In thioanisole, however, the S—CH; bond dissociation rate is
greatly slowed down and the initially prepared S; reactive flux must explore many dif-
ferent nuclear configurations before it is coupled to the repulsive nc*(S,) state. This
time consuming exploration step, which takes place prior to the bond cleavage, causes
the reaction to follow the adiabatic pathway all the way to the final products. o

In the energy range of 02000 cm ™' above the S, origin of thioanisole, the X/A
branching ratio remains quite low, indicating that the adiabatic channel is still dominant
in this energy range. The X/A branching ratio shows a gradual but slow increase to
give ~0.15 at E;y = 2000 cm™'. Most strikingly, however, we have found that the X/A
branching ratio shows a very sharp peak value of ~0.45 at the S; internal energy of
722 cm™', as can be seen in Figure 5. This dynamic resonance is hardly explicable at
first glance. One tends to think that the initial reactive flux prepared by the optical
excitation undergoes full or partial IVR to search for the minimum energy reaction path
in the nuclear configuration space. This ‘adiabatic’ picture is particularly suitable for
most chemical reactions of long-lived excited states. In this picture, initial memory of
the excited state in terms of the nuclear configuration is washed out in the course of
the exploration of the reactive flux toward the most efficient reaction pathway. There-
fore, the dynamic resonance in the product branching ratio observed at the particular S,
vibronic band of thioanisole is quite rare and very surprising.

In order to characterise the 722 cm™' band of S, (1 + 1') MATI spectroscopy has
been employed [66]. In MATI, the first photon is fixed at a specific S;—S, transition
and the wavelength of the second photon is varied to probe the vibrational states of the
thioanisole cation (Dy) in a pulsed-field ionisation condition [143]. In the MATI spec-
trum taken via the 722 cm™' band of S;, according to the propensity rule (Av = 0) in
the Dy—S; ionisation process, the cationic D, vibrational mode, of which the nuclear
displacement vectors are similar to those of the S; intermediate state, is found to be
strongly enhanced. The corresponding D, vibrational frequency is 743 cm™', and this
matches well with the theoretically predicted value of 733 cm™" for the 7a vibrational
mode of the thioanisole cation. The 7a mode is associated with C;—S—CH;3 asymmetric
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stretching motion. The dramatic change of the X/A product branching ratio at
722 cm ™' then indicates that the nuclear configuration spanned by the 7a vibrational
mode excitation should lead to more efficient nonadiabatic transition at the Sy/S,
conical intersection, giving an enhanced yield of CeHsS*(X?By). As the nuclear config-
urations spanned by the 7a mode are on the optically bright S; state and possibly the
close-lying S, state, the dynamic resonance observed at 722 cm™' should result from
the energy/mode dependent change of the nonadiabatic coupling strength near the S;/S,
conical intersection. Most likely, the 7a mode excitation prepares the initial reactant
flux in the proximity of the S;/S, conical intersection seam. As the reactive flux on S,
proceeds very fast along the dissociating S—C elongation coordinate, nuclear configura-
tions of the reactive flux perpendicular to the reaction coordinate at the Sy/S, conical
intersection are expected to be little changed from those at the first S;/S, conical
intersection. This is why the direct access to the S;/S, conical intersection by the 7a
mode (S;) excitation may lead to higher nonadiabatic transition probability, giving the
resonance-like increase of the X/A product branching ratio. It should be noted that the
translational partitioning ratio also slightly increases at the 722 cm™' mode excitation
[66]. At the dynamic resonance at 722 cm ™', the small portion of the reactive flux is
directly prepared on S, at the S;/S, conical intersection, leading to larger translational
energies for departing fragments compared to those of the other portion of the reactive
flux on S;. This is because the reactive flux on S; explores many different nuclear con-
figurations before it couples to the repulsive S,, giving more significant excitation of
vibrational modes perpendicular to the reaction coordinate. The experimental fact that
CeHsS*(A”B,) is the major product off the dynamic resonance reflects the fact that the
reactive flux on S,, if prepared indirectly through vibronic coupling via the optically
active S; state, prefers to follow the adiabatic path at the Sy/S, conical intersection.

In order to verify the concept of direct nuclear configurational access to the conical
intersection as the origin of the dynamic resonance, the structure of the MECI was
theoretically calculated by CASSCF [144,145] and compared with the nuclear config-
uration spanned by the 7a mode excitation of S;. Interestingly, it has been found that
the nuclear configuration at classical turning points of the 7a mode fundamental excita-
tion along certain critical molecular parameters such as the S—CH; bond length is very
close to that of MECI [66]. As the conical intersection volume is nonzero as far as the
nonadiabatic transition probability is concerned, the nuclear configuration spanned by
the 7a mode does not have to be identical to that of MECI to explain the experimen-
tally observed dynamic resonance. Rather, it seems to be more reasonable to state that
the 7a mode excitation of S; makes direct access of the initial reactive flux to the
nuclear configuration possible in the proximity of the S,/S, conical intersection. Our
ab initio calculations support this idea very well. Overall, despite a number of fre-
quency- and time-resolved experimental studies to date, no molecular-level characterisa-
tion of the conical intersection has yet been realised. Our observation of a dynamic
resonance in the nonadiabatic transition probability by direct access to the conical inter-
section region provides the first cornerstone for the spectroscopic characterisation of the
conical intersection in the photodissociation reaction.

3.4. Refining the conical intersection seam and observation of bound resonances
embedded in the continuum

Since it was found that the conical intersection could be spectroscopically probed by
analysing product state distributions from the state-selective thioanisole molecule, a
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naturally arising next question is whether or not one can refine the multi-dimensional
conical intersection seam in the extended internal degrees of freedom. Isotopic substitu-
tion would provide an ideal system in this regard as the electronic configurations
involved in the optical transition and chemical reactions are expected to be little influ-
enced by isotopic substitution, whereas the nuclear displacement vectors associated
with each normal mode will be slightly modified according to the changes of mass-
weighted coordinates. Accordingly, we recently have carried out a study of the pho-
todissociation dynamics of thioanisole-d; (CsHsS—CDj3). The R2PI spectrum shows
well-resolved S; vibronic structures of C¢Hs;SCD; up to ~1100 cm ' above the S;
origin, as can be seen in Figure 6. On the other hand, the R2PI signal diminishes and
completely disappears from ~1500 cm™' above the origin. However, in the PHOFEX
spectrum in which the nascent CD;- fragment yield is monitored as a function of the
S-S excitation energy, the intensity pattern shows the opposite behaviour. Namely,
the CD;- fragment yield starts to increase at ~1100 cm™' above the origin, showing
intense and complicated spectral features in the higher energy region where the R2PI
signal is practically absent. These spectral patterns are very similar to those in the case
of C¢HsSCHj; [66], indicating that there should also exist a critical point in this energy
region where the dissociation mechanism dramatically changes. The translational energy
of the nascent CDj3:(v = 0) fragment was measured at each S; vibronic band using the
velocity-map ion imaging method [141]. The X/A branching ratio was estimated from
the relative intensity of the two distinct rings. This ratio is ~0.07 at the S, origin and
shows a gradual increase with increasing of the S; internal energy, giving a value of
~0.15 at the S, internal energy of 1500 cm™ . Strikingly, however, and different from
the case of thioanisole [66], we have found that the X/A branching ratio increases at
four distinct S; vibronic bands, namely giving sharp peak values of ~0.33 at 656 cm™ ',
~0.38 at 705 cm !, ~0.43 at 708 cm™ !, and ~0.20 at 755 cm™ !, as can be seen in
Figure 6.

Similar to the case of thioanisole [66], in order to unravel the nature of S; vibronic
bands associated with dynamic resonances, a (1 + 1) MATI experiment was carried
out. Most vibrational bands follow the propensity rule of Av =0, and it was found that
the S; bands that give dynamic resonances correspond to C;—S—CD5; symmetric stretch-
ing (vs) at 656 cm™!, C;—S—CD; asymmetric stretching (7a) at 705 cm™', CD; wagging
(BsCD3) at 755 cm™ !, and a somewhat mysterious mode at 708 cm™'. In the MATI
spectrum taken via the 708 cm™' (S;) band, three distinct D, vibrational bands corre-
sponding to 7a", (t" +v,'), and f,,CD;" modes are found to be active, where T' is
associated with torsion along the dihedral angle between the phenyl moiety and the
S—CDj; bond axis, as can be seen in Figure 7. In the harmonic oscillator approximation
[146], the multi-mode character of the 708 cm™' (S;) band, as manifested in the MATI
spectrum, is difficult to explain. Nonetheless, this may indicate that the nuclear
configuration accessed by the 708 cm™' band is equivalent to that reached by the com-
bination of C;—S—CDj; symmetric stretching, C;—S—CD; asymmetric stretching, and
CD; wagging modes. Obviously, dynamic resonances corresponding to peak values in
the X/A branching ratio originate in the more efficient nonadiabatic passage of the
reactive flux through the Sy/S, conical intersection at resonance frequencies. Direct
access to the S,/S, conical intersection at dynamic resonance modes apparently seems
to makes less probable the vibrational energy flow into asymmetric coupling modes
such as C,—C;—S—CDj torsion, so that the reactant flux proceeds in the proximity of
the S;/S, conical intersection (and therefore also close to the S¢/S, conical intersection),
resulting in the higher nonadiabatic transition probability, as the reactive flux is less
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Figure 6. (a) R2PI spectrum of jet-cooled thioanisole-ds;, (b) PHOFEX spectrum taken by
monitoring the -CD; (v=0) fragment yield as a function of excitation energy, (c) the X/A
branching ratios estimated from the translational distributions of the <CD; fragment, and
(d) enlarged views of the R2PI spectrum, X/A branching ratio, and translational energy partition-
ing ratio for A (Fr(A)). The available energy (E,,) is determined by the relation of
E.i=hv — Dy — A, where hv is the excitation energy, D, is the phS—CD; bond dissociation
energy of 73.5 kcal/mol, and A is the energy gap of 8.6 kcal/mol between the X and A states of
CeHsS*. (e) Enlarged view of the R2PI spectrum and X/A branching ratio around the 708 cm™"
region. (f) Total translational energy distributions deduced from CD;" images at S; internal ener-
gies of 656 (vg), 705 (7a), 708, and 755 (B.sCD3;) cm ' bands. Raw (left) and reconstructed
(right) images are also shown. The broad background signal shows the quadratic dependence on
the pump laser intensity indicating that it is due to two-photon absorption of the parent molecule.
The nascent CDj radical (v = 0) was probed by (2 + 1) ionisation at 333 nm via 3p> A," state.
Source: Reprinted with permission from Ref. [73]. Copyright (2014), AIP Publishing LLC.

dispersed along non-planar degrees of freedom. The experimental fact that the X/A
product branching ratio shows sharp peak values at four distinct S; bands thus indicates
that these vibronic excitations bring the initial reactant flux to nuclear configurations
near the S;/S, conical intersection seam.

Calculation of full-dimensional potential energy surfaces for this somewhat large
molecule with 42 internal degrees of freedom should be a formidable task. Four inter-
nal coordinates that are most likely associated with the reaction coordinate are thus
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Figure 7. (Colour online) Upper trace: R2PI spectrum of thioanisole-d;. Lower traces: (1 + 1')
MATI spectra taken via the S; origin, 655 (vs), 705 (7a), 708, and 755 (8,sCD3) cm™ ' bands as
intermediate states. Nuclear displacement vector descriptions of corresponding normal modes of
Dy calculated at the B3LYP/6-311++G(3df,3pd) level are shown. Source: Reprinted with permis-
sion from Ref. [73]. Copyright (2014), AIP Publishing LLC.

chosen to describe the nuclear configurations near the conical intersection seam, as can
be seen in Figure 8. These are d(C-SCDj3), d(CS—CDs3), y(C-S—CD3), and y(S—C-Dg3)),
where the d and y represent bond length and bending angle, respectively. We carried
out ab initio calculations (SA4-CASSCF(12,11)/6-311++G(d,p)) to find out the S;/S,
conical intersection seam in this reduced dimensionality. The resultant S,/S, conical
intersection seam is depicted as a line connecting degenerate points where the differ-
ence between the S; and S, states is calculated to be less than 5 cm™'. Here, the
branching plane of the g and /4 vectors, which are approximately parallel to the S—CDj;
elongation and the C,—C;—S—CD; dihedral angle coordinates, respectively, provides a
platform for the conical intersection seam extended along different nuclear coordinates.
In order to visualise how the initial optical transition may access the S;/S, conical
intersection region, we examined the nuclear configurations accessed by S; vibronic
excitations, which are associated with the observed dynamic resonances. Nuclear
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Figure 8. (Colour online) Calculated energies of the conical intersection seam are plotted versus
the variation of (a) d(CS—CD3), (b) y(S-C-D3)), (c) d(C-SCD3), or (d) y(C-S—CD3). Energy values
are relative to the Sy state. Filled circles (magenta) are electronically degenerate points of S; and S,,
whereas the star (green) represents the MECI. Nuclear configurations spanned by the normal mode
nuclear displacement vectors are represented as projections onto the (€) d(CS—CD3)—y(S-C-D3,) or
(f) d(CS—CD3)—y(C-S—CD3) coordinates. Normal mode descriptions for v, 7a, and £,,CD; are
represented by filled triangles (black line), filled squares (red line), and filled pentagons (blue line),
respectively. Filled circles (green line) indicate nuclear configurations which are constructed from
the linear combination of displacement vectors of v, 7a, and f,;CD; modes at a respective weight-
ing factor of 0.4:0.5:0.1. The gradient difference (g) and nonadiabatic coupling (%) vectors of the
branching plane for the conical intersection seam are depicted (g). Source: Reprinted with permis-
sion from Ref. [73]. Copyright (2014), AIP Publishing LLC.

displacement vectors of normal modes for the C;—S—CD; symmetric stretching at
656 cm™', C,—S—CD; asymmetric stretching at 705 cm™', and CD; wagging at
755 cm' are projected onto the two-dimensional coordinates of d(CS—CDs) and
Y(S—C-Dg3)) (or d(CS—CD3) and y(C-S—CDs3)), as can be seen in Figure 8. Nuclear
configurations spanned by the 7a mode are found to partly overlap with those of the
conical intersection seam in both projections. Meanwhile, the v, mode overlaps with
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the conical intersection seam only when its nuclear configuration is projected onto the
d(CS—CD53) and y(C-S-CD3) coordinates. This might explain why the 7a mode excita-
tion gives a higher X/A branching ratio of ~0.38 compared to the value of ~ 0.33
observed at the vy excitation. Namely, as the extent of the overlap of the vibrational
wavefunction with the conical intersection seam is larger, the portion of the reactant
flux passing in close proximity of the conical intersection seam increases to give the
higher nonadiabatic transition probability. On the other hand, the nuclear configurations
spanned by the f,;CD; mode excitation do not overlap with the conical intersection
seam, even though its X/A branching ratio of ~0.20 at 755 cm™ ' is only slightly higher
than the average value of ~0.12. This is because in terms of the S—-CD; bond length
the conical intersection seam is not accessible by the f,,CD; mode excitation alone
within the normal mode description. B

The 708 cm™ ! band that gives the X/A branching ratio of ~0.43 has the multi-mode
character of C;—S—CD; symmetric stretching, C;—S—CD; asymmetric stretching, and
CD; wagging modes. Intriguingly, all of these individual modes show dynamic reso-
nances in the X/A branching ratio. Thus the 708 cm™' vibrational wavefunction, which
can be constructed as a linear combination of v 7a, and f,,CD3 modes, could mostly
overlap with the conical intersection seam, giving the hlghest X/A branching ratio
among the four resonance modes. Energetically, the 708 cm™' band cannot be a com-
bination mode of these S| normal modes within the harmonic oscillator approximation.
Rather, this band could be a unique S; mode for which the nuclear displacement vec-
tors obviously cannot be represented by the single D, vibrational mode. In other words,
the potential energy surface along this particular mode coordinate may be strongly per-
turbed by the proximal presence of the S;/S, conical intersection, which may also guide
the nonadiabatic path of the reactant flux along the S—CD; bond dissociation pathway.
This particular vibronic band may then represent a resonance band embedded in the
continuum generated by the conical intersection, which was predicted long ago by
Neumann and Wigner [147] in 1929 and theoretically confirmed later by Cederbaum
and colleagues [148,149]. It should be noted that our use of the phrase a resonance
band embedded in the continuum could confuse readers, as the excited states undergo-
ing predissociation via coupling to the nearby continuum state [150] are often called
‘resonances embedded in the continuum’. Here, we would like to narrowly define a
resonance embedded in the continuum as a quasi-bound state that is generated by a
nearby conical intersection. More specifically, the repulsive S, state of thioanisole is
the continuum state because it is unbound along one particular nuclear coordinate,
whereas it is bound with respect to all remaining 41 degrees of freedom at least at the
zero-point level. Because of the S;/S, curve crossing, however, the potential energy
surface is expected to be strongly perturbed especially with respect to this particular
nuclear coordinate along which S, is unbound at the conical intersection region. In this
case, the adiabatic potential energy surfaces corresponding to the upper cone of the
conical intersection actually become bound for all degrees of freedom. Thus, a vibronic
state that would otherwise be continuum without the conical intersection becomes a
bound state in the perturbed potential energy surfaces. Therefore, one possible scenario
is that the 708 cm™' band may represent this particular nuclear coordinate along which
the diabatic S, is continuum and yet the perturbed potential energy surface is bound in
the proximity of the conical intersection. The nuclear displacement vector of the
708 cm~ ' band, constructed by a linear combination of v, 7a, and f,;CD3; modes, may
then reflect the nuclear motion along the reaction coordinate which is apparently
parallel to the g vector of the branching plane. In this sense, the transfer of the S,
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vibrational energy into the translational energy of the departing fragments may occur
quite efficiently at the 708 cm™' band, as the corresponding nuclear displacement vector
actually points toward the relative translational motion of the departing C¢HsS- and
CDj;- fragments. Intriguingly, this has been clearly manifested in the experimental pro-
duct kinetic energy distribution. Namely, at the dynamic resonance at 708 cm ™', the
translational energy distribution abruptly shifts to the higher energy region, showing a
sharp peak when the product translational energy partitioning ratio is plotted versus the
excitation energy, as can be seen in Figure 6. A sudden change of the translational
energy distribution of products within a tiny energy range is very rare and strongly
indicates that the 708 cm ™' band represents a nuclear configuration on the conical inter-
section bearing the multi-dimensional nature of the reaction coordinate.

The overlap of the vibrational wavefunction with the conical intersection seam actu-
ally turns out to be extremely sensitive to nuclear displacements associated with each
normal mode and energetics involved. In this sense, the reason why the dynamic reso-
nance is not observed at the C;—S—CH; symmetric stretching (vs) and CH3 wagging
(BasCH3) modes in the CcHsSCH; dissociation may lie in subtle differences of these
normal modes in terms of the detailed nuclear displacement vectors in the mass-
weighted coordinate. Actually, the v¢ normal mode of C¢HsSCH; was calculated to be
slightly different from that of CcHsSCD3, and the nuclear displacement vector does not
access the conical intersection seam in our calculations [73]. Energetically, the f,;CH;
vibrational energy in CcHsSCHj is quite high, and thus its excitation region should be
far from the conical intersection seam. It should be noted that the 722 cm™' band [66]
of S; CsHsSCH; may represent a resonance band embedded in the continuum, judging
from the similarity of its mode dynamics to that of the 708 cm™' band of S,
C¢HsSCD3, although further experimental and theoretical studies will be required for
confirmation. Currently, for the further exploration of the conical intersection seam in
the more refined normal mode space, the photodissociation dynamics of partially
deuterated thioanisoles such as thioanisole-d; (C¢HsSCH,D) or thioanisole-d,
(C¢HsSCHD,) are being investigated. It is intriguing to note that there exist two differ-
ent conformational isomers for both CsHsSCH,D and CcHsSCHD, with respect to the
hindered rotation of the methyl moiety with respect to the rest of the molecule [151].
This provides an opportunity for the systematic investigation of the conformer-selective
nonadiabatic dynamics.

Our experimental findings concerning the nuclear configurations responsible for
degenerate electronically excited states reveal for the first time the multi-dimensional
facets of the conical intersection seam in the chemical reaction of the polyatomic sys-
tem. It is interesting to note that the nuclear configurations of the initial reactant flux
are so critical in the nonadiabatic reaction dynamics occurring on the excited electronic
states through strong coupling of nuclear and electronic motions beyond the
Born—Oppenheimer approximation [2,3]. Our experimental findings may lead to a more
thorough understanding and detailed control of chemical reactions in excited states.

3.5. IVR and nonadiabatic dynamics in the proximity of the conical intersection

For polyatomic molecular systems, energy randomization, mainly by IVR, becomes
non-negligible very quickly as the density of the states increases exponentially with
increasing internal energy [138]. For reactive flux initially prepared on the repulsive
excited state, bond breakage occurs much faster than IVR. Thus the nuclear configura-
tion of the initial reactive flux could be critical in the determination of the reaction
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pathway. This has already been demonstrated for photodissociation reactions of
chemical derivatives of thiophenol on the repulsive S, states, and we learned that the
conformational preference in the ground state can be used to manipulate the nonadia-
batic transition probability (vide supra) [70,114]. The S—-H(D) bond rupture of thiophe-
nol(-d;) on S,/S, is ultrafast and IVR does not seem to play a significant role in the
photodissociation pathway. For thioanisole, however, the S; state lifetime is several
hundreds of picoseconds [47,66,73], and thus the dynamic role of IVR in nonadiabatic
reaction dynamics should be carefully considered. Actually, MATI and/or SEVI spectro-
scopic techniques turns out to be extremely useful in the qualitative and/or quantitative
analysis of IVR in the S; state [132,133]. When IVR is significant at the S; intermedi-
ate level, the corresponding MATI or SEVI spectrum no longer follows the propensity
rule. Instead, the MATI or SEVI signal shows a broad spectral feature, indicating that
the associated S; intermediate state becomes more or less chaotic. Fortunately, the
S1/S, conical intersection of thioanisole is located at the very low internal energy of
600—700 cm™ ' above the S; ZPE level, and IVR is found to be inactive in such a low
internal energy region, as manifested in the MATI and/or SEVI spectra, which do
follow the propensity rule. This is one of the main reasons why such dramatic dynamic
resonances can be clearly observed in the photodissociation reactions of thioanisole
[66] and thioanisole-d; [73].

When we add a methyl group to the para-position of thioanisole, however, it is
found that IVR now plays a significant role even at low internal energies of S;.
Namely, in the photodissociation dynamics of p-methylthioanisole (p-CH;CsH4SCH3),
MATI spectra become featureless quite early as the S; internal energy increases.
Namely, the propensity rule in MATI is maintained only from the S; origin up to the
552 cm™' vibronic band. Starting from the 573 cm™' (S;) band, the MATI spectra
become broad and featureless, indicating that IVR plays a significant role, as can be
seen in Figure 9. The methyl rotor is a well-known energy randomizer [152,153], and
thus the early action of IVR in the S; state of p-methylthioanisole is not surprising.
When IVR is significant, the mode-specificity is expected to be washed out, and there-
fore it seems unfeasible to find out nuclear configurations associated with the conical
intersection seam. Indeed, even though the para addition of the methyl moiety to thioa-
nisole is not expected to influence the energetics and structures of the electronic and
nuclear configurations along the whole reaction pathway, we were not able to observe a
dynamic resonance in the nonadiabatic transition probability in the photodissociation
reaction of p-methylthioanisole. It is interesting to note that this experimental result in
turn supports the idea that the dynamic resonances observed in thioanisole and thioani-
sole-d; originate from direct access of the initial reactant flux to the nuclear configura-
tions in the proximity of the conical intersection [66,73].

The dynamic interplay between IVR and the nonadiabatic transition has also been
investigated using 2-fluorothiophenol-d; (2-FTP-d;) and 2-cholorthiophenol-d; (2-CTP-
d,) [75]. Velocity-map ion images of D" from 2-FTP-d; to 2-CTP-d, were obtained at
excitation energies in the 281-265 and 289-275 nm regions, respectively. In the D
fragment translational energy distributions, after the subtraction of the background sig-
nal, two distinct Gaussian-shaped distributions were clearly resolved to give the precise
X/A branching ratio at the given S; excitation wavelength [75]. The energy gaps
between the two peaks in the translational energy distribution are ~2800 and
~2100 cm™! for the F-C4H4S or Cl1-C¢H,4S radicals, respectively. These values are con-
sistent with the calculated (CASPT2) [154] values of 2752 and 2148 cm”! for_the
A-X vertical energy gap of the F-C4H,4S or CI-C4H,4S radicals, respectively. The X/A
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product branching ratio representing the nonadiabatic transition probability is then
estimated from the relative ratio of two de-convoluted Gaussian-shaped distributions
after background subtraction. The X/A branching ratio of 2-FTP-d, at its S; origin is
~1.4, indicating that the nonadiabatic transition probability at the So/S, conical intersec-
tion is quite significant. However, as the S; internal energy increases, the X/A ratio
sharply decreases to ~0.4 at ~1200 cm ™' above the S, origin and remains constant at
higher excitation energies, as can be seen in Figure 10. On the other hand, the X/A
branching ratio of 2-CTP-d, at the S, origin is ~1.05, and it is found to be more or less
constant up to ~2000 cm ™' above the origin. The different behaviours of 2-FTP-d, and
2-CTP-d; in terms of the nonadiabatic transition probability as a function of the S,
internal energy are surprising, as the S-D bond dissociation pathways of these two
molecules are not expected to be much different.

The sharp decrease of the X/A branching ratio observed for 2-FTP-d; may then
indicate that the reaction path becomes non-planar with increase of the S; internal
energy. At the S| ZPE level, the S-D bond dissociation occurs via tunnelling through
the reaction barrier generated by the S,/S, conical intersection. The reactive flux on the
repulsive S, state then partly undergoes nonadiabatic transition at the So/S, conical
intersection to produce the ground state of the F-C¢H,4S radical. An abrupt decrease of
the X/A branching ratio to ~ 0.8 (from ~1.4 at the S; origin) is observed at the
233 cm™' vibronic band which is associated with C;SD in-plane bending. This mode
may contribute to the weakening of the FeeeD intramolecular hydrogen bond, which
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Figure 10. (Colour online) R2PI spectra of (a) 2-fluorothiophenol-d; and (c) 2-chlorothiophenol-
d; with appropriate vibrational mode assignments. The experimentally estimated X/A branching
ratios are plotted as a function of the S; internal energy for 2-fluorothiophenol-d; (black filled
squares) and 2-chlorothiophenol-d; (red open circles) in (b). Nuclear displacement vectors of
notable vibrational modes of 2-fluorothiophenol-d; are also shown in the inset. Exponential
curves are drawn for the visual aid. On the right, a simplified schematic view of the pho-
todissociation reaction of 2-fluoro, chlorothiophenol. The dynamic interplay between the
intramolecular hydrogen bonding and IVR is critical in nonadiabatic reaction dynamics. Source:
Adapted with permission from Ref. [75]. Copyright (2014) American Chemical Society.
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may lead to a decrease of the C,C;SD torsional barrier height, which is intrinsically
dynamic and thus sensitive to the relevant vibrational activation. As the torsional bar-
rier is lowered, the reactive flux becomes more dispersed along the out-of-plane
C,C,SD torsional angle. This might make the reactive flux take the tunnelling path
through the reaction barrier at the non-planar geometry. The effective barrier for the
S-D tunnelling will be adiabatically lowered at the non-planar geometry compared to
the case of planar geometry. The nonadiabatic transition probability of the reactive flux
tunnelling at the non-planar geometry will be diminished at the So/S, conical intersec-
tion, yielding a smaller X/A branching ratio. For other vibronic modes, the X/A
branching ratio shows a gradual decrease with increase of the S; internal energy, yield-
ing a value of ~0.4 at ~1200 cm™ ' above the origin. This may indicate that the FeesD
intramolecular hydrogen bond becomes completely loosened at ~1200 cm™' or higher
energies above the origin, resulting in a large probability for the non-planar adiabatic
passage of the reactive flux at the So/S, conical intersection. The opposite behaviour of
the X/A branching ratio as a function of the S; internal energy for 2-CTP-d; seems to
originate from its CleesD intramolecular hydrogen bond, which is stronger than the
FeeeD intramolecular hydrogen bond of 2-FTP-d;. Actually, according to the CASPT2
calculation [75], the C,C;SD torsional barrier height of 2-CTP-d; is predicted to be
~400 cm ™" higher than that of 2-FTP-d, in the S, state. This suggests that the relatively
stronger intramolecular hydrogen bonding of 2-CTP-d, causes the molecule to retain its
molecular planarity even at high internal energy excitation, yielding an X/A branching
ratio that remains constant up to ~2000 cm ' above the origin. In other words, for
2-FTP, the dissociation path becomes adiabatic as the S; internal energy increases, indi-
cating that the reactive flux prefers taking the tunnelling path through the adiabatically
lowered reaction barrier at the non-planar geometry with the increase in the internal
energy. In 2-CTP, on the other hand, due to the relatively stronger intramolecular
hydrogen bonding, the nonadiabatic transition probability remains significant even at
high internal energies. These experimental results suggest that the nonadiabatic transi-
tion probability can be predicted based on fundamental understanding of the dynamic
interplay between vibrational energy flow and molecular structure mediated by the
intramolecular hydrogen bonding.

4. Conclusion and perspective

In this article, we have summarised a series of experimental works [66,68—
70,72,73,75,134], mainly from our own group, regarding conical intersection dynamics
in the photodissociation reaction. Molecular-level understanding of the nonadiabatic
dynamics mechanism is essential in explaining a number of important chemical and
biological processes in nature. The importance of the conical intersection as a dynamic
bottleneck in nonadiabatic chemical reactions has been widely recognised in recent dec-
ades. Despite a number of important and successful theoretical and experimental studies
to date, however, understanding of the quantum mechanical nature of the conical inter-
section still remains a difficult challenge. Our recent experimental findings regarding
conical intersections provide a cornerstone for spectroscopic characterization of the
conical intersection, which is multi-dimensional in nature. For instance, multiple
dynamic resonances observed in the photodissociation reaction of thioanisole-d; reflect
important facets of the multi-dimensional conical intersection seam [73]. The theoretical
concept that the nonadiabatic transition probability can be increased when the reactive
flux accesses nuclear configurations in the proximity of a conical intersection seam has
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now been experimentally demonstrated. Our experimental finding of a resonance band
embedded in the continuum generated by the conical intersection is also noteworthy.
This may be the first experimental observation of such a resonance phenomenon in a
photodissociation reaction, though further studies will be required for confirmation. Our
experimental results provide an important clue about how one could get the molecular
structures and associated dynamic roles of the conical intersection in molecule-specific
detail. Full-dimensional quantum-mechanical calculations will be highly desirable for
better understanding of nonadiabatic photodissociation dynamics of thiophenols and
thioanisoles.

Finding out nuclear configurations in the proximity of a multi-dimensional conical
intersection seam is exciting as such a finding could allow for reaction control in speci-
fic nonadiabatic chemical processes. For instance, it might be possible to control the
nuclear-electronic coupling strength by applying strong external electric or magnetic
fields [155,161] in conjunction with spectroscopic characterization of the conical inter-
section. One would be able to tune the nuclear configuration of the initial reactant flux
by utilising different spectroscopic tools such as IR (Raman) + UV double resonances
[54] or a stimulated-emission pumping scheme [156]. The application of various spec-
troscopic techniques will be quite fruitful if one knows the topology and energetics of
the conical intersection seam. Using a Stark-deflector [157—-160], a specific conformer
could be spatially separated from many other conformers populated in the jet, providing
the opportunity to investigate conformer-specific nonadiabatic dynamics. As demon-
strated previously in the photodissociation dynamics of several chemical derivatives of
thiophenol [70,75,114], the conformational structure could be one of the key factors in
determining the nonadiabaticity of chemical reactions. Regarding conical intersection
dynamics, there remain interesting and important challenges in terms of both theory
and experiment. These may include control of nonadiabatic transition probability by
state/structure selection or strong external field, full-dimensional description of the coni-
cal intersection seam, estimation of the conical intersection volume in terms of its struc-
ture and energetics, and quantum-mechanical characterization of resonances embedded
in the continuum that are generated by the conical intersection.
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