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Introduction

Vibronic structures and dynamics of the
predissociating dimethyl sulfide and its
isotopomers (CHzSCH3;, CD3sSCD3, CHzSCD3)
at the conical intersection

Jun-Ho Yoon, Kyung Chul Woo and Sang Kyu Kim*

Conical intersection seam comprised of crossing surfaces of two lowest excited states of dimethyl
sulfide (DMS) has been directly accessed by the one-photon excitation from the ground equilibrium
state. Since the S—C bond rupture takes place promptly, the molecular structure on the excited state
effectively belongs to Cs symmetry. Namely, excited states of 1'B; and 1'A, in C,y become 1'A” and 2'A”
states in Cs, respectively, and the optical transition from the ground equilibrium state to the dissociating
molecule at the conical intersection seam is symmetry-allowed to facilitate the nonadiabatic transition
on the 2'A” state, leading eventually to the CHsS + CH3 products. The dynamic study of DMS, in this
sense, gives the great opportunity to unravel the vibronic structure of the conical intersection seam by
the conventional one-photon excitation method. In this work, utilizing the photofragment excitation
(PHOFEX) spectroscopic method, the vibronic structures of DMS and its isotope analogs (CDzSCDs,
CH3SCDs) at the conical intersection seam have been revealed, providing accurate lifetimes and detailed
dynamics associated with individual vibronic transitions. The lifetime of the excited DMS is estimated
to be ~100 fs, indicating that the dissociation is complete within one single oscillation in the conical
intersection region. It is also found that the symmetric CSC stretching mode is strongly coupled to the
reaction coordinate, as manifested by our experimental finding that the fragmentation yield of the
S—CDs bond is enhanced compared to that of the S-CHz bond in the CHzSCD3 dissociation reaction
only when the CSC symmetric stretching vibrational mode is excited at the conical intersection region.
This work demonstrates that the better understanding of the excited state could make the bond-
selective chemistry into reality.

nuclear configuration on the fast dissociating excited-state through
the IR + UV double resonance technique. The control of the

Even though the conical intersection has been widely regarded
as the dynamic funnel for nonadiabatic processes which
are ubiquitous and essential in chemistry and biology,"®
the nature of the conical intersection in terms of its locus
and dynamic role on the multi-dimensional potential energy
surfaces seems to be still beyond our full understanding. Since
nonadiabatic chemical reactions are governed by the dynamic
passage of the reactive flux through the conical intersection, it
would be fascinating if one could control the nonadiabatic reaction
by manipulating the reaction path in terms of its proximity to the
conical intersection. Actually, Crim and colleagues had demon-
strated that the nonadiabatic transition probability in the N-H"*
or O-H® bond dissociation reaction of ammonia or phenol, respec-
tively, could be controlled by changing the Franck-Condon active
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nonadiabatic reaction by the more direct experimental probing of
the conical intersection has recently been reported by our group for
the S-CH; bond dissociation reaction of thioanisole (CsH5;SCH;)."
In the photodissociation of thioanisole, it was found that the
nonadiabatic transition probability has a peak-value at the
particular vibronic transition through which the nuclear
configuration in the vicinity of the conical intersection seam
is effectively accessed. Nonadiabatic dynamics is extremely
sensitive to the nuclear configuration of the initially prepared
reactive flux as it determines the trajectory of the reaction path
in terms of its proximity to the conical intersection seam.

The excited state dynamics of dimethyl sulfide (DMS) has
been intensively studied especially since it was predicted that
the conical intersection seam could be directly accessed by the
single photon excitation."'™® In C,y, the electronic transition
from the sulfur nonbonding orbital (3b;) to a Rydberg-like
sulfur 4s orbital (9a,) or to the C-S antibonding orbital gives
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rise to the 'B; and 'A, exited states, respectively."”” > These
states are strongly mixed along the CSC asymmetric stretching
coordinate, and the molecular symmetry relaxes to Cs as the
prompt C-S bond cleavage occurs. Two electronic states then
become A” in Cgs, and the optical excitation to both 1A” and 2A”
states become symmetry-allowed for the dissociating molecule.
These states accidentally intersect and the conical intersection
seam is in the Franck-Condon region according to the theoretical
calculation by the Yarkony group.”! Namely, the conical intersection
should be accessible by the single photon excitation from the
ground equilibrium structure to the excited state of DMS.

It has been well established, from a number of theoretical
and experimental studies, that the C-S bond cleavage of DMS is
prompt and the large portion of the available energy goes into
the translational energy of products."*®*! Dynamic details
regarding the energy disposal and vector properties of fragments
have also been well investigated. Actually, as the C-S bond
cleavage is the consequence of the nonadiabatic transition from
the diabatically repulsive 2A” state, the direct access to the
1A”[2A” conical intersection seam should facilitate the S-C bond
dissociation. This fact alone explains well why the S-C bond
cleavage of DMS occurs instantaneously. For thorough under-
standing of the conical intersection dynamics, however, one
should explore many different regions of the nuclear configu-
ration space to find the dynamic correlation between the conical
intersection and nonadiabatic transition probability. Surprisingly,
the vibronic structure of the excited state of DMS has been only
roughly known from the room-temperature gas phase absorption
spectra to date.'” 2?2 Because of the ultrashort lifetime of the
excited state, neither fluorescence nor multi-photon ionization
spectroscopic technique could be utilized. In this work, we have
employed the photofragment excitation (PHOFEX) spectroscopic
technique to obtain, for the first time, the vibronic spectra of the
jet-cooled DMS, DMS-ds (CD;3SCD3), and DMS-d; (CH3SCDj). In
the PHOFEX spectra, several distinct vibronic bands have been
clearly identified, giving the homogeneously broadened line
shapes for individual vibronic bands. The translational energy
distributions of products are measured by the velocity-map ion
imaging technique for the well-characterized vibronic transitions.
In the dynamic study of DMS-d;, the relative yields of two distinct
channels are precisely determined. It is found that the S-CD; bond
dissociation yield is enhanced compared to the S-CH; bond
dissociation yield only when the CSC symmetric stretching mode
is excited. This experimental fact demonstrates that the nuclear
configuration spanned by the particular vibrational wavefunction is
so critical in determining the nonadiabatic transition probability,
paving a new way of the nonadiabatic reaction control.

Experiment

DMS, DMS-dg and DMS-d; were commercially purchased and
used without further purification. The premixed gas containing
~94% of helium and ~6% of the sample was expanded into
vacuum through a nozzle orifice (General valve 9 series, 0.5 mm
diameter) with a backing pressure of 5 atmosphere. The
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resultant supersonic jet was skimmed through a 2 mm dia-
meter skimmer and intersected by two counter propagating
laser pulses. For the generation of collision-free condition, the
vacuum chamber was differentially pumped by two turbo
molecular pumps (Varian, TV 551) backed by a mechanical
pump (Varian, DS 602). The photolysis laser pulse (At ~ 5 ns,
AV ~ 0.07 cm™ ") in the range of 220-232.5 nm was generated
by frequency doubling of a dye laser output (Sirah) pumped by a
Nd:YAG laser (Spectra Physics, Quanta-ray LAB170) through a BBO
crystal mounted on the homemade auto tracker. The nascent CH; or
CD; radical was probed via the Q branch of the zero point level (09)
of the 4p, *A," Rydberg state using the (2 + 1) multi-photon excitation
at 286.3 or 286.6 nm, respectively.>> The probe laser pulse was
generated by another dye laser (Lambda Physik, Scanmate 2) of
which the output was frequency-doubled on a KDP crystal. The
fragment ions prepared in appropriate ion optics for velocity-
mapping™* were repelled and accelerated through a 25 cm long field
free region before being detected on a position-sensitive detector
equipped with a 40 mm diameter MCP (Burle) coupled with a P20
phosphor screen (PHOTONIS). The two-dimensional image of a
specific mass obtained by gating the front plate of MCP was recorded
with a charge coupled device (CCD) camera (SONY). The central slice
of 3D distribution was reconstructed by BASEX algorithm.>® The
velocity calibration was carried out with the O" ions from the
photodissociation of O, at a wavelength of 224.999 nm.>®

Computational details

Unrelaxed (rigid body) potential energy curves along two equivalent
C-S bond elongation coordinates for the ground and the two lowest
excited states were calculated at the complete active space second-
order perturbation theory (CASPT2) level using a fully state-averaged
complete active space self-consistent field (SA-CASSCF) reference
wavefunction. Single point energy calculations were performed
using CASPT2 for S,, and multi-state (MS) CASPT2*" for two A"
excited states as a function of the C-S bond length with all other
nuclear degrees of freedom frozen at the optimized CASPT2 geo-
metry of the ground state in the Cs symmetry. An active space
associated with 8 electrons distributed into 7 molecular orbitals
(MOs) was considered with the aug-cc-pVIZ***° basis set. These
orbitals contained two pairs of C-S c/c* orbitals, two sulfur lone
pair occupied orbitals, and the sulfur 4s Rydberg virtual orbital. The
level-shift parameter of 0.3 a.u. to reach the convergence without
intruder states inducing energy oscillation was optionally adapted to
the CASPT2 calculation.>® MOLPRO" package was used for all of
SA-CASSCF and CASPT2 calculations whereas the geometry/
frequency calculations and Franck-Condon simulation were carried
out at the TD-B3LYP/aug-cc-pVTZ level with the Gaussian 09 ab initio
package® and MolFC.*?

Results and discussion

A. The C-S bond cleavage of DMS, DMS-d;, or DMS-ds on the
excited state occurs within one single oscillation period

The vibronic structures revealed in the PHOFEX spectra of
DMS, DMS-d;, and DMS-dg show distinct bands reflecting the
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Fig. 1 PHOFEX spectra (black dashed line) of (a) DMS, (b) DMS-dg and (c, d) DMS-dz monitoring the CH3z or CDs (v = 0) fragment with best-fits (red solid
line) resulting from the convolutions of Lorentz functions and asymmetric rotor simulations at T,o: = 10 K (green stick). The spectral regions showing the
relative enhancement of the CD3 yield compared to the CHs yield from DMS-d3 are denoted by gray columns. Franck—Condon simulations with spectral

assignments are given in the upper traces.

structural changes and homogeneous line-broadening upon
the single photon excitation, Fig. 1. From the peak position
values in the PHOFEX spectra, the S;-S, origin is found to be 43
879, 43 999, and 44 113 cm ™ * for DMS, DMS-d;, and DMS-d,,
respectively. The vibrational energies associated with individual
bands match the calculated frequencies (TD-DFT with the aug-
cc-pVTZ basis set) very well, giving the appropriate assignments
for all observed vibronic bands. The CSC bending (v3), CSC
symmetric stretching (v,), and in-plane CH; (CDj3) rocking (vo)
modes are found to be active, Table 1. The observed bands show
the proper H/D isotope shift consistent with the prediction of
theoretical calculations. Line-shapes of individual bands except
those of origins are well reproduced by the Lorentzian function,
indicating that the line broadening is intrinsically homo-
geneous. The line shape of the origin for DMS appears to be
somewhat asymmetric. Even though one is tempted to attribute
this asymmetric line shape to the evidence of a certain quantum
interference, the experimental fact that all the other peaks other
than the origin band are well reproduced by the Lorentzian
function suggests that the asymmetric shape of the origin band
originates not from, for instance, the Fano-type interference.
Rather, the intensity-borrowed weak absorption to the 2A”
continuum state could be responsible for the long-tailed back-
ground PHOFEX signal observed in the energy region lower than
the origin band. The contribution of the singlet-to-triplet excita-
tion cannot be completely excluded.*>"°

The Lorentzian fits to the individual vibronic bands give the
full widths at half-maxima of ~100 cm ™" corresponding to the

This journal is © the Owner Societies 2014

lifetime of ~100 fs from the uncertainty principle. The band
width remains more or less constant for all vibronic bands. It is
also insensitive to the CH3/CD; isotopic substitution, Table 1.
This experimental finding confirms that the C-S bond breaking
event is prompt and occurs within one single oscillation period.
This is also consistent with the theoretical prediction that
the zero-point level of the excited state accesses the conical
intersection region on which the nonadiabatic transition leading to
the C-S bond cleavage is facilitated.”* The vibrational excitations
associated with observed vibronic bands are perpendicular to the
reaction coordinate along which the zero-point level accesses the
conical intersection seam, explaining well the absence of any
specific mode effect on the excited state lifetime. The little isotopic
substitution effect on dynamics is not surprising as the prompt C-S
bond cleavage is not expected to be influenced by the secondary
isotope effect.

It should be noted that the PHOFEX spectra of DMS-d; show
quite distinct features depending on whether CH; or CD; is
being probed, Fig. 1. Naturally, the peak positions and band-
widths of two PHOFEX spectra are identical for two occasions.
And yet, it is found that the PHOFEX signal probing CDj; is
relatively enhanced compared to that probing CH; when the
CSC symmetric stretching mode (v,) is excited. This applies
also when the v, + v; combination mode is excited. This
experimental fact suggests that one should be able to select
the specific bond to be cleaved by the excitation of the appropriate
vibrational mode on the edge of the conical intersection. Further
discussion is in the Section C.
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Table 1 Vibronic bands observed for DMS, DMS-dg and DMS-d3

DMS DMS-d, DMS-d;

Peaks® Caled® Previous Peaks Caled Previous Peaks Caled T (em™%)
Assignment® (cm™") (em™") studies I'(em™) (em™) (em™) study I'(em™) (em™* (em™) CH,/CD;
0 0(43879) 0 43965,"® 43840,"° 43879*° 90 0(44113) 0 44200 100 0(43999) 0 77/71
123 265 254 105 233 220 101 240 236 100/90
vy 696 662 100 655 612 100 676 631 80/85
Ve _ _ — — — — 752 747 115/105
Ui+ 1, 954 915 84 — — — 921 868 95/95
12 1040 1026 125 871 814 141 988 979 105/100

“ v3: CSC bending, v,: CSC symmetric stretching, vg: in-plane CH; (CD3) asymmetric rocking, vo: in-plane CH; (CD;) symmetric rocking. (Local
mode character breaks the symmetry of the normal modes for DMS-d;. See the detail in text.) ” Peak values. © TD-B3LYP/aug-cc-pVTZ values after
the application of a scale factor of 0.9687.>*

B. Energy disposal is sensitive to the initial locus of the as clearly pointed out by a series of studies reported by the Aoiz
reactive flux on the conical intersection seam group."® This has also been confirmed here, Fig. 2. The peak
The translational energy distributions of products at several value of the total translational energy at the origin of DMS, for
vibronic bands of DMS and DMS-ds are measured by the instance, shifts to the lower energy region at the v, mode excitation
velocity-map ion imaging method, Fig. 2. As expected for the at 696 cm ™. This behaviour had been nicely explained by employ-
prompt dissociation reaction, the energy partitioning ratio of ing the “impulsive + statistical” hybrid model,'® in which it was
the total available energy to the translational energy is estimated assumed that the bond cleavage is preceded by the intramolecular
to be 70-80% whereas the effective anisotropy factor () is —0.70 +  vibrational redistribution (IVR) process when the parent molecule
0.10. This result is quite consistent with the earlier studies by the is vibrationally excited. While this hybrid model is reasonable and
Aoiz group'™'® except that our average f3 value is slightly lower widely accepted in many other cases, the ultrashort excited-state
than the previously reported value of —0.85. The interesting lifetime of DMS might suggest the other plausible scenario.
dynamic feature of the DMS dissociation is that the translational Namely, considering the lifetime of ~100 fs and the sparse
partitioning ratio decreases with increasing the excitation energy vibrational-state population of the excited DMS at the vibrational
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Fig. 2 Translational energy distribution and velocity map images (inset) of the (a) CHz and (b) CD3z (v = 0) fragment from the DMS and DMS-ds,
respectively, at internal energy of the origin and symmetric CSC stretching on the first absorption band. The background signal in the low energy region is
attributed to the multi-photon dissociation and/or secondary dissociation of the SCHz (SCDs) fragment. Raw (left) and reconstructed (right) images are
also shown. The arrow indicates the polarization direction of the pump and probe laser pulses. Translational energy partitioning ratios, (x) (Eians/Eau.
Ean = hv — Dy), for (c) DMS, DMS-ds, and (d) DMS-ds at the selective vibronic states are given (43879 cm™ (0g), 44144 cm™ (13), 44575 cm ™ (1),
443833 cm™ (3 + 1g) and 44 919 cm ™ (1) for DMS; 44 113 cm™* (), 44 346 cm ™ (1), 44768 cm ™ (1) and 44 984 cm ™ (1) for DMS-ds; 43999 cm™*
(0o), 44239 cm™* (v5), 44675 cm™* (1), 44751 cm ™ (vg), 44920 cm™* (s + v4) and 44987 cm ™ (vg) for DMS-ds).
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energy of a few hundreds of cm™', the rate of IVR into other
internal degrees of freedom is not expected to exceed the ultrafast
bond dissociation rate. While it is certainly true that the vibrational
energy given to the excited DMS goes into the internal energy of
the SCH; fragment, the energy disposal mechanism may not be
attributed to the fast IVR process prior to the bond cleavage event.
In the photodissociation of DMS-d;, as described above, the
S-CD3/S-CH; bond dissociation yield ratio increases at the v,
and (v, + v3) mode excitations relative to the S-CDs/S-CH; bond
dissociation yield at the origin, Fig. 1. This distinct mode effect on
the dissociation yield indicates that the vibrational excitation on
the excited state is not randomized before the bond dissociation. If
all the vibrational mode excitations end up with the identical
conical intersection seam after ultrafast IVR, the specific mode
effect on exit dynamics would not be observed. On the other hand,
since the excited vibrational mode is perpendicular to the reaction
coordinate and the bond dissociation is abrupt, it is less likely
that the vibrational energy goes into the translational energy of
products. Rather, the vibrational energy given to the parent excited
state may dissipate into dynamically-relevant internal degrees of
freedom of fragments, leading to the S-C stretching or CHj
rocking vibrational excitation of the SCH; fragment, for example.
The lifetime of the excited state is not long enough for
the complete IVR to take place, and then the energy disposal
mechanism seems to be quite complicated. At least it seems to be
true for DMS that dynamic details including the energy disposal
is very sensitive to the locus of the initial reactant flux on the
multi-dimensional potential energy surface in the vicinity of the
conical intersection. Theoretical calculation of the potential energy
surfaces along the more internal degrees of freedom would help a
lot for the better understanding of the ultrafast nonadiabatic bond
dissociation dynamics of DMS.

C. The bond-selective chemistry is demonstrated by selecting
the particular vibronic mode in the ultrafast nonadiabatic
reaction of DMS-d;

As described earlier, the S-CD3/S-CH; bond dissociation yield
ratio increases at the v, and (v, + v3) mode excitations relative to
that at the origin for DMS-d;. One may define the bond-selective
enhancement factor for the v-th mode, (), as follows.

o ID,I/, /IHJ./,‘
/(V’) B [D,I/n /IH,I/O

Here, Ip,,, or Iy, represents the PHOFEX intensity at the v-th
mode excitation when the CD; or CH; fragment is being probed,
respectively, whereas Ip,, and Iy, represent the PHOFEX
intensities of the respective CD; or CH; fragment taken at the
origin of DMS-d;. Whereas y(v3), 7(vs), and y(vo) values are all
found to be ~1.0, it is found that y(v,) ~ 2.0 and y(v, + v3) ~ 1.5,
as shown in Fig. 1. This experimental fact indicates that the
S-CDj; bond dissociation yield is relatively enhanced only when
the CSC symmetric stretching mode (v,) is excited.

It should be noted that the mode-dependent enhancement
observed at v, and (v, + v3) excitations is relative to the dynamic
behavior at the zero-point level. Namely, the S-CD;/S-CHj; yield
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ratio at the origin of DMS-d; is not necessarily exactly one. The
absolute yields of the CD; and CH; fragments from DMS-d; are
not precisely measured in this work, even though they seem to
be more or less same in the current experimental condition.
The basic concept of the bond-selective chemistry observed
here is slightly different from that behind the vibration-
mediated photodissociation experiment pioneered by the Crim
group.”” In the latter, the overlap pattern between the ground
state wavefunction with the continuum wavefunction of the
upper state determines the fate of chemical reactions, making
possible the selection of the chemical bond to be cleaved by
tuning the ground-state vibrational mode. Here, in the case of
DMS-d;, the upper quasi-bound wavefunction is selected by the
single photon excitation from the ground state. The upper state
stays in the Franck-Condon region for the period shorter than
~100 fs, and the location and immediate coupling strength to
the reaction coordinate are key factors determining the fate of
the chemical reaction. Therefore, it is nontrivial to expect the
reaction outcome from the excited-state mode selection without
the full knowledge of the multi-mode coupling mechanism on
the conical intersection seam. The fact that only the v, mode, in
the energy range here, is effective in the selective bond cleavage
indicates that the corresponding CSC symmetric stretching
mode is quite strongly coupled to the reaction coordinate.
Two-dimensional potential energy surface of the excited
DMS with respect to the two dissociating S-C coordinates is
constructed by the MS CASPT2 calculation. The calculated
potential energy surface is adiabatic as a result from the
coupling of 1A” and 2A” states, and thus it is repulsive along
the both S-C bond elongation coordinates, Fig. 3. Actually, the
nuclear configuration spanned by the CSC symmetric stretching
mode excitation lies along the diagonal line on the two-dimensional
potential energy surface. The square of the ground state (v, = 1)
wavefunction is depicted as red contour lines. Even though the
(va = 1) wavefunction of the excited state would be somewhat
different in terms of its width and depth from that of the ground
state, the probability distribution of the ground (v, = 1) wave-
function already indicates that the slight asymmetry in the
distribution function on the edge of the repulsive potential
energy surface would result in the significant difference in the
branching ratio of products. It is interesting to note that the
square of the (v, = 1) wavefunction of DMS-d; is more populated
toward the elongation of the S-CD; bond for the upper lobe
located at the longer S-C bond distances, whereas it is less
populated toward the S-CD; bond elongation for the lower lobe
at the shorter S-C bond distances. This asymmetric shape of the
(v4 = 1) wavefunction should originate from the mass unbalance
between CH; and CD; moieties. This asymmetric shape should
also apply to the zero-point level. The fact that the S-CD; bond
cleavage is relatively favoured at the v, mode excitation, there-
fore, indicates that the statistical preference for the S-CD; bond
cleavage from the upper lobe of the (v, = 1) state distribution is
more effective than the statistical preference for the S-CH; bond
cleavage originated from the lower lobe. Considering that
the 1A”/2A” avoided crossing is located at somewhat elongated
C-S bond lengths according to the calculation by Manaa and
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Fig. 3 (a) One-dimensional potential energy cut along the C-S bond
elongation coordinates. All other geometrical parameters are frozen at
the equilibrium values in the ground electronic state. The location of the
conical intersection (ref. 21) is shown in the inset. (b) The square of the
vibrational wavefunction (red) corresponding to the v, mode of DMS-ds is
plotted as red contours on the two-dimensional excited state potential
energy surfaces (black). The wavefunction is simplified and approximated
from the calculated normal mode displacement vectors with the local mode
expansion based on two one-dimensional harmonic oscillator basis func-
tions where DMS-dz is assumed to be a triatomic molecule and anharmonic
coupling terms are neglected. Two-dimensional potential curve is plotted as
a contour map with varying the S—CDs and S—CHs bond lengths in the
energy range between 3.8 and 6.8 eV with a step value of 0.3 eV. The cross
represents the Franck—Condon point.

Yarkony, the reactive flux associated with the upper lobe of the
(v4 = 1) state distribution undergoes the C-S bond cleavage in the
closer proximity of the conical intersection than the reactive flux
corresponding to the lower lobe. This could be responsible for
the preference of the S-CD; bond dissociation channel at the v,
mode excitation.

Conclusion

The structural and dynamic nature of the excited states of DMS
and its isotope analogs (CD3;SCD3;, CH3SCD;) at the conical
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intersection seam has been revealed to give accurate lifetimes
and detailed dynamics associated with individual vibronic
transitions. Lifetimes of the excited DMS, DMS-ds, and DMS-d;
are all estimated to be ~100 fs, indicating that the C-S bond
cleavage occurs within one single oscillation period in the
conical intersection region. The fragmentation yield of the
S-CD; bond is found to be ~2 times enhanced compared to
that of the S-CH; bond in the CH;SCD; dissociation reaction
when the CSC symmetric stretching vibrational mode of DMS-d;
is excited at the conical intersection region, demonstrating that
the control of nonadiabatic reaction is plausible by the selective
excitation of the particular mode relevant to the prompt conical
intersection dynamics.
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