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We present a time-resolved study of the photodissociation dynamics of OCS after UV-

photoexcitation at l ¼ 237 nm. OCS molecules (X1S+) were primarily excited to the 11A00

and the 21A0 Renner–Teller components of the 1S� and 1D states. Dissociation into CO

and S fragments was observed through time-delayed strong-field ionisation and

imaging of the kinetic energy of the resulting CO+ and S+ fragments by intense 790 nm

laser pulses. Surprisingly, fast oscillations with a period of �100 fs were observed in the

S+ channel of the UV dissociation. Based on wavepacket-dynamics simulations coupled

with a simple electrostatic-interaction model, these oscillations do not correspond to

the known highly-excited rotational motion of the leaving CO(X1S+, J [ 0) fragments,

which has a timescale of �140 fs. Instead, we suggest to assign the observed

oscillations to the excitation of vibrational wavepackets in the 23A00 or 21A00 states of the

molecule that predissociate to form S(3PJ) photoproducts.
I. Introduction

Imaging ultrafast photochemical reactions with quantum-mechanical detail and
atomic temporal and spatial resolution is one of the ultimate dreams of current
physical chemistry and the molecular sciences in general.1–3 Various approaches
have been discussed, ranging from X-ray3–6 and electron diffractive imaging7,8 to
laser-induced electron diffraction (LIED)9,10 and Coulomb-explosion ion
imaging.11–13 Complementary methods such as high-harmonic spectroscopy14–16

and time-resolved photoelectron spectroscopy17–19 have provided further insight
into these processes. While the experimental recording of the envisioned high-
resolution “molecular movies” is still outstanding, promising examples
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demonstrate the progress that has been made, for instance, using time-resolved
electron diffraction.20–22 We are interested in exploring the possibilities for
atomically resolved imaging of photoinduced chemical reactions using LIED.23–25

In this paper, we present ion-imaging measurements that we have performed as
the precursor to such a LIED experiment.

The carbonyl sulde (OCS) molecule provides an interesting benchmark
system and serves as an important testbed for the study of photodissociation
dynamics. OCS is linear in its rovibronic ground state (X1S+), but it bends in its
rst absorption band upon photoexcitation in the range from 190 nm to 255 nm.26

Simultaneously to bending, the OCS molecule dissociates into S and CO. An
advantage of studying the photodissociation dynamics of OCS lies in the fact that
being an asymmetric triatomic molecule, symmetric and antisymmetric stretch-
ing vibrations can be uncoupled, and since the CO fragment is produced mainly
in its electronic and vibrational ground state CO(X1S+, v ¼ 0),27,28 the stretching
motion of the stiff CO bond can be considered a spectator during the dissociation.
This signicantly simplies the understanding of the dissociation dynamics and
allows for the use of a reduced dimensionality model.29 The photodissociation
dynamics of OCS in its rst absorption band has been extensively studied, both
experimentally27–46 and theoretically.29,47–51 Also the atmospheric relevance of OCS
and its photodissociation as a sulphur source are of ongoing interest.52,53

For linear ground-state OCS, dipole transitions to the excited 1S� and 1D states
are forbidden by symmetry. However, upon bending due to Renner–Teller inter-
actions, degeneracies are lied and the transitions become weakly allowed, with
the transition strengths increasing with increasing bending angle.54 In its rst
absorption band, OCS dissociates predominantly into

OCS + hn / CO(X1S+) + S(1D2) (1)

and

OCS + hn / CO(X1S+) + S(3PJ), J ¼ 0, 1, 2 (2)

with a branching ratio of 95 : 5 at the center of the absorption band at 222 nm.29

In both channels, the CO fragment is mainly produced in its electronic and
vibrational ground state. An upper bound for the population in the rst excited
vibrational state was given to be about 2%.27,28 The CO fragment produced in the
major dissociation channel, together with an S(1D2) fragment, is highly rota-
tionally excited, showing a bimodal rotational state distribution with two
Gaussian-shaped underlying distributions. These distributions peak around J ¼
55 and J ¼ 67 for photodissociation at 222 nm27,31,32 and shi towards lower
angular momenta for longer ultraviolet (UV)-excitation wavelength.27,29 The origin
of the bimodal distribution was attributed to two different dissociation scenarios:
the small-J-state component, measured at higher product kinetic energies, is
generally assigned to direct dissociation from the 21A0 (11D) and 11A00 (11S�)
states. The large-J-state component observed at low kinetic energies is due to the
dissociation from the 21A0 (11D) state alone, but involving non-adiabatic transi-
tions to the 11A0 (X1S+) ground state.29 For graphical representations of the
energies of all electronic states involved we refer the reader to, e.g., Figures 1 in
ref. 49 and 55.
Faraday Discuss. This journal is © The Royal Society of Chemistry 2021
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Although the dissociation process responsible for the formation of rotationally
excited CO(X1S+) and S(1D2) products is well understood and mainly attributed to
prompt dissociation following the excitation of the 21A0 (11D) and 11A00 (11S�)
states, the mechanisms responsible for the formation of S(3PJ) fragments remains
to be elucidated. Strong vibrational resonances were recently observed in the 2 + 1
resonance-enhanced multi-photon ionisation (REMPI) spectra of the S(3PJ)
photoproducts recorded in a wavelength range from 212 nm to 260 nm, which
were assigned to vibrational progressions in the C–S stretching following direct
excitation to the 21A00 (11D) and triplet 23A00 (13S�) metastable states.55 Molecules
in the 23A00 (13S�) state can rapidly predissociate through non-adiabatic transi-
tions to the repulsive 13A00 state, leading to S(3PJ) products. Alternatively, it has
been predicted that the 21A00 (11D) and 23A00 (13S�) states can predissociate
through non-adiabatic coupling to the 11A00 (11S�) state or through spin–orbit
coupling to the 21A0 (11D) state, respectively, with subsequent intersystem
crossing leading to the formation of S(3PJ) fragments.55

So far, the experimental studies of the photodissociation of OCS were limited
to frequency-resolved spectroscopies, i.e., with nanosecond lasers. This includes
laser-induced uorescence (LIF) spectroscopy27,31,56 and REMPI.28,29,32–34,36–46,57–59

These experiments, coupled to computational investigations,47–50,60 have provided
a wealth of detailed information on the photodissociation products, including
their nal state distributions. However, to date no time-resolved studies have
been carried out to probe the transient electronic and nuclear structure of the
molecule along the dissociation pathway. Starting with the present work, we try to
bridge this gap. Here, the dissociation dynamics of the OCS molecule following
UV excitation with a 237 nm femtosecond laser pulse is investigated. Reactants
and products are probed by strong-eld ionisation with a time-delayed 790 nm
femtosecond laser pulse and the velocity distributions of S+ and CO+ fragment
ions are imaged. Furthermore, quantum chemistry simulations taking into
account the prompt dissociation following excitation of the 21A0 (11D) and 11A00

(11S�) states to form S(1D2) products were coupled to a simple model for calcu-
lating strong-eld-ionisation rates. Interestingly, this model was unable to
reproduce the fast oscillations observed in the kinetic energy distribution of the
S+ fragments. Instead, our results provide strong indications that vibrational
wavepackets are formed in the 21A00 (11D) and 23A00 (13S�) states, which predis-
sociate to form S(3PJ). These experiments form the basis for ongoing investiga-
tions of the ultrafast photodissociation dynamics of OCS following UV excitation
using structurally23,24,61 or electronic-state62 resolved laser-induced-electron
diffraction and photoelectron imaging experiments.

II. Experimental setup

The experimental setup was described previously.61 Briey, a coldmolecular beam
was formed by supersonic expansion of a 90 bar mixture of OCS (500 ppm) seeded
in helium using a pulsed Even–Lavie valve63 operated at 250 Hz. Thus, all mole-
cules were in their electronic ground state, vibrationally cold, and their rotational
temperature was characterised to be Trot ¼ 0.6 K at the interaction point of the
molecules with the laser pulses.61

The output of a commercial Ti:sapphire amplied laser system (KMLabs,
Wyvern30), delivering 30 mJ, 38 fs (FWHM) pulses at a central wavelength of
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss.
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790 nm and a repetition rate of 1 kHz, was divided into three beams, whose time
delays were controlled using motorised delay stages. Up to 20 mJ were used to
pump an optical parametric amplier (Light Conversion HE-TOPAS), generating
ultrashort pulses at 1190 nm with a maximum output energy of 3.5 mJ. A second
path was used to generate UV light via second harmonic generation followed by
frequency mixing with the second harmonic of the 1190 nm laser pulse. This
yielded UV pulses with a wavelength of 237 nm, a pulse duration of 70 fs (FWHM),
and a pulse energy of up to 15 mJ. The third 790 nm (NIR) beam was used as the
ionising probe pulse.

The UV-pump and NIR-probe pulses were temporally and spatially overlapped
at the centre of a high-energy velocity-map-imaging spectrometer (VMI) with their
polarisation parallel to the plane of the detector. CO+ and S+ ions were generated
through strong-eld ionisation of OCS or its dissociation products, accelerated
into a 10 cm long eld-free ight tube, and detected with the combination of
a 77 mm diameter dual-microchannel-plate/phosphor-screen assembly and
a CCD camera. The projected two-dimensional (2D) ion-momentum distributions
were inverted using an Abel-inversion procedure based on the BASEX algorithm64

in order to yield three-dimensional (3D) ion-momentum distributions.
Ion momentum distributions were recorded for OCS+, S+, and CO+ fragments

for a series of pump–probe time delays s separated by 20 fs. Cross-correlation
measurements of the parent ion were used to dene the time overlap between
the UV-pump and the NIR-probe pulse, i.e., s¼ 0. The S+ and CO+ ion momentum
distributions were recorded for various sets of UV (4.5 mJ and 10 mJ) and NIR (300
mJ and 1.3 mJ) pulse energies. All ion momentum distributions presented in this
manuscript were averaged over, at least, 3500 laser shots.

III. Computational wavepacket dynamics

The photodissociation of OCS in its rst absorption band is known to mainly
proceed by prompt dissociation following the excitation of the 21A0 (11D) and 11A00

(11S�) states. Therefore, in our calculations OCS molecules were vertically excited
from the rovibronic-ground-state potential-energy surface (PES) to the 11A00 (11S�)
and the 21A0 (11D) states, i.e., the ground-state density was projected onto these
PESs. The PESs used are based on high-level MRCI/aug-cc-pVQZ electronic
structure calculations;47–50 see ref. 47 and 49 for graphical representations.
Following photoexcitation, the wavepackets were then propagated on these PESs
using the multicongurational time-dependent Hartree approach (MCTDH).65,66

Jacobi coordinates as dened in Fig. 1 were used throughout the quantum
dynamics simulations, with r denoting the CO bond length, R the distance of the S
atom to the centre of mass of the carbon monoxide fragment, and q the angle
between r and R.67,68 The wavepackets were propagated over 400 fs, using adaptive
step sizes, with the photoexcitation taking place at t ¼ 0.

The ansatz for a set of MCTDH65 wave functions is given by (1) in ref. 66, with
the so-called single-particle functions (SPF) as time-dependent basis functions.
The SPFs are expanded in a time-independent basis, see ref. 66, (2). The degrees of
freedom in our calculations employed here are the coordinates R, r, and q, as
described above.

Employing fast-Fourier-transform (FFT) or discrete-variable-representation
(DVR) schemes for distances and angles, respectively, the SPFs were expanded
Faraday Discuss. This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Jacobi coordinates employed in the quantum dynamics simulations.
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in a time-independent basis. The correlation DVR (CDVR)69 scheme was used to
obtain matrix elements for general potential energy surfaces. Throughout this
work, the revised constant mean-eld scheme (CMF2)70 was used to efficiently
propagate the MCTDH wavepackets. The converged basis set sizes are given in
Table 1. Please note that slightly smaller grids are employed for calculating the
OCS ground state.

Movies of the wavepacket dynamics along the reaction coordinates obtained
from our model in the 21A0 (11D) and 11A00 (11S�) excited states are provided in the
ESI.† Fig. 2 shows the calculated time-dependent expectation values of q and R for
the calculated wavepacket dynamics on the 11A00 (11S�) and 21A0 (11D) potential
energy surfaces, which are very similar. The temporal evolution of the wave-
packets in these electronic states exhibits a monotonic increase of R, Fig. 2b. For
t¼ 100 fs, R is already twice the equilibrium distance and from there on increases
nearly linearly, implying that the chemical bond is effectively being broken
already at this time.

The time-dependent expectation values of q, see Fig. 2a, show pronounced
oscillations with a period of T ¼ 140 fs. These oscillations can be assigned to the
rotational motion of the CO product resulting from the bending of the molecule
following UV-excitation and dissociation of OCS. The observed rotational period
corresponds to the classical rotation period of a state with rotational quantum
number J z 61, which ts previously observed29 terminal CO rotational-state
distributions very well.
IV. Results and discussion

Fig. 3 shows slices through the 3D ion-momentum distributions of the (a–c) S+

and (d–f) CO+ fragments recorded upon photoionisation of UV-excited OCS as well
Table 1 Expansion type, number of grid points N, and number of single-particle functions
n used in the presented quantum dynamics simulations

Coordinate Expansion type n N Range

R FFT 16 2048 2.8–72.0 a.u.
r FFT 7 48 1.5–3.0 a.u.
q Legendre-DVR 22 128 0–p

This journal is © The Royal Society of Chemistry 2021 Faraday Discuss.
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Fig. 2 Time-dependent expectation values of (a) q and (b) R for the computed wave-
packets on the 11A00 and 21A0 potential-energy surfaces; see Fig. 1 and Section III for details.
Standard deviations of the calculated probability densities are depicted as grey areas to
show the spread of the wavepackets.
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as (g and h) the corresponding angle-integrated kinetic energy spectra. In these
measurements the pulse energies of the UV-excitation pulses (237 nm) and the
NIR ionisation pulses were set to 4.5 mJ and 300 mJ, respectively. The S+

momentum distribution is composed of two main channels that peak at kinetic
energies of 0.22 eV and 2.53 eV. The 0.22 eV channel is assigned to ionisation of
OCS into low-energy excited states of the molecular OCS+ cation, which are known
to dissociate to form a singly charged S atom and a neutral CO fragment in its
electronic ground state.71 The 2.53 eV channel corresponds to Coulomb explosion
following double ionisation of the molecules by the NIR pulses leading to two
singly charged S+ and CO+ fragments. In addition, a weaker and broader tail
around 5 eV is observed, which is due to Coulomb explosion with a doubly, or
higher, charged COn+ (n $ 2) counterion.

Similarly, in the CO+ angle-integrated kinetic energy spectrum, Fig. 3h, three
channels are observed at kinetic energies of 0.33 eV, 2.84 eV, and 5.26 eV.
Complementary to S+, the lowest energy channel can be attributed to the ion-
isation of the OCS molecule followed by dissociation leading to a singly charged
CO+ fragment and a neutral S atom,71 whereas the two other channels can be
assigned to Coulomb explosion of the molecules by the NIR laser pulses with S+

and S2+ as counterions. Based on the intensities of the lowest kinetic-energy peaks
in the spectra in Fig. 3g and h, the dissociation of OCS+ predominantly produces
S+ ions, in agreement with previous single photon ionisation experiments.71

When the UV pulse precedes the NIR pulse a strong enhancement of the ion
signal is observed for both, S+ and CO+, fragments in the dissociative-ionisation
channel and the rst Coulomb explosion channel, i.e., the channels with one or
two overall charges in the system. This can be rationalised by the fact that the UV-
excited OCS has a much smaller ionisation energy (Ei) and can be ionised with
signicantly weaker elds/fewer NIR photons. The large increase in the signal
observed in the dissociative-ionisation channel of both fragments can a priori be
Faraday Discuss. This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Slices through 3D Abel-inverted ion-momentum distributions of S+ and CO+

fragments and corresponding angle-resolved kinetic energy spectra. (a–c and g) S+ and
(d–f and h) CO+ ion momentum distributions recorded at a UV-NIR time delay of (a and d)
s ¼ �300 fs and (b and e) s ¼ +300 fs, (c and f) their differences, and (g and h) the cor-
responding angle-integrated kinetic-energy distributions.
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assigned to UV-excitation to the 21A0 (11D) and 11A00 (11S�) states, which dissociate
quickly to form ground state CO(X1S+) and electronically excited S(1D2) frag-
ments,27,29 followed by ionisation of one of the fragments by the NIR laser pulses.
Considering that the ionisation energy of S(1D2), Ei z 9.2 eV, is much lower than
the one of CO(X1S+), Ei z 14 eV, the NIR pulse is expected to preferentially ionise
the S atom. This trend is clearly observed experimentally as the dissociative-
ionisation signal observed at positive time delays is larger in the S+ channel
than in the CO+ channel.

In principle, one might expect that the large increase of the signal in the rst
Coulomb explosion channel similarly originates from the ionisation of two co-
fragments formed following UV excitation and dissociation of the neutral mole-
cules. However, in the case of Coulomb explosion from dissociating OCS mole-
cules, we would expect the kinetic energy of the S+ and CO+ fragments to decrease
with increasing time delay, as the Coulomb repulsion energy decreases as �1/R
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss.
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when the internuclear distance R increases,72 which is not observed here, see also
Fig. 4. Instead, the large increase of the ionisation yield in the rst Coulomb
explosion channel suggests that a large number of OCS molecules remain bound
aer UV-excitation.

The ion yield observed in the highest-kinetic energy channels, due to Coulomb
explosion of an OCS system with overall three (or more) charges, is identical at
UV-NIR time delays of s ¼ �300 fs and s ¼ +300 fs. This is seen in the differences
of the momentum maps in Fig. 3c and f, where the corresponding outermost
rings for these Coulomb explosion channels are not present, and the corre-
sponding kinetic energy spectra in Fig. 3g and h, where the spectra are identical at
these high kinetic energies. This could be due to the fact that these high-kinetic
energy channels require the removal of at least three electrons, including elec-
trons from deeper orbitals than the HOMO, and, therefore, are little affected by
the initial UV-excitation of an electron from the HOMO orbital into unoccupied
orbitals of the neutral OCS.

In Fig. 4 the delay-dependent kinetic energy spectra for S+ and CO+ fragments
recorded in the delay interval s ¼ �300 to 500 fs are shown. In the following
discussion we focus on the two lower-kinetic-energy channels of both ions, i.e.,
below 3 eV, as the higher-energy channels only exhibit effects when the two pulses
overlap in time.

A large enhancement of the ion signal is observed for both ionic fragments
when the two pulses overlap in time. This increase around s ¼ 0 is attributed to
the increased efficiency of two-color multiphoton ionisation when the two laser
elds are present simultaneously. At positive time delays, the signal levels for the
Fig. 4 Time-dependent angle-integrated kinetic energy spectra of (a) S+ and (b) CO+

fragments in the time interval s ¼ �300 to 500 fs. A positive delay means the UV pulse
precedes the NIR pulse.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2021
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two lowest ion kinetic energy channels observed in both fragments remain nearly
constant and are approximately two times larger than for negative delays.

The large increase of the dissociative-ionisation signal, i.e., in the lowest-
kinetic-energy channels at positive time delays, with the major contribution in
S+, provides information on the dissociation dynamics in the UV-excited OCS
molecule. As mentioned above, the main contribution is from excitation to the
21A0 (11D) and 11A00 (11S�) states, which quickly dissociate into S and CO. This was
conrmed by the results of our wavepacket calculations, which showed that at t¼
100 fs the bond is effectively broken, see Section III. Thus, the NIR pulse will
ionise the produced neutral S or CO fragments with a preference for the S atom
due to its much lower Ei. We note that dissociation dynamics occurring within the
rst 100 fs following UV-excitation cannot be unravelled in our measurements
due to the relatively long pulse duration (�70 fs) of the 237 nm pulse.

The time dependence of the Coulomb explosion channel resulting in S+ and
CO+ with kinetic energies of 2.53 eV and 2.84 eV, respectively, cannot be explained
by NIR ionisation of neutral fragments that result from prompt dissociation of the
UV-excited OCS molecules: such a process would have given rise to a kinetic
energy spectra where the kinetic energy release decreases with pump–probe time
delay, which is not the case in the experimental data, see Fig. 4. Instead, we
tentatively assign the large observed increase of the Coulomb explosion channel
for s > 0 to the UV-excitation of bound electronically excited states, e.g., the 21A00

(11D), 23A0 (13D), and 23A00 (13S�) triplet states, that are accessible at a photon
energy of 237 nm. Due to their lower Ei, these excited OCS molecules are readily
multiply ionised by the probe IR pulse, enhancing their contribution in the
kinetic-energy spectra. A similarly increased probability for dissociative single
ionisation could also partly be responsible for the increased S+ and CO+ signals
observed in the lowest kinetic-energy channels.

In addition to the large increase of the S+ and CO+ ionisation yields, weak but
pronounced oscillations are observed at positive time delays in the dissociative-
ionisation channels of both S+ and CO+. Integrating the ionisation yields
around the lowest kinetic energy channels observed in the S+ and CO+ fragments,
i.e., at kinetic energies of 0.22 eV and 0.33 eV, yields the time-dependent ion yields
in Fig. 5. The oscillations exhibit a period of TS+ z 100 fs for S+. For the CO+

channel the oscillation period seems to be longer, but no well-dened value could
be extracted as no full period is observed within the time interval that the CO+

fragments were recorded. The observed oscillations are independent of the UV
and NIR pulse energies used, which suggests that the observed dynamics is not
due to two-photon excitations to higher excited states of neutral OCS.

The dissociation dynamics of OCS in the 11A00 and 21A0 potential energy
surfaces is known to involve large bending motion of the molecule, which results
in CO products with high rotational excitation.27,29 This rotational excitation was
also clearly observed in our wavepacket calculations, i.e., the time-dependent
expectation value of q shown in Fig. 2a. Building upon these computational
results we attempt to explain the oscillations observed in ion yields, especially the
time-dependent S+ yields using an intuitive physical picture: one would expect
that during dissociation the dipole moment of the rotating CO inuences the
instantaneous ionisation rate of the nearby S atom: the direction of the rotating
dipole with respect to the R coordinate shis the ionisation potential of the sulfur
atom, and thus its ionisation rate. To assess whether this effect is responsible for
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss.
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Fig. 5 Time-dependent S+ and CO+ yields for the delay range s ¼ �400 to 500 fs. (a and
b) S+ ions with a kinetic energy of �0.22 eV for UV and NIR pulse energies of (a) 10 mJ and
1.3 mJ and (b) 4.5 mJ and 300 mJ, respectively. The (black) experimental S+ yields are
compared to (red and green) simulations considering a modified ADK ionisation rate for
the sulfur atom due to the rotational motion of the CO fragment, see the text for details.
The insets show a magnified view of the oscillations for better visibility. (c) CO+ ions with
a kinetic energy of �0.38 eV for UV and NIR pulse energies of 10 mJ and 1.3 mJ,
respectively.
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the observed oscillations, we used a simple ADK-tunnel-ionisation model73 to
simulate the expected modulation of the S-atom ionisation rate as a function of
time under the inuence of the rotating CO dipole. For time delays s > 100 fs,
approximately the time-scale for the onset of the observed oscillations, RT 9 a.u.
and thus S can be considered to be a quasi-free atom. The ionisation signal can
then be well approximated by the strong-eld-ionisation rate of S in the eld of
the CO dipole moment. We calculated the electric potential of the CO dipole
moment at the position of the S atom as V(t) ¼ m cos q(t)/R(t) with the angle q(t) of
the rotating CO fragment at time t and the dipole moment of CO m ¼ 0.122 D. We
note that this expression only holds for R [ r, see Fig. 1 for the coordinates.
However, we also benchmarked the results against further multipole expansions
and even explicit partial charges on C and O, which did not make any difference.
For R z 10 a.u. the change in Ei is on the order of 0.1 eV. The time-dependent
ionisation rate was computed once using the time-dependent expectation
values for q(t) from our wavepacket simulations, Fig. 2a, and once by tting the
time-period for the rotational motion of CO to the experimental curves by
employing a least-squares minimisation. In both cases, the time-dependent
change of the CO–S internuclear distance R(t) was taken directly from the
Faraday Discuss. This journal is © The Royal Society of Chemistry 2021
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results of our wavepacket simulations on the 11A00 and 21A0 potential energy
surfaces, see Fig. 2b.

The results of this model are shown in Fig. 5a and b, in comparison with the
experimentally measured time-dependent S+ dissociative ionisation yields recor-
ded with (a) high and (b) low UV and NIR pulse energies. The rotational period of
T ¼ 140 fs, obtained from the quantum chemistry simulations, directly translates
into a TS+ ¼ 140 fs period in the ionisation signal and, therefore, does not match
the measured oscillations. When used as a tting parameter, a rotational period
of T¼ 97+14�8 fs is retrieved for the two intensities. This fast rotational period would
correspond to the population of rotationally excited CO fragments with J > 80,
which clearly disagrees with earlier REMPI spectra of the S photoprod-
ucts.28,29,31,32,44–46 Therefore, we conclude that the observed oscillations are not
caused by the electrostatic interaction of the highly rotationally excited CO frag-
ment with the neutral S atom along the dissociation pathway.

Instead, the fast oscillations observed in the S+ products of the UV-induced
dissociation can be explained by the population of vibrational wavepackets in
one or more electronically excited states of OCS, for which bound vibrational
states are accessible at 237 nm. REMPI spectra of the S photoproducts showed
a broad, unstructured spectrum in the major S(1D2) channel.55 This suggests that
the absorption spectrum and correspondingly the observed products are domi-
nated by excitation to the repulsive 21A0 (11D) and 11A00 (11S�) states, which lead to
prompt dissociation, see also Fig. 2. The repulsive nature of these two states along
the dissociation coordinate was conrmed by earlier calculations.47 However,
these calculations also indicated that these states have shallow local minima
supporting bound vibrational states around bending angles of q z 40�. The
profound vibrational structure observed in the low-energy tail of the absorption
spectrum of OCS, e.g., above�270 nm, was assigned to these states.55 Although in
our experiment we excite the OCS molecules to much higher energies, we cannot
fully rule out the formation of vibrational wavepackets in these 21A0 (11D) and 11A00

(11S�) states, which would predissociate through non-adiabatic coupling to the
11A0 ground state.

In addition, a strong vibrational progression superimposed on a broad
continuum was recently observed in the REMPI spectrum of the minor S(3PJ)
products following UV-excitation of OCS in its rst absorption band.55 The diffuse
vibrational structure was assigned to direct excitation to the bound 21A00 (11D) and
23A00 (13S�) metastable states. The 23A00 (13S�) triplet state can predissociate
through spin–orbit coupling to the dissociative 21A0 (11D) state, with subsequent
intersystem crossing to form S(3PJ) products. Similarly, the 21A00 (11D) state can
predissociate through rovibronic coupling to the dissociative 11A00 (11S�), with
subsequent intersystem crossing to the 23A00 (13S�) to form S(3PJ) products at
larger R. Interestingly, a weak absorption feature was observed at a UV wavelength
of 236.12 nm, i.e., in the central part of our UV pump-laser wavelength, in the
REMPI spectrum of the minor S(3PJ) product.55 This band was assigned to the C–S
stretching vibration n1 of the 21A00 (11D) state. It strongly suggests that the fast
oscillations of the S+ and CO+ products in our time-resolved measurements are
due to vibrational wavepacket dynamics in the 21A00 (11D) states, which then
predissociate to form S(3PJ) products. This UV excitation to bound states is also
corroborated by the UV-induced enhancements in the Coulomb-explosion chan-
nels discussed above.
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss.
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Further experiments and theoretical investigations are clearly needed to draw
denite conclusions on the underlying physical process leading to the observed
oscillations in the S+ signal. We are currently experimentally investigating the
OCS reaction system using laser-induced electron diffraction in the molecular
frame.23–25,61 Imaging the dynamics observed here with our previously achieved 5
pm spatial23 and sub-100 fs temporal resolution would provide a very direct
structural view on the ongoing dynamics. Alternatively, MeV ultrafast electron
diffraction with sufficient time resolution is also within reach22 and could provide
signicant information on this structurally simple model system.

Complementary theoretical studies would undoubtedly be needed as well. In
the vicinity of the Franck–Condon point, at least eight electronic states are known
to be involved in the dissociation dynamics of OCS (four singlets and four trip-
lets).49 Additional electronic states correlate to the two relevant dissociation
limits, S(1D2) and S(3PJ), which may become involved as the system dissociates.
Due to the presence of the second-main-row S atom, the spin–orbit and non-
adiabatic couplings are expected to be comparable, leading to both direct exci-
tation of the triplet manifold49 and rapid inter-system crossing and re-crossing. In
the related, simpler case of bound dynamics in SO2, the non-adiabatic and spin–
orbit coupling were found to be intertwined74 and both had to be treated to reach
an agreement with experiment.75 Furthermore, the energy surfaces, and especially
the transition dipoles in OCS are known to be highly sensitive to the treatment of
electron correlation,50 potentially requiring correlation treatment at the coupled-
cluster-triples level to achieve a satisfactory agreement with the experiment.60

Finally, at the high rotational excitation levels observed for the CO dissociation
products, the reduced-dimensionality model may become insufficient.76 Although
challenging, the multi-surface, full-dimensional description of the dissociation
dynamics of photoexcited OCS is within reach of the ab initio electronic structure
and MCTDH simulations.

V. Conclusions and outlook

The ultrafast photodissociation dynamics of OCS following UV-photoexcitation at
l¼ 237 nm was investigated by time-resolved ion-momentum spectroscopy using
a strong, time-delayed, 790 nm laser pulse. We observed a strong enhancement of
the ion yields in the S+ and CO+ fragments due to UV excitation. This is consistent
with the excitation of the molecules to the repulsive 21A0 (11D) and 11A00 (11S�)
states followed by prompt dissociation leading to S(1D) and rotationally excited
CO(X1S+) photofragments. A pronounced increase in the Coulomb explosion
ionisation rate following UV excitation of the molecules was also observed. This
was assigned to the excitation of molecules in bound electronically excited states,
most likely the 21A00 (11D) and 23A00 (13S�) states. From a time delay of 100 fs
onward fast oscillations of the S+ and CO+ yields were observed on top of a large
time-independent signal, with a well-dened period of 100 fs in the S+ signals.

Furthermore, we performed wavepacket dynamics simulations on the 21A0

(11D) and 11A00 (11S�) states, which showed direct dissociation with fast rotation
of the CO products with a 140 fs period. Using a simple electrostatic interaction
and strong-eld-ionisation model, we could rule out that this CO rotation
produces the observed oscillations. Instead, these oscillations might reect
vibrational wavepacket dynamics in the electronically excited bound 21A00 (11D)
Faraday Discuss. This journal is © The Royal Society of Chemistry 2021
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and 23A00 (13S�) metastable states, which can predissociate by spin–orbit or
rovibronic couplings to the minor dissociation channel leading to ground state
S(3PJ). This is in agreement with pronounced vibrational progressions in REMPI
spectra of the S(3PJ) products in the same excitation-energy range.55 Clearly,
additional wavepacket dynamics simulations including the different electronic
states that are known to be involved in the dissociation dynamics of OCS, as well
as their couplings, are needed to understand the mechanism responsible for the
observed fast oscillations of the S+ dissociative ion yield.

This rst time-resolved investigation of the photodissociation dynamics of
OCS clearly demonstrates the need for further advanced experimental and theo-
retical studies to elucidate the underlying physical processes responsible for the
fast oscillations observed experimentally. Time-resolved electron-ion coincidence
spectroscopy with extreme-ultraviolet laser pulses as a probe77 could provide
further information on the investigated ultrafast dissociation process. Further-
more, experimental studies providing atomically-resolved images of the structural
changes during these UV-induced dynamics could be very valuable. As a rst step
toward this goal, we have recently retrieved the structure of OCS in its equilibrium
geometry using laser-induced electron diffraction23 and time-resolved LIED
studies of the OCS photodissociation dynamics are underway to provide a rst
molecular movie of this benchmark system.
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and J. Küpper, Toward atomic resolution diffractive imaging of isolated
molecules with x-ray free-electron lasers, Faraday Discuss., 2014, 171, 393,
arXiv:1403.2553 [physics].

7 A. H. Zewail, 4D ultrafast electron diffraction, crystallography, andmicroscopy,
Annu. Rev. Phys. Chem., 2006, 57, 65–103.

8 A. A. Ischenko, P. M. Weber and R. J. D. Miller, Capturing chemistry in action
with electrons: Realization of atomically resolved reaction dynamics, Chem.
Rev., 2017, 117, 11066–11124.

9 C. I. Blaga, J. Xu, A. D. DiChiara, E. Sistrunk, K. Zhang, P. Agostini, T. A. Miller,
L. F. DiMauro and C. D. Lin, Imaging ultrafast molecular dynamics with laser-
induced electron diffraction, Nature, 2012, 483, 194–197.

10 B. Wolter, M. G. Pullen, A. T. Le, M. Baudisch, K. Doblhoff-Dier, A. Senleben,
M. Hemmer, C. D. Schroter, J. Ullrich, T. Pfeifer, R. Moshammer, S. Gräfe,
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