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ABSTRACT
The identification and analysis of quantum state-specific effects can significantly deepen our understanding of detailed photodissociation
dynamics. Here, we report an experimental investigation on the vibrational state-mediated photodissociation of the OCS+ cation via the
A2Π1/2 (ν1 0 ν3) states by using the velocity map ion imaging technique over the photolysis wavelength range of 263–294 nm. It was found
that the electronically excited S+ product channel S+(2Du) + CO (X1Σ+) was significantly enhanced when the ν1 and ν3 vibrational modes
were excited. Clear deviations in the branching ratios of the electronically excited S+ channel were observed when the vibrational modes ν1
and ν3 were selectively excited. The results reveal that vibrationally excited states play a vital role in influencing the nonadiabatic couplings in
the photodissociation process.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0191893

INTRODUCTION

Quantum state-specific effects are important in the study of
chemical reaction dynamics.1–4 Over the past decades, their influ-
ence over unimolecular and bimolecular reaction dynamics has
successfully been investigated through the manipulation of inter-
nal motions,5 primarily via vibrational state excitation, offering a
potential avenue for efficiently affecting reaction pathways. The
vibrational-state-mediated process has been studied in the photodis-
sociation of neutral molecules, such as HNO3,6,7 H2O2,8,9 H2O,2,10

and BuOOH.11 In particular, it is worth noting that in the work
of Vander Wal and Crim,2 four-quanta excitation in the O–H
stretching vibration of HOD resulted in the selective cleavage of

the O–H bond. Nevertheless, the excitation of multiple vibrational
modes simultaneously within a molecule with a single photon is
experimentally difficult. Regarding molecular ions, precise prepa-
ration of specific vibrationally excited states remains challenging.
The current understanding of mode-selective and state-selective
photodissociation dynamics is still lacking, especially for molecular
ions.

Carbonyl sulfide (OCS) is the predominant sulfur-containing
compound in the Earth’s atmosphere.12,13 A high-resolution pho-
toelectron spectrum of OCS shows three well-defined excited elec-
tronic states of OCS+, namely, A2Π, B2Σ+, and C2Σ+, which bear a
resemblance to those of CO2

+.14 In a study carried out by Eland in
1973,15 it was predicted that the photodissociation process of OCS+
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could be significantly influenced by vibronic coupling. In 2005,
Chang et al. conducted an experimental study on the mode-selected
predissociation of OCS+ via the B2Σ+(ν1 ν2 ν3) excited states using
the velocity map ion imaging (VMI) technique.16 Compared to the
B2Σ+ state, there exists a substantial amount of research focused on
OCS+(A2Π),15,20,31,34 which offers the possibility of a detailed under-
standing of state-mediated dynamics. The OCS+(A2Π1/2) cation
exhibits three distinct vibrational modes, and their approximate
types of modes are C–S stretch (ν1), bending (ν2), and C–O stretch
(ν3), respectively. The fundamental vibrational frequencies of these
three modes were determined to be around 802, 354, and 2028 cm−1,
respectively.14,17–20 The well-defined low-lying electronic states and
vibrational structures of OCS+ make it a suitable candidate for
the investigation of vibrational state-specific photochemistry pro-
cesses. Here, we report an experimental study on the quantum
state-specific effect in the photodissociation of the OCS+ cation.
The measurements were performed by using a double resonance
strategy, which allowed for a high-resolution investigation of a
quantum state-specific photodissociation process. During this pro-
cedure, the neutral molecule was first laser-ionized using resonance-
enhanced multi-photon ionization (REMPI). After a short delay,
the prepared cations were excited to a specific excited vibronic
state, resulting in the production of fragments. Various success-
ful investigations16,21–30 on molecular cations have been conducted
utilizing this method.

Over the past decades, experimental and theoretical studies
have been focusing on two nonadiabatic photodissociation channels
via the A2Π state, which are the S+(4Su) + CO(X1Σ+) and S+(2Du)
+CO(X1Σ+) channels. Chen et al.31 calculated the dissociation ener-
gies (De) of the product channels, S+(4S) + CO and S+(2D) + CO,
at the CASPT2/ANO-L//CASSCF/ANO-S (2.01 and 3.92 eV) and
CASPT2/ANO-S//CASSCF/ANO-S (1.52 and 3.71 eV) levels of the-
ory. The dissociation limits were experimentally measured to be
2.31 eV [S+(4S) + CO channel] and 4.15 eV [S+(2D) + CO chan-
nel] using photoelectron–photoion coincidence spectroscopy.15 As
proposed, the S+(4Su) + CO(X1Σ+) dissociation channel correlated
with the 14Σ− repulsive state.15 The predissociation via the A2Π state
could take place in two ways: either through direct coupling from the
A2Π state to the 14Σ− state or through internal conversion (IC) to
the ground electronic state (X1Σ+) of the molecular ions, followed
by coupling to the 14Σ− state. Wu et al.32 suggested that a curve
crossing between the A2Π and 14Σ− surfaces was involved in the
dissociation of OCS+, leading to the S+(4Su) + CO (X1Σ+) chan-
nel. However, Hubin-Franskin et al.33 proposed that the A2Π state
should undergo decay to the X2Π state, which is subsequently fol-
lowed by predissociation to the lowest limit. Hirst34 also suggested
that the primary dissociation mechanism is unlikely to be spin–orbit
coupling between the A2Π and 14Σ− states. As for the second dis-
sociation channel S+(2Du) + CO(X1Σ+) via the A2Π state, previous
studies have also presented two potential routes. In 1969, Judge and
Ogawa35 examined the likelihood of the predissociation of OCS+ via
the A2Π state into the second limit being correlated with the 2Σ−
and 2Δ states. Chen et al.31 calculated the relative energies corre-
sponding to the minimum positions along the intersection seams of
A2Π-2Σ− and A2Π-2Δ. Hubin-Franskin et al.33 proposed an alter-
native pathway involving IC from the A2Π state to the X2Π state,
followed by adiabatic unimolecular decomposition, as inferred from
their utilization of threshold photoelectron–photoion coincidence

spectroscopy in conjunction with ab initio calculations. Hirst34 has
suggested that the significance of spin–orbit coupling between the
A2Π and 2Σ−/2Δ states is minor due to the fact the dominant con-
figuration for the A2Π state within the potential well exhibits a
deviation of more than two spin-orbital points from the dissociative
states.

Previous studies15 have revealed that vibronic coupling plays a
significant role, and that vibrational excitation in the final state is a
crucial determinant in controlling the predissociation rate of OCS+

in the A2Π state. To obtain more detailed dynamic information
about the state-specific photodissociation behavior, high-resolution
experimental studies on the photodissociation of OCS+ via well-
defined A2Π (ν1 ν2 ν3) excited states are essential. The time-sliced
VMI technique is a widely utilized detection method that enables
high-resolution detection of the speed and angular distribution of
products. The time-sliced VMI ion optics, originally designed by Lin
et al.,36 served as the foundational framework for our ion imaging
system and has been employed in the investigation of the photodis-
sociation dynamics of a variety of neutral molecules, including the
N2O and OCS molecules.37–43

In this study, we investigate OCS+ photodissociation using
VMI techniques via five well-prepared vibrational levels of the
A2Πu, 1/2 (ν1 ν2 ν3) states in the UV region. High-resolution images
of the S+ fragments were acquired. The kinetic energy distribu-
tions, branching ratios, and angular distributions of the S+(4Su)
+ CO(X1Σ+) and S+(2Du) + CO(X1Σ+) dissociation channels were
determined. The results revealed that the branching ratios of S+(4Su)
and S+(2Du) products presented significant vibrational state-specific
behavior, which was shown to be sensitive to the excitation of vibra-
tional states of OCS+ in the A2Π state. A notable deviation in the
branching ratios of the S+(2Du) + CO (X1Σ+) channel was observed
when the vibrational modes ν1 and ν3 were selectively excited. The
results reveal that vibrational excitation plays a key role in the
dissociation process.

EXPERIMENTAL METHOD

The photodissociation experiments were carried out using
a time-sliced VMI apparatus, and the details of the experiment
have been described previously.44 The apparatus consists of one
source chamber and one detection chamber. These two differentially
pumped vacuum chambers were evacuated by using turbomolecu-
lar pumps with pumping speeds of 1600 and 700 l/s, respectively.
The typical operating pressures in the source chamber and the detec-
tion chamber were 1 × 10−5–2 × 10−5 and 1 × 10−7–5 × 10−7 mbar,
respectively.

A gas mixture containing 10% OCS in Ar was supersonically
expanded by a pulsed valve (general valve, Parker Series 9) with a
1 mm orifice to form the OCS molecular beam. The pulsed valve
operated at a repetition rate of 20 Hz, and the stagnation pressure
behind the nozzle was 1 bar. The OCS molecule beam was skimmed
and collimated by a conical skimmer with a 1.5 mm orifice before
intersecting the photoionization laser inside the ion optics.

After passing through a 2 mm hole on the first repeller plate
of the ion optics, OCS underwent two processes of ionization and
photodissociation in the reaction center that is located between the
second and third plates of the ion optics. By fixing the ionization
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laser at 419.86 nm, the (3 + 1) resonance-enhanced multi-photon
ionization (REMPI) scheme could be achieved,

OCS(X1Σ+ ) 3hvÐÐ→ OCS(G1Π(0 0 0))
hvÐ→ OCS + (X2Π1/2(0 0 0)) + e − .

The ionization laser with a power of about 3.0 mJ/pulse was
provided by a pulsed dye laser (Sirah, Cobra Stretch) pumped by an
Nd:YAG laser (Continuum, Powerlite 9020), which was focused per-
pendicularly on the molecular beam of OCS by a quartz lens with
f = 200 mm. The repetition rate of the laser system is 20 Hz. To
eliminate the possible influence of ionization laser polarization on
the spatial distribution of photoproducts, the ionization laser used
in our experiment is circularly polarized.

After a short delay, the OCS+ beam was photodissociated by
another counter-propagated laser whose wavelength was scanned in
the range of 263–294 nm. We obtained a series of resonance peaks
shown in the photofragment excitation spectrum (PHOFEX). Based
on the known vibrational frequencies, all spectral features can be
assigned to the A2Π1/2 (ν1 ν2 ν3)←X2Π (0 0 0) vibronic transition of
the OCS+ cations, which were consistent with the PHOFEX spectra
reported by Weinkauf and Boesl.19

The photolysis laser with a power of 1 mJ/pulse was produced
by doubling the output of a second dye laser (Sirah, Cobra Stretch),
which was pumped by another Nd:YAG laser (Beamtech, SGR-
20). The photolysis laser was focused by a fused quartz lens with
f = 300 mm. The polarization of photodissociation is parallel to the
plate of the detector. Two dye lasers overlap spatially in the reaction
region but with a temporal separation of about 40 ns to ensure the
ionization prior to photodissociation in the time scale.

The OCS+ cations were dissociated into the S+ + CO fragment
pair when the wavelengths of the photolysis laser were fixed at each
of the five resonance peaks in the PHOFEX spectra. Finally, under
the rejection of the electric field, the product ions S+ were accel-
erated to reach a dual microchannel plate (MCP) detector with a
75 mm diameter. The two MCP plates were held at 800 and 1200 V,
respectively. When the electron arrived at the MCP, a fast high-
voltage pulse (400 V, 30 ns duration) was applied to the second
MCP plate to gate the MCP for mass selection and time slicing of the
ion packet. Multiplier electrons are produced to strike the phosphor
screen (P43) that is coupled with MCPs. The P43 phosphor was held
at 4500 V higher than the second MCP plate. As a result, the images
produced from the P43 phosphor were recorded by a CCD device
(LaVision, Imager pro plus 2M), followed by event counting data
analysis. All the timings in this work were controlled by two digital
delay generators (Stanford Research System, DG 645).

RESULT AND DISCUSSION

Figure 1 shows the VMI images of the S+ products taken at
five wavelengths: 294.26, 287.44, 280.91, 277.95, and 263.57 nm,
respectively, based on the PHOFEX spectra of OCS+ and the cor-
responding assignment of the A2Π1/2(ν1 ν2 ν3) ← X2Π1/2(0 0 0)
transition reported by Weinkauf and Boesl.19 These wavelengths
correspond to the resonant excitations of the ground vibrational
state of OCS+ in the X2Π state to different vibrational levels of
A2Πu, 1/2 (ν1 ν2 ν3): (1 0 1), (2 0 1), (3 0 1), (1 0 2), and (1 0 3),

FIG. 1. Experimental images of the S+(4Su)/S+(2Du) products resulting from the
photodissociation of OCS+ via (a) the A2Πu, 1/2 (1 0 1) level at 294.26 nm, (b) the
A2Πu, 1/2 (2 0 1) level at 287.44 nm, (c) the A2Πu, 1/2 (3 0 1) level at 280.91 nm,
(d) the A2Πu, 1/2 (1 0 2) level at 277.95 nm, and (e) the A2Πu, 1/2 (1 0 3) level at
263.57 nm, respectively. The double arrow indicates the polarization direction of
the dissociation laser. The rings in the images correspond to the rovibrational state
of the coincident CO products.

respectively. In the following text, the electronic state A2Πu, 1/2
(ν1 ν2 ν3) will be abbreviated as A (ν1 ν2 ν3). The red vertical arrow
indicates the polarization direction of the photolysis laser. The pre-
sented images exhibit well-resolved rings with varying brightness,
which directly correspond to the two-dimensional recoil velocities
of the S+ products in the center-of-mass (CM) velocity frame. At
all photolysis wavelengths, two dissociation channels, specifically,
S+(4Su) + CO(X1Σ+) and S+(2Du) + CO(X1Σ+) were clearly iden-
tified as two bands in the images, as shown in Fig. 1. As denoted
by the yellow arrows, the inner rings with lower kinetic energies
correspond to the S+(2Du) + CO(X1Σ+) channel, while the outer
rings are associated with the S+(4Su) + CO(X1Σ+) channel. More-
over, the resolved rings observed on each band correspond to the
rovibrational structures of the coincidental CO fragments.

In the case of the A (1 0 1) excited state, the image exhibited
distinct dim inner rings and bright outer rings, indicating that the
predominant products formed are S+(4Su). A higher abundance of
the S+(2Du) products was detected in the images of the A (1 0 3)
and A (3 0 1) excited states compared to the S+(4Su) products. For
other excited states, direct identification of the ratios between the
S+(4Su) and S+(2Du) channels from the images is not feasible. Fur-
ther quantitative information regarding this topic will be explored in
the subsequent sections (vide infra). Regarding the angular distribu-
tion of the fragments, with the exception of A (1 0 1), the products
S+(4Su) for all other A (ν1 ν2 ν3) excited states are mainly distributed
along the polarization direction of the photolysis laser. Each ring of
the S+(2Du) products displayed a distinct spatial distribution with
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FIG. 2. Total kinetic energy release (TKER) distribution for the CO(X1Σ+) + S+(4Su) and CO(X1Σ+) + S+(2Du) channels from the photodissociation of OCS+ via (a) the
A2Πu, 1/2 (1 0 1) level, (b) the A2Πu, 1/2 (2 0 1) level, (c) the A2Πu, 1/2 (3 0 1) level, (d) the A2Πu, 1/2 (1 0 2) level, and (e) the A2Πu, 1/2 (1 0 3) level, respectively. Assignment
combs marked on the top of each panel correspond to the rovibrational energy levels of the co-fragment CO.

anisotropic features in characters. Both the velocity distribution and
the spatial distribution of S+(4Su)/S+(2Du) displayed a vibrational
state dependence.

The total kinetic energy release (TKER) spectra of the photodis-
sociation processes derived from the images are shown in Fig. 2.
The TKER of the S+ and CO products can be characterized using
Eq. (1). Additionally, the TKER spectra display the partially resolved
rotational features of CO, and the rovibrational distribution of CO
(X1Σ+) co-fragments can be assigned based on the law of energy
conservation,

TKER = Ehv −D0(S+ − CO) − Evib(CO) − Erot(CO) − Eint(S+ ),
(1)

where Ehν is the photon energy of the photolysis laser and
D0(S+-CO) is the bond energy of S–C in parent OCS+ cations on
the ground state. In addition, D0(S+–CO) was determined to be
2.296 eV based on the onset position of the S+(2D) + CO (X1Σ+)
channel denoted by the blue arrows shown in Fig. 2, in combina-
tion with the energy separation (1.8415 eV) between the S+(2D) and

S+(4S) states; Evib(CO) and Erot(CO) are the vibrational and rota-
tional energies of CO(X1Σ+) fragments; and Eint(S+) is the energy
difference between the S+ products and the ground state S+(4Su).

Based on the TKER spectra shown in Fig. 2, it appears that a
significant portion of the available energy is carried away by internal
excitation of the fragments CO and S+. For the A (1 0 1), A (2 0 1), A
(3 0 1), A (1 0 2), and A (1 0 3) predissociation states, 69%, 81%, 93%,
73%, and 90% of the available energy were deposited into the internal
energy of products, respectively. The experimental results indicate
that the CO products from the S+(4Su) + CO(X1Σ+) channel exhibit
a high degree of rotational excitation. Additionally, it was observed
that the vibrational state distributions of CO(X1Σ+) are modified
by the C–S stretching vibrational mode (ν1) of OCS+(A2Π). As an
example, the internal energy distribution of CO(X) via the A (1 0 1)
predissociative state is predominantly distributed at v = 0, 1. How-
ever, via A (2 0 1), the resulting CO(X) products can mainly be
assigned to v = 0, 1, 2. The rotational assignments of the CO(X)
products come from the observable spacings between successive
maxima in the TKER spectra and are a reference to the superposed
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TABLE I. The average β values of S+ ions for two product channels via five different
vibrationally mediated states.

Assignment

The average β value of S+

S+(4Su) + CO(X1∑+) S+(2Du) + CO(X1∑+)

A2Πu, 1/2(1 0 1) −0.16 0.42
A2Πu, 1/2(2 0 1) 0.55 0.57
A2Πu, 1/2(3 0 1) 0.52 0.50
A2Πu, 1/2(1 0 2) 0.65 0.53
A2Πu, 1/2(1 0 3) 0.65 0.42

combs. A similar phenomenon has been observed by Chang et al.16

and Hubin-Franskin et al.33 Hubin-Franskin et al. have provided
a qualitative interpretation suggesting that the outer crossing point
associated with the C–S motion tends to approach the crossing point
more closely as the level of CO vibrational excitation is increased.
However, the interpretation of the branching ratio for the v = 1/v =
2 products remains challenging, primarily because of the substantial
overlap observed in the rovibrational features. As for the S+(2Du)
+ CO (X1Σ+) channel, it is straightforward to assign the internal
energy distribution of CO (X1Σ+, v, j). The CO (X1Σ+) products also
exhibited a high level of rotational excitation.

The anisotropy parameter (β value) of an angular distribu-
tion was determined by fitting the data with Eq. (2). The intensity
was integrated over the radial range for each channel from the
experimental images,

I(θ) = (1 /4π)(1 + βP2( cos θ)), (2)

where P2 is the second-order Legendre polynomial and θ is the angle
between the polarization vector of the photolysis laser and the recoil
velocity vector of the S+ products. The β value ranges from −1 to 2,
providing insights into both the photodissociation dynamics and the
symmetry of the excited states. The average β values for two prod-
uct channels at five wavelengths are presented in Table I. The results
show that the β values range from −0.16 to 0.65, and with the excep-
tion of the S+(4Su) channel from the A (1 0 1) predissociation state,
the β values are all around 0.5, exhibiting the characteristics of paral-
lel photodissociation. The negative β value observed for the S+(4Su)
product via the A (1 0 1) state suggests that the out-plane component
of the transition dipole may be responsible for the perpendicular
transition. An in-depth justification of the negative β value requires
intricate calculations that are beyond the scope of this particular
study.

In contrast to laser state-specific resonant ionization for detect-
ing neutral products, the detection of S+ ions with the VMI method
allows for simultaneous coverage of all quantum states of the S+

ion and the CO co-product. This comprehensive approach pro-
vides a robust way for accurately determining the branching ratios
for different dissociation channels. The plot in Fig. 3 illustrates the
dependence of the branching ratios of the S+(2Du) + CO(X1Σ+)
product channel on the vibrational excitation energy of A2Πu, 1/2
(ν1 ν2 ν3) relative to A2Πu, 1/2 (0 0 0) acquired by integrating
the TKER spectra shown in Fig. 2. The total fraction of the two
channels is normalized, and only the fraction pertaining to the

FIG. 3. The 2D plots show branching ratios of the S+(2Du) product for the S+(2Du)
+ CO (X1Σ+) dissociation channel via five different vibrational intermediate states
of OCS+. The experimental images via five different vibrational intermediate states
of OCS+ are also included; the concentric rings represent different S product
channels. The double arrow denotes the polarization direction of the photolysis
laser.

S+(2Du) + CO(X1Σ+) channel is shown in Fig. 3. Basically, as the
energy of the photon exceeds the threshold of the second disso-
ciation channel, an increasing fraction of the resultant products is
usually observed as the excitation energy increases. This regular pat-
tern is consistent with the tendency shown in Fig. 3 that the fraction
of the S+(2Du) + CO(X1Σ+) channel increases in a similar way for A
(ν1 0 1) and A (1 0 ν3) predissociation states with an increase in the
vibrational energy or excitation energy.

Interestingly, differences in the branching ratio behaviors are
also noticed between the excitation of the two different modes. The
excitation of the ν1 vibrational mode of the A2Πu, 1/2 state leads to
a more pronounced enhancement in the formation of the electron-
ically excited product channel CO(X1Σ+) + S+(2Du) compared to
the excitation of the ν3 mode. The manifestation of this interme-
diate state-dependent photodissociation behavior can be elucidated
through two specific aspects: the vibrational quantum number and
the total vibrational energy of the excited state. In terms of the vibra-
tional quantum number, the S+(2Du) + CO(X1Σ+) channel exhibits
branching ratios of 9% and 57% for the A (1 0 2) and A (1 0 3) excited
states, respectively. In comparison, the values are 15% and 70% for
the excitation of two [A (2 0 1) state] and three [A (3 0 1) state]
quanta of the ν1 mode, respectively. From the perspective of the total
vibrational energy, it is noteworthy that the A (3 0 1) predissocia-
tion state has a lower total vibrational energy (4449 cm−1) compared
to the A (1 0 2) state (4827 cm−1). However, the proportion of the
excited dissociation channel S+(2Du)+CO(X1Σ+) resulting from the
A (3 0 1) intermediate state is more than sevenfold larger than that
for the A (1 0 2) state. The present study observed a vibrational state-
specific photodissociation behavior wherein the promotion of the
formation of the electronically excited S+(2Du) + CO(X1Σ+) chan-
nel, which has a higher dissociation threshold, is more pronounced
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FIG. 4. Schematic of potential-energy curves along the C–S coordinate (adapted from Ref. 34). The red solid line and the purple solid line represent the ground electronic
state X2Π and the first excited electronic state A2Π, respectively. The blue dotted line, the green dotted line, and the dark blue dotted line represent the repulsive states
14Σ−, 2Σ−, and 2Δ, respectively.

when the vibrational mode with a lower frequency is excited, as
opposed to when the vibrational mode with a higher frequency is
excited. An interesting question is forthcoming: how does the state-
selective excitation of the A2Πu, 1/2 state in the photolysis process
affect the branching ratios of the two product channels?

Prior to elucidating the underlying mechanism of the observed
disparity in the product branching ratios between the ν1 and ν3
excitations, it is imperative to delve into the intricacies of the
S-loss photodissociation channel of OCS+ via the A2Π state.
Figure 4, adapted from Ref. 34, shows a schematic of the poten-
tial energy curves for five low-lying states of OCS+ (namely, X2Π,
A2Π, 14Σ−, 2Σ−, and 2Δ, respectively) and the S-loss dissociation
reactions along the C–S coordinate. As shown in Fig. 4, the S+(4Su)
+CO(X1Σ+) dissociation channel is adiabatically correlated with the
repulsive state of 14Σ−. Hubin-Franskin et al.33 have suggested that
the coupling between the A2Π and 14Σ− states is expected to be rela-
tively weak. Alternatively, they proposed that an internal conversion
to the X2Π state, followed by a crossing to the 14Σ− state, is more
likely to occur, ultimately leading to the lowest dissociation limit
S+(4Su) + CO (X1Σ+). Additionally, in 2006, Hirst.34 have calculated
the low-lying states of OCS+ by using the multi-reference config-
uration interaction (MRCI) method. Their findings suggested that
the coupling between the X2Π state and the repulsive 14Σ− state is
more probable. Their calculated results indicated that the X2Π state
intersects with the 14Σ− surfaces at an RC–S distance of ∼2.3 Å.

The second dissociation channel of S+(2Du) + CO(X1Σ+)
is adiabatically correlated with the X2Π, 2Σ−, and 2Δ states.
Two potential pathways have been proposed for this dissociation
channel.15,31,33,34,45 The first pathway involves internal conversion
from the A2Π state to the high vibrational levels of the X2Π state,
followed by adiabatic unimolecular decomposition. The other path-
way entails direct spin–orbit coupling between the A2Π and the
repulsive 2Σ−/2Δ states. Hirst.34 have pointed out that the signifi-
cance of spin–orbit coupling between the A2Π and 2Σ−/2Δ states was

minor because the dominant configuration for the A2Π state within
the potential well exhibits quite a large deviation from the dissocia-
tive states. Chen et al.31 have calculated the relative energy values
for the minimum points along the A2Π-2Σ− and A2Π-2Δ intersec-
tion seams as 5.21 and 5.35 eV, respectively. The energies of both
the intersection points fall outside the experimental photon energy
range in this study. It is important to note that in their analysis, the
OCS+ ion maintained a linear configuration with C∞v symmetry,
which may lead to overestimated energy values. Therefore, it is hard
to rule out the pathway involving the coupling between A2Π and
2Σ−/2Δ. Furthermore, it was observed that the intersection points of
A2Π-2Σ− and A2Π-2Δ states were at an RC–S distance of about 1.876
and 1.893 Å, respectively.31 Notably, both of these values exceed the
RC–S distance (∼1.795 Å) of the crossing point between the A2Π and
14Σ− states.

As shown in Fig. 3, for both A (ν1 0 1) and A (1 0 ν3) pre-
dissociation states, it can be observed that the branching ratio of
the electronically excited S+ channel S+(2Du) + CO(X1Σ+) exhibits
an upward trend as the vibrational energy increases. The observed
behavior can be understood by considering the progressive domi-
nance of the S+(2Du) + CO(X1Σ+) channel as additional rovibra-
tional levels become accessible in accordance to an increase in the
total available energy. Nevertheless, as previously illustrated, while
possessing a lower overall vibrational energy, the ν1 excitation is
more favorable compared to the ν3 excitation in the context of
generating the higher energy channel S+(2Du) + CO(X1Σ+). Here,
we propose a potential mechanism to explain the observed mode-
dependent behavior in the photodissociation dynamics. First, as
the vibrational energy increases, there is an enhanced interaction
between the A2Π and higher electronically excited states, namely,
14Σ−, 2Σ−, and 2Δ. This heightened coupling has the potential to
lead to an increase in the proportion of the A2Π → 2Σ−/2Δ/14Σ−
→ fragments pathway. The excitation of the ν1 mode is found to
be more favorable for inducing the stretching vibration of the C–S

J. Chem. Phys. 160, 084301 (2024); doi: 10.1063/5.0191893 160, 084301-6

Published under an exclusive license by AIP Publishing

 22 April 2024 08:50:27

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

bond,46 hence promoting the elongation of the C–S bond. Further-
more, the RC–S distances for the intersection points of A2Π-2Σ−/-2Δ
have substantially greater values, specifically, 1.876 and 1.893 Å, in
comparison to the A2Π-14Σ− intersection point of around 1.795 Å.
Consequently, the excitation of the ν1 mode is more effective in pro-
moting the coupling between A2Π and 2Σ−/2Δ, thereby leading to
the generation of S+(2Du) + CO(X1Σ+).

CONCLUSION

In summary, the photodissociation dynamics of OCS+ via the
A2Π1/2 (ν1 0 ν3) excited states were studied using velocity map ion
imaging techniques within the wavelength range of 263–294 nm.
High-resolution ion images were recorded for two dissociation
channels (I) S+(4Su) +CO(X1Σ+) and (II) S+(2Du) +CO(X1Σ+). Sig-
nificant effects of excited vibrational modes in intermediate states
on the relative population of two photodissociation channels were
discovered. The experimental findings indicate a notable deviation
for the formation of the electronically excited S+ channel S+(2Du)
+ CO(X1Σ+) when the vibrational modes ν1 and ν3 were selec-
tively excited. The state-specific effect arising from the excitation
of ν1 was found to promote a greater degree of coupling between
A2Π and repulsive states 2Σ−/2Δ, compared to the excitation of ν3.
This study yields valuable insights into the mode and the state-
dependent behavior of the dissociation dynamics of ions through
multiple vibrationally excited states.
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