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ABSTRACT: The textbook mechanism for OCS photodissociation mainly
involves the CO + S or CS + O product channel via a single bond fission.
However, a third dissociation channel concerning the cleavage of both C−S
and C−O bonds yielding SO + C products, though thermodynamically
allowed, has never been verified experimentally to date. By using a tunable
vacuum ultraviolet laser light and time-sliced velocity map ion imaging
technique, we have clearly observed the SO(X3Σ−) + C(3PJ=0) products as
the vacuum ultraviolet laser photon energy gradually exceeds its
thermodynamic threshold. The corresponding SO(X3Σ−) coproducts are
highly vibrationally excited and show varying angular distributions from
isotropic to anisotropic as the excitation photon energy increases.
Theoretical analysis suggests that a fast nonadiabatic pathway plays a
dominant role in the formation of the anisotropic SO products. That
isotropic products arise as the excitation photon energies approach the thermodynamic threshold can be reasonably explained
by the “roaming mechanism”.

For a triatomic molecule ABC, it is well-known that the
photodissociation mainly produces the AB + C and A +

BC product channels via single bond fission.1 Theoretically,
however, another dissociation channel yielding AC + B
products could also play a role when the excitation photon
energy is sufficient. This type of dissociation has rarely been
observed, and its dynamics remains unclear to date. This is
because the opening of such a channel usually requires higher
excitation photon energy up to the vacuum ultraviolet (VUV)
region, and complicated nonadiabatic processes exist because a
handful of electronically excited states are involved in the VUV
region.
Carbonyl sulfide (OCS) is the most abundant sulfur-

containing compound in the Earth’s atmosphere. It is a
climate active trace-gas,2 a major precursor of stratospheric
SO2, and plays a very important role in atmospheric
chemistry.3−6 The photodissociation of OCS is a significant
sink channel and produces various radicals; therefore, OCS has
long been a benchmark system in understanding photo-
dissociation dynamics of small molecules.7,8 Over the past two
decades or so, photodissociation of OCS has been extensively
investigated particularly for the CO(1Σ+) + S(1D) channel in
the UV region, both experimentally9−14 and theoretically,15−19

with a special focus on the polarization of atomic fragments
and the photolysis of oriented molecules.20−24

As the photon energy increases up to the VUV region, the
following channels become energetically accessible:

+ → Σ +

→ Σ +

→ Σ +

+

+

−

hvOCS CO( ) S( S) (1)

CS( ) O( P/ D) (2)

SO( ) C( P) (3)

1 1

1 3 1

3 3

The single bond fission channels 1 and 2 have also been
experimentally observed25 in the VUV region26−28 and have
been well-documented as textbook examples. However,
channel 3, which requires both the C−S and C−O bonds to
be broken and a new S−O bond to be formed, is a very
interesting process and has never been verified experimentally.
To the best of our knowledge, the only example of such a
central-atom elimination process for triatomic molecules is the
O2 production in the photodissociation of CO2, which was
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reported by Ng and co-workers very recently at the photolysis
wavelengths between 101.5 and 107.2 nm.29 However, because
of the limited experimental resolution and the lack of detailed
theoretical analysis, the underlying mechanism for this new
type of photodissociation channel remains unclear.
Here we report a synergistic experimental and theoretical

study on VUV photodissociation of OCS→ SO(3Σ−) + C(3P).
The experiments were carried out using a time-sliced velocity
map ion imaging (VMI) setup with very high energy and
angular resolutions, which has been described previously30−33

and in the Supporting Information. By detecting the ion
images of C(3PJ=0) products, the SO + C channel was clearly
observed. Furthermore, a remarkable variation has been
observed in the product angular distribution as a function of
photolysis wavelength. Ab initio calculations have revealed two
possible mechanisms depending on the excitation energy,
offering a reasonable interpretation to experimental findings.
As shown on the left of Figure 1, the time-sliced ion images

of the C(3PJ=0) products were recorded at six VUV photolysis
wavelengths, i.e., 138.53, 135.84, 134.57, 129.32, 128.14, and
126.08 nm, which correspond to the excitations of the parent
OCS molecule to a series of vibrational states in the F and P

Rydberg states.34 At all six photolysis wavelengths, well-
resolved concentric rings with different intensities are clearly
observed in the experimental images, which can be directly
attributed to different vibrational states of the SO(X3Σ−)
coproducts. It is noted that these structures cannot arise from
the other C elimination process, i.e., the C + S + O channel,
because of the insufficient photolysis photon energy. The two-
photon process is not possible because of the extremely low
intensity of the VUV light.
The velocity distributions of the C(3PJ=0) products were

obtained by integrating the signal at a specific velocity over all
product angles, from which the total kinetic energy release
(TKER) distributions are derived and shown on the right of
Figure 1. According to the law of energy conservation (see the
Supporting Information), the maximum product kinetic energy
can be used to deduce the threshold energy D0 (≈8.89 eV)
(see the Supporting Information). The photon energy of the
longest photolysis wavelength, i.e., 138.53 nm (∼8.94 eV), is
right above the dissociation threshold of the SO(X3Σ−) +
C(3P) channel. This suggests that the carbon elimination
channel bears no or a quite small kinetic barrier. The internal
energy distributions of SO(X3Σ−) coproducts can be obtained
from the TKER spectra by using the law of energy
conservation. The energy combs representing the vibrational
quantum numbers v of SO(X3Σ−) products are labeled in
Figure 1. The SO(X3Σ−) products show very high vibrational
excitation with modest rotational excitation.
The angular distributions corresponding to each SO(X3Σ−)

vibrational state could be extracted from the images by
integrating the intensity over the corresponding radial range
for each vibrational peak. The results were fitted by the
following equation:

θ β θ= π [ + ]I( ) (1/4 ) 1 P (cos )2 (4)

where P2(x) is the second-order Legendre polynomial and θ is
the crossing angle between the recoil velocity of the atomic
carbon products and the polarization of the VUV photolysis
laser. The angular anisotropy value β ranges from −1 to 2,
providing information about the photodissociation rates (faster
or slower than the rotational period of the excited OCS
molecules) for the formation of specific products, as well as the
symmetry of the excited states. The vibrational state-resolved β
values at the six photolysis wavelengths are derived and shown
in Figure 2. At each wavelength, the β values show very weak
dependence on the vibrational excitation of the SO(X3Σ−)
products, suggesting that the SO(X3Σ−) products with
different vibrational excitations may follow a similar dissoci-

Figure 1. Ion images and TKER distributions (arb. units) of C(3PJ=0)
products from the photodissociation of OCS at wavelengths (a)
138.53 nm, (b) 135.84 nm, (c) 134.57 nm, (d) 129.32 nm, (e) 128.14
nm, and (f) 126.08 nm. The rings shown in the images correspond to
the vibrational state of the SO(X3Σ−) coproducts.

Figure 2. Anisotropy parameters (β values) for individual vibrational
states of SO(X3Σ−) product at six different photolysis wavelengths
between 138.53 and 126.08 nm.
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ation mechanism at a given excitation energy. Furthermore,
two distinctly different angular distributions are observed. At
the three short wavelengths, 129.32, 128.14, and 126.08 nm,
the angular distributions are obviously anisotropic, with β
values around −0.5 to −0.7, suggesting that the dissociation
must be fast. At the three longer photolysis wavelengths, the
SO(X3Σ−) products show nearly isotropic angular distribution
with β values being very close to 0, indicating that this
dissociation process should be quite slow.
To characterize the dissociation mechanisms of OCS

photolysis via these high-lying states, we have explored the
potential energy curves of electronic states up to ∼10 eV for
the first time, by means of high-level internally contracted
multireference configuration interaction (ic-MRCI) calcula-
tions35,36 (see the Supporting Information for more details).
These high-lying states, many of which were absent in previous
theoretical studies,16 possess mixed valence−Rydberg charac-
ter that are dominated by the electronic transitions from the
highest occupied molecular orbital 3π to the unoccupied
molecular/Rydberg orbitals. At the experimental photo-
excitation energies, the OCS molecule is likely to populate
on the vibrational bands of F 31Π and P 23Σ− states, as
analyzed in the Supporting Information and shown in Figure
S2. Schinke and co-workers have shown that spin-forbidden
transitions of OCS from X 11Σ+ to c 13Σ− state can take place
via strong spin−orbit couplings,16 and we also found here
sufficiently large spin−orbit-induced transition dipole moment
from X 11Σ+ to P 23Σ− states supporting the electronic
transitions to this state (see the Supporting Information).
Ng and co-workers29 recently reported the formation of the

O2 + C products via the VUV photodissociation of CO2. They
speculated a possible pathway where the excited CO2 molecule
goes through internal conversion to the ground state, followed
by formation of the cyclic CO2 complex and a collinear COO
intermediate before dissociating to O2(

3Σg
−) + C(3P). A

detailed theoretical analysis was not given in that work,
although some avoided crossings among relevant excited states
have been seen theoretically.37

Because OCS is an asymmetric molecule, we identify several
local minima on the ground state of OCS, whose energies and
geometries are given in Figure S4. In Figure 3, we have drawn
out a possible pathway from the Franck−Condon point to the
SO + C products via two bent local minima (LM1 and LM2),
representing the rotation of the O atom from one side to the
other, as a function of the linearly interpolated internal
coordinate. The density of electronic states close to 9 eV is
extremely high (see Figure S5). These states feature shallow
wells near the Franck−Condon region, which support
numerous superimposed vibrational states bearing strong
vibronic and/or spin−orbit couplings. In Figure 3, for example,
the molecule excited to the 63A″ (P 23Σ− at linearity) state
may undergo a series of internal conversions (marked by
arrows) via avoided crossings between adjacent states, quickly
relaxing to the 23A″ state before reaching LM1. Nonadiabatic
transition can further occur between 23A″ and 13A″ states near
the strong coupling region between LM1 and LM2, after which
the molecule would be able to dissociate adiabatically to the
SO(X3Σ−) + C(3P) products.
It should be emphasized that the realistic nonadiabatic

pathways could be much more complicated and span over the
three-dimensional configuration space, which cannot be
quantitatively determined without explicit quantum/classical
dynamics calculations with these high-lying coupled PESs that

are beyond the current level of theory. However, it is
interesting to note that those nonadiabatic transitions mainly
occur at those geometries with an elongated S−O bond length
compared that of the isolated SO molecule. This means that
the S−O bond is not yet formed when the C−S bond starts to
dissociate. The extra potential energy is expected to deposit in
the S−O vibration, leading to very hot vibrational distributions
of the SO product. In addition, the anisotropic angular
distribution indicates that the dissociation process must occur
relatively fast, consistent with the strong nonadiabatic
couplings. The experimentally observed SO(X) products
with large anisotropic angular β values (−0.5 to −0.7) at
wavelengths shorter than 130 nm suggest that the above
dissociation pathway may dominate the OCS photodissocia-
tion in this excitation energy range.
In contrast, the product angular distributions obtained from

photodissociation at 138.53, 135.84, and 134.5 nm are almost
isotropic, which seem to indicate a different dissociation
pathway that occurs more slowly. Recent experimental and
theoretical studies have identified a “roaming” mechanism in
photodissociation of polyatomic molecules, whose dynamical
signature includes the highly vibrationally excited and
isotropically distributed products.38−40 The excited state
roaming pathway is also possible for OCS photodissociation,
similar to that observed in NO3 photodissociation.

40 As seen in
Figure S6, we show that various CO + S channels are actually
accessible in our experiment. Interestingly, the OCS molecule
excited at these three long wavelengths is energetically quite
close to the CO(3Π) + S(3P) dissociation limit (∼9.14 eV). In
such cases, a molecule attempting to access this product
channel could have insufficient energy to dissociate. The sulfur
atom can be gradually pulled back by the long-range
interaction between the CO + S fragments, followed by a
long time of roaming and relaxation to the lower states, with
the final intramolecular abstraction of the oxygen by the sulfur
atom from the CO fragment. A schematic diagram for such a
pathway is given in Figure 4 via the a (13A′) state. In this
dissociation process, the SO product is also highly vibrationally
excited because of bond stretching in the sudden intra-
molecular abstraction process, which is hardly distinguishable

Figure 3. Potential energy curves of the ground singlet state and the
lowest 6 triplet states in A″ symmetry along the linearly interpolated
internal coordinate from the linear OCS equilibrium to SO + C
products via two bent local minima (LM1 and LM2). The dashed
arrows indicate a possible nonadiabatic pathway for photodissociation
of OCS to this channel.
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from that generated via the conventional nonadiabatic
dissociation pathway. Fortunately, the dissociation process
via the roaming mechanism is quite slow, leading to isotropic
angular distribution. This is exactly what we have observed in
experiments of OCS photodissociation at longer excitation
wavelengths. Combined parallel and perpendicular transitions
can also lead to an isotopic angular distribution. This however
requires at least two electronic states with different symmetry
(the parallel and perpendicular transitions should be reached
to excited states with different symmetry) being excited with
similar transition possibilities, and the two states have similar
coupling strengths with lower electronic states, which seems
unlikely to happen at a set of photolysis wavelengths.
Ng and co-workers29 have also speculated a roaming

mechanism in their CO2 photodissociation experiment.
However, the anisotropic angular distributions in that work
offer less unambiguous evidence for the roaming pathway. By
contrast, in our case, we propose that the roaming mechanism
may dominate at the excitation energies near the threshold of
the CO(3Π) + S(3P) dissociation channel, as seen in Figure 4.
It becomes however less important at short excitation
wavelengths (i.e., 129.32, 128.14, and 126.08 nm) via the P
state, because the molecule now has enough energy to enable
facile dissociation to the CO(3Π) + S(3P) products. The
conventional nonadiabatic pathways thus become the primary
mechanism for SO(X3Σ−) + C(3P) product formation at
higher photolysis photon energies.
To summarize, we have investigated the photodissociation

dynamics of OCS + hv → SO(X3Σ−) + C(3P) in a combined
experimental and theoretical study. The product state and
angular distributions of SO(X3Σ−) produced at six VUV
wavelengths show clear evidence of two distinct dissociation
pathways. High-level multistate ab initio calculations suggest
two possible mechanisms. One is a conventional nonadiabatic
pathway dominating at higher excitation energies, in which the
molecules follow a series of fast internal conversions from the
initial excited state to lower electronic states and then
dissociate on these low-lying states. The other is a roaming
pathway that may be dominant near the energy threshold of
the CO(3Π) + S(3P) channel, which well explains the nearly
isotropic angular distribution in this energy range. Given the
demonstrations of OCS and CO2, we believe that this central-
atom elimination channel may be more general than expected
in the photodissociation of triatomic molecules.
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