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Experimental methods  

The experiments were carried out using a time-sliced velocity map ion imaging 

(VMI) experimental setup which has been described in detail previously 1 - 4 . The 

experimental schematic diagram is shown in Figure S1 which contains the molecular 

beam, laser and detection system. Briefly, a pulsed supersonic molecular beam of 5% 

OCS seeded in Ar was expanded into the source chamber by a pulsed valve (General 

valve, Parker Series 9) with a 1 mm orifice traveling along the central axis of the VMI 

apparatus. The pulsed valve worked at 20 Hz at a backing pressure of 1 bar. The 

resulting OCS molecular beam was collimated by a 1.5 mm skimmer before entering 

the detection chamber. The pulsed and skimmed molecular beam was passed through a 

2 mm hole in the first electrode plate of the ion optics and was intersected vertically by 

the photolysis and probe laser beams between the second and the third electrode plates 

of the ion optics.  

 

Figure S1. Scheme of the experimental setup. 

 

Two VUV laser beams were employed in this experiment, one for dissociating the 
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OCS molecules and the other for ionizing the atomic carbon products. As shown in 

Figure S1, a 212.55 nm (ω1) laser beam with a typical power of ~ 1.5 mJ/pulse was 

generated by frequency doubling the fundamental output from dye laser 1 (Sirah Cobra-

Stretch). A second tunable visible light (ω2) with a typical energy of ~ 4 mJ/pulse was 

provided by dye laser 2 (Sirah Cobra-Stretch). Both dye lasers were pumped by the 

Nd:YAG Laser 1 (Continuum Powerlite 9020). The two laser beams were spatially and 

temporally overlapped and focused into a stainless steel cell  filled with Kr by using a 

30 cm focal length lens. The pressure of Kr was 5~15 Torr in the cell and was adjusted 

to obtain an optimized signal at different VUV wavelengths. The generated VUV (2ω 1-

ω2) radiation and the residual incident laser light were collimated by an MgF2 lens and 

entered the detection chamber. This VUV laser radiation was employed as photolysis 

laser beam, and its polarization direction was parallel to the detector plane.  

The state selective ionization of C(3PJ=0) products was realized by a VUV (1+1′) 

resonance-enhanced multiphoton ionization (REMPI) scheme via the intermediate state 

C*[2s22p4s(3PJ)].5 A third dye laser (Sirah Cobra-Stretch) output (ω3) with a typical 

energy of ~ 4 mJ/pulse was generated with the pump of a second Nd: YAG laser 

(Continuum Powerlite 9020), and was used for producing the detection VUV laser 

beam (2ω1-ω3) in the same gas cell as the photolysis VUV radiation. The wavelength 

of ω3 was set to be 626.4 nm. The residual UV and visible lights (ω1, ω2 and ω3) served 

as the second photon to ionize the C atom products. The polarization of the detection 

laser was perpendicular to the plane of the imaging detector. Doppler scanning of ω3 

was performed for the C(3PJ=0) fragments to realize the equal detection efficiency of 
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products with different velocities.  

After being accelerated by the ion optics and passing through a 650-mm long time-

of-flight tube, the atomic carbon ions were detected by a pair of 70 mm-diameter 

chevron double micro-channel plates (MCP) coupled with a P43 phosphor screen using 

the time-sliced VMI method. The transient images on the phosphor screen were 

recorded by a charge-coupled device (CCD) camera (Imager pro plus 2M, LaVision). 

A 30 ns gate pulse voltage was applied to the MCP to acquire the time sliced images. 

The timing of pulsed molecular beam, firing of photolysis and probe lasers, and detector 

gate pulse was controlled by two delay generators (DG 645, Stanford Research System). 

law of energy conservation in photodissociation 

The total kinetic energy release (TKER) distributions can be described by the following 

equation: 

E (TKER) = Ehv - D0 - Eint (SO) - Eint (C)      

where Ehv is the photon energy, D0 is the threshold energy of the SO(X 3Σ-) + C(3PJ=0) 

channel, Eint (SO) is the internal energy of SO(X 3Σ-) products, and Eint (C) is the internal 

energy of C products determined by excitation of its electronic state.  

 

Computational Details 

All electronic structure calculations were performed with the MOLPRO suite of 

programs.6 The potential energies were calculated by the internally contracted multi 

reference configuration interaction (ic-MRCI) method 7 , 8  based on state averaged 

complete active space self-consistent field (SA-CASSCF) wavefunctions.9,10 Davidson 
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correction (+Q) was applied to approximately account for contributions of higher 

excitations and improve the size-consistency. 11  Because valance and Rydberg 

characters are strongly mixed in these high-lying states above ~8 eV or so, we have to 

use a very large active space that includes multiple virtual orbitals and diffuse functions 

in the basis set.  

Specifically, the cc-pVTZ-F12 basis set of Peterson and co-workers12 plus extra 

3s1p3d diffuse orbitals was employed. The electronic configuration of ground state 

OCS (X 1Σ+) at equilibrium geometry can be represented as follows,13 

                   
14 2 2 2 2 4 4 0 0 0

6 7 8 9 2 3 4 10 11 ...core           

For describing low-lying electronic states, an active space including orbitals from 6  

to 11   yielding 16 electrons in 12 active orbitals is sufficient, as applied in the 

previous works.14,15 However, it is found here that the inclusion of more unoccupied 

orbitals in the active space is essential to locate the correct states with dominant 

Rydberg features in the energy range of 8-10 eV. Otherwise, some energy levels are 

missing. As a result, the active space is selected so as to describe the SO + C dissociation 

channel, 

               
4 0 0 0 0 0 0 0

3 4 10 5 11 12 13 1        
  , 

with 4 electrons in 11 orbitals to account for those dominant transitions from 3π to 

unoccupied valence and Rydberg orbitals. Note that more inner    and    orbitals 

have to be closed to make the computations feasible. When we compute the CO + S 

and CS + O channels, however, the inner 9  orbital has to be included in the active 

space, without which the CO(3Π) + S (3P) products are absent. The active space is 
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alternatively chosen as,   

               
2 4 0 0 0 0 0 0

9 3 4 10 5 11 12 13        
 

.  

To calculate vertical excitation energies, CASSCF wavefunctions were averaged 

over the six lowest 1A1, 1B1, 1B2, and 1A2 states in C2v symmetry, corresponding to the 

Abelian point group imposed in MOLPRO to describe the linear OCS belonging to C∞v 

symmetry. While in Cs symmetry, the state-averaged CASSCF orbitals were averaged 

over twelve Aꞌ and twelve Aꞌꞌ states. The transition dipole moments of the ground single 

state to excited triplet states were calculated by including spin-orbit (SO) interaction in 

the Breit-Pauli representation16 as implemented in MOLPRO. The SO interaction splits 

each zero-order triplet state into three components with quantum numbers ms = 0 and 

1  , which mixes the triplet and singlet states with the same electronic angular 

momentum thus making transitions allowed. The sum over the three TDMs of the 

individual SO states for each triplet state was considered as,

 
1/2

2 2 2

, ,y ,zs s s

s

m x m m

m

      . In what follows all energies are scaled with respect to 

the minimum of the electronic ground state. 

 

Additional theoretical results 

Figure S2 displays relevant molecular orbitals that contribute to the electronic 

transitions of high-lying electronic states. The character of each orbital at the 

equilibrium geometry has been analyzed as follows, 

9 : CS  bonding orbital, with a minor contribution of CO   bonding orbital, 

3 : CS  bonding orbital and the 2p orbital on O, 
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4 : 
*

CO  antibonding orbital with the 3p orbital on S, 

10 : 4s  Rydberg orbital mainly consisting of 4s orbital on S, 

5  : 4p   Rydberg orbital with contributions from isolated 4px/py orbital on S and 

3px/py orbital on O,  

11 : 
*

CS  antibonding orbital, with a minor contribution of CO   bonding orbital, 

12 : a mix of 4s  Rydberg orbital with 
*

CS  and 
*

CO  antibonding orbitals, 

13 : 4p  Rydberg orbital constructed from 4pz orbital on S and 3pz orbital on O,  

1 : 3d  Rydberg orbital originated from 3d orbital on S. 

 

Figure S2. Relevant molecular orbitals that contribute to the electronic transitions of high-lying 

electronic states. 

 

Table S1 summarizes our calculated vertical excitation energies (Ev) of various 
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singlet and triplet states up to 10 eV, compared with previous theoretical14, 17  and 

experimental13, 18 - 24  results. Spectroscopic assignments and features of the upper 

electronic states of OCS accessed in the present experiment (9~10 eV) have been 

hitherto controversial and rather unclear, due presumably to the quite complicated 

structures in the absorption spectrum and the lack of accurate ab initio calculations. In 

comparison to previous calculations,14,17,25  a key difference here is that we include 

those Rydberg orbitals so that the Rydberg and mixed valence/Rydberg states in the 

energy range of interest can be captured. Given the incomplete information in various 

experiments, it should be noted in Table S1 that these experimental values lower than 

21Σ+ state (~8.2 eV) are taken from the peak positions in the absorption spectra where 

they can be clearly identified, while those higher ones correspond to the reported 000 

bands of high-lying excited states. As a result, the calculated vertical excitation energies 

would not exactly correlate with the experimental absorption peaks due to the 

differences of equilibrium geometries and zero point energies between the ground and 

excited states, and the comparison is just used to assist the theoretical assignments. 
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Table S1 Calculated vertical excitation energies (in eV) of OCS compared to previous theoretical and experimental data. The energies are 

calculated in C2v symmetry implemented in MOLPRO which only accepts an Abelian group. The lines in Bold correspond to the upper states that 

are directly probed at the experimental excitation wavelengths in this work 

 

 
Theory Experiment 

C∞v C2v
 CS

 aThis work bRef. 17 cRef. 14 Ref. 19 Ref. 13  Ref. 20 Ref. 21  Ref. 22  Ref. 18  Ref. 23  Ref. 24  

13Σ+ 13A1 13Aꞌ 5.019  5.050  4.900       

13Δ 
23A1 

13A2 

23Aꞌ 

13Aꞌꞌ 
5.408  5.435         

11Σ− 11A2 11Aꞌꞌ 5.649 5.662 5.730         

13Σ− 23A2 23Aꞌꞌ 5.721  5.760         

11Δ 
21A1 

21A2 

21Aꞌ 

21Aꞌꞌ 
5.731 5.743 5.850  5.550   5.580  5.504 5.506 

13Π 
13B1 

13B2 

33Aꞌ 

33Aꞌꞌ 
7.102           

11Π 
11B1 

11B2 

31Aꞌ 

31Aꞌꞌ 
7.394  7.488  7.360   7.420 7.457 7.439 7.458 

23Π 
23B1 

23B2 

43Aꞌ 

43Aꞌꞌ 
7.774    7.585    7.585 

(3Σ+) 
  

21Π 
21B1 

21B2 

41Aꞌ 

41Aꞌꞌ 
8.326 8.392 8.400         

21Σ+ 31A1 51Aꞌ 8.329 8.608 8.597  8.120   8.160 8.027 8.121 8.130 

23Σ+ 33A1 53Aꞌ 8.767           

33Π 33B1 63Aꞌ 8.868   8.792 8.785 8.792 8.793 8.792 8.792 8.791 8.787 
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33B2 53Aꞌꞌ (E1Π) (E1Π) (E1Π) (E1Π) (4pσ3Π) (4pσ3Π) (4pσ3Π) (E1Π) 

23Δ 
43A1 

33A2 

73Aꞌ 

73Aꞌꞌ 
8.872       8.788 8.788   

21Σ− 31A2 51Aꞌꞌ 8.913           

31Π 
31B1 

31B2 

61Aꞌ 

61Aꞌꞌ 
8.925   8.856 

(F1Π) 

8.852 

(F1Π) 

8.956 

(F1Π) 

8.857 

(F1Π) 

8.856 

(4pσ1Π) 

8.856 

(4pσ1Π) 

8.855 

(4pσ1Π) 

8.850 

(F1Π) 

21Δ 
41A1 

41A2 

71Aꞌ 

71Aꞌꞌ 
8.933      8.851 8.851 8.851   

23Σ− 43A2 63Aꞌꞌ 8.963   9.025 

(P) 

9.023 

(P) 

9.023 

(P) 
  9.023 

(4pπ3Σ−) 

9.019 

(4pπ3Σ−) 

9.017 

(P1Π) 

31Σ+ 51A1 81Aꞌ 8.965   8.904   9.023 

(P1Σ) 

9.023 

(4pπ1Σ+) 
   

43Π 
43B1 

43B2 

83Aꞌ 

83Aꞌꞌ 
9.508         9.462 

(5sσ3Π) 
 

53Π 
53B1 

53B2 

93Aꞌ 

93Aꞌꞌ 
9.548         9.468 

(3dδ3Π) 
 

41Π 
41B1 

41B2 

91Aꞌ 

81Aꞌꞌ 
9.572         9.528 

(5sσ1Π) 
 

51Π 
51B1 

51B2 

101Aꞌ 

91Aꞌꞌ 
9.626        9.585 

9.585 

(3dδ1Π) 
 

aFranck-Condon transition at geometry with r = 1.165 Å, R = 2.245 Å, θ = 0°. 

bFranck-Condon transition at geometry with r = 1.2 Å, R = 2.27 Å, θ = 0°. 

cFranck-Condon transition at geometry with r = 1.164 Å, R = 2.223 Å, θ = 5°. 
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For low-lying excited states with Ev < 8.0 eV, our calculated energies and suggested 

assignments agree well with previous theoretical14,17 and experimental13,18,22-24 ones 

when available. For example, the 13Σ+, 11Δ and 11Π states are calculated at 5.019, 5.731, 

and 7.394 eV in this work, which agree with the first three observed absorption band 

peaks within ~0.2 eV. 13,18,22-24 These states correspond to valence transitions and have 

already been well described by earlier calculations.14,17 However, we find for the first 

time that a 23Π state at 7.774 eV which was observed in experiment by Leclerc et al.13 

and Cossart-Magos et al.18 at ~7.5 eV, although the latter group assigned this state to 

be a 3Σ+ state. Also, our calculated energy for the 21Σ+ state is 8.329 eV, which is closer 

to the experimental absorption peak at 8.027~8.160 eV,13,18,22-24 compared to the 

previously calculated results at ~8.60 eV.14,17 Furthermore, we find the 13Π and 21Π 

states at 7.102 and 8.326 eV, which have not yet been identified in experiments. Their 

absence in measured absorption spectra is possibly because the former is optically 

forbidden unless considering the spin-orbit coupling while the latter is hardly 

distinguishable with the 21Σ+ state. These results indicate that our calculations in this 

energy range are of the same or even better accuracy compared to previous ones with 

more inner orbitals included in the active space.14,17 

    Nevertheless, the assignments of diffused spectral bands above 8.5 eV are more 

difficult because of their Rydberg or mixed valance-Rydberg characters. 

Experimentally, Kopp19 first identified three distinct progressions, originating from 

~8.792, ~8.856, and ~9.025 eV, which were labelled as E 1Π, F 1Π, and P (unassigned) 

states, respectively. But he also warned that both E and F states could be assigned as 
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3Π states and P-X progressions possibly correspond to the same upper state as F-X 

bands.19 These labels have been later followed by a variety of experimental 

groups.13,20,21,24 Interestingly, Weinkauf et al.21 and Limão-Vieira et al.24 assigned the P 

state as having the 1Σ and 1Π symmetry respectively. However, Morgan et al.22 

attributed E, F, P states to Rydberg transitions from 3  to 4p  (both E and F) and 

4p  (P) orbitals, representing the 3Π, 1Π, and 1Σ+ symmetry, respectively. Alternatively, 

according to an extremely high-resolution (~0.05 meV) absorption spectrum of jet-

cooled OCS, Cossart-Magos et al.18 proposed plausibly a more reliable set of 

assignments based on rotational lines, in which these three states were determined as 

3Π, 1Π, and 3Σ− states generated by the same transitions analyzed by Morgan et al.22. 

Their assignments were later followed by Sunanda and coworkers23. In this work, we 

obtain three 1Π states in this energy range from 8.326, 8.925, to 9.572 eV, which are 

inconsistent with earlier assignments in Refs.13,19-21,24. However, we do find a 3Π 

state at 8.868 eV, with the dominant transition of 4 (13 ) 3p   , and a 3Σ− state at 

8.963 eV, dominated by 4 (5 ) 3p    , very close to the 1Π state at 8.925 eV, 

dominated by 4 (13 ) 3p   . Our results thus seem to support the assignments in 

Refs.18 and 23. On the basis of these analyses, we suggest that the tunable VUV laser 

in the present experiment prepares the vibrational states on the F 31Πand P 23Σ− states, 

respectively. The transition dipole moments from X 1Σ+ to F 31Π is 0.358 a.u.. Schinke 

and coworkers have shown that spin-forbidden transitions of OCS can take place via 

strong spin-orbit couplings. For example, the spin-orbit corrected transition dipole 

moment from X 1Σ+ to 13Σ- is ~0.031 a.u., giving rise to the second large contribution 
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to the absorption spectrum among the lowest four excited states14. Here we estimated 

the transition dipole moment from X 1Σ+ to 6 3Aꞌꞌ (P 23Σ−) is 0.094 a.u., which supports 

the electronic transitions to these states. 

Of course, many more Rydberg states in this high density region have been 

assigned in various experiments, we find some of them and attempt to offer plausible 

theoretical assignments correspondingly. For example, the 31Σ+ state, which was 

assigned by Weinkauf et al.21 and Morgan et al.22 as the P state, is found at 8.965 eV 

here, corresponding to 4 (5 ) / 3 (4 ) 3p p      transition. The 23Δ and 21Δ states 

at 8.872 and 8.933 eV are in good agreement with the experimental levels at 8.78818,22 

and 8.851 eV18,21,22, both corresponding to the transition of 4 (5 ) 3p   . Sunanda 

et al.23 observed several spectral 000 bands around 9.5 eV, such as 35s  , 33d  , 

15s   and 13d   states, at ~9.462, ~9.468, ~9.528 and ~9.585 eV, respectively. We 

also find two 3Π and two 1Π states with the Ev at 9.508, 9.548, 9.572 to 9.626 eV, which 

have the same types of electronic transition. Furthermore, we find the 23Σ+ and 21Σ− 

states at 8.767 and 8.913 eV, which have not yet been observed in any experiments. 

Overall, the agreement between theoretical and experimental energies and assignments 

of these high-lying electronic states is satisfactory. We have to note that a complete ab-

initio determination of these high-lying Rydberg states converging to the ground state 

of OCS+ with the current set up is impossible. In addition, the assignments for 

individual vibrational bands are impossible without having the semi-global potential 

energy surfaces. Both tasks are beyond the scope of this work. 

Figure S3 depicts the adiabatic correlation diagram up to 10 eV for both SO + C 
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and CO + S products. The calculated energy threshold for the lowest  SO(X 3Σ-) + C(3P) 

products with zero-point energy correction is ~8.725 eV, in line with the experimental 

estimate (~8.89 eV). It is noted that the SO(X 3Σ-) + C(3P) asymptote adiabatically 

correlates with the ground state X 1Σ+ of OCS, and three low-lying excited states, i.e., 

11Π, 13Σ+ 
and 13Π. The initial excited E (33Π), F (31Π), and P (23Σ-) states adiabatically 

associate with the SO(1Δ) + C(1D) and SO(3Σ-) + C(1D) products lying above 10 eV. 

Thus, the production of SO(X 3Σ-) + C(3P) has to undergo complicated nonadiabatic 

pathways.  
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Figure S3. Adiabatic correlation diagram for OCS (in C∞v symmetry) with the SO + C and CO + S 

products.  

 

To seek the possible photochemistry mechanism, one typically follows the optimal 

deactivation pathway on the excited states from the Franck-Condon region to the 

product channel along the direction of gradient descent. This is however technically 

difficult for highly excited states which are quite close to and coupled with each other 

so that the geometry optimization on these states is a nontrivial task. Instead, we locate 
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several local minima at the ground state (X, 11A′), whose energies and geometries are 

as given in Figure S4.  

 

Figure S4. Geometries and energies of minima located at the electronically ground state.  

 

Since only several low-lying states adiabatically correlate with the SO (X 3Σ-) + C 

(3P) products, it is our beliefs that the OCS molecule is likely to dissociate going 

through these minima after fast conversions from the initial state to lower states. We 

therefore map out in Figure S5 that the potential energy curves of the lowest 12 singlet 

and 12 triplet states that are in the energy range of interest, along the pathway from 

OCS linear equilibrium to the SO (X 3Σ-) + C (3P) limit via two bent local minima, as a 

function of the linearly interpolated internal coordinate (LIIC). We found that the 

dissociation pathway via LM3 and LM4 experiences a high barrier (>10 eV) that is 

inaccessible in our present experiment, which is thus not shown here. Note that collinear 
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Δ and Π states split into one A′ plus one A″ states in Cs symmetry while the molecule 

bends. As seen in Figure S5, one can see that the density of electronic states close to 9 

eV near the Franck-Condon region is extremely high. These states feature shallow wells 

near the Franck-Condon region, which support numerous superimposed vibrational 

states bearing strong vibronic and/or spin-orbit couplings. The molecules excited to 

these vibrational states thus have a great chance to quickly make transitions to lower 

electronic states via internal conversions and/or intersystem crossings and then 

dissociate. We have discussed a representative pathway in the main text and one can 

easily find more pathways in Figure S5. 

 

Figure S5. Potential energy curves of the lowest 12 singlet (solid curves) and 12 triplet (dotted 

curves) states in A′ (upper panel) and A″ (lower panel) symmetry along the linearly interpolated 

internal coordinates from the linear OCS equilibrium to SO + C products via two bent local minima 

(LM1 and LM2). Only the relevant states are labeled. 
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Regarding the roaming pathway, 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. 

Indeed, the lower excited state a (13A′, 13Σ+), which adiabatically correlates with both 

the CO(3Π) + S(3P) and SO (X 3Σ-) + C(3P) products (see Figure S3), is rather flat in the 

asymptotic region so that the sulfur atom is very likely to roam back to the complex 

region via this state. 

 

 

Figure S6. Potential energy curves of relevant singlet ( left panel) and triplet (right panel) states in 

the linear geometry from the OCS equilibrium to CO + S products. 
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Since the S-C bond is weaker than the C-O bond, the S-C bond is more easily 

broken, followed by the roaming of S atom rather than C atom. For comparison, we 

calculate the dissociation limit of various O + CS channels as follows (see Table S2). 

It is clear that the OCS molecule excited at 138.53-134.57 nm would have energy that 

is higher than the CS (1Σ+) + O (1D) dissociation limit (8.863 eV). This is different from 

the fact that the CO (3Π) + S (3P) limit has the energy of 9.14 eV. As a result, the OCS 

molecule excited at 138.53-134.57 nm has sufficient energy to dissociate to CS (1Σ+) + 

O (1D) channel, which may not drive the roaming mechanism 

 

Table S2. Dissociation energies of the CS+O channels. 

 

CS + O channel Dissociation energy (eV) 

1Σ+ + 3P 6.877 

1Σ+ + 1D 8.863 

3П + 3P 10.262 

3П + 1D 11.644 
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