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ABSTRACT 

A gaseous mixture of O3/OCS/He was irradiated at 266 nm with a pulsed laser, and 

vibrationally excited SO(X3Σ−, v = 8 and 19) generated in the reaction of O(1D) with 

OCS was detected with the laser-induced fluorescence (LIF) via the B3Σ−−X3Σ− system.  

The apparent production rates of SO(v = 8) in the initial reaction time and their OCS 

pressure dependence have been measured, giving the absolute overall rate coefficient 

for the O(1D) + OCS reaction.   
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1. Introduction 

The reactivity of carbonyl sulfide (OCS) differs from that of carbon dioxide (CO2), 

although their electronic structures are similar due to the homology of S and O atoms.  

The reaction of O(3P) with CO2, O(3P) + CO2 → CO + O2, hardly proceeds at the 

ambient temperature due to a high potential barrier along the reaction path.  The 

temperature-dependent rate coefficient for the reaction has been measured over 2500 K, 

and the recommended value is ])molkJ220(exp[1081.2 111 RT−− −×  cm3 molecule−1 

s−1 [1].  The electronically excited oxygen atom O(1D), on the other hand, is primarily 

quenched to O(3P) in collisions with CO2 at gas kinetic rate: 1.1 × 10−10 cm3 molecule−1 

s−1 [2].  Sedlacek et al. [3] have performed a kinetic study on the reactive channel, 

O(1D) + CO2 → CO + O2, reporting the rate coefficient to be (2.4 ± 0.5) × 10−13 cm3 

molecule−1 s−1, which is smaller than that for quenching by about a factor of 50.   

The reaction of O(3P) with OCS, leading to SO and CO, is one of the important 

reactions of OCS in the upper troposphere and stratosphere [4], attracting the attention 

of researchers, and there have been many reports on the chemical kinetics and dynamics 

[2,5-10].  The barriers for the reactions O(3P) + OCS → SO + CO and O(3P) + OCS → 

S + CO2 have been reported to be 18.3 and 45.9 kJ mol−1, respectively [11].  The 

reaction of electronically excited oxygen atom O(1D) with OCS, however, has rarely 

been studied.  There has been only one report on the rate coefficient indirectly 

determined using a reference reaction O(1D) + O2 → O(3P) + O2 [12], although a few 

studies on the reaction products have been reported [6,13-15].  Chiang et al. [15] have 

recently observed infrared emission from CO and CO2 in the O3/OCS/Ar/248 nm 

system using time-resolved Fourier-transform infrared spectroscopy, giving evidence 

for direct generation of CO and CO2 in the reaction O(1D) + OCS.  They, however, 

have not measured the rate coefficients for the reactions due to low time resolution.   

In the present study, we have employed the laser-based photolysis and probe 

techniques and detected vibrationally excited SO(X3Σ−) generated in the reaction O(1D) 
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+ OCS.  The kinetic analysis of the time profiles of the concentration of SO(X3Σ−) and 

their OCS pressure dependence allowed us to determine the overall rate coefficient of 

the reaction O(1D) + OCS.   

 

2. Experiment 

The experimental setup has been described in detail in Ref. [16].  A gaseous 

mixture of O3/OCS/He at 298 ± 2 K in a flowing cell was irradiated with the fourth 

harmonic wave (266 nm) from a Nd3+:YAG laser (Spectra Physics GCR-130).  The 

typical partial pressures of O3, OCS, and He were 1.2 mTorr, 3 − 79 mTorr, and 10 Torr, 

respectively.  O3 was prepared by an electrical discharge in high-grade O2 with a 

synthesizer made in-house and stored in a 3 dm3 glass bulb with He (10 % dilution).  

OCS does not absorb photons with λ ≥ 255 nm [17] and O3 is decomposed into O(1D) + 

O2(a1Δg) in the photolysis at 266 nm with a quantum yield of ∼0.9 [2].  The initial 

concentration of O(1D) was estimated to be 1.7 × 1012 atoms cm−3 from the 

photoabsorption cross section of O3 at 266 nm: 9.68 × 10−18 cm2 [2], the fluence of the 

photolysis laser: 1.7 mJ cm−2, and the diameter of the beam of the photolysis laser: 5 

mm.  The concentration ratio, 0
1 )]D(O[]OCS[ , was at least 50 and the pseudo-first-

order reaction conditions were satisfied in the present experiment.   

SO(X3Σ−) generated in the system was detected by the laser-induced fluorescence 

(LIF) technique.  Fluorescence of the vibrational bands in the B3Σ−−X3Σ− system was 

excited with a Nd3+:YAG laser (Spectra Physics GCR-130) pumped-frequency-doubled 

dye laser (Lambda Physik LPD3002 with BBO crystal).  The line width (fwhm; full 

width at half maximum) of the dye laser is ν~Δ  = 0.3 cm−1.  Excited fluorescence was 

collected with a quartz lens (f = 80 mm), focused on the entrance slit of a 

monochromator [JEOL JSG-125S, Δλ(FWHM) = 3 nm], and detected with a 

photomultiplier tube (PMT, Hamamatsu R928).  The output from the PMT was 

averaged with a gated integrator (Stanford Research System SR-250) after being 
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amplified (× 10) with a preamp made in-house.  The averaged signals from 10 laser 

pulses were digitized with the computer interface (Stanford Research System SR-245) 

and stored on a disk of a PC.  To record the time profiles of the LIF intensities, the 

wavelength of the probe laser was tuned to a rotational line, after which time delays 

between the photolysis and probe laser were scanned with a pulse delay controller made 

in-house.  The typical number of data points in a time profile was 2000.   

The total pressure of a sample gas was monitored with a capacitance manometer 

(Baratron 122A).  The total pressure measurement together with the mole fractions, as 

measured with calibrated flow controllers (Tylan FC-260KZ and STEC SEC-400 

mark3), gave the partial pressures of the reagents.  High grade OCS (Sumitomo-Seika, 

99.9 %), O2 (Japan Fine Products, > 99.99995 %), and He (Japan Fine Products, > 

99.99995 %) were used without further purification.   

 

3. Results and discussion 

3.1. Detection of vibrationally excited SO(X3Σ−) 

Figs. 1 and 2 show the laser-induced fluorescence (LIF) excitation spectra of 0−8 

and 2−19 vibrational bands of the B3Σ−−X3Σ− transition of SO generated in the 

O3/OCS/He/266 nm system.  The 0−8 band was selected to detect SO at high 

sensitivity because it is one of the bands (v' = 0 → v = 7 − 11) with large 

Franck−Condon factors (> 0.1) [18].  The peaks in the 0−8 band are assigned to the 

rotational lines with quantum number N, total angular momentum without electronic 

spin, of the six main branches of the 3Σ−−3Σ− transition [19].  The large difference in 

the internuclear distances between the X3Σ− (0.1481087 nm) and B3Σ− (0.1775 nm) 

states [19] leads to the band-head formation of R-branch with a small number of 

rotational quantum number  and the clear red-shaded features of the spectra.   6~N

Complete rotational assignment of the excitation spectrum of the 2−19 band cannot 

be made, because many rotational levels are strongly perturbed by other electronic state 
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[20]; however, the peaks in the dispersed fluorescence spectrum shown in Fig. 3 are 

assignable to the v"-progression with v' = 2.  The total available energy for the 

products of the reaction O(3P) + OCS → SO(X3Σ−) + CO(X1Σ+) is 231.6 kJ mol−1 

(19360 cm−1) based on the heat of reaction, , 213.3 kJ mol−1 [2] and the height 

of the potential barrier 18.3 kJ mol−1 [11].  The highest possible vibrational level 

generated with the available energy is v = 18 because of the vibrational terms of SO: 

 = 18588 cm−1 and 

o
298r HΔ

)18(0 =vG )19(0 =vG  = 19505 cm−1 [19].  The LIF excitation 

spectra of not only 2−19 but also 2−20 and 2−21 bands are observed in the present study, 

suggesting that O(1D) + OCS instead of O(3P) + OCS governs the generation of SO(v > 

18).   

The rate coefficient for velocity relaxation of hot O(1D) by collisions with He is 9.9 

× 10−11 cm3 molecule−1 s−1 [21] and thermalization of the translational motion of O(1D) 

is completed within 30 ns at 10 Torr of He.  The time scale of thermalization is, 

therefore, sufficiently shorter than that of observed reactions (at least 10 μs), and 

consequently, the reactions by translationally hot O(1D) are not likely to occur.  

Velocity relaxation of O(3P) by He is also fast, 2.9 × 10−10 cm3 molecule−1 s−1 [22], and 

the translationally hot O(3P), which may be generated as minor photoproducts O(3P) + 

O2(X ), is thermalized within 11 ns.  The reactions of OCS with translationally hot 

O(3P) are also ruled out under the present experimental conditions.  Therefore, SO 

detected in the present study is the product of the reaction of O(1D) + OCS.   

−Σg
3

 

3.2. Overall reaction rate coefficient for O(1D) + OCS 

The buffer gas (He) at 10 Torr is sufficient for rotational motion of the 

photoproducts to be thermalized within at most 10 ns.  LIF intensity excited via a 

single rotational line represents the time evolution of the population in a vibrational 

level of interest.  Figs. 4a and 4b show the time profiles of the vibrational levels v = 8 

and 19 of SO(X3Σ−) recorded at 40 mTorr of OCS.  In contrast to the profile of v = 19 
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with simple growth and decay, that of v = 8 after 10 μs appears anomalous.  The 

strange time dependence results from the very long cascade from higher vibrational 

levels.  Similar profiles due to vibrational relaxation of the ν2 vibrational mode of NH2 

were also observed by Xiang et al. [23].  They generated highly vibrationally excited 

 in the infrared multiphoton dissociation of CH3NH2, N2H4, and NH3 

and observed the anomalous time profiles of v2 = 1.  Also in the present case, the heat 

of reaction,  = 402.1 kJ mol−1 of O(1D) + OCS → SO(X3Σ−) + CO(X1Σ+), is 

nearly identical to the vibrational energy of 

)1(NH 22 >>v

o
298r HΔ

)36(SO ≈v  and the level v = 8 is much 

lower than the highest possible vibrational level.  The fast growth in the initial ∼10 μs, 

indicates the generation of SO(X3Σ−, v = 8) by O(1D) + OCS and the subsequent 

relatively slow growth (t ∼ 10 − 110 μs) and decay (t ≥ 110 μs) indicate vibrational 

relaxation from the levels v > 8 and to v < 8, respectively.  Clearly, vibrational 

relaxation of v = 19 is more efficient than that of v = 8 and too fast to separate the time 

scales of generation and relaxation.  Therefore, the time profiles of v = 8 instead of v = 

19 were analyzed for determining the reaction rate coefficient of O(1D) + OCS.   

It should be noted that the apparent rate of the generation of SO corresponds to 

neither that of the reaction O(1D) + OCS → SO + CO nor the overall rates of the 

reaction O(1D) + OCS but the overall decay rate of O(1D).  The fate of O(1D) in the 

present system is as follows: 

CO)X(SOOCS)D(O 31 a1 +Σ⎯⎯→⎯+ −k   = −402.1 kJ mol−1 (1a) o
298HΔ

CO)a(SOOCS)D(O 11 b1 +Δ⎯⎯→⎯+ k   = −332.0 kJ mol−1 (1b) o
298HΔ

2
31 COP)S(OCS)D(O c1 +⎯⎯→⎯+ k    = −412.7 kJ mol−1 (1c) o

298HΔ

2
11 COD)S(OCS)D(O d1 +⎯⎯→⎯+ k    = −302.2 kJ mol−1 (1d) o

298HΔ

2
1 OCSOCS)D(O e1 +⎯⎯→⎯+ k    = −16.6 kJ mol−1 (1e) o

298HΔ

23
1 O2O)D(O a2⎯⎯→⎯+ k    = −579.9 kJ mol−1 (2a) o

298HΔ
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O2OO)D(O 23
1 b2 +⎯⎯→⎯+ k    = −81.5 kJ mol−1 (2b) o

298HΔ

He)P(OHe)D(O 31 3 +⎯→⎯+ k    = −188.9 kJ mol−1 (3) o
298HΔ

OCS)P(OOCS)D(O 31 4 +⎯→⎯+ k    = −188.9 kJ mol−1 (4) o
298HΔ

loss diffusion)D(O 51 ⎯→⎯k    (5) 

OCS)X(SOOCS)a(SO 31 6 +Σ⎯→⎯+Δ −k   = −70.1 kJ mol−1 (6) o
298HΔ

where ki is the rate coefficient of reaction (i) and the reaction enthalpies are calculated 

from the heats of formation: O(1D), O(3P), O3, SO(X3Σ−), S(3P), CO, CO2, OCS are 

from Ref. [2] and S(1D) from Ref. [24], and SO(a1Δ) from Ref. [25].  Reaction (1a) is 

a spin-forbidden process and crossing from the singlet to triplet system is necessary for 

generating SO(X3Σ−) as a direct product.  Many efficient spin-forbidden processes 

related with O(1D) are known: O(1D) + M → O(3P) + M: 3.95 × 10−11 (M = O2), 3.1 × 

10−11 (M = N2), and 1.1 × 10−10 cm3 molecule−1 s−1 (M = CO2) [2].  Consequently, 

spin-forbidden process including O(1D) is likely to occur.  If SO(X3Σ−) is generated 

only in process (6) subsequent to (1b), SO(X3Σ−) is not a direct product of the reaction 

O(1D) + OCS.  No kinetic information on the electronic quenching of SO(a1Δ) by OCS 

is available; however, the rate coefficient for process (6) might be very small on the 

analogy of the quenching of O2(a1Δg) to O2( ) by a few collision partners: < 3.6 × 

10−19 by CO2 [26] and <1.6 × 10−18 cm3 molecule−1 s−1 by CS2 [27].  Chiang et al. 

[15] have reported that the probability of the E−V energy transfer from O(1D) to OCS is 

small based on the negligible infrared emission of OCS compared to that from CO2 in 

the initial stage of the reaction.  They also have suggested that the density of states in 

channel (4) is much smaller than those in reactive channels, concluding that OCS hardly 

quenches O(1D).   

−Σg
3X

The pseudo-first-order conditions [O(1D)] << [OCS], [O3], [He] are satisfied and 

O(1D) decays in the single-exponential form  with the apparent first-order )exp( kt−
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rate coefficient 

 k = k1[OCS] + k2[O3] + k3[He] + k5. (7) 

Correspondingly, the time profiles of SO are given by )]exp(1[ ktA −−  with a constant 

A.  In general, the constant A is the asymptotic value of the signal intensity at long 

delay time.  The value of A, however, cannot be set prior to the present analysis, not 

only because the growth in the initial 10 μs is followed by the gradual increase due to 

vibrational relaxation but also because the practical value of A depends on the fluences 

of the photolysis and probe lasers.  Therefore, an analysis, in which A and k are dealt 

with as adjustable parameters, was made for the data points before the onset of 

vibrational relaxation.  Fortunately, the fluctuation of the values of A is small 

, and all the time profiles recorded at different pressures of OCS can be well-

reproduced as shown in the red lines in Fig. 5.  The growth rate of SO is faster at 

higher pressures of OCS and the bimolecular rate coefficient k1 for the reaction O(1D) + 

OCS of interest has been obtained by the plot k versus [OCS] shown in Fig. 6.  The 

slope of the straight line fit from regression analysis has given 

)2(%8 σ±

 k1 = [2.1 ± 0.3(2σ)] × 10−10 cm3 molecule−1 s−1. (8) 

The stated confidence limit originates in three factors: (i) deviation from the linear 

regression (Fig. 6), (ii) the fluctuation of the fitting parameter A, and (iii) the influence 

of vibrational relaxation on the profiles in the initial 10 μs.  The errors due to the 

causes (i) and (ii) are estimated by the statistical calculation.  A preliminary study on 

vibrational energy transfer from SO(v = 6 − 8) to OCS has given the rate coefficient for 

vibrational relaxation of SO ( ∼< 10−11 cm3 molecule−1 s−1) is less than that for generation 

of SO(v = 8) by an order of magnitude.  The overall confidence limit has been 

estimated to be ±15 %.  Both the rate coefficients for reactions (2a) and (2b) are [1.2 ± 

0.4(2σ)] × 10−10 cm3 molecule−1 s−1 at 298 K [2], and that for (3) is 1.0 × 10−15 cm3 

molecule−1 s−1 over T = 210 − 370 K [28], giving k2[O3] + k3[He] = 9.4 × 103 s−1.  The 

small y-intercept of the plot k versus [OCS], (4.4 ± 6) × 103 s−1 (Fig. 6), is consistent 
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with the estimated values of k2[O3] + k3[He] within the large confidence limits.   

Gauthier and Snelling [12] have measured the relative rate coefficients for 

deactivation of O(1D) by various collision partners at 298 ± 1 K, reporting that OCS is 

more efficient than O2 by 4.1 ± 0.6.  The recommended value of the deactivation rate 

coefficient of O(1D) by O2 at the time was (7.4 ± 1.5) × 10−11 cm3 molecule−1 s−1 [29], 

giving rate coefficient for the reaction O(1D) + OCS to be (3.0 ± 0.2) × 10−10 cm3 

molecule−1 s−1.  The latest recommended value for O(1D) + O2 → O(3P) + O2, 

however, is [3.95 ± 0.4(1σ)] × 10−11 cm3 molecule−1 [2], and a revised rate coefficient 

k1 = (1.6 ± 0.3) × 10−10 cm3 molecule−1 s−1 is a little smaller than that directly measured 

in the present study.   

 

4. Summary 

The production rates of v = 8 of SO(X3Σ−) have been measured under the 

experimental conditions that hot atom reactions of O(3P) or O(1D) are suppressed and 

that the time scale of the chemical reaction O(1D) + OCS is sufficiently shorter than that 

of vibrational relaxation of SO.  OCS pressure dependence of the production rates of 

SO(v = 8) has given the absolute overall rate coefficient for the rate coefficient of the 

O(1D) + OCS reaction to be [2.1 ± 0.3(2σ)] × 10−10 cm3 molecule−1 s−1.  To the best of 

our knowledge, this letter is the first report on direct measurement of the rate coefficient 

of the O(1D) + OCS reaction.  The reaction, O(1D) + OCS(1Σ+) → SO(X3Σ−) + 

CO(X1Σ+), is a spin-forbidden process; nevertheless, it actually proceeds and generates 

the high vibrationally excited SO, suggesting that spin−orbit coupling might transfer the 

system efficiently from singlet to a triplet surface correlated with O(3P) + OCS.   
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Figure captions 

Fig. 1. Rotationally resolved laser-induced fluorescence excitation spectra of the 0−8 

band of the B3Σ−−X3Σ− system of SO.  The partial pressures of O3 and OCS 

were 2.4 and 40 mTorr, respectively, and the total pressure was 10 Torr (He).  

Delay time between the photolysis and probe lasers was 33 μs.  The 

wavelength of the monochromator monitoring the fluorescence was 363.6 nm 

(0−13 band).  The rotational assignment of the P- and R-branches is made with 

the quantum numbers of total angular momentum without electronic spin.  P11-, 

P22-, and P33-branches are designated as P and R11-, R22-, and R33-branches as R.   

 

Fig. 2. Rotationally resolved laser-induced fluorescence excitation spectrum of the 2−19 

band of the B3Σ−−X3Σ− system of SO.  A tentative rotational assignment is 

given.  The partial pressures of O3 and OCS were 1.2 and 40 mTorr, 

respectively, and the total pressure was 10 Torr (He).  Delay time between the 

photolysis and probe lasers was 10 μs.  The wavelength of the monochromator 

monitoring the fluorescence was 277.5 nm (2−6 band).   

 

Fig. 3. Dispersed spectrum of the fluorescence from v' = 2 in the B3Σ− state of SO.  

The partial pressures of O3 and OCS were 1.2 and 40 mTorr, respectively, and 

the total pressure was 10 Torr (He).  The excitation wavelength was 433.288 

nm (2−19 band).  Delay time between the photolysis and probe lasers was 8 μs.  

The huge signal at 433 nm results from a scattered laser light for excitation.  

No correction was made for the wavelength-dependent sensitivity of the 

detection system.   

 

Fig. 4. Time-resolved LIF intensities of SO(X3Σ−).  (a) v = 8 and (b) v = 19.  The 

abscissa is the delay time between the photolysis and probe laser.  The partial 
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pressures of O3 and OCS were 1.2 and 40 mTorr, respectively, and the total 

pressure was 10 Torr (He).  The excitation wavelengths were (a) 306.536 nm 

(0−8 band) and (b) 433.288 nm (2−19 band).  The wavelengths for monitoring 

the fluorescence were (a) 297.0 nm (0−7 band) and (b) 269.7 nm (2−5 band).  

The step sizes of the time scan were (a) 275 ns and (b) 52 ns.   

 

Fig. 5. Time-resolved LIF intensities of SO(X3Σ−, v = 8).  The partial pressures of 

OCS were (a) 3, (b) 5, (c), 10, (d) 20, and (e) 41 mTorr.  The pressures of O3 

and He were 1.2 mTorr and 10 Torr, respectively.  The step sizes of the time 

scan were 11 ns.  The red lines in the profiles denote the time-dependent LIF 

intensities fit by  with adjustable parameters A and k.   )]exp(1[ ktA −−

 

Fig. 6. OCS pressure dependence of the apparent first-order growth of SO(X3Σ−, v = 8).  

The slope given by a linear regression corresponds to the overall bimolecular 

rate coefficient for the reaction O(1D) + OCS.   
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