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Reaction Dynamics of O('D,’P) + OCS Studied with Time-Resolved Fourier Transform
Infrared Spectroscopy and Quantum Chemical Calculations’

Introduction

The reaction of oxygen atom with carbonyl sulfide (OCS) is
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Time-resolved infrared emission of CO, and OCS was observed in reactions O(*P) + OCS and O('D) +
OCS with a step-scan Fourier transform spectrometer. The CO, emission involves Av; = —1 transitions
from highly vibrationally excited states, whereas emission of OCS is mainly from the transition (0, 0°, 1) —
(0, 0°, 0); the latter derives its energy via near-resonant V—V energy transfer from highly excited CO,.
Rotationally resolved emission lines of CO (v < 4 and J < 30) were also observed in the reaction O('D) +
OCS. For OCP) + OCS, weak emission of CO, diminishes when Ar is added, indicating that OCP) is
translationally hot to overcome the barrier for CO, formation. The band contour of CO, agrees with a band
shape simulated on the basis of a Dunham expansion model of CO,; the average vibrational energy of CO,
in this channel is 49% of the available energy. This vibrational distribution fits with that estimated through
a statistical partitioning of energy E* = 18 000 & 500 cm™' into all vibrational modes of CO,. For the
reaction of O('D) + OCS, approximately 51% of the available energy is converted into vibrational energy of
CO,, and a statistical prediction using E* = 30 000 4 500 cm™! best fits the data. The mechanisms of these
reactions are also investigated with the CCSD(T)/6-311+G(3df)//B3LYP/6-311+G(3df) method. The results
indicate that the triplet OCP) + OCS(X'Z") surface proceeds via direct abstraction and substitution channels
with barriers of 27.6 and 36.4 kJ mol™!, respectively, to produce SO(X’Z") + COX'Z") and SCP) +
CO,(X'A)), whereas two intermediates, OSCO and SC(0)O, are formed from the singlet O('D) + OCS(X'=™)
surface without barrier, followed by decomposition to SO(a'A) + CO(X'E") and S('D) + COx(X'A)),
respectively. For the ground-state reaction O(P) + OCS(X'Z*), the singlet—triplet curve crossings play
important roles in the observed kinetics and chemiluminescence.

in balancing the Oz concentration and the radiation in the
stratosphere.!

Several kinetic studies of the reaction O(*P) + OCS have

important in atmospheric chemistry, especially in the strato-
sphere in which ozone is a key constituent; the concentration
of ozone is determined by a balance in a complicated photo-
chemical reaction mechanism including reactions of O atoms
in its electronically excited and ground states. Because OCS is
relatively stable in the troposphere, it might enter the strato-
sphere to undergo photodissociation or reactions with other
active species. Reactions of O atoms with OCS thus play a role
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been reported; the rate coefficients are mostly in accord with
recommendations by Atkinson et al., k = 1.6 x 107!
exp(—17.9 kJ mol™'/RT) cm® molecule™! s™! for the temper-
ature range 230—500 K,? and Singleton and Cvetanovié, k
=7.80 x 107" exp(—21.8 kJ mol~Y/RT) cm?® molecule™! s~!
for the temperature range 230—1900 K. From their
discharge—flow experiments, Homann et al. proposed that
of these two possible channels

OCP) + OCS — CO + SO (1)
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OCP) + OCS — CO, + S 2)

the S-atom abstraction channel, reaction 1, dominates near room
temperature.* Hsu et al. performed experiments with '8O(°P) at 298
K and found no product of C'80, supporting the fact that the
reaction proceeds via direct S-atom abstraction.” At temperatures
above 1000 K, reaction 2 becomes important. Isshiki et al.® directly
observed the time-dependent concentrations of both O and S atoms
upon pulsed UV photolysis of mixtures of OCS and SO, behind
shock waves and determined rate coefficients of these two channels
that yield a branching fraction of reaction 2 to be expressed as
(040 £ 0.10) — (202 = 137)/T in the temperature range of
1120—1540 K. They also performed quantum chemical calculations
on this system with G2M(CC1) and CCSD-based G3 methods.
The rate coefficients they derived by using transition-state theory
(TST) with Wigner tunneling corrections are much smaller than
experimental values; in contrast, the predicted branching ratios are
similar to experimental values.

Rochford et al. performed crossed molecular beam experi-
ments on OCP) + OCS — SO + CO and found that the fraction
of translational energy is ~30% of the available energy.” They
proposed that the cone-shaped scattering of SO arises from direct
dissociation of an early transition state that is formed by a
broadside approach of the O atom to the S atom of the OCS
molecule; the reaction occurs over a triplet potential energy
surface (PES) involving planar cis or trans bent intermediates;
an extensive product rotational excitation is consequently
expected. Shortridge and Lin employed resonance absorption
with a CO laser to detect the vibrational population of CO
product from mixtures of NO»/OCS/SFs upon UV (4 > 300 nm)
photolysis and reported CO (v < 4) with a vibrational temper-
ature of 9500 K, corresponding to 11% of the available energy.®
In contrast, Nickolaisen et al. investigated the reaction O(*P)
+OCS with photolysis of mixtures of NO, and OCS at 355 nm
and detected CO product with a tunable IR laser. They observed
CO in levels only v = 0 and 1 with a ratio [CO(v = 1)]J/[CO(v
= 0)] = 0.05, whereas CO is rotationally excited with a
temperature of 4400 K.° Their results indicate a mechanism of
direct attack of OC’P) at the S atom of OCS, followed by rapid
C—S bond scission that exerts a large torque on the CO
fragment. Chen et al. employed laser-induced fluorescence to
determine the internal state distribution of SO(X*X") from the
reaction OC’P) + OCS and found that the SO product is highly
vibrationally excited (v < 9) with an inverted state distribution
showing a maximum at v = 5.!° The total internal energy
amounts to about 50% of the available energy, with 26.0 and
8.1% converted to vibration and rotation of SO, and 0.6 and
15.7% to vibration and rotation of CO, respectively. This
distribution was explained with a Franck—Condon model based
on a mechanism of sudden separation of SO from the collision
intermediate OSCO."!

The reaction of O('D) + OCS is little studied. Gauthier and
Snelling reported the rate coefficient to be 3.0 x 107'° ¢cm?
molecule™" s™'at 300 K.'? The electronically excited state O('D5)
is located 15 867.86 cm™' above the ground state O(CP,).!
Previously,'* the authors reported that in the quenching reaction
of O('D) by CO,, which proceeds through a collision complex
COs;, the product CO, is highly vibrationally excited, with 44
and 5% of the available energy converted to vibrational and
rotational degrees of freedom of product CO,, respectively. OCS
is isoelectronic with CO,, but the bond energy of C=S is much
smaller than that of C=0; consequently, in addition to the
quenching reaction
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O('D) + OCS — OCP) + OCS 3)
two reaction channels might occur

o('D) + OCS — CO + SO )

o('D) + 0CS — CO, + S (5)

Jones and Taube irradiated an O3;/OCS/Ar matrix with UV
light and observed CO, CO,, SO,, and SO; as products,
indicating the existence of both reactions 4 and 5.'5 They also
performed experiments with '%03/'OCS/Ar and '°05/'*0CS/
Ar and observed the CO product with only C'%0 and C!80,
respectively, indicating that the oxygen atom of CO comes from
OCS, not from O('D). In contrast, Jaeger et al. performed similar
matrix experiments and reported that reaction 5 is major; some
S atom product is further oxidized to SO,, SO3, and SO,.'¢ Their
180,/'%0CS experiments lead to the formation of S'®0, and
160C"0, supporting the proposed mechanism. To investigate
the gaseous reaction of O('D) + OCS, Shortridge and Lin
applied resonance absorption of CO laser emission to determine
the vibrational population of CO produced upon UV (1 > 215
nm) photolysis of mixtures of O;/OCS/SFs; CO (v < 9) with
vibrational temperature of 3300 K, corresponding to 4% of the
available reaction energy, was reported.’

Froese et al. calculated a single-point energy with full fourth-
order Mgller—Plesset perturbation theory (MP4SDTQ) on
structures optimized with second-order Mgller—Plesset (MP2)
for the singlet and triplet PES of the SCO, system.!” They found
that the singlet complexes are more stable than the triplet
complexes and proposed that reaction 1 might proceed on the
singlet surface; multiple intersystem crossings are required to
connect ground-state reactants to products because both have
triplet multiplicity.

No report regarding the quenching by OCS of O('D) to OCP),
reaction 3, is available. For the reaction OCP) + OCS, no
experimental information is available on the reaction channel
for the production of CO, + S, and the reported internal
distributions of CO have large uncertainties. For the reaction
O('D) + OCS, the dynamics of the channel CO, + S are also
unreported. Here we present observations of the time-resolved
IR emission spectra of product molecules CO and CO, of the
reactions O('D,’P) + OCS. The nascent distributions of internal
states of these product molecules are derived and compared with
those calculated assuming a statistical partitioning of the reaction
energy into internal degrees of freedom of the product mol-
ecules. Furthermore, to understand the reaction mechanisms
further, we performed high-level quantum chemical calculations
on this system including the singlet—triplet crossing points with
the CCSD(T)/6-311+G(3df)//B3LYP/6-311+G(3df) methods.

Experiments

The apparatus employed to obtain step-scan time-resolved
Fourier transform spectra (TR-FTS) has been previously
described;' 2" only a summary is given here. A telescope mildly
focused the photolysis beam from a KrF laser (248 nm, 23 Hz,
~50 mJ) to an area ~9 x 10 mm? at the reaction center to
yield a fluence of ~50 mJ cm™2; this laser beam decomposes
05 to form O('D). For the reaction O(’P) + OCS, the KrF laser
was replaced by an ArF laser (193 nm, 23 Hz, ~20 mlJ) that
decomposes SO, to produce OC’P); the laser beam was focused
to an area ~4 x 8 mm? at the reaction center to yield a fluence
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of ~67 mJ cm™2 The transient signal from an InSb detector
equipped with a preamplifier (Kolmar Technologies, rise time
0.34 us and responsivity 3.2 x 10° VW™!) was further amplified
with a factor of 5—50 (Stanford Research Systems, model 560,
bandwidth 1 MHz) before being digitized with an internal data
acquisition board (12-bit) at 25 ns resolution. Data were typically
averaged over 60 laser pulses at each scan step; 497 scan steps
were performed to yield an interferogram resulting in spectra
of resolution 4.0 cm™! for CO, detection. For CO detection,
4881 scan steps were performed to yield spectra with a spectral
range 1800—2360 cm ™! at resolution of 0.3 cm ™. The temporal
response function of the instrument was determined with a
pulsed IR laser beam, as described previously.?! The spectral
response function was calibrated using a blackbody radiation
source.

For experiments on O(*P) + OCS, approximately 30% of
SO, was dissociated upon irradiation at 193 nm on the basis of
the reported absorption cross section of 3.7 x 107! cm?
molecule™! for SO, at 193 nm.? Partial pressures were: Pso, =
0.080 to 0.090 Torr, Pocs = 0.090 to 0.100 Torr, and Pa, = 0
to 1 Torr. Flow rates were Fso, = 2.0 to 2.3 sccm, Focs = 2.0
to 2.5 sccm, and Fa, = 0 to 25 sccm; sccm denotes 1 cm?® min ™!
under standard conditions (273.15 K and 760 Torr). The
absorption cross section of OCS at 193 nm is 1.8 x 1072 cm?
molecule™!.?

For experiments on O('D) + OCS, ozone (O3) and OCS were
injected separately into the reaction chamber. To decrease the
collision quenching of CO, and CO, a minimal pressure yielding
acceptable signals was used: Po, = 0.016 to 0.069 Torr, Pocs
= 0.018 to 0.087 Torr, and P4, = 0 to 1.5 Torr. Flow rates
were Fo, = 1.0 to 2.4 sccm, Focs = 0.6 to 3.0 sccm, and Fy,
= 0 to 70.0 sccm. Approximately 60% of O; was dissociated
upon irradiation at 248 nm on the basis of the reported
absorption cross section of 1.15 x 1077 cm? molecule™! for
O; at 248 nm.** The depletion of Oj in the flowing system after
each laser pulse was modest, as was confirmed by the negligible
variation of the signal intensity when we varied the repetition
rate of the photolysis laser from 20 to 30 Hz. To minimize
quenching of the produced O('D) to O(*P) by collisions with
O3, of which the rate coefficient is comparable to that with OCS,
the molar fraction of O3 in the OCS + O; mixture was
maintained at less than 30%, except for experiments to detect
product CO in which the fraction of O; was ~60%.

SO, (AGA Gas, 99.98%) and Ar (Linde Gas, 99.995%) were
employed without further purification, and OCS (Linde, 98%)
was purified upon being passed through a trap filled with
molecule sieve 3A (Ridel-deHén). Impurities such as CO, and
CS, were monitored with IR absorption in a 10 cm cell filled
with OCS at 8 Torr; and no absorption other than OCS was
observed. O; was produced from O, (Scott Specialty Gases,
99.995%) with an ozone generator (Polymetrics, model T-408)
and stored over silica gel at 196 K. The partial pressure of O3
was determined from the absorption of Hg emission at 254 nm
in a cell of length 7.0 cm; the absorption cross section of Os at
254 nm was taken to be 1.15 x 1077 cm?.?

Computational Methods

Geometries of reactants, products, intermediates, and
transition states on the PESs of the OC*P,'D) + OCS reaction
were optimized with B3LYP/6-3114G(3df) density functional
theory (DFT).? The vibrational wavenumbers were calculated
at this level to characterize local minima and transition state
and corrections of zero-point energy (ZPE). To obtain reliable
energies and rate coefficient predictions, we calculated single-
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Figure 1. Time-resolved emission spectra observed upon irradiation
at 193 nm of a mixture containing SO, (0.080 Torr) and OCS (0.100
Torr). Each spectrum is obtained upon integration at 10 us intervals
with delays of (a) 0, (b) 10, (c) 150, and (d) 300 us. (e) Emission
spectrum of SO, (0.080 Torr) irradiated at 193 nm. Spectral
resolution is 4 cm™!, and the fluence of the photolysis laser is ~43
mJ cm™2.

point energies at level CCSD(T)/6-3114+G(3df) on the basis
of the structures at the B3LYP/6-311+G(3df), expressed as
CCSD(T)/6-311+G(3df)//B3LYP/6-311+G(3df). Calcula-
tions of the intrinsic reaction coordinate (IRC)%* were
performed to connect each transition state with designated
reactants and products. All calculations of electronic structure
were performed with the Gaussian 03 program.?’ For points
of the surface intersection (MSX), their geometry was located
using the state-averaged complete active space self-consistent
field (CASSCF)?*® method with the 6-3114+G(3df) basis set.
The default value, six electrons in six active orbitals, in the
Gaussian program was used for the CASSCF calculations;
the active space is defined assuming that the electrons come
from the highest occupied orbitals in the initially guessed
determinant and that the remaining orbitals required for the
active space come from the lowest virtual orbitals of the
initial guess. The vibrational wave numbers of the intersection
point are calculated at the B3LYP/6-311+G(3df) level on
the singlet surface. The number of imaginary frequencies
(NIMG) with NIMG = 1 was obtained, indicating that the
MSX has transition-state characteristics. An MSX between
singlet and triplet PES is treated as a transition state for the
adiabatic reaction in our estimation of the rate coefficient
for the ground-state reaction to which we later allude.

Results and Discussion

A. Infrared Emission from the OCGP) + OCS System.
Observed time-resolved IR emission spectra from the reaction
O(CP) + OCS, in which O(*°P) was produced upon photodis-
sociation of SO, at 193 nm, are shown in Figure 1. Two
weak emission bands are identified in the region 1800—2360
cm~!. The broadband with maximum intensity near 2200
cm™ ! and a full width at half-maximum (fwhm) of 130 cm™!
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Figure 2. Simulation of the observed emission band of product CO,
in the reaction O(°P) + OCS. (a) Vibrational band origins of CO,
excited by statistical partitioning of available energy, E* = 18 000
cm™!, (b) calculated band contour obtained on convoluting lines in
part a with Gaussian functions with fwhm of 4 cm™!, and (c)
comparison of the observed spectrum (thick solid line, same as
Figure la, after correction of the overtone emission bands of SO
and SO,) with the spectrum simulated on convoluting lines in part
a with rotational contours calculated for 500 K with the PGopher
program (thin solid line). The shaded area indicates uncertainties
(£200 K) in the rotational temperature.

in the early stage of reaction is assigned to emission from
CO, in its asymmetric stretching (v;) mode; its intensity
decreases in a later stage. In contrast, the band near 2060
cm™! that gained intensity gradually and reached its maximum
near 150 us after reaction is assigned to the emission of OCS
in its CO stretching (v3;) mode.

1. CO, Emission. The CO, band is similar to that observed
in the reaction of O('D) + CO, with a maximum near 2250
cm™ "' This band is due to the Av; = —1 transition of CO,
in internally excited states; the maximum wavenumber of
this band is smaller than that of the v; fundamental band
because of the anharmonic couplings among v, v,, and v;
modes. As CO, is gradually deactivated by collisions with
surrounding atoms and molecules, the intensity of the CO,
emission diminishes and the band shifts toward a larger
wavenumber, as indicated in Figure 1c,d. A weak shoulder
is also observed near 2280 cm™!; this feature is attributed to
an emission of SO, that is excited by irradiation at 193 nm,
as was confirmed upon observation of this emission when
only SO, was present, as shown in Figure le, in which the
overtone bands of SO(2v) and SO, (2v,) were identified.
Therefore, we subtracted small contributions of these features,
observed under similar conditions, from the observed emis-
sion band to obtain emission spectra of CO,. In Figure 2c,
the corrected emission band of CO, observed 0—10 us after
photolysis is shown. This spectrum is assumed to reflect the
nascent vibrational distribution of CO, produced from
reaction of OCS with O(’P) because vibrational quenching
of excited CO, is small under these experimental conditions.

To analyze the observed emission band of CO,, we introduced
an approximation to describe the vibrational energies with
quantum number (vy, v5', v3) using the Dunham equation'*
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G(UI,UZ/, v3) = w v T wv, + oy xllyf + xzzvg +
x33”§ T X010, F X003 F X300
+ )‘///2 + ym”i + ym”%”z + )’1130?7/3 + )’122”1”% +
Yis o3 t Y133U1”§ + yzzzl’g +
)’22305113 + )’233”2”§ + )’3331/2 + )’1//”1/2 + )’2//”2/2 +

NEYA% % (6)

in which parameters determined by Chedin are employed.?* For
highly vibrationally excited CO,, the couplings are strong among
the polyads that have a common quantum number of P = 2y,
+ v, + 3v5 because of the near-resonance of these states.>
Although the Dunham equation gives only the zeroth-order level
energy, we assume that this equation can be applied to describe
our observed broadband, which is composed of many transitions.

The emission of vibrationally excited CO, consists of Av; =
—1 transitions in the v3 mode, that is, (v;, v5., v3) — (v1, v3, v3
— 1). The frequency is represented with

(), thyvs = v, Uy vy — 1) = 0y + x35Q205 — 1) +
X530, + Xy, + 333305 — 3u5 + 1)

+ )’113’/% + y2237/§ 1 O3t T yasvn) vy — 1) + )’3///2
@)

The intensity of the vibrational transition is given as

/ / / /
I(vy, vy, v3 = v}, U5, 03 — 1) o< w(vy, Uy, v3 = vy, Uy, U3 —

1) X A(v,, U;, vy Uy U;, vy — Dp°(vy, U;, vy (8)

in which A is the radiative transition rate that is assumed to be
proportional to v; and independent of v1/v,, and p°(v;. vy, v3) is
the prior distribution of the vibrational state (v, v, v3). The
prior distribution for the vibrational level of CO, with energy
E, is given by the formula?'

PUE,) < g(E)NE — E)" )

in which g(E,) is the degeneracy of the vibrational level and
E* is the energy available for distribution. Much available
energy is partitioned into the v,/v, modes rather than the v;
mode because of the large density of the stretch/bending polyad
states.'*

By varying the E* value, we obtained the best fit spectrum
with E* = 18 000 & 500 cm™!, as shown in Figure 2. Trace a
of Figure 2 is a stick diagram of Ay; = —1 transitions calculated
with the v,/v, polyad approximation'* in which, for simplicity,
the level energy is described with (2, v3) instead of (v, v2,
v3); vy is the polyad quantum number 2v; + v,. We have
confirmed that distributions of transitions of Awv; = —1
calculated with this polyad approximation are essentially the
same as those with (v;. vy, v3). Trace b represents the same
distribution convoluted with fwhm = 4 cm™'; the latter provides
a practical comparison of vibrational distributions with experi-
mental data. The rotational contour was simulated with the
PGopher program?? with a constant rotational temperature for
all vibrational levels and the expression B(v;) = 0.39022 —
0.00309 x v; for rotational parameters and J < 150.%° The final
spectrum simulated with rotational distribution incorporated into
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each vibrational transition is compared with experimental data
in trace ¢ of Figure 2. The thick line indicates the observed
spectrum, and the thin line indicates a spectrum simulated with
a rotational temperature of 500 K; the shaded area represents
the uncertainty limits of +200 K. The experimental and
simulated spectra agree satisfactorily. The band shape is mainly
determined by the available energy E*; the rotational energy
has only a limited effect on the band shape and has little effect
on the position of the maximal intensity.

The rotational distribution might be determined inaccurately
partially because the band shape is insensitive to rotational
temperature and partially because the calculated vibrational term
values and their transition frequencies are given as a zeroth-
order approximation and the rotational parameters of the highly
excited states are unknown. Because of the extremely dense
vibrational transition lines, the band shape given as convoluted
rotational envelopes for each vibrational transition might not
depend significantly on the positions of vibrational transitions.

In these experiments, O(P) is produced upon photodisso-
ciation of SO, at 193 nm. The dissociation energy of SO, to
form SO(X*Z7) + OCP) is 45 400 cm™!, and the excess energy
given to SO and O is thus 6300 cm™'. The internal energy
distribution of SO*73¢ and the velocity distribution of SO*7-*8
and O** upon SO, photodissociation have been reported. It is
a general consensus that the vibrational population of the SO(v
= 2) level is largest and the populations for v > 4 are negligible
upon photolysis of SO, at 193 nm. We use the kinetic energy
determined by Brouard et al. as a representative value.*® The
average value of the space-fixed kinetic energy of O atom is
32 £ 11 kJ mol ™!, corresponding to 2675 cm™!. In a collision
of O atom with OCS, the center-of-mass kinetic energy becomes
(32 £ 11) x [60/(16 + 60)] + 3.7 x [16/(16 + 60)] = 26 +
9 kJ mol™! (2170 £ 750 cm™"), in which 16 and 60 amu are
the atomic and molecular masses of O and OCS, respectively,
and 3.7 kJ mol ™! is the thermal kinetic energy of OCS at room
temperature. According to reaction 2, the available energy in
our experiment is E* = 227 + 26 = 253 kJ mol !, correspond-
ing to 21 150 cm™!. If a statistical distribution in the spin—orbit
states is assumed for OCP) and S(°P), then the above value of
E* is corrected to be 21 150 + 78 — 196 = 21 032 cm ™, in
which 78 cm™! is the statistical spin—orbit energy of OCPg5)
and 196 cm™! is that of S(*Py, ). The energies of SC°P,) in the
J =2, 1, and O states are 0, 396, and 574 cm™!, respectively;
the statistically distributed S atom has an average energy of
196 cm™! above the ground J = 2 state.

The vibrational distribution that yields the best fit with the
observed band shape is obtained on the statistical partitioning
of energy E* = 18000 £ 1000 cm™!, which is 86% of the
available energy. This result is similar to the case of O('D) +
CO, — OCP) + CO; in which the best fit of v5 emission band
is obtained upon statistical partitioning of E* = 13 000 & 500
cm™! that is 81% of the available energy. Because the vibrational
energy of product CO, in both reactions is near the statistical
partitioning of the reaction energy, the reaction likely proceeds
through a relatively long-lived complex O,CS or COj; in which
the internal energy is nearly completely randomized.

According to the distribution of vibrational states derived from
vibrational transitions depicted in Figure 2a, the observed
average vibrational energy of product CO, is 10280 cm™',
which corresponds to ~49% of the available energy, similar to
the value of 44% for the reaction O('D) + CO,. The roughly

estimated rotational temperature of 500 + 200 K for CO,,

Chiang et al.

corresponding to <2% of the available energy, indicates that
CO;, has little rotational excitation, similar to the case of O('D)
+ CO,. 1M

2. OCS Emission. The band that appears near 2060 cm™!
(Figure 1) was assigned to the emission of OCS in the CO
stretching (v3) mode. Because the position of this band does
not change during observation, the emission is not from highly
vibrationally excited states, as in the case of CO, emission; the
emission is thus due to the vibrational transition of v3 = 1 —
0. As shown in Figure 1, the intensity of this band increases in
the initial stage with a rate similar to that of CO,, indicating
that the source of the vibrational excitation of OCS is common
to the formation of CO,. In the later stage, the band center of
the CO, emission shifts toward a larger wavenumber, and its
intensity decreases with a time constant of ~75 us, whereas
the intensity of the OCS band increases toward a stationary
value.

The fundamental vibrational wavenumbers for v3 of CO, and
OCS differ by 287 cm™!; the collision probability of the V—V
energy transfer between OCS (v; = 1) and CO, (v3 = 1) is
consequently on the order of 107 because of a large difference
in transition energies.*! For highly vibrationally excited CO,,
the anharmonic coupling between v; and v,/v, modes decreases;
however, the energy separation between v; and v; — 1 levels
of CO, becomes resonant with the energy separation between
the (0, 0°, 0) and (0, 0°, 1) levels of OCS

CO,(v,,v4.05) + OCS(0, 0°, 0) —
CO,(v,.0{.05-1) + 0CS(0, 0% 1) (10)

so that efficient V—V energy transfer occurs. Finzi and Moore
reported intermolecular V—V energy transfer of this type;* the
rate coefficients for the V—V energy transfer

COL(1,0°% 1 0r0,2° 1) + CO,(0, 0°, 0) —
CO,(1,0% 0 0r 0,2° 0) + CO,0,0% 1) (11)

were determined to be 1.2 x 107! cm?® molecule™ s !, near

the gas kinetic rate coefficient for collision. The observed weak
emission of OCS hence comes from V—V energy transfer from
highly vibrationally excited CO, to OCS(0, 0° 1). This
phenomenon was observed more clearly in the reaction of O('D)
+ OCS; the kinetic analysis will hence be given in Section C2.
B. Infrared Emission from the OCP) + OCS + Ar
System. Figure 3 shows how the emission band observed in
the period 0—10 us varies with the partial pressure of Ar buffer
gas in the reaction O(*P) + OCS. The intensity of CO, emission
decreased to less than half when 100 mTorr of Ar was added
to a mixture of SO, (80 mTorr) and OCS (100 mTorr) for
experiments (traces a and b); it diminished to almost zero when
500 mTorr of Ar was added, as shown in trace ¢ of Figure 3.
The role of Ar is to deactivate hot atoms or molecules by
collisions. The collision number of Ar atom with an excited
species within 10 us is less than 10 in our experiments under
low pressure. At greater pressures, the rates of collision increase;
the translational energy might be consequently deactivated
efficiently to a value smaller than the barrier for the OCP) +
OCS reaction, resulting in a diminished yield of products.
When SO; is irradiated at 193 nm, translationally hot O(*P)
atoms are produced to initiate their reactions with OCS, but
some of them are subsequently deactivated on collisions with
surrounding atoms and molecules. When all O atoms are
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Figure 3. Emission spectra observed 0—10 us upon irradiation at 193
nm of a mixture containing SO, (0.080 Torr), OCS (0.10 Torr), and
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Figure 4. Temporal profiles of the emission intensities of CO, upon
irradiation of a flowing mixture of (a) SO, (0.088 Torr) + OCS (0.095
Torr) and (b) SO, (0.088 Torr) + OCS (0.095 Torr) + Ar (0.092 Torr)

with an excimer laser at 193 nm with a fluence of 73 mJ cm™2

quenched to have kinetic energy less than the threshold, the
reaction stops. Figure 4 shows temporal profiles of integrated
intensity of CO, emission for two irradiated flowing mixtures;
trace a is from a mixture containing 0.088 Torr of SO, and 0.095
Torr of OCS, and trace b is from a similar mixture but with
0.092 Torr of Ar added. In trace a, the intensity of CO, reaches
a steady value near 0.8 us, whereas in trace b, this value
decreases to 0.2 us and the intensity decreases to ~40% of that
of part a.

According to Abe et a the average kinetic energy in a
laboratory frame of translationally hot OC’P) atoms produced
from the photodissociation of SO, in a buffer gas Q is
deactivated within a few collisions in the initial stage according
to the approximate equation

1.’43

(E"%(0)) — (E,)
("%t = 0)) = (E,

= exp(—k,[Ql?) 12)

in which (E**B(r)) and (E.,) are the average kinetic energies of
O atoms at time ¢ and at equilibrium, respectively, kq is the rate
coefficient, and [Q] is the concentration of the quencher. In our
reaction system containing SO,, SO, and OCS, the rate
coefficients for deactivation of O atoms by these species are
unknown. We hence used kq(Ar) = ky(Kr) = 1.5 x 1071% cm®
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Figure 5. Time-resolved emission spectra observed upon irradiation
at 248 nm of a mixture containing O; (0.026 Torr) and OCS (0.021
Torr). Each spectrum is obtained upon integration at 5 us intervals
with delays of (a) 0, (b) 5, (¢) 25, (d) 50, and (e) 200 us. Spectral
resolution is 4 cm™!, and the fluence of the laser is ~80 mJ cm 2.

molecule ™! s7! and assume that these coefficients for SO,, SO,

and OCS are the same as k4(CO,) = 3 x 107! cm?® molecule ™!
s~! and that every collision of translationally hot O’P) with
OCS leads to the reaction. The initial average kinetic energy of
OCP) produced upon photodissociation of SO, at 193 nm is 32
+ 11 kJ mol ™! in the laboratory frame. Assuming that the kinetic
energy is deactivated according to eq 12, we estimated the
average kinetic energy of O(P) in the center-of-mass frame,
which was 26 & 9 kJ mol™! at # = 0 to be 18 £ 6 kJ mol ™! at
0.8 us for the gaseous mixture employed in part a and 22 £ 7
kJ mol~! at 0.2 us for the mixture b. The upper limit of these
estimated values of 24—29 kJ mol™! might correspond to an
approximate value of the barrier height for the reaction channel
to form CO, because under such conditions, no further increase
in CO, emission was observed; the estimates have large errors
because of unknown rate coefficients of deactivation and
uncertain kinetic energy distributions of O(*P) during quenching.

We thus conclude that the reaction of O(P) + OCS proceeds
only with translationally hot O(*P) that has sufficient energy to
overcome the barrier of the reaction. When more Ar is added
to the system, the fraction of OC’P) that has sufficient energy to
overcome the barrier decreases, and hence the yield of CO,
decreases.

C. Infrared Emission from the O('D) + OCS System.
Figure 5 shows time-resolved emission spectra in the 1800—2360
cm™! region observed from a O3/OCS mixture irradiated at 248
nm. In the initial stage, only one broadband with maximal
intensity near 2070 cm ™! and a fwhm of 220 cm™! was observed
(trace a). We assign the broadband as the Av; = —1 emission
of internally excited CO,, which is similar to that observed in
the O('D) + CO, (ref 14) and OC’P) + OCS systems. Compared
with the emission spectra of CO, shown in Figure 1 of ref 14
and Figure 1 of this article, the band position is located at a
much smaller wavenumber, indicating much more extensive
vibrational excitation of CO,.
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The maximum of the CO, band shifts toward greater
wavenumbers, and the width of the band decreases at a later
period, as shown in traces b—e of Figure 5. In the spectrum at
a reaction time of 5—10 us (trace b), a new band centered near
2055 cm™! appears, and its intensity subsequently increases. This
band consists of P and R branches and is readily assigned to
the v; = 1 — O transition of OCS. The intensity of this band
increases to attain its maximum near 80 us. In contrast, the
intensity of the CO, band diminishes continuously and more
rapidly.

1. Emission of CO, The following two reactions are
responsible for the production of vibrationally excited CO,

0o('D) + 0CS — CO, + S('D),
AH = —306.0 kJ mol '=—25580cm™! (13a)

0o('D) + 0OCS — CO, + S(CP),
AH = —416.5kI mol '=—34820cm™' (13b)

in which values of AH at 0 K are taken from the JANAF table.**
In reaction 13b, the distribution of spin—orbit states of the
product S atom is expected to be statistical because the
mechanism is likely similar to the reaction O('D) + CO, in
which the distribution in respective J states of OCP;) was
reported to be nearly statistical.*

If the reaction O('D) + OCS proceeds through a long-lived
intermediate O,CS, similar to CO; in O('D) + CO,,'* then the
electronic energy of O('D) is likely partitioned statistically
among the degrees of freedom of the product molecules. The
distribution among the excited vibrational states of CO, was
calculated under an assumption of statistical partitioning of the
energy Ej3,* and Ej3* released in reactions 13a and 13b,
respectively. The initial average kinetic energy of O('D) that is
produced upon photolysis of Oz at 248 nm was determined to
be 36 kJ mol™!, corresponding to 3010 cm™!.% These hot O('D)
atoms are, however, rapidly deactivated with collisions with
surrounding molecules. The rate coefficient for deactivation by
collisions with O, is 1.5 x 107'° cm® molecule™ s™'.47 If we
assume the same rate coefficient for the present system of
reaction mixtures of O, and OCS, then the average space-fixed
kinetic energy of O('D) during the reaction interval of 2 us upon
photolysis of Oj is hence estimated to be 25.0 kJ mol™},
corresponding to 2341 cm™!. In the center-of-mass coordinate
of the O('D)+OCS collision, the kinetic energy is 25.0 x (60/
76) + 3.7 x (16/76) = 20.5 kI mol~! (or 1715 cm™"), in which
3.7 kI mol ™! represents the thermal kinetic energy of OCS. The
available energies to be partitioned to the products in reactions
13a and 13b are thus Ej3,* = 25580 + 1715 = 27295 cm™!
and E;3,* = 34 820 + 1715 — 196 = 36 339 cm™ !, respectively;
the value 196 cm™! is the average spin—orbit state energy of
the product S atom. If O('D) atoms are completely thermalized,
then E,3,* = 25 580 + 310 = 25 890 cm™! and E)3,* = 34 820
+ 310 — 196 = 34934 cm™ ..

Similar to the procedures described for the reaction O (*P)
+ OCS in Section A, the best fit spectrum was obtained with
E* = 30000 4 500 cm™!, as shown in Figure 6. Trace a is a
stick diagram of Av; = —1 transitions calculated with the v,/v,
polyad approximation,'* and trace b represents the same
distribution convoluted with fwhm = 4 cm™!; the latter provides
a practical comparison of vibrational distributions with experi-
mental data. The final spectrum simulated with rotational
distribution incorporated into each vibrational transition is
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Figure 6. Simulation of the observed emission band of product CO,

in the reaction O('D) + OCS. (a) Vibrational band origins from CO,

excited on statistical partitioning of available energy E* = 30 000 cm™!,

(b) calculated band contour obtained on convoluting lines in part a
with Gaussian functions with fwhm of 4 cm™', and (c) comparison of
the observed spectrum (thick solid line, same as Figure 5a) with the
spectrum simulated on convoluting lines in part a with rotational
contours calculated for 1000 K with the PGopher program (thin solid
line). The shaded area indicates uncertainties (400 K) in the rotational
temperature.

compared with experimental data in trace ¢ of Figure 6. The
thick line indicates the observed spectrum, and the thin line
indicates the simulated spectrum with a rotational temperature
of 1000 K; the shaded area represents the uncertainty limits of
4400 K. The experimental and simulated spectra agree
satisfactorily.

This fitted value of E* is ~85% of the available energy,
34 934—36 339 cm™ !, for the triplet channel and ~113% of the
available energy, 25 890—27 295 cm™!, for the singlet channel.
The former fraction (86%) is similar to the corresponding values
(81 and 86%, respectively) of O('D) + CO, and OC’P) + OCS
in which the reactions proceed through a relatively long-lived
complex so that the internal energy is nearly completely
randomized. However, this fact does not imply that the
contribution of the singlet channel is ruled out, although the
triplet product channel is expected to be dominant. In our
experiment, it is difficult to derive respective contributions of
the singlet and triplet product channels to the observed emission
band of CO,. If we assume that the reaction intermediate O,CS*
is long-lived so that the reaction proceeds toward the singlet
and triplet product channels statistically, then the branching ratio
of the two channels may be formulated as ngedV(EL)/
LuipleV(Ey), in which N(E,) is the density of vibrational states
E, determined with statistical distribution of the available energy
for each channel, as given in equation 10 of ref 14. The
branching ratio thus calculated is 0.23, that is, 19% to the singlet
channel and 81% to the triplet channel. A more detailed
discussion on the branching between singlet and triplet channels
is given in Section E2.

According to the distribution of vibrational states derived from
vibrational transitions depicted in Figure 6a, the observed
average vibrational energy of the product CO, is 17 830 cm™',
which corresponds to ~51% of the available energy, similar to
the value of 44% for the reaction O('D) + CO,. The roughly
estimated rotational temperature of 1000 + 400 K for CO,,
corresponding to <2% of the available energy, indicates that
CO, has little rotational excitation, similar to the case of O('D)
+ CO,."
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Figure 7. Temporal profiles of integrated emission of CO, and OCS
for two mixtures: (a) Pocs = 0.021, Po, = 0.026 Torr and (b) Pocs =
0.051, Po, = 0.022 Torr. The overlapping emission bands of CO, and
OCS were deconvoluted. Rate coefficients determined from the decay
of CO,* are kyy = (a) 3 x 107" and (b) 2 x 10" cm® molecule™
s~! and from the rise of OCS* are kyy = (a) 6 x 107" and (b) 3 x
107" cm® molecule™ s7!, respectively.

2. Emission of OCS. As shown in Figure 5, only the broad
CO; band located near 2050 cm™! appears in an early stage of
the O('D) + OCS reaction, and an additional band assigned to
v3 = 1 — 0 of OCS increases in intensity 15 us after initiation
of reaction, whereas the intensity of the CO, emission dimin-
ishes, and its maximum shifts to a larger wavenumber. As
discussed in Section A2, the excitation of OCS is due to V—V
energy transfer from highly vibrationally excited CO, produced
from O('D) + OCS (reaction 10), not to quenching of O('D)
(reaction 3); the highly excited CO, molecules transfer their
energy in the v; mode to OCS as a nearly resonant process.

Figure 7 shows temporal profiles of the integrated emission
intensities of CO, and OCS at two partial pressures of OCS.
With a simple model of vibrational energy transfer, the rise of
OCS and decay of CO, might be described with

[OCS*] = [CO,*][1 — exp(—k, [OCS]n]  (14)

[CO,*] = [CO,*], exp(—k,, [OCS]r) (15)

in which k,, is the bimolecular rate coefficient for V—V energy
transfer. The data in Figure 7 yield k,, = (3.5 & 1.5) x 107!!
cm?® molecule™! s™!; the error limit represents only the uncer-
tainties in fitted values of k,, using this model. This value
provides a qualitative description of the energy transfer because
the present kinetic model involves several assumptions including
the instant formation of excited CO, from reaction O('D) +
OCS, no dependence of the V—V rate coefficient on the extent
of the excitation of CO,, and the neglecting of the reverse V—V
transfer from OCS to CO,. The large value of k,, indicates that
the emission band of CO, overlaps well with the OCS
fundamental absorption so that the nearly resonant V—V transfer
is efficient. In contrast, for O(’P) + OCS, the extent of the
overlap is smaller because less highly internally excited CO, is
produced.

An important finding is that the collision probability of the
reaction involving the transfer of electronic to vibrational (E—V)
energy

0o('D) + 0CS — O(P) + OCS” (16)
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is small, as seen from the negligible emission of OCS in the
initial stage of reaction. This observation is quite different from
that for the reaction of O('D) + CO,. Perri et al.*®* showed
clearly from the "*O('D) + *CO, isotope exchange reaction in
a crossed beam that only two exit channels are possible for the
complex COs*: one is the reverse reaction of O('D) + CO,,
and the other is the crossing to the triplet PES to form O(CP)
and internally excited CO,. In contrast, the collision complex
of O,CS* might dissociate via several channels on both singlet
and triplet PESs, of which the products are located in energy
regions much lower than O(°P) + OCS; the density of states in
the OCP) + OCS channel is thus negligibly small compared
with those of the reaction channels.

3. Emission of CO. When the emission was recorded with
greater spectral resolution, weak emission lines were identified
in the region 2000—2230 cm™! overlapping the broad CO,
emission band, as shown in Figure 8. These emission lines are
due to internally excited CO that was produced in the reaction
O('D) + OCS (reaction 4). The respective lines are assigned
as the P(J) and R(J) rotational lines of the v — v — 1 vibrational
transition, as marked in the upper part of the Figure. The
assignments and the population analysis of these vibration—
rotational transition lines of CO are described in detail
elsewhere.”®>! Following this analysis of CO, the rotational
distributions of CO in its respective vibrational states and the
vibrational distribution are presented in Figure 9a,b, respectively.
The rotational distributions are Boltzmann-like, and the rota-
tional temperatures range from 520 to 8§10 K for v = 3 to 1;
the average rotational energy is 5.4 & 0.5 kJ mol™!, only 2.5%
of the released energy in the triplet channel and 3.8% in the
singlet channel. Similarly, the vibrational distribution is also
Boltzmann-like; we hence estimate the population of CO(v =
0) by extrapolation, shown as an open circle in Figure 9b. The
vibrational temperature is 5700 £ 260 K, and the average
vibrational energy is 36 £ 2 kJ mol ™!, corresponding to ~17%
of the released energy in the triplet channel and ~26% in the
singlet channel. The vibrational energy is greater than the value
corresponding to 3300 K reported by Shortridge and Lin.}

D. Reaction Mechanism and Calculated Potential Ener-
gies. 1. Geometries and Energies. The geometries of the
reactants, products, intermediates (LM), and transition states
(TS) involved in the singlet and triplet reactions, optimized with
the B3LYP/6-311+G(3df) method, are shown in Figure 10.
Vibrational wavenumbers and rotational constants for the
reactants, intermediates, transition states, crossing points (MSX),
and products of the O('D,?P) 4+ OCS reaction computed with
the B3LYP/6-311+G(3df) method are listed in Table 1. The
energy diagrams for singlet and triplet surfaces calculated at
the CCSD(T)/6-311+G(3df)//B3LYP/6-311+G(3df) level are
presented in Figure 11.

For the formation of CO(X'=") + SO(X?Z")

0OCP) + 0CS(X'=") — coX's=") + soxX’z),
AH = —217.0kJ mol™" (17a)

0CP) + 0CS(X'=H—COoX's") + SO(a'A),
AH = —146.9kImol™" (17b)

the predicted enthalpies of reaction for reaction 17a is —203.3
kJ mol™!, 6.3% less exothermic than the experimental value of
—217.0 kJ mol™!; the experimental values are obtained from
JANAF thermochemical tables,** except for an updated value
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Figure 8. Partial emission spectrum of CO observed from the reaction O('D) 4+ OCS. Partial pressures of Oz and OCS are 0.078 and 0.052 Torr,

respectively. Spectral resolution is 0.3 cm™

for the energy of SO(a!A).>? For the formation of COy(X'A))
+ SCP)

OCP) + 0CS(X'=") — COLX'A)) + SCP),
AH = —2267kJmol”" (18a)

OCP) + 0CS(X'=") — CO,(X'A)) + S('D),
AH = —116.2kJmol " (18b)

the predicted enthalpy of reaction is —227.2 kJ mol~!, which
is also consistent with the experimental value of —226.7 mol ™.

As shown in Figure 11, the triplet surfaces of reactions 17a
and 18a might proceed via direct abstraction and substitution
channels via TS1 and TS2, respectively, to produce CO(X'Z™)
+ SO(X*Z7) and SCP) + CO(X'A)). In TSI, the distances of
O—S bond formation and C—S bond breaking are 2.046 and
1.581 A, respectively. In TS2, the distances of C—O bond
formation and C—S bond breaking are 1.974 and 1.615 A,
respectively. The energy barriers are predicted to be 27.6 and
36.4 kJ mol ™!, respectively, for these abstraction and substitution
channels. The reaction OCP) + OCS(X'>") — CS(X'=") +
0,(X*Z, ") is neglected because of its large barrier of 304.1 kJ
mol~! and the large endothermicity of 181.6 kJ mol ™.

Two stable intermediates, LM1 and LM2, are found in the
singlet surface (Figure 11). LM1 is associated with the O atom
attacking the S atom of OCS, whereas LM?2 is associated with
the O atom attacking the C atom of OCS. The energies are
calculated to be 150.1 and 190.0 kJ mol~! below the triplet
reactants. LM1 might dissociate without a well-defined TS to
excited-state products CO(X'Z") 4+ SO(a'A) or isomerize to
LM2 via TS3, with a barrier of 66.1 kJ mol~!. LM2 might
dissociate without a well-defined TS to excited-state products
CO(X'A)) + S('D) or isomerize to LM1 via TS3.

We also located four crossing points (MSXi) for the
singlet—triplet surfaces. The structures of MSX1 and MSX2
optimized at the CASSCF(6,6)/6-311+(3df) level are illustrated
in Figure 10; their geometries are similar to those of TS1 and
TS2, respectively. The energies of MSX1 and MSX2 are 14.2
and 33.4 kJ mol™! above OCP) + OCS(X'="). MSX3 and
MSX4 have energies at —136.3 and —108.3 kJ mol™!, slightly
smaller than those of the corresponding excited-state products.
The geometry of MSX4 is similar to that of LM1 except for an

!, and the fluence of the laser is ~55 mJ cm™2.The signals are integrated 5—10 us after laser irradiation.

increased C—S distance. The geometry of MSX3 is similar to
LM2 except for an increased C—S distance.

2. Potential Energy Surfaces and Reaction Mechanism.
Both LM1 and LM2 are formed without a barrier from O('D)
+ OCS(X'Z™). The crossing from the singlet to the triplet
surface might be unimportant because of the large exothermicity
of these two channels. There are four branching channels from
LM1: (1) decomposition to CO(X'Z") + SO(a'A) without well-
defined TS; (2) crossing at MSX4 to the triplet surface to form
COX'=%) + SO(X?=7); (3) isomerization to LM2 via TS3 with
a barrier of 66.1 kJ mol~', followed by decomposition to S('D)
+ COx(X'A)); (4) isomerizes to LM2, followed by crossing at
MSX3 to the singlet surface to produce SCP) + COy(X!A)).
Similarly, LM2 has four branching channels to form four
possible product pairs.

The reaction OCP) + OCS(X'=") might proceed, in addition
to the direct channels via TS1 and TS2 to produce CO(X'Z")
+ SO(X3Z7) and SCP) + CO,(X'A)), respectively, via crossing
points MSX1 and MSX2 to form LM1 and LM2, respectively,
on the singlet surface, as was shown previously for the reaction
S + OCS.> The subsequent paths for LM1 and LM2 are
described above.

For the channel to form CO,, the calculation indicates that
the barrier at TS2 is 36.4 kJ mol™!, but the crossing from the
triplet to the singlet curve is predicted to occur with ~3 kJ mol ™!
less energy at MSX2 that has a structure like that of TS2. For
the channel to form CO, the calculation indicates that the barrier
at TS1 is 27.6 kJ mol™!, but the crossing from the triplet to the
singlet curve is predicted to occur with ~13 kJ mol ™! less energy
at MSX1 that has a structure like that of TS1. On the basis of
the energy, geometry, and vibrational frequencies of OSCO at
MSXI1, a TST calculation gives k[O(P) + OCS)] = 2.6 x 1074
cm® molecule™ s7! at 298 K, which is near the experimental
value 1.2 x 107 cm® molecule™ s7'.2 In fact, a slightly
increased energy of MSX1 from 14.2 to 17.1 kJ mol ™! provides
quantitative account for the experimental value. This result
indicates that the crossing probability for this heavy system,
similar to the reaction S + OCS,> is near unity within the % 4
kJ mol™! uncertainty in the predicted energy.

E. Comparison of Observed and Predicted Results. 1. Re-
action of O(°P) + OCS. According to calculations, the reaction
of OC’P) + OCS near room temperature is expected to proceed
mainly via crossing at MSX1 to form SO (a'A) and CO. For
the minor channel, the reaction is expected to proceed via
crossing at MSX2 to form S('D) + CO,. At higher temperature,
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Figure 9. (a) Semilogarithmic plot of relative population Py(J")/(2J
+ 1) as a function of J(J + 1) for v = 1 to 4 of CO. The slope of each
line yields the rotational temperature for the respective vibrational state.
(b) Semilogarithmic plot of vibrational population of CO as a function
of the vibrational quantum number, v. The value for v = 0 is an
estimated value from linear extrapolation of the plot.

the formation of CO + SO via TS1 with energy ~13 kJ mol™!
greater than MSX1 must be taken into account. At even higher
temperature (7> 1500 K), reactions via TS1 and TS2 dominate
because the crossing probabilities of MSX1 and MSX2 decrease
as the velocity increases. Thermal rate coefficients predicted
by Isshiki et al.® using TST with Wigner tunneling corrections
are much smaller than experimental values because they did
not take the crossing into account. However, predicted branching
ratios are similar to experimental values at high temperatures
because the crossing becomes less important.

To produce ground-state products SO + CO, LM1 must cross
to the triplet surface at MSX4 before dissociation. The nearly
linear O—C—S geometry of MSX4 implies that the fission of
the C—S bond leads to little rotational excitation of CO but
much rotational excitation of SO. The C—O bond length of
MSX4 is similar to that of diatomic CO, indicating little
vibrational excitation for CO product upon dissociation. In
contrast, the S—O bond length of MSX4 is larger than that of
SO; greater vibrational excitation of SO is hence expected. The
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Figure 10. Optimized geometries of reactants, intermediates (LM),
and transition states (TS) of the O + OCS system calculated at the
B3LYP/6-311+G (3df) level; bond lengths are given in angstroms and
bond angles are given in degrees.

vibrational distribution of SO observed by Chen et al.!” and
that of CO by Nickolaisen et al.” are consistent with this
expectation; 26.0 and 0.6% of available energy was converted
to the vibrational energies of SO and CO, respectively. The
observed rotational distributions, 8.1 and 15.7% for SO and CO
contradict, however, the expectation from computation; the
reason is unclear. Further work on the internal distribution of
CO is needed. In our experiment, we were unable to detect CO
from this reaction. To produce ground-state products S + CO,,
the reaction must proceed via TS2 (36.4 kJ mol ") or via MSX2
(33.4 kJ mol™!) to form LM2, followed by crossing at MSX3;
the path via MSX2 likely dominates at room temperature. Both
MSX3 and TS2 have a C—O distance (1.215 and 1.974 A,
respectively) much greater than that (1.159 A) of CO,; high
vibrational excitation of CO, product is hence expected, which
is consistent with our experimental observation. The reaction
intermediate LM2 is expected to have a sufficient lifetime for
intramolecular vibrational relaxation before it decomposes to S
+ CO,. The observed vibrational distribution of the product
COs is thus similar to the prior distribution assuming a statistical
partitioning of the available energy. The observed E* of 18 000
+ 500 cm™! (215 £ 12 kJ mol™!) indicates a small contribution
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TABLE 1: Vibrational Wavenumbers and Rotational Constants for the Reactants, Intermediates (LM), Transition States (TS),
Crossing Points (MSX), and Products of the O('D,’P) + OCS Reaction Computed with the B3LYP/6-3114+G(3df) Method

species rotational constant/GHz vibrational wavenumber/cm !
OCS(X'=h) 6.1 531.1, 531.1, 879.8, 2116.0
COX'=h) 58.3 2216.8
SO(a'A) 21.4 1156.7
SO(X3=7) 21.4 1157.3
COx(X'A)) 11.8 678.9, 678.9, 1373.9, 2413.8
LM1 29.9, 309,34 146.0, 353.3, 533.8, 662.5, 1046.9, 2053.8
LM2 18.5, 5.5, 4.2 408.4, 555.8, 583.5, 714.2, 1067.7, 1991.91
TS1 17.0, 3.0, 3.0 244.1i, 109.2, 443.8, 504.0, 829.4, 2088.6
TS2 9.5, 6.0, 3.7 363.0i, 261.1, 440.4, 524.0, 797.8, 2081.9
TS3 17.2,5.5,42 470.0i, 396.6, 488.5, 785.9, 831.2, 2119.2
MSX1 15.3,3.2,2.6 286.11, 96.7, 430.8, 455.4, 842.6, 2283.1
MSX2 10.1, 6.0, 3.7 459.6i, 47.2, 448.2, 525.5, 800.5, 2098.7
MSX3 478,28, 2.6 109.0i, 299.8, 581.8, 621.5, 1403.6, 2505.7
MSX4 27.4,22,2.1 88.4i, 97.4, 114.7, 167.6, 1070.5, 2125.9

from the S('D) + CO, channel; that is, direct dissociation of
LM2 on the singlet surface might be less important.

The quenching experiments on the reactivity of O(*P) atoms
toward OCS indicate a barrier for the channel to form CO,,
which is consistent with computed energies of TS2 (36.4 kJ
mol™") or MSX2 (33.4 kJ mol™}) to form LM2. Our estimated
value of 24—29 kJ mol~! for this barrier height is smaller than,
but consistent with, calculated values.

2. Reaction of O(*D) + OCS. According to calculations, the
reaction of O('D) + OCS near room temperature is expected
to proceed without a barrier to form LM1 and LM2. Because
of the large exothermicity, curve crossing at MSX1 or MSX2
might be unimportant. LM1 and LM2 lead to the formation of
SO + CO and S + CO,, respectively.

The intermediate LM1 has a structure OCSO in which ZOCS
is 179° and ZOCS of the crossing point MSX4 is essentially
180°. Because of the torque exerted on CO upon fission of the
C—S bond, the extent of the rotational excitation is expected to
be small, which is consistent with our experiments. Similarly,
the C—O bond lengths are 1.149 and 1.135 A for LMI and
MSX4, respectively, similar to the bond length 1.124 A of CO;

o(ID}+OCS(XIE )

0.0
oCP)HOCS(X's )

vibrational excitation of CO product is hence expected to be
modest, which is consistent with our observation.

The structure of intermediate LM?2 has two C—O bonds with
lengths 1.173 and 1.307 A, respectively; the latter is much
greater than that (1.159 A) calculated for CO,. Similarly, the
structure of MSX3 has two C—O bonds with lengths 1.148 and
1.215 A, respectively. We hence expect that CO, products via
these channels are highly vibrationally excited. The observed
E* of 30 000 4= 500 cm™! (359 4= 6 kJ mol™}!) is 16% greater
than the available energy of 25 890 cm™! for the S('D) + CO,
channel but is 86% that of the 34 934 cm™! for the S(P) +
CO, channel. Because it is unreasonable to have E* exceeding
the available energy, we conclude that crossing at MSX3 to
form SC°P) + CO, plays an important role. The probability of
the crossing is unknown, but it might be similar to that of MSX1,
close to unity, so that the triplet SCP) + CO, channel dominates.
The value of 86% for the triplet channel is similar to the
fractions of the available energy found in the cases of O('D) +
CO, and OC’P) + OCS in which the reactions proceed through
a relatively long-lived complex so that the internal energy is
nearly completely randomized.

SO(a'A)+ COX'T ™)
-107.0

S('D)+CO,('Ay)

-190.0

MSX3 . SOGPL)+HCOKX'EY)
TN 203
. —

2274
SCPy+CO,('A)

Figure 11. Potential energy (in kilojoules per mole) diagram for the O + OCS system calculated at the CCSD(T)//B3LYP/6-311+G (3df) level.

The singlet—triplet crossing points are marked as MSX1—MSX4.
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Conclusions

We observed emission of CO and CO, produced from
reactions of O('D,’P) + OCS with time-resolved FTIR and
determined their internal-state distributions. In the reaction of
O(CP) with OCS, the vibrational distribution of CO, that yields
the best fit with the observed band shape is obtained with the
statistical partitioning of energy E* = 18 000 £ 500 cm™!,
which is 85% of the available energy. The observed average
vibrational energy of product CO, corresponds to ~49% of the
available energy, but the observed rotational energy is <2% of
the available energy, similar to the reaction O('D) + CO,. The
addition of Ar quenches the reaction, indicating that the reaction
proceeds with a barrier.

In the reaction of O('D) with OCS, the electronic-to-
vibrational energy transfer for O('D) + OCS — O(°P) + OCS
is negligible. Emission of OCS(0, 0°, 1) was observed, which
results from V—V energy transfer from highly vibrationally
excited CO,, as in the case of O(’P) + OCS. Emissions of both
CO and CO, were observed. The vibrational distribution of CO,
is consistent with predictions using statistical partitioning of
energy E* = 30 000 & 500 cm™!, 86% of the available energy.
The observed average vibrational energy of product CO,
corresponds to ~51% of the available energy, but the observed
rotational energy is <2% of the available energy, similar to the
reaction O('D) + COs,.

The mechanisms of these reactions are also investigated with
the CCSD(T)/6-311+G(3df)//B3LYP/6-311+G(3df) method.
The results indicate that the triplet O(P) + OCS(X'Z") surface
proceeds via direct abstraction and substitution channels, with
barriers of 27.6 and 36.4 kJ mol~!, respectively, to produce
SO(X?Z7) + CO(X'E") and SCP) + COy(X'A,), whereas two
intermediates, OSCO and SC(O)O, are formed from the singlet
O('D) + OCS(X!'=") surface without a barrier, followed by
decomposition to SO(a!A) + CO(X'Z") and S('D) +
COy(X'A)), respectively. For the ground state reaction O(’P)
+ OCS(X'="), the singlet—triplet surface curve crossings play
important roles. The major reaction channel to form SO + CO
proceeds via crossing point MSX1 to form intermediate OSCO,
whereas the minor channel to form S + CO, proceeds via MSX2
to form intermediate SC(O)O. For the reaction of O('D) + OCS
a direct formation of intermediates OSCO and SC(O)O before
decomposition dominates. The observed distributions of internal
states of CO and CO, are consistent with those expected from
the computed PES.
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