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The rovibrational state distributions of both the CS and the SO products following the reactiofPyHO(

CS have been investigated. The®) atoms are generated by photolysis of Ning a frequency-tripled
Nd:YAG laser at 355 nm. The SOfX", v/ = 0—6) and CS(X=", /' = 0—3) are observed directly using

laser induced fluorescence (LIF) spectroscopy on th&(B— X327) and (AUl — X!=*) transitions,
respectively. The SOGE") product is found to be highly excited with the vibrational state distribution inverted

at "' = 1 and detectable population up #t = 6, while the CS(X=") product vibrational state distribution

is characterized as Boltzmann with a vibrational temperature of £2885 K. The total vibrational excitation

of both products accounts for 21% of the available energy to the products. The near nascet SO(%

0—4) rotational state distributions are characterized by rotational temperatures in the range d883X,

and the near nascent CSEX, "' = 0) is characterized by a temperature of 238607 K. The total rotational

energy of the products accounts for 34.8% of the available energy. Correlated ab initio calculations of the
reaction pathway have been performed, resulting in accurate energies for the reactants, products, intermediates,
and transition states. Optimized geometries for the intermediates and transition states have been obtained.
The inverted vibrational state distribution of the SGXX) product and the excited rotational state distribution

of the CS(XZ") product suggest a short-lived, nonlinear intermediate structure as the primary pathway for
the reaction. The results from the ab initio calculations corroborate this model.

I. Introduction OCP)+CS,—~CS+SO  AH°=—80.7 kd/mol (la)

The reactions of atomic oxygen play a fundamental role in —CO+S, AH® = —347.8 kd/mol (1b)
basic chemical kinetics and dynamics and are of relevance in —O0CS+S  AH°=—227.4kJ/mol (lc)
practical applications in atmospheric and combustion cherdistry.

In particular, the oxidation reactions of small sulfur compounds, Kinetic studies indicate that reaction 1a is the dominant pathway.
such as OCS, GSand HS by oxygen atoms play an important  The branching ratio of reaction 1¢ has been measured in the
role in the global sulfur cycle. These reactions can produce SOrange of 0.01%to 0.3? with the values converging toward
radicals that lead to SQand ultimately yield acid rain in the ~ 8—10%,*°while reaction 1b has been reported from 0.614
atmospherd Oxygen atom reactions with sulfur species are also t0 0.037 These product branching ratio studies suggest that the
crucial in the combustion chemistry of sulfur-containing fufels. Primary channel is reaction 1a, contributing approximately 90%
For these reasons, many previous studies have been devoted t8f the total reaction rate. o ]
the kinetics of ground-state oxygen ator?@) as well as its Measurement of the temperature-dependent kinetics to obtain
first excited state, OD), reaction$. However, much less Arrhenius parameters was consistent with the branching ratio

information is available about the microscopic dviamics of these studies. Westenberg et al. used electron spin resonance spec-
! 1on 1S aval u : pic dy ! troscopy to monitor the GP) decay rates in the presence of

reactions. Detailed dynamic studies have proven useful in CS at three different temperaturésThey detected the SOX-)
unraveling ambiguous experiments, providing useful data t0 o confirm the reaction and obtained an activation energy,
modelers. E., = 1050 cal/mol, for the process. A later study by Wei et al.
is consistent with the first study, reporting & = 1280 cal/
mol for reaction 1 over the temperature range of 2283 K13
Both of these groups used the same methodology to study the
O(P) + OCS system and found equally consistent results.
Despite the wealth of kinetic and branching ratio data for
reaction 1, there is relatively little information about the detailed
dynamics of this system. This is particularly surprising in light
*To whom correspondence should be addressed. of the fact that the GP) + CS;, was one of the earliest systems
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The reaction of ground state oxygen atoms with carbon
disulfide is a particularly interesting test case. Three product
channels have been observed experimentally:
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studied by modern molecular dynamics methods. Smith used 7
this system to demonstrate an elegant early example of product
energy disposal as a mechanistic thdHe photolyzed a mixture

of NO, and CS at4A > 300 nm and monitored the CS and SO
products by transient absorption spectroscopy. The resulting CS
and SO vibrational state distributions revealed vibrational
temperatures of 1775 and 2870 K, respectively.

Reaction 1 was also the target of the early studies of reactive
scattering in crossed molecular beath® A more recent
crossed beam investigation was undertaken in conjunction with
experiments on the GR) + OCS system’ These studies have
consistently found that the reaction is characterized by strong
forward scattering and relatively low efficiency conversion of
reaction exoergicity into translational energy. Because of the
inefficiency of producing translational energy, the remaining
exoergicity must be partitioned into the internal degrees of 3L T S TR
freedom of the reaction products. For this reason, energy by P YR A
partitioning studies into the primary channel, reaction 1a, provide
an excellent test case for determining the detailed reaction 2
mechanism.

We report here our studies into the rovibrational state
distributions of both the CS and the SO reaction products 1
following the 355 nm photolysis of N{n the presence of GS
The SO(X=", ' = 0—6) and CS(X=", v = 0—3) were
observed directly using laser induced fluorescence (LIF) spec- i
troscopy on the (BE — X3=7) and (AUI — X1X') transitions,
respectively. As a complement to the experimental work, we
have carried out correlated ab initio calculations on the reaction iigurié; Rf?taﬂ%f;at':é;;fi%':‘/ef(; IIIBI\;i rfpelcgahg:d(as) ﬁgéﬁé OU|’|iS:iOHS

. S : _ o= i
pathway. The m'@rna_l energy distributions of the regcy_on between OP)+CS,: (b) CS(AI, o/ — 09_ iz o :IJO) transition
product§, inconjunction with the rgsqlts of the ab |n|t|o following two hard sphere collisions between®PY+ CS.
calculations, enable a complete description of the dynamics of
the title reaction.
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(PMT). Long-pass filters were placed in front of the PMT to
minimize the scattered light from photolysis and probe lasers.
II. Methodology The output of the PMT is processed by a gated integrator and

Experimental. The experimental apparatus used in this study digitizer and sent to a computer for display and storage. The
has been described previoudfy2 In brief, atomic oxygen, delay time (110 us) between photolysis and probe lasers is
OEP), was generated by photolysis of N@sing the 355 nm  controlled by a digital delay pulse generator.
output of a frequency-tripled Nd:YAG laser (Continuum, Carbon disulfide and nitrogen dioxide were mixed in the
PL7000). The gases, G8nd NQ, are introduced into a stainless  reaction cell in a ratio of 0-80.9 at total pressures of 8070
steel reaction chamber through two inlets. The stainless steelmTorr. CS was degassed by three freezgump-thaw cycles
chamber is equipped with extension arms to reduce scatterecbefore use; N@(98%) was used without further purification.
light. The partial and total pressures are measured at the exit ofBoth CS and NG were obtained commercially.
the chamber by a calibrated capacitance manometer. The probe Theoretical Calculations.Ab initio calculations were carried
dye laser (Lambda Physik FL3002; 0.25 CThresolution) is out by the Gaussian 94 suite of computer prograhiquilib-
pumped by a XeCl excimer laser operating at 308 nm. The two rium geometries of th&rans- andcis-OSCS intermediates and
laser beams, photolysis and probe dye, are collinearly countera set of harmonic frequencies for each structure associated with
propagated along the entire length of the cell to ensure maximuma minimum on the groundA"” potential energy surface are

overlap in the center of the reaction chamber. determined by second-order MolielPlesset perturbation theory
The sulfur monoxide product is monitored by LIF on the and the 6-31%++G* basis set. Accurate energies for reactants,
B3Z~ — XS3X~ transition in the 237285 nm region with products, and the calculated intermediate and transition struc-

measurements of the vibrational state population distribution tures were determined by fourth-order Moltd?lesset theory

up tov" = 6. The carbon monosulfide product is monitored by (MP4 SDTQ/6-311++G*) and modified by a number of
LIF on the AT — XX~ transition in the 244270 nm region corrections to take into account further G-2 theoretical refine-
with measurements of vibrational state population distribution ments?223 The procedure includes a zero-point correction
up tov" = 3. In the case of both products, the vibronic bands AE(ZPE) calculated from the harmonic frequencies. The second
are at least partially rotationally resolved. The probe wavelengths correction term AE(2df), takes account of higher polarization
in the experimental region are generated by frequency doubling functions on non-hydrogen atoms. This is done by comparing
(8-BaB;0,) the dye laser fundamental outputs using three dyes MP4 results with the 6-31#+G*(2df) and 6-31%+G* basis
(Coumarin 480, 500, and 540A). The probe laser powers{0.5 sets. The third correctio\E(QCI), is to perform a quadratic
1.0 mJ) used in these experiments are not sufficient to saturateconfiguration interaction QCISD(T) calculations, using the
the observed transitions. No variation in rotational state distribu- 6-311++G* basis. Another higher level correctioNE(HLC),
tions were observed as a function of dye laser power for severalis added to the total electronic ener§y. In G2 theory, a
selected vibronic bands. Fluorescence is viewed aréative correction (A) is added to the energy, which accounts for the
to the laser beam axis by a high gain photomultiplier tube addition of a third d function to the non-hydrogen atoms. The
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Figure 2. Observed vibrational state distribution of the SCEX)
product @) following the reaction of Gf) + CS,.. OCP) atoms are
produced by the 355 nm photolysis of N{.035 Torr) in the presence
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Figure 3. Observed vibrational state distribution of the CSX)
product @) following the reaction of Gf) + CS,. OCP) atoms are
produced by the 355 nm photolysis of N®.075 Torr) in the presence

of CS (0.04 Torr). The delay between the photolysis and the probe of CS, (0.085 Torr). The delay between the photolysis and the probe

lasers is 2us, corresponding to 1.5 hard sphere collisions. The open |asers is 2us, corresponding to ca. three gas kinetic collisions. The

symbols ©) and dashed line represents the best fit to the experimentally gpen symbols®) are the best fit to the experimentally observed data

gbserve_d (;ata using the FrareRondon/Golden Rule model (see ysing Franck-Condon/Golden Rule model (see Discussion).
iscussion).

. . . . the spectroscopic constants reported by Barrow and co-work-
last term mthe_ correction is 1.14npair, where npair is the n_umberers?,z,gs Our results are in good agreement with the nascent
of valence pairs, the value of 1.14 was determined to give the ;i arional state distributions reported in the literatefrés
zero mean deviation from the experiment of the calculated o oiher factor that we have to consider in ther)(+
atomization energies of _55 molecules for which the experimental CS, experiment is the overlap of the vibronic bands of the
values are well-determined. CS(AMI — XI=) transition with those of the SO, v/ —
X3=~, ") transition. The following CS(AT — X1=+) vibronic
bands were obtained with detectable signal and minimum
overlap: (2,0), (2,1), (2,2), (2,3). The vibrational bands termi-
nating on thev' = 2 level of AT state enable us to obtain a
vibrational state population distribution without having to correct
for the differences in emission properties and filters. In this way,

I1l. Results

A. Product Vibrational State Distributions. The vibrational
state population distributions of the products SEXX) and
CS(Xt=") formed in the reaction of GP) + CS;, have been
determined by using LIF excitation spectroscopy on the
SO(BZ~ — X327) and CS(AIT — X1=7) transitions (see Figure  the vibrational state population distribution of CSEX, /' =
1), respectively. Vibrational state distributions of SCXX) have 0—4) can be obtained by measuring the integrated areas of these
been successfully measured for a variety of unimolecular and bands and normalizing them by their respective Frar@@gndon
bimolecular reactions in our laboratot¥.2%24 For carbon factors3* In these experiments, the reactant partial pressures are
monosulfide, we have calibrated our system by carrying out Pyo, = 75 mTorr andPcs, = 85 mTorr, with a delay time of 2
the 193 nm photodissociation of €%nd comparing the  us between the photolysis and the probe lasers. This corresponds
subsequent vibrational state distribution of CS with previous to ca. 3 hard sphere collisions prior to the detection of the LIF
measurement®-27 The details of the vibrational state distribu- signal. The CS(*=*) vibrational state population distribution
tion measurement of each of the two products is given below. measured under these conditions is not expected to undergo

1. SO(XZ"). For the SO(B=-, v/ — X3, v") transition,
the vibrational bands terminating on the= 1 level of the
B3=~ state ¢ = 1, v = 0—6) were used to determine the

significant relaxation from its nascent partitioning. The C(%
vibrational state population distribution (see Figure 3) can be
characterized as a Boltzmann distribution with a vibrational

product vibrational distributions. Vibronic bands were assigned temperature of 1128 141 K. We have also measured the

by using the spectroscopic constants reported by Cbf#iThe
vibrational population distribution of SO€X~, »"' = 0—6) has

CS(XIZ™) vibrational state population distribution under the
same pressure conditions but with a 49 delay time corre-

been obtained by measuring the integrated areas of these bandsponding to ca. 16 hard sphere collisions following the initiation

and normalizing them by their respective Franr€kondon
factors3 In these experiments, partial pressurefef, = 40
mTorr andPno, = 35 mTorr and a delay time of 2s between

of the reaction. The observed vibrational distribution under these
conditions gives an experimentally identical vibrational tem-
perature of 123@& 155 K for the vibrational levels'” = 0—3.

the photolysis and probe lasers are used to obtain the SO spectraAttempts to measure a complete vibrational state distribution

Under these conditions1.5 hard sphere collisions occur prior
to detection of the LIF signal. The SOX") vibrational state

at lower collision numbers were unsuccessful due to low signal-
to-noise ratios with vibrational levels of smaller population.

population distribution measured under these conditions (see B. Product Rotational State Distributions. Rotational state
Figure 2) is not expected to undergo significant relaxation from distribution of SO(X=~) and CS(X=") following the reaction

its nascent partitioningt As shown in Figure 2, the observed
vibrational state distribution is inverted @t = 1 with detectable
population up ta'" = 6.

2. CS(XIZ™). Since vibrational state distributions of CS had

of O(P) + CS; has also been measured. For sulfur monoxide,
product rotational state distributions have been obtained for
v" = 0—4. In the CS case, only” = 0 was able to be
sufficiently rotationally resolved at low enough collision

not been previously measured in our laboratory, we recorded numbers to yield a reliable rotational state distribution. The

an LIF excitation spectrum of the CSIH — X1X*) transition
following the 193 nm photodissociation of @SThe vibronic
bands of the CS(AT — X1=7) transition were assigned using

details of the rotational state distribution measurements of each
of the two products are given below.
1. SO(XZ"). Rotationally resolved spectra have been
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TABLE 1: Rotational Temperatures of the Nascent SO(X®X~) Product as a Function of Vibrational Level, '’

V" 0 1 2 3 4 5
T (K) 1172+ 254 1312+ 244 1017+ 98 1121+ 130 882+ 180 707+ 154
6 4
5} SOCX’S, v'=3) CS(X'T, v'=0)
I 3
3 S
& o)
= =]
= =
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Figure 4. Boltzmann plots of the nascent rotational state distribution r
of SO(OCZ, "' = 3) products following the GP) + CS; reaction Figure 5. Boltzmann plots of the nascent rotational state distribution
after 1.5 kinetic gas collisions, corrected by the rotational degeneracy of CS(X'Z*, v = 0) products after the CR) + CS; reaction. NG/
g(N'") = (2N" + 1), versus the rotational energy, By, (N'" + 1). CS, = 35/45 (mTorr). The delay between the photolysis and the probe

The symbols®) and ©) represent P22 and R22 rovibronic transitions, lasers is 2us, corresponding to two gas kinetic collisions. The solid
respectively. The solid line is linear least-squares fits to the experimental line is linear least-squares fits to the experimental data.
data.

the reaction is the highest. Therefore, we have chosen to use
recorded on the SOf8~ — X3%") transition for the { = 1, the (0,0) band to record a rotationally resolved spectrum, which
v"" = n) vibronic bands fom = 0—4 under conditions of 1.5  in turn can be converted into a rotational state distribution. The
gas kinetic collisions. These rovibronic transitions originated spectrum was obtained at partial pressureByef, = 75 mTorr
from SO(X’z") have been used to measure the rotational state and Rs, = 85 mTorr and a delay time of 2s, corresponding

population distribution. Each rotational level of the’>X to three hard sphere collisions. While the CS rotational state
electronic state, which belongs to Hund’s case b, is split into distribution may be partially relaxed under these conditions, it
three spin components, that is,flér J= N+ 1, R for J= N, is as close to nascent as we can directly measure. In the CS(0,0)
and ks for J = N — 1, whereN is the total quantum number  band, the R branch which forms the bandhead at 257.55
without spin. Of these SOE™, v/ — X327, v") transitions, nm cannot be resolved, and the P branch is partially overlapped

only six branches i.e., b P2, Ps3, Ri1, Rz, and Rs have by the SO(3,4) band. However, the Q branch can be assigned
appreciable intensity. The frequencies corresponding to rovi- unambiguously up ta] = 35 (see Figure 1b). Transition
bronic transitions are calculated based on Colin’s spectroscopicfrequencies are calculated based on the spectroscopic constants
constant$?23 The experimental spectra were calibrated by of Barrow and co-worker®33 Following the assignment,
adjusting the bandhead position to the calculated value. Therotational state populations were extracted by the same proce-
assignment of each rovibronic transition was carried out by dure used for the SO spectra. The €5€ 0) product rotational
comparing the calibrated experimental spectra with the calcu- state distribution can be characterized as Boltzmann (see Figure
lated lines. The difference between calculated rotational line 5) with a rotational temperature of 2986 607 K. For the
positions and the experimental positions was within 0.005 nm. " = 1, 2 levels, due to the lower populations and smaller
For the vibrational bands used, theBnd R. branches can be  Franck-Condon factors of the CS(2,1) and (2,2) bands,
well-resolved. Typically, the B branch can be assigned up to  rotational state distributions can be obtained following five gas
ca.N = 40 and B, branch up to caN = 35. kinetic collisions, withT, = 1310+ 169 and 1166+ 175 K,
Relative rotational state populations are determined by respectively. This rapid rotational relaxation is consistent with
measuring the intensity of each well-resolved line from the band, previously observed diatomic rotational relaxation.
dividing by the appropriate line strength, i.e.;'leLondon C. Theoretical Results. We obtained minimum energy
factor, and multiplying by the corresponding rotational degen- structures corresponding toansOSCS andcis-OSCS com-
eracy. The rotational population, PN measured from the LIF  plexes in the potential energy surfaces. Table 2 and Figure 6
excitation spectra can be described approximately by a Boltz- show the ab initio energies and G-2 theoretical energy correc-
mann expression and thus characterized by a rotational tem-tions of the species involved in the reaction. Figures 7 and 8
perature,T,. The Boltzmann plots and resulting rotational show the optimized geometries for intermediate complexes and
temperatures are shown in Figure 4 and Table 1, respectively.transition states. Table 3 shows the calculated harmonic
2. CS(XI=™). For the CS(AIT — X1=T) transition, attempts frequencies for each complex.
to get rotationally resolved spectra on the bands used for the
vibrational state distribution under single collision conditions |/ piscussion
were unsuccessful due to low signal-to-noise ratios. This is due
to relatively small FranckCondon factors for the (2,0) band The experimental value for the heat of reaction fofR)(+
and the low populations found in the higher vibrational levels. CS; — CS + SO is AHrxn = —84.46+ 3.76 kJ mot1.35:36
Because of the vertical nature of the CHR — XI=F) The uncertainties in thAHgrxy are purely fromAH? at 298 K
transition, the (0,0) band has the largest FranCkndon factor for CS. In the current study, we use the value of Douglas and
for thev” = 0 level, where the relative nascent population from Armentrout3® who reported one of the more precise values. The
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TABLE 2: Complete Fourth-Order Mgller —Plesset Energies (MP4 SDTQ/6-3H+G*) and G-2 Theoretical Corrections for the

Species Involved in the Title Reaction (in a.u)

MP4/6:311++G* | AEQ2d) | AE(QCT) | AE(HLC) | AEZPE) | 1.14npair | & Eo(G))
O(P) -74.937240 -0.03119 -0.00096 | -0.01266 0 0.00228 | -0.00239 -74.9821522
CS, (‘Z'g) -833.384280 -0.11515 0.007686 | -0.04912 0.006978 | 0.00912 |-0.00814 -833.532900
+trans-OSCS -908.322794 -0.16876 -0.00336 | -0.06178 0.008813 [0.0114 -0.01458 -908.551062
cis-OSCS -908.3244281 -0.16854 -0.00304 | -0.06178 0.009022 {0.0114 -0.01440 -908.55177353
s -908.376186 -0.1526738 | - .023369 | -0.06178 | -0.008929 ; 0.0114 -0.0121623 -908.605842
/s
O=C
Ns
SOCXY) -472.706690 -0.09609 0.002559 | -0.03108 0.002504 | 0.0057 -0.00743 -472.830533
CS(1Xn) -435.626792 -0.06053 0.002693 | -0.03070 0.003015 | 0.0057 -0.004%96 -435.711482
50 a
OCP+CS('L,) OSCSCA") Transition states ~ SOCZ)+CS('T")
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Figure 6. Energy level diagram for the €R)+ CS2 (X.=") potential

trans-Transition
State

cis-Transition
State

energy surface showing the minima and saddle points computed at therjgure 8. Optimized geometries of transition states obtained at the

G2 level of theory. ThetransOSCS andcissOSCS intermediate
structures are nearly isoenergetic.

trans-OSCS

¢is-OSCS

Figure 7. Optimized geometries of intermediate complexes obtained
at the MP2/6-31%++G* level of theory.

activation barrier for this reaction is 420 24.5 cnt1.1112The

center of mass kinetic energy of the3@) atom following 355
nm NG; photolysi$” corresponding to NO(X1, » = 0) and to
NO(XAI, v = 1) is 1833 and 610 cm, respectively. Thus,

MP2/6-31H+G* level of theory.

TABLE 3: Harmonic Frequencies for the OSCS Complex
Determined at the MP2 Level of the Theory (in cnT?)

mode w1 w2 w3 W4 wWs We

transOSCS 163.54 198.33 374.98 568.05 1213.98 1349.56
cissOSCS 155.4 253.7 4725 529.8 1246.6 1302.2

oxygen atoms from both levels will have enough energy to allow
the reaction to proceed over the activation barrier to products.
The population of Gf) atoms produced from this photodis-
sociation process corresponding to NG[K v = 0) is 62+

3% and to NO(XII, v = 1) is 38 & 3%37 Therefore, the
average kinetic energy of oxygen atoms will be 1368.01.3
cm~1, and the total available energy in reaction channel 1a is
8420.04 355.6 cnt?, which is available to be partitioned among
all the products’ degrees of freedom. While the other two
channels (1b and 1c) are more exoergic, kinetic studies show
that the reaction rate constants are much smaller and that the
production of SO and CS is the primary pathwé§-1!

The energies disposed to the SG¥X) and CS(XZT)
products’ vibrational degrees of freedom in reaction la were
obtained by summing the energy partitioned to each vibrational
level, Eyi, = ZC(E, — Ep), whereky is the zero point energy,

E, is the vibrational energy in" levels, andC, is the fractional
population iny'" obtained from the vibrational state distributions
(see Figures 2 and 3). The vibrational excitation for the
SO(XZ™) product, obtained within two gas collisions was
calculated to be 153145 172.8 cnt?, corresponding to 18.2%
of the total available energy. The vibrational excitation for the
CS(XI=™) product within ca. three collisions was 14#018
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TABLE 4: Summary of the Energy Disposal into the a qualitative insight into the dynamics. The features on the
SO(X’x") and CS(X'X") Products Following the OFP) + calculated triplet-state potential energy surface provide an
CS, Reaction explanation for the nonstatistical behavior of the observed
SO(Xxz") and product state distributions. Upon formation of the transient
CS(X'=") SO(Xx") CS(X'=") intermediate OSCS, the system has at least 70 kJ/mol of excess
E, Er Ev Er Etrans energy. The SC stretch requires about 42 kJ/mol for tiens-
energy (cm?) 147.0 1930.0 1531.5 1002.2 andcis-OSCS intermediates to dissociate to products. Since this
% E., 1.8 22.9 18.2 11.9 3528 is only 60% of the available energy, the transient complex can

readily dissociate to S& CS, leaving substantial energy in
S—O vibration. Product formation vigrans and cissOSCS
cm%, corresponding to 1.8% OEai. The total products’ intermediates are shown in Figure 7a,b. The bond length of the
vibrational excitation accounts for 20.0% of the available energy. CS bond that does not break in the intermediates is averaged
The average rotational energy attributed to the products wasas 1.565 A, which is the same as we obtained from the Franck
calculated fronE: = Z(kgT,C,)/=C,, wherekg is the Boltzmann  Condon/Golden Rule model (1.565 A). In the parent molecule
constant andy, is the rotational temperature for each different CS,, the bond length is 1.55 AOn the other side, the bond
vibrational level. For the SO ") product, where the rotational  |ength of SO from the calculation is 1.471 A (trans-), smaller
temperature can be obtained frath= 0, 1, 2, 3, 4 vibrational  than in FC/Golden Rule model, where it is 1.556 A. The
levels within two gas kinetic collisions, the temperatures are in S—C—S angle decreases from rd6 the separated reactant to
the range of 8821312 K. Thus, the calculated rotational energy 132 (trans-) in the intermediate, consequently, if most of the
is 1002.0+ 132.1 cnmt?, corresponding to 11.9% of the total  available energy is repulsively released in the exit channel as
available energy. For the CS{X") product, the rotational  the G-S bond breaks, and then a large lever arm will ensure
temperature can be obtained from the nascent'CS(0) level substantial CS rotational excitation.
as 2986+ 607 K, while in ther" = 1, 2 levels the temperatures Smitht4 has shown experimentally that both CS and SO
are 1310+ 169 and 1166+ 175 K, respectively, under five  products in reaction la are vibrationally excited up to the third
collisions. The rotational energy calculated from these results and fourth level and are characterized as Boltzmann distributions
for the CS product is 1930.8 385.1 cntl, accounting for with vibrational temperatures of 1775 and 2870 K, respectively.
22.92% of the available energy. The total rotational energy of Our results show that while the CS product is vibrationally
the two products accounts for 34.8% of the available energy. excited up tov' = 4 with a characteristic Boltzmanif, =
The product translation accounts for 35.8% of the available 1128 K) vibrational distribution, the SO product displays an
energy’ On the basis of our results and those of ref 17, 90.6% inversion in its vibrational distribution. In Smith’s experiment,
of the available energy is partitioned among the translational, he measured the CS distribution more precisely than he did SO,
rotational, and vibrational degrees of freedom of the reaction pecause the now accepted spectroscopy of sulfur monoxide was
products. A complete summary of the energy partitioning is not available to him. His data were also recorded at much higher
given in Table 4. collision numbers than those reported here. The CS product
The inverted vibrational distribution of the nascent SEXX) vibrational distributions are similar, with the primary difference
suggests either a direct abstraction or the presence of a shortheing that the vibrational temperature we obtained is lower than
lived intermediate in the mechanism for reaction 1la. Reactive his result. However, he measured a Boltzmann temperature using
scattering results for the €R) + CS reaction shows sharp only thev” = 0, 1, 2 levels. If he had included thig' = 3
forward peaks, suggesting a weakly bound OSCS intermediatepoint in temperature determination, he would have obtained a
with a lifetime of one-third of a rotational period, based on a |ower value.
lifetime estimate of~0.4 ps and a rotational period of1.3 The highly excited rotational degrees of freedom in the CS
psi’ We can estimate the lifetime of the intermediate by using product suggest that the intermediate should not be linear. If
quantum RRK theod} to calculate the unimolecular dissociation the system is nearly collinear in the exit channel as repulsive
rate constant for the energized complex. The lifetime is the forces push the products apart, the product will on average be
inverse of the rate constant:= I/k,. Using an A factor of 18 created with little rotational momentum. Our ab initio calculation
s1, we obtain a lifetime of 0.5 ps for the intermediate, assuming shows that the original linear G®olecule bends nearly 130
the energetics shown in Figure 6, in good agreement with the in both the cis and trans planar intermediate structures and has
previous estimate. a still tighter transition state structure. The reactive scattering
The vibrational population distributions of SOX") and experiments of Grice and co-workétsre in agreement on this

CS(X'Z*) products following the title reaction can be treated point. It is interesting to compare the dynamics study results
by a Franck-Condon/Golden Rule mod& This model assumes  petween reaction 1a and

a sudden transition from a dressed oscillator, i.e., the oscillators
SO and CS, in the intermediate OSCS prior to dissociation, to o(3p)+ OCS— CO+ SO (2)
the undressed diatomic reaction products SO and CS. We find
that the best fit for the inverted vibrational state distribution of These two reactions are analogous to each other, both being
SO as shown in Figure 2 corresponds to a dressed SO oscillatoreactions of OP) atoms with similar triatomic, linear sulfides.
with a bond length of 556 A and a vibrational frequency of  Nickolaisen et af® obtained CO{",J) product state distributions
1270 cntl. Application of this model to CS(}&™) vibrational from reaction 2, with the CO product having little vibrational
distribution reveals the bond length of the dressed CS in the excitation. The vibrational branching ratio was found to be
intermediate prior to cleavage. The best fit of the calculated [ = 1 J/[v" = 0] ~ 0.05, with CO¢" = 2) not detected. In
vibrational state distribution of CSEX™) is shown in Figure contrast, the carbon monoxide rotational degrees of freedom
3. The bond length of the dressed CS in the polyatomic are much hotter, with a nascent CQ@" (= 0) rotational
intermediate is 1.570 A. distribution temperature of 440&@ 390 K. In this study of
The results of ab initio calculations of the intermediate reaction 2, the total CO internal excitation accounted for 16%
complex OSCS on th#&\" potential energy surface may provide of the available energy to products. Our results for the energy

aRef 17.
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disposal into the CS product following 1a are similar. The structure shown in Figure 7c leads to the products shown in
vibrational distribution of CS is a little more excited than CO reactions 1b and 1c.

with detectable signal untit" = 3, and the rotational degrees

of freedom of CS are hotter as well, leading to total CS internal V. Summary

excitation of 25.7% of the available energy. The SO product
state distribution following reaction 2 studied earlier in our lab
shows high vibrational excitation with detectable population up

[ — H [ — 24
to " =9 and inverted av” = 5. The nascent SO product SO(X=™) and CS(X=™) have been measured by using laser
rotational temperature was found to be 2300 K, accounting induced fluorescence spectroscopy on the SO(B— X33-)

for 34% of the available energy to products. The SO product 4.4 CS(ATI — XIS*) transitions, respectively. Relative
internal degrees of freedom are observed to be slightly 'esspopulation of SO(") in " = 0—6 vibrational levels were
excited following reaction la, with vibrational excitation up 0 getermined from the normalized integrated intensities of the
V' = 6, an inversion at” = 1, and a nascent rotational (1,0), (1,1), (1,2), (1,3), (1,4), (1,5), and (1,6) bands. The
temperature near 1300 K. Thus the total internal energy of SO SO(Xe=-) product is highly vibrationally excited, and the
accounts for 30% of the available energy following reaction yjiprational state distribution is invertedt = 1 with detectable
la. Kinetic studies show that although reaction 1a is consider- population up ta/’ = 6. Relative concentrations of CS(X")
ably less exothermic than reaction 2, i&H° = —7052 cnrt in /' = 0—3 levels were determined from measurements on
as compared te-17 670 cnt?, it is much faster with a smaller  the (2,0), (2,1), (2,2), and (2,3) vibrational bands. The GStX
activation barrier. One possible explanation is that the larger product vibrational state population distribution has been found
activation energy of reaction 2 is a reflection of the fact that to be a Boltzmann distribution with a vibrational temperature
the product CO is more difficult to excite than CS. This should of 1230 K. The total vibrational excitation of the products
show up qualitatively as a larger potential energy of interaction accounts for 21% of the available energy to the products.

in the approach of O to OCS than to &8 a greater activation The near nascent C8( = 0) rotational distribution is
energy, since less of the available energy was used up in COcharacterized by a rotational temperaturdgf= 2986 K, and
excitation, i.e., CS internal excitation accounts for 25.7%, as the near nascent S@(= 1) is characterized by a temperature
compared to 16% in CO product in the comparison of the two of 1312 K. The total rotational energy of the two products
channels. accounts for 34.8% of the available enet§yThe product

Reactive scattering studies of these two reactions show thattranslation accounts for 35.8% of the available energy. Thus
the center-of-mass angular distribution of SO forr@DCS is  the available energy is balanced to 91.6% in partitioning among
cone-shaped, peaking at a scattering afigle70° with respect the translational, rotational, and vibrational degrees of freedom
to the incident O atom direction, while that for©CS, peaks ~ ©Of the reaction products.
sharply in the forward directiof ~ 0°.17 The very fact that Ab initio calculations of the OSCS complex on the ground
the angular distribution of the product is highly anisotropic stateA" potential energy surface provide a qualitative insight
implies that there is no long-lived OSCS or OSCO intermediate into the dynamics. The observed vibrational state distributions
“complex”, with OSCS being even shorter-lived. If the reaction Nave been modeled by Franetondon/Golden Rule treatment.
duration were long as compared with the period of rotation of Franck-Condon model best fits observed wbrg\\tlonal state
such an intermediate (i.e., several picoseconds), all memory ofS'Str(;ti“t'ons,Whe” thg SC;'br(])nd length is 1'g|56 and the CSh
the initial directions would be lost and the angular distribution ond length is 1.565 A, which are in reasonable agreement wit

would have a forwargbackward symmetr§t This is not the the minimum energy intermediate structures.
case for the two reactions. Indeed, if there were a long-lived
intermediate, we would not expect a very specific energy
disposal, since then there would be time for the energy disposal
to be “equipartitioned” among the different modes. Grice and
co-workers provide a mechanism arguing that the cone-shape

scalttetrlng f?r O+t ?Ctsh atrl_sefs frorr:j db|regt dlzsc_)glatlon of tr;]e fthe Puerto Rico Laser and Spectroscopy Facility at the Univer-
early transition state that 1S formed by broadside approach o sity of Puerto Rico, under the auspices of the NSF-EPSCoR

the O atom fo the S atom of the OCS molecule. The sideway 5,4 NjH-RCMI programs. The calculations were carried out at

recoil of the SO product is carried into the forward hemisphere o RcMmi Center for Molecular Modelling and Computational
by the initial momentum of the O atom. The forward peaked Chemistry.

scattering for O+ CS; arises from the precession of a weakly

bound OSCS intermediate with a lifetime of one-third of a References and Notes
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