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The reaction of ChB with CO was studied by using laser-induced fluorescence (LIF) to dete@S (Edicals

that were produced through pulsed laser photolysis ofS3€H. There was no increased loss of £Hn

the presence of CO. We place an upper limit of £.4071% cm® molecule* s on the rate coefficienty,

for the reaction ChS + CO — products (1), based on the precision in our measurements. This upper limit
applies between 208 and 295 K. The addition gfd@l not enhance the rate coefficient for reaction 1. The
reaction between C§$ and CO is therefore not expected to be a significant source of OCS or loss process
for CHsS in the atmosphere. We also conclude that the reaction g8OB with CO is not sufficiently rapid

to be a significant loss process for ¢Fn the atmosphere. The rate coefficients for the removal of electronically
excited CHS (CHS(A)) at 295 K by CO, M, and Q were found to be (8.6- 0.2) x 1071, (7.0+ 1.6) x

1012 and (4.84 0.8) x 1072 cm® molecule® s (&2¢ precision), respectively. Ab initio calculations
indicate that formation of a weakly bound complex between ground-stagg @hrtl CO is thermodynamically
unfavorable, and that there are significant barriers tgS3EIO adduct formation and its subsequent dissociation
to CH; + OCS, consistent with our experimental observations.

Introduction dynamic data are from Sander et*aWe suspected Ci$
could add to CO because both of these compounds form other
adducts. For example, the @8&iradical forms a complex with
0O,, CH3SOO0?® Furthermore OH, which is isoelectronic with
CH;3S, adds to CO.The reaction of ChS with CO may go

a&hrough an intermediate complex:

Tropospheric carbonyl sulfide (OCS) is believed to be a
source of stratospheric sulfaéteThe sources of OCS in the
troposphere are not fully characterized, but include @8da-
tion, ocean emission, and biomass burfim@n the basis of
the results of chamber experiments, it has been suggested th
OCS is produced in the gas-phase oxidation of dimethyl sulfide K,

(DMS, CHSCH).2 DMS is produced by oceanic phytoplankton CH.S+ CO== CH.S-CO— OCS+ CH )
and is the largest natural source of sulfur in the troposphere. It 3 3 3
is a short-lived compound that is rapidly oxidized by OH and
NOsz. The annual production of DMS is approximately 50 times |t is also possible that s involved in the production of OCS
that of OCS. Therefore, a reaction that is a minor channel in through the formation of C¥800 or CHS-CO complexes and
the oxidation of tropospheric DMS could be a major source of the reactions

OCS. The mechanism for OCS formation in the gas-phase

—2

oxidation of DMS has not been established, but it has been CH,SO0+ CO— OCS+ CH,0, 3
proposed that it involves G§$ and HCS intermediate$species
which have been observed in DMS oxidation. The conversion CH;SCO + O, —~ OCS+ CH;O, (4)

of DMS to OCS would create a pathway from a short-lived, ) )
tropospheric source of sulfur to a longer lived stratospheric !N this study the loss of ground-state €3Hwas monitored

source. by using laser-induced fluorescence (LIF). This was done in
In this study we investigated the reaction of §Hnith O the presence and absence of CQ, ahd Q. Additionally, the
as a possible source of OCS. rate coefficients for removal of electronically excited £H
(CH3S(A)) by O, and N were measured. A SteriVolmer
CH,S + CO— products 1) analysis of the laser-induced fluorescence signal fromgSCiH

the presence of CO was carried out to investigate the possibility
of complex formation. This analysis was supported by the direct
measurement of the rate coefficient for €34A) removal by
CO. Finally, the measured rate coefficient for reaction otE&H
with CO was rationalized in terms of ab initio calculations.

The overall reaction to produce OCS and £kl exothermic,
with a AH°(298K) of —2.30 &+ 0.67 kcal mot!. Thermo-
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state, CHS(X), with CO, and the other examined the rate from measured gas flow rates and pressure, and the known
coefficient for removal of CHS(A) by CO, Q, or Ny. In the fraction of DMDS in a prepared mixture of DMDS in He. The
first type, temporal profiles of C§6(X) in the presence of  concentration of DMDS in the prepared mixture was determined
differing amounts of CO were measured. The delay time manometrically. The initial CkE concentration was kept below
between the photolysis laser pulse that createdSC&hd the ~10'2 molecules cm? to minimize the contribution of the 43
probe laser pulse that detected it was varied between 50 andself-reaction to the measured temporal profile.

6000us. The signal at each photolysis-probe delay time was The probe beam was obtained from a pulsed excimer laser
the result of averaging 200 laser shots. The temporal profile pumped dye laser3 mJ pulse?l, 0.05 cn? beam area) and it

for the loss of CHS in the presence of excess CO can be excited CHS at 371.2 nm. This wavelength corresponds to the

described by A(%A1) < X(%E) transition of CHS, with one quantum in the
carbon-sulfur stretchy.2 In the kinetic studies, fluorescence
[CH;S], = [CH,S],e™ 0) from CHsS was recorded for 30 ns, beginning 50 ns after the
probe beam fired. Fluorescence at wavelengths longer than 400
Here,K is the first-order rate coefficient for G loss,k' = nm was isolated by a cutoff filter and then detected by the PMT.

ki[CO] + ka, k1 is the rate coefficient for the reaction of @8 Scattered light from the probe beam was measured and
with CO, andk, is the first-order rate coefficient for loss of  subtracted from the fluorescence signal.
CHsS in the absence of CO. First-order rate coefficieht} ( DMDS in He, the carrier gas (He), and the reactant (CO)
determined from CkB temporal profiles were plotted against  \ere mixed prior to entering the cell. The helium flow was
CO concentration to determirkg. One assumption is that other  adjusted to bring the total pressure to between 40 and 55 Torr.
CHsS loss processes, represented herébwere constant as Al experiments were carried out with He buffer gas. CO from
CO concentrations varied. The removal of £3(X) by COwas  gpectra Gases with a purity of 99.99% was used directly from
studied between 208 and 295 K. a cylinder. The CO concentration was calculated from gas flow

The second type of measurement was to determine the rateates and pressure and was betweel a0d 167 molecules
coefficient for removal of ChS(A) through collisions with CO, cm3. These high concentrations of CO influenced #SH
N2, and Q. CHsS radicals were generated through photolysis, giffusion out of the photolyzed region. In some cases CO was
and after a 10us delay CHS fluorescence profiles were  repjaced with N to determine how the composition of the gas
recorded. This 1Qis time delay was sufficient to thermalize  mixture affected CHS loss in the absence of CO, which was
CHsS. CO, N, and Q concentrations were varied. The  mostly due to diffusion.
photomultiplier tube (PMT) output was recorded on @ 300 MHz  The possibility that @increased the rate coefficient for the
storage oscilloscope. Ter_npqral profiles of the fluorescence were g action between C#$ and CO was investigated by measuring
qollected for 2us, a feyv lifetimes of CHS in our system. The CHsS decays in the presence of (8%8) x 10 molecules cm3
first-order rate coefficient for C§5(A) removal was calculated 0, and (0.14-1.1) x 106 molecules cm3 of CO at a total
from the slopes of plots of the logarithm of the fluorescence pressure of 41 Torr.
signal versus time. The first-order rate coefficients were plotted
against the concentration of CO,,Nor O, to determine the
rate coefficient for CHS(A) removal. The rate coefficient for
the removal of CHS(A) by CO was measured between 210  The measured first-order rate coefficient for §&8Hoss did
and 295 K. The rate coefficients for removal of ¢34A) by not appear to be correlated with the CO concentration. The
N, and Q were measured only at 295 K. bimolecular rate coefficienk;, determined from plots df' vs

The experimental apparatus was described in a previous[CO] was frequently negative. We will discuss the measurements
paperé and will be briefly discussed here. The pulsed photolysis 0f ki and the negative values found here. Next we will describe
beam used to create the gHradicals and the pulsed probe our observations in the presence of, @nd the implications
beam used to detect them were crossed at right angles to eaclfor complex formation. Then we will review the rate coefficients
other in the center of a jacketed, temperature-regulated glassfor the removal of CHS(A) by CO, Q, and N. Finally, through
cell. A PMT detected fluorescence orthogonal to the two beams. @ Sterr-Volmer analysis of CHS(A) fluorescence signal in the
The direction of gas flow was perpendicular to the photolysis presence of CO, we will show that complex formation between
beam and parallel to the probe beam. Both lasers were run atCHsS(X) and CO was insignificant.
10 Hz. The photolysis beam had a cross-sectional area of1 cm  Temporal profiles of CHS measured in the presence of
The linear flow velocity of the gas in the photolysis region was different CO concentrations at 295 K are shown in Figure 1.
kept at 10 cm s, or greater, to avoid repeated photolysis of These decays were fit to eq | using a nonlinear least-squares
the gas mixture. Cooled methanol was flowed through the analysis with each signal weighted by €, whereo is the
jacketed cell to regulate temperature. The temperature differencestandard deviation of 200 measurements of the fluorescence
between the center of the detection region and the cell wall wassignal at a certain reaction time. First-order rate coefficients,
measured under the gas flow rate and pressure conditions used#’, were obtained from these fits and plotted against the
to determinek;. It was less than 0.5 K. concentration of CO. A linear least-squares analysis ofkthe

Dimethyl disulfide (DMDS), CHSSCH, was photolyzed at ~ values at various concentrations of CO yielded the rate coef-
248 nm with a pulsed KrF excimer laser to producesS8H ficient ki. Herek' = ki{CO] + k (Figure 2). Each value df
radicals. A typical initial concentration of G8, [CH;S],, is calculated from approximately 10 measurements of first-order
generated through photolysis was10" molecules cm?. loss rate coefficientsk( values). The majority of values found
[CH3S], was calculated from the concentration of DMDS in for k; were negative and theo2error bars were close to the
the reaction cell, the measured photolysis fluence, the absorptionsize of the rate coefficient (Table 1).
cross section of DMDS at 248 nm, (1.24 108 cn?),” and Temporal decays of C§$ in the presence of CO were also
the quantum yield for CE8 production from DMDS photolysis  measured at 244 and208 K. In all cases Ck6 temporal
(1.65)8 The concentration of DMDS in the reaction cell ranged profiles were exponential and the time constant for decay was
from 8 x 10'2to 1.3 x 10 molecules cm?® and was obtained  independent of the CO concentration. As was the case at 295

Results and Discussion
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TABLE 1: Measured Values for the Rate Coefficient for the Reaction of CHS(X) with CO?2

T (K) [COlP [O]° [CH3S]® pressure (Torr) laser fluente range ofk' (s™%) kq®
295 0-6.5 0 1.2-11 44.5-52.5 3.0-3.3 90-150 —24+1.6
295 0-155 0 4,458 38.4-46.9 6.0-7.7 200-260 -1.7+1.3
295 0-6.9 0 0.91+1.3 49.6-53.0 6.2-7.0 90-140 —0.84+1.94
295 0-1.1 4.55 15 40.841.3 5.5-6.7 90-210 —23+12
295 0-1.2 3.0 1.8-2.1 39.9-41.3 8.2-9.0 20-170 16.0+ 6.4
295 0-6.5 8.0-8.6 1.2-1.3 40.4-42.9 4.9-5.3 2106-330 —4.8+ 2.6
244 0-18 0 1.2-1.6 40.6-48.4 6.6-8.1 136-190 —2.23+0.78
209 0-3.5 0 0.34-0.42 44.4-45.8 3.3-4.7 80-130 0.16+ 2.58
208 0-22 0 1.2-1.3 41.2-47.8 7.6-9.4 106-170 —1.274+0.48

aThe bath gas always contained He, while some experiments also had oxygen. The rate coefficient is found from the slope of a linear least-
squares fit ok plotted vs concentration of CO, weighted byd)f/ whereo is the standard deviation of the first-order rate coefficient, kind
ki[CO] + ka. N> was not present in these experimefits0® molecules cmd. € 10'* molecules cmd. 9 mJ pulse! cm2. € 1016 cm?® moleculet s™*

+ 20 (precision).
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Figure 1. Representative temporal profiles of €Hin the presence
of CO are shown. Traces were normalized to the initial ;€H
concentration. The lines are exponential fits weighted to){1Error
bars are @. Concentrations (molecules cf) were 1.2x 10 for CO
and 9.8x 10 for [CH3S], (®), no CO and 9.1x 10 for [CH3S],
(0), and 8.4x 10 for CO and 9.7x 10 for [CH3S],, a. The shortest
photolysis-probe delay was 50@s. These decays were collected at
295 K.

W
[ =3
(=1

400

300

First Order Rate Coefficients, st

50 - -1

First Order Rate Coefficients, s™'

0kl ] 1 | | L
0 50 100 150 200 250x10"°

. . -3
Concentration of CO or N,, molecules cm

Figure 3. First-order rate coefficients for G loss in the presence

of CO or N.. These measurements were done at 295 K. Error bars
shown are @. The equation for the fitted line in the presence of CO
(®) isy = (119.5+ 8.0) — [(2.5 £ 2.8) x 10719[CO] and for N, (O)
itisy = (128.3+ 3.8) — [(6.5 &+ 3.0) x 10°'7[N]. The errors
given for slope and intercept arev,2and are determined through
linear least-squares fitting weighted to €. The slope of each line
represents the rate coefficient for the reaction. The negative values for
the slopes are attributed to a reduction in the rate of diffusion ofSCH
out of the detection volume as CO og bbncentrations were increased.
See text.

the reaction zone (the region where the photolysis and probe
beams overlap), correlated with increases in CO concentration.

200 It is not obvious what process could regenerate&h our

100 =& A = x - system. None of the products of DMDS photodissociation react
1 1 | 1 1 1 with DMDS to generate C§$8 In addition, CO does not absorb
0 50 100 150 200x10"° at 248 nm. Therefore, we do not create excited CO that could

. -3
CO concentration. molecules cm

Figure 2. First-order rate coefficients for G loss in the presence
of CO. Measurements were done at 28 gnd O) and 209 K @).
Error bars shown area? Fitted lines were determined through linear
least-squares analysis weighted tooji/

K, many of the determined values ki were negative and had

react with DMDS to produce C§$, which is consistent with

the exponential temporal profiles of G8lin the presence of

CO. We conclude that secondary chemistry regeneratingsCH

was not the source of the measured negative rate coefficients.
Negativek; values may be due to reduced diffusion of £5H

out of the detection region as the mole fraction of CO in the

reaction mixture increased. CO concentrations were varied over

large error bars (Table 1). Due to these factors, we present uppes large range, from 0to 10 molecules cmd, out of a total

limits for the values ok;. Our upper limit fork, is 1.4 x 10°16
cm® molecule! s™1. This is the averagecuncertainty in the
precision of the slope of th&' versus CO plot for multiple

number density of about 1.% 10 molecules cm?. The
remainder of the flow was largely He. Changes in the rate of
diffusive loss with gas composition have been noted previ-

experiments performed in the presence of CO and He at 2950usly1°

K. We recommend this upper limit at 244 K an®08 K also,
since experimental precision was similar.

The frequently negative values flor require further examina-
tion. It is possible that Cg$ radicals were regenerated on the
time scale of these observations, masking the loss afSClle
to reaction with CO. In addition, the observed negakivealues
could be due to a reduction in the rate of §£3iffusion out of

Temporal profiles of CHS were measured withNin place
of CO to investigate the effects of diffusion;Mas the same
molecular weight as CO but is not expected to react with&H
The measured rate coefficient for the loss of 4SKK) in the
presence of plat room temperature is not distinguishable from
that in CO. See Figure 3 and Table 2. As with CO, the slope of
a plot ofk' versus N concentration was negative. It had a value
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TABLE 2: Measured Rate Coefficient for the Loss of
CH3S(X) in the Presence of M Kipss

pressure laser
T(K) [Ng° [CH3sSk® (Torr) fluence Kios€
295 0-25 1417 41.2-488 4357 0.045+0.29
295 0-9.3 0.84-12 406426 3952 -69+5.0

@ These experiments were done to determine the effect of changing

the nature of the bath gas on the rate of;SHiffusion. CO was not
present? 10' molecules cm?®. ¢ 10t* molecules cm?. ¢ mJ pulse?.
€107 cm® molecule® s &+ 20 (precision).
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Figure 4. First-order rate coefficients for the loss of €¥in the

presence of CO andOThe concentration of Owvas held constant at
8.4 x 10* (a) and 4.6x 10 molecules cm® (®). CO concentrations
were varied as shown. Error bars are Rines are determined by linear
least-squares fitting weighted to ¢37. The temperature was 295 K.

of —3.4 x 10716 cm3 molecule! s71 as determined from

d[CH,S]

Koch et al.

which our experiments were performed. If the adduct reacted
with CO, the observed Ci$ loss rate in the presence of O
would then be

. 5[CH;SOO0][CO] = k3K JCHS][O,][CO] (I1T)

d[CH,S]
—at - (KKed O} [CHSSIICOl =k, {CH,S]ICO] (1V)

Here, kops = kaKed O2]. We measuredypsto be less than 7.8
10716 cm?® molecule’! s1. Using the above value fdf.q and
the G concentration of 5< 10'6 molecules cm® we determined
an upper limit forks of 5.2 x 107%cm® molecule® s™1. The
error bars onA,G° and Keq were deduced from theo2error
bars reported foAH® andAS’.5 If the magnitude of the error
bar is considered, the lower limit fdfeq is 7.3 x 10721 cm®
molecule’l, which leads to an upper limit ok of 1.9 x 10712
cm® molecule® s1,

Removal of CHS in the presence of CO and, @ay also
take place via reaction 4, instead of reaction 3. If a weakly bound
CHsS-CO adduct formed rapidly after the photolysis laser pulse
but before we observed GH, decays of CE5 might appear
exponential with a very long time constant for ¢€3loss. The
observed CHS loss rate coefficient would be slow because
CHsS would be replenished by decomposition of the adduct.
The fluorescence signal normalized to £§Hconcentration
would be reduced with the addition of CO if some £His
sequestered in an adduct. Such a signal reduction was not seen,
which was one indication that there was no adduct formation

theaverage of two measurements. This observation supports oufanveen CHS and CO. (See Figure 1.) However, CO does lead
hypothesis that the apparently negative rate coefficient measuredg e removal of CHS(A), which one might expect to lead to

for the reaction of CHS(X) with CO can be attributed to a
reduction in the rate of diffusion of G4$ out of the detection
region.

The role of Q in the reaction between GB(X) and CO was
also investigated. The temporal profile of €¥in the presence
of CO and Q may be controlled by reaction 3 and/or 4. We
will discuss the reaction of C400 with CO (reaction 3), and
then explore the reaction of GHCO with G (reaction 4).

If the CH;SOO adduct formed and then reacted with CO,
the rate coefficient for loss of G$ would increase upon
addition of Q. In the presence of Dthe slope ok, the first-
order rate coefficient for C§$ loss, plotted versus CO was
negative (Figure 4). This observation suggests that i§SBO
formed, the loss of this adduct due to reaction with CO was
small or nonexistent. A value fdg can be estimated from the
observed rate coefficient for G8B loss in the presence of CO
and Q (Table 1), and the equilibrium coefficient for formation
of CH3SOO0. The value of\,G° was calculated from the reported
AH° andAS .5

CH,S+ 0, = CH,S00 (5)

AG°(298K)= —1.12+ 1.11 kcal mol*

The equilibrium coefficient for reaction 5 at 298 K was
calculated fromA,G°(298K).
[CH;SOO0]
[CHSS][O,]
(2.74 2.6) x 10 *cm® molecule® (11

Ked(298K) =

a reduction in the CgS8 fluorescence signal in the presence of
CO. This was not visible because fluorescence was collected
for only 30 ns, beginning 50 ns after the probe pulse. The time
scale was too short to observe quenching effects.

We performed a series of measurements to check for
production of the CHS-CO adduct. The rate coefficient for
removal of CHS(A) by CO was measured, and a Stexfolmer
analysis of CHS(A) fluorescence in the presence of CO was
carried out. The SterAaVolmer analysis was supported by the
direct measurement of rate coefficients for removal ogS(A)
in the presence of CO. Additionally the rate coefficients for
removal of CHS(A) by N, and Q were measured.

The decay of fluorescence from G&{A) in the presence of
N2, CO, and Q was measured directly on nanosecond time
scales to determink:, co,0,), the rate coefficients for removal
of CH3S(A) through collisions with B CO, and @ at 295 K.

(ke) (6)

In the above equation, M represents the colliding species, N
CO, or Q. CHzS(X) was pumped to the A state and the temporal
profile of the fluorescence was measured. Fluorescence profiles
for removal of CHS(A) by CO are shown in Figure 5, and can
be described by:

CH,S(A) + M — CH,S(X) + M

Ft — FO e_(kR(M)[M] +kat V)
F is the fluorescence signal, arnd is the first-order rate
coefficient for removal of CHS(A) in the absence of N
CO, or Q. The quantityka is the sum ofk; + krne[He] +
krompsDMDS], wherek; is the rate coefficient for spontane-

The equilibrium coefficient here, calculated at 298 K, is expected ous fluorescence of G4$(A), and krne) and kripmps) are
to be comparable to the value at 295 K, the temperature atrespectively the rate coefficients for removal of £3(A) by
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0.1 1 T T T T — TABLE 3: Measured Values for the Rate Coefficient for

= 4§ E Removal of CH;S(A) by CO, kr(co), at Temperatures
5 F ] between 295 and 210 K
7] 2F b
g8 o001 x T(K) ks?
: oF ] 295 8.07+ 0.32
§ ,L ] 271 8.24+ 0.28
= 0001 b i 244 8.68+ 0.50
w T E (A ®) © 3 242 9.19+ 0.63
S ‘L ] 231 8.49+ 0.24

r | i | | | | 1 210 9.09+ 0.27

0 1 2 3 4 s 210" cm?® molecule® s + 20 (precision).
_ _ Time, mi°r°se°°“ds_ CHsS(A). In addition, CO does not have a low-lying electronic

Figure 5. Typical CHS fluorescence decays in the presence of CO at or excited vibrational state at this energy. Therefore, we suspect
295 K. CO concentrations (molecules tihwere 9.3x 10'6 (A), 1.5 there is a reaction between 6${A) and CO.

x 10% (B), and 0 (C). Decays were exponential over 2 to 3 lifetimes.

Each decay is the average of 512 profiles. The rate coefficient for removal of G3(A) by CO was

also measured at lower temperatures (Table 3). There was a
T T | | T weak temperature dependence in the rate coefficient that
resulted in higher values at lower temperatures (Figure 7).
The temperature dependence can be describebiry; =

El [(6.10 & 0.79) x 10 1e®2E31KT ¢’ molecule s~L. Errors

2 are 25, based on a linear least-squares fitting to the data, each

& data point weighted by (&)2.

< A Stern—Volmer analysis was performed to determine if a

;M complex involving CHS and CO formed. In this analysis, the

© CHsS fluorescence collected in the presence of CO was

i 0 I | | | - integrated over time and considered to be proportional to the
0 100 200 300 400x10" concentration of CEB(A). In these experiments only fluores-

cence at wavelengths longer than 400 nm was detected but this
is proportional to the total fluorescence and the;SA) created,

(®). N> (O), and G (a) are plotted. The data shown were collected at unless collisions with CO shift the fluorescence spectra. The
295 K. The linear fits are weighted to (d%. The slope of each line is  collected fluorescence can be related to the concentration of

the rate coefficient for removal due to collisions with that species. ~ the excited species by the expression:

He and DMDS. Removal by He and DMDS were both included. . oo
While the rate coefficient for removal of GB(A) by He is integrated fluorescence (IF Cﬁ) [CHSS (A)] dt =

small k < 1.6 x 1071 cm?® molecule’? s™1),11 He was always o0 (—ka—keaIM]) t
present in our cell in large quantities #nolecules cmd). CJ:) [CHS(A)e dt (V1)
DMDS has a much larger rate coefficient for removal of
CH3S(A) (7.1 x 1071 cm® molecule! s71),2 but was
present in lower concentrations ¢#anolecules cm?3). As a

Concentration of CO, N, or O,, molecules cm”

Figure 6. First-order rate coefficients for removal of G&{A) by CO

HereC is a proportionality constant, and the other terms retain
their previous definitions. Integrating this expression gives:

result their contributions to C3$(A) removal were comparable. (—ka—keanMDt o0

The first-order rate coefficients for the removal of §3A) IF = C[CH,S(A)], e = CICHSAo
at 295 K were obtained from the slope of a linear least-squares —Ka = keyMl {0 Ka + Krqu[M]
fit to the plot of In) vs time. The first-order rate coefficients (VIN

for removal by N, O,, or CO were plotted against the o )
concentration of B O,, or CO (Figure 6). The rate coefficient ~The expression is rearranged to describe a Stéoimer plot:
for removal,kg, due to each species was determined from the

slopes of these plots, which were calculated by using linear least- 1_ Ka kR(M)[M] (VIIN)
squares fits. Thigr measured for @was (4.78t 0.76) x 10712 IF C[CH;S(A)l, CICH;S(A)],

cm® molecule! s71 (+20, precision in measurement &),

which is similar to the value of 5.4 102 cm?® molecule® The reciprocal of IF was plotted against the concentration of

s (£10%), reported by Bladk as the rate coefficient for ~ CO (Figure 8). The ratio of the slope to the intercept will be
removal of CHS(A(?A1)v3'=0) by O,. Thekg for N, measured equal tokg/ka as long as other loss processes such as complex

here was (7.05 0.26) x 10712 cm?® molecule® s71, which is formation are not happening. Independenity,and ka were
close to Black’'s measurement for the rate coefficient for removal determined from respectively the slope and intercept of the plot
of CH3zS(A(CA1)v3'=0) by Ny, 6.8 x 102 cm?® molecule* st of the first-order rate coefficient for fluorescence decay vs
(£10%). Thekg for CO at 295 K was (8.0% 0.32) x 10711 concentration of CO, Bl or O,. The ratios ofkg/ka in the

cm® molecule® st (+20, precision in measurement &g). presence of CO were then compared to the ratios of slope/

There are no known measurements for comparison. Removalintercept from the SteraVolmer plots (Table 4). Even though

by CO was close to 10 times faster than byd¥ O,. The larger there is a large uncertainty in the slopel/intercept ratio, as
rate coefficient for removal by CO could be due to a reaction expected in SteraVolmer analysis, the agreement shown in
between CHS(A) and CO or a resonant energy transfer to an Table 4 indicates that adduct formation was minimal or
electronic state of CO. Collisional energy transfer fromzS(A) nonexistent.

to CO is not expected to be stronger than withd®N,, as CO The rate coefficient for removal of initially prepared ¢3{A)

does not absorb near 370 nm, the excitation wavelength of fluorescence in the presence of CO was measured at 295, 271,
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Figure 7. Arrhenius plot for the rate coefficient for removal of @5{A) by CO. Error bars are® A linear least-squares fitting to the data,
weighted to (14)?, is shown.
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Figure 8. The data for CHS(A) signal depletion by CO plotted in a ~ Figure 10. Relative enthalpies of reactants, transition states, inter-
Stern-Volmer plot. These data were collected at 243 K. The ratio of Mmediate, and products for the reaction $SH- CO — CH; + OCS at
slopefintercept is (9.6 4.4) x 1027 cm® molecule?, which agrees 295 K, computed via the Gaussian-3 method (see text).

well with (8.5 +£1.1) x 10-*" cm® molecule’?, the ratio of measured )
values ki/ka. See text. TABLE 4: Ratios of Slope/Intercept from Stern—\Volmer

Plots, and Ratios ofkgr/ka Determined from the Direct
Measurements of CHS Fluorescence Profiles

slope/intercept from measured
T (K) Stern-Volmer plot® ka/ka?
210 13+ 9 9.9+1
2.18 228 72 8.5+0.9
./ 1.80 1'?? 243 9+ 4 85+1.1
1.81 1I60 245 7£2 10+2
2.14 ' 273 7+5 8.0+ 0.6
Figure 9. Geometries of two transition states and an intermediate for 295 7+6 75405
the reaction Ch5 + CO— CH; + OCS, calculated at the MP2ull/ aThe value ofkg was determined from the slope, ahgd was

6-31G(d) level of theory. The structure shown is that of the intermediate determined from the intercept of the plot of the first-order rate
CH;SCO adduct. The transition states are similar. The two carbon  coefficient for CHS(A) fluorescence decay vs concentration of CO.
sulfur bond lengths are given in A, and the three numbers correspondb |y units of 1027 cm? molecule™.
to (top) TS1 for adduct formation from GB + CO, (middle) adduct,
gir:/(irgbi?‘tt_?;nb)lgsszs.for dissociation to GH OCS. Full coordinates are Computational Analysis
The potential energy surface for the interaction of;SEK)
244,242,231, and 210 K. SteriVolmer analyses were carried and CO was investigated at the Gaussian 3 level of th&ory.
out at all these temperatures (Table 4). The ratio of the measuredCalculations were carried out with the GAUSSIAN98 program
kr andka agreed well with the ratio of slope/intercept from the suitel“ In brief, geometries of reactants, intermediates, transition
Stern-Volmer plots. Even at the lowest temperature measured, states, and products were initially optimized at the HF/6-31G(d)
where complex formation is thermodynamically most favored, level of theory to obtain vibrational frequencies. These fre-
there was no indication of complex formation between CO and quencies were scaled by a standard factor of 0.8929 to account
ground-state CkB. We conclude that Ci$-CO complex for anharmonicity and lack of electron correlation, and are
formation did not happen to a significant extent even at 210 K, listed in Table S1. They were employed for evaluation of zero-
the lowest temperature studied. point energy corrections, of thermodynamic functions, and of
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partition functions. The thermodynamic and partition function contribution of this reaction to OCS production can be estimated.
terms included treatment of torsions as hindered internal r&tors. The contribution of a competing channel will be largest under
The geometries were refined via MPRIII/6-31G(d) theory low oxidant conditions. For low ozone and M@bncentrations,
(summarized in Table S2 and Figure 9) and used to estimatel0 ppbv and 3 pptv, respectively, and a high CO concentration
rotational partition functions for a series of single-point calcula- of 100 ppbv, the reaction of 43 with CO would contribute

tions which approximate complete QCISDEMII/G3Large
energy calculations (see Table 3$8).

The CHS radical has some special features. The equilibrium
geometry ha€Cs symmetry (and is employed for the ab initio

1% to the annual production of OCS, using the upper limit of
1.4 x 10718 cm® molecule® s~ for k;. Therefore, the reaction
of CH3S + CO is not a substantial global source of OCS.

It is possible that a complex between ¢€3Hand CO forms

energy) but the energy difference between the three equivalentwith the rate coefficient;, and decomposes with the rate
Csisomers and th€s, structure is less than the energy of one coefficientk—;. A rough estimate for an upper limit dfeq, ki/
vibrational quantum for the mode corresponding to the distor- k-1, can be determined from the uncertainties in the ratios of
tion. This is an example of dynamic Jahmeller distortion® kr/ka (Table 4). Based on these, 10% of €3Hcould be bound
For the purposes of calculating partition functions, a rotational in an adduct with CO, leading to an upper limit 9, of 10718

symmetry number of 3 was assumed. There is also-smibit
splitting of the?E ground state intd = 1/, and®/, components
separated by 259 cmy,l” and accordingly the nonrelativistic
ab initio energy in Table S3 includes a downward correction
of half this amount, 0.4 kcal mot.

Figure 9 shows the geometry of a bound $SB0 species.
Fitting the frequency for torsion about the centrat& bond
of 98 cnT! to a sinusoidal potenti yields a small rotational
barrier of 0.5 kcal moit. The ab initio data suggest that the
adduct is bound by only 2.2 kcal ndl at 298 K. The
equilibrium constant was evaluated via partition functions at
200 K to be about 17 cm® molecule’®. Allowance of 2 kcall
mol~? error limits in the computed binding energy implies that,
even with a high CO concentration of ¥Omolecules cm?,
only about 1 part in 19or less of the ChS would be bound as
a complex at equilibrium. This is in accord with the observed
lack of adduct formation.

The adduct might act as a short-lived intermediate in the

cm® moleculel. This upper limit is conservative, and much
larger than the value calculated above with ab initio theory.
Under typical atmospheric conditions, with a CO concentration
of 80 ppbv, 0.0002% of Ck$ would be bound up as GB

CO. Due to its low concentration, sequestration in this adduct
will not reduce the rate of C§$ removal by @ or NO,. As
well, our observations show that the reaction of{SBO with

CO is negligible.

Conclusions

Kinetic studies of the reaction of G8 with CO and
measurements of the rate coefficient for removal of;SA)
by CO between~210 and 295 K show that Gi3 does not
significantly bind to CO, or react to form OCS (upper limit
1.4 x 10716 cm?® molecule® s71) even in the presence of,0
These results are consistent with a calculated ab initio potential
energy surface, which indicates that adduct formation is not
thermodynamically favorable and that there are large energy

formation of CH + OCS. We have characterized the reaction barriers to the addition of Ci$ to CO and to dissociation of a
path via the adduct, and show the results in Figure 10. There CHsS'CO adduct to Chl+ OCS. The reaction between G

are significant enthalpy barriers at 298 K to both addition of and CO is not a significant atmospheric source of OCS or loss
CH;sS to CO and then dissociation of GBCO to CH + OCS, process for CES.

of 2.9 and 8.6 kcal mol, respectively, relative to C§$ + CO.

The latter value is probably an underestimate because OCS i
known to be a difficult molecule for G3 analysisand the
overall enthalpy change for reaction 1 to produce OCS angl CH
is calculated to be-4.3 kcal mot?, which is 2.0 kcal moi?

too negative relative to experimehSome of this error likely
makes the calculated energy of the transition state leading to
OCS too low as well. This large second barrier makes OCS
formation negligibly slow, in accord with our observations here.

Transition state theoty yields the high-pressure limit for Supporting Information Available: Ab initio data for
addition of CHS to CO, and at room temperature the predicted reactants, transition states, intermediate, and products for the
rate coefficient isk ~ 3 x 10716 cm?® molecule® s™X. Thus reaction CHS + CO — CHz; + OCS; Table S1 summarizing
addition might in principle be measurable, especially at higher rotational constants and frequencies, Table S2 showing the
temperatures, except that, as noted above, this process igartesian coordinates, and Table S3 giving the Gaussian-3
thermodynamically unfavorable and will result in rapid decom- energies, thermal corrections, and relative enthalpies. This
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position of the adduct back to reactants.

Atmospheric Implications

The CHS radical is an intermediate in the DMS oxidation

mechanism that leads to longer lived sulfur species including

SO, CHsS is known to react rapidly with 9and NQ. The
reaction between C§$ and CO will not be a significant loss
process for CHS in the atmosphere due to the small rate
coefficient measured here. In addition, the reaction o €H
with CO will not be a significant source of OCS. Annually,
about 20 Tg of sulfur is emitted to the atmosphere as DMS,
and the annual production of OCS is about 0.39 Tg of sdlfur.
If one assumes all DMS is oxidized to G5 the maximum

material is available free of charge via the Internet at http://
pubs.acs.org.
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