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Rate coefficients of reactions (1) GEl+ NO, and (2) GHsS + NO, were determined using laser photolysis
and laser-induced fluorescence. $SHand GHsS radicals were generated on photolysis of;88CH and
C.HsSSGHs, respectively, with a KrF excimer laser at 248 nm. Their concentrations were monitored via
fluorescence excited by emission from a dye laser at 371.4 nm (f@gBCét 410.3 nm (for @HsS) pumped

with a pulsed XeCl excimer laser at 308 nm. Our measurements show; t{287 K) = (1.01 4+ 0.15) x

1072 cm® molecule* st is similar to a value reported by Balla et al. and approximately 50% greater than
other previously reported values; listed errors represent 95% confidence limits. Reaction 1 has a negative
activation energy:k; = (4.3 &+ 1.3) x 107! exp[(2404= 100)/T] cm® molecule s™* for T = 222—-420 K.
Reaction 2 has a rate coefficient similar to reaction 1 at room temperaitp(@96 K) = (1.05+ 0.16) x

1071 cm?® molecule® s but has a small positive activation energy with= (2.4 + 0.7) x 10°1° exp[—
(210 £ 80)/T] cm® molecule® s7* for T = 223-402 K. The temperature dependenceois determined for

the first time. Reactions of NQwith HS, CHS, and GHsS are compared.

I. Introduction (LIF). Here we report kinetic studies of reactions with NO
Reduced sulfur compounds such assSBH;, CHsSH, and \;v:;;?;sé;;vestlgatlons on reactions involvingv@l be reported

CH3SSCH play an important role in atmospheric chemistry.
These compounds are produced biogenically and released int
the atmosphere at a rate comparable with emission off®@
human activity!-2 Oxidation of these reduced sulfur compounds
is initiated primarily through reactions with OH, N@r halogen
atoms3=> The CHS radical is believed to be the key
intermediaté© in these oxidative processes in the atmosphére.
Although there is no report on atmospheric observation of higher
sulfides, one expects thatldsS also plays a role in oxidation
of biogenic sulfur compounds; their chemistry is hence critical
in an assessment of the final oxidation products and their
importance.

Among possible atmospheric reactions of $Stand GHsS,
the title reactions

o Reaction 1 was studied by three groups. Balla e,
determined the rate coefficients of reactions ofsSkvith NO,
NO,, Os, and several unsaturated hydrocarbons over the
temperature range 29%11 K by means of the LP/LIF
technique under pseudo-first-order conditions; they repddted
= (1.06 & 0.06) x 10719 cm® molecule® s™1. Tyndall and
Ravishankar& employed a similar method and reported=

(6.1 & 0.9) x 10 cm® molecule® s™1. Domine et ak®
investigated reaction 1 in a discharge-flow system and used a
photoionization mass spectrometer to detect;€lnd other
species; their valudg = (5.14 0.9) x 10711 cm?® molecule?

st at 297 K and 1 Torr is similar to that of Tyndall and
Ravishankara. Later, Turnipseed etatliscovered that CtB
might form a weakly bound adduct with,O

CH,S + NO, — products (1) "
CH,;S+ O,== CH,SO0O (5)
C,H;S + NO, — products (2)
. . . such that under atmospheric conditions, especially at low
and their reaction with © temperatures, as much as 80% of SHvould be in the form
of CH3SOO. Rate coefficienks of the reaction of CHSOO
CH,S + O; — products 3) with N302 clents I b
CoHsS + O, — products (4) CH,SO0+ NO, — products ©)

are likely the most important. We have investigated all four .
y P g was determined to be (22 0.6) x 10~ cm?® molecule’l s71

reactions using laser photolysis (LP)/laser-induced fluorescence
g P ysis (LP) in a rangerl = 227-246 K. They also reinvestigat&treaction

*To whom correspondence should be addressed. E-Mail: nswang@ 1 In the temperature range 24350 K and obtaine#; = (6.28
cc.nctu.edu.tw. Fax: 886-3-5723764. + 0.28) x 1071 cm?® molecule® s71 and its temperature
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dependence dg = (2.06+ 0.44) x 1071 exp[(320+ 40)/T]
cm® molecule® s,

According to the only report on the kinetics of reaction 2,
Black et all® determined rate coefficients for the reactions of
C,HsS with NO,, NO, and Q at 296 K by means of the LP/
LIF technique and reportek, = (9.2 + 0.9) x 10711 cm? 8
molecule! s71. Information about the temperature dependence
of ky is lacking.

In view of large variations in reported valueslaf and the
single measurement dg, we studied both reactions 1 and 2.
We compare rate coefficients of N@ith HS, CHS, and GHsS
with an objective to understand the effect of alkyl groups in
reaction kinetics.

10

S B B B S B B A

IO T BN S N G T |

K/710's”

II. Experiments

As the experimental setup and the technique are described
in detail previously?%2! only a summary is given here. The
reaction vessel is a jacketed tube of 40 mm diameter with four
sidearms (approximately 15 cm in length) and fitted with 0
Brewster windows. The reaction temperature is regulated on 0 1 2 3 4 5 6
circulating suitable fluid from a thermostated bath through the INO,] / 10" molecule cm”
jacket. CHS and GHsS radicals were produced by photolysis Figure 1. Plots of pseudo-first-order decay r&tef CH;S as a function
of DMDS (dimethyl disulfide, CHSSCH) and DEDS (diethy! ofg[NOZ] at varioug temperaturesT = 222yK ®), 234 K @), 250 K
disulfide, GHsSSGH), respectively, with a pulsed KrF excimer  (m), 273 K (v), 297 K (¥), 346 K (0), and 420 K @®). The ordinates
laser at 248 nm (516 mJ cn?, 10 Hz). Excess He gas was are shifted upward in steps of 10 000 $or clarity of depiction.
added to the system and conditions were arranged to ensure
that the reactant C3$ and GHsS were thermalized before  Period. Atlow temperature, equilibrium between Néd NO,
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detection. CHS and GHsS were excited with a dye laser {0 was ’_[aken into account and the concer)tration of, NOthe
mJ) pumped by a XeCl excimer laser at 308 nm. FoE e reaction vessel was corrected accordingly. At 222 K the
excitation wavelength was set at either 371.4 or 377.0 nm, correction was~25% at the highest N&concentration (3.3«
corresponding to excitation from the ground stAtéE to the 10" molecules cmd, after correction) employed. However, at

A2A (v = 1 or 0) staté223 A filter with passband 45@- 12 234 K the correction decreased t8%.
nm or a cutoff filter that passes emission with> 450 nm

served to select the wavelength region to be monitoreds& lll. Results and Discussion

was excited from its ground statd' to the B 2A’ (v = 2) The experiments were carried out under pseudo-first-order
state at 410.3 nr#f.2>Filtered fluorescence in the spectral region  conditions with [NQ] > [R] (R = CHsS and GHsS). Excellent
470+ 5 nm was used to probe its concentration. linearity was observed in the semilogarithmic plot of In [R] vs

The fluorescence was collected perpendicular to both pho- reaction period. The slope gives the first-order decay ke,
tolysis and probe laser beams with a fused silica lens before of radicals of interest at a specific [ND
detection with a photomultiplier tube (Hamamatsu R955). The  A. Rate Coefficient of the Reaction CHS + NO,. Values
signal was integrated over a period-2 us after probe-laser  of k! for reaction 1 at 297 K are plotted against [}@ Figure
excitation with a gated integrator (Stanford Research Systems,1 (symbolv, the ordinate is shifted upward by 20 000 $or
SR245); the scattered light diminished withinu4 after laser clarity). The slope yields a bimolecular rate coefficidmt=
excitation. The background signal, typicaliy10% of fluores- (1.01+ 0.05) x 10719 cm?® molecule® s7%; the error represents
cence signal, was measured at 75 ms after laser photolysis andwo standard deviations. The initial concentration of SH
subsequently subtracted. The signal was typically averaged ovel[CH;S],, was estimated from the absorption cross section and
30-60 laser pulses. The delay between pulses from the quantum yield of DMDS (1.24< 10718 cn? and ®(CHsS) =
photolysis and probe lasers was varied from 10 to 45Go 1.804 0.21¥%27 at 248 nm and the fluence of the photolysis
construct a temporal profile of G3 or GHsS; both lasers were  laser. In these experiments, [€5]y = (0.4-3.3) x 10%2
triggered from a pulse/delay generator (Stanford Researchmolecules cm?. Variation of [CHS]y (over a factor of 8) or
Systems, DG535) at a repetition rate of 10 Hz. flow velocity (from 4 to 19 cm s') or pressure (from 70 to

He (99.9995%) and £(99.999%) were used without further 202 Torr) altered the rate coefficient less than 12%. Systematic
purification. NQ, prepared from slow reaction of NO with  error (measurements of flow rates, pressure, and temperature)
excess @ was stored under (3 atm) for more than 24 h  of our system is estimated to beB%?%21and error in fitting a
before use. A mixture (0.98%) of NOn He at a total pressure  slope is~5%. Hence, we estimate an error approximately 15%
~1000 Torr was prepared with standard gas-handling technique.for k; and recommend a rate coefficient (1£10.15) x 1071°
Dimerization of NQ (<8%) was taken into account, and the cm?® molecule! s™%
concentration of N@Qwas further calibrated with FTIR spec- Rate coefficientk; were determined also at 222, 234, 250,
trometry. DMDS (99%) and DEDS (99%, both from Aldrich) 273, 346, and 420 K; these datd ys [NO;]) are also shown
were purified by trap-to-trap distillation and diluted (volumetric in Figure 1, for which the ordinates are shifted by 60 000,
ratio 2—-4%) in He. Flow rates of carrier gases were measured 50 000, 40 000, 30 000, 10 000, and ©!,srespectively, for
with mass flow meters (Tylan FM360). Flow rates of DMDS, clarity. The experimental conditions and bimolecular rate
DEDS, and the N@He mixture were determined on observing coefficientsk; fitted with least squares at various temperatures
the pressure increase in a calibrated volume within a specific are listed in Table 1; estimated errors represent two standard
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TABLE 1: Experimental Conditions and Bimolecular Rate which they interpreted as being due to a heterogeneous reaction

Coefficients for CHsS + NO between DMDS and N© Tyndall and Ravishankaf@observed
TIK P/Torr no. expt [NQJ¥/10 k1011 a slight decrease in rate coefficient at large residence periods
420 70-117 18 0555 73105 (~20 s)_ but only a negligible decrease4%) in [DMDS] or _
346 55-106 14 0.6-4.4 8.2+ 0.6 production of NO when the reactants were flowed together in
297 71-202 12 0.44.1 10.1+ 0.5 the dark. Balla et al. appeared to have used a greater energy
273 101 14 0.42.9 10.8+ 0.6 (~18 mJ pulse?) of the photolysis laser. Tyndall and Ravi-
ggg 581—01%)6 193 c?-s%%-i Egi 28 shankar#? noted that a large concentration of radicals in the
299 101 12 0233 12.0+ 0.7 work of Balla et al. might account for the differencelin When

we employed [CHS]y similar to that in work of Tyndall and
Ravishankara, (0-21.4) x 10'2 molecules cm?, our value of
ki remained much greater than theirs; the reason for this
20 discrepancy is unclear. The absorption cross section of O

2|n units of molecules crr?. ° In units of cn? molecule* s™L. € Error
limits are 2.

248 nm is small; the value = 2.75 x 1072° cn? molecule’® 27
implies that at most 0.1% of NQOs photodissociated. The rate
" coefficient for the reaction
"o M
§ 10k ] CH,S+ NO — CH,SNO @)
5 °r .
E 8¢ 1 is smaller thark;, with a high-pressure limik., = (3.9 + 0.6)
E 7r y x 1071 cm? molecule s~1.13 For this reason minor photolysis
= 6F . of NO; has no effect on measurementskef
= 5l i The self-reaction of CES,
<L | CH,S + CH,S— other products (8)
S N R B with kg = 4.0 x 107 cm® molecule’! s12° contribute

2 3 4 5 inappreciably to decay of [C4$] because [CEE]yp < 3.3 x
P 10 molecules cm?. This is also supported by observation of
T7/107K only a small decay rate<800 s*) when no NQ was added to
Figure 2. Arrhenius plot ofk;; this work @); Balla et al** (a); Tyndall the system.
and Ravishankat&(v); Domine et al® (¢); Turnipseed et & (O). The negative activation energf/R = —240 + 100 K)
deviations from the fitting. The value &f increases from 7.3 determined in this work is similar to that-820 + 40 K)
x 10711t0 12.2x 10~ cm® moleculel s~1 as the temperature reported by Turnipseed et af with error limits overlapping
decreases from 420 to 234 K but remains approximately constantéach other. The valué/R = —81 K reported by Balla et &
on further decrease to 222 K. Possible condensation of MO is slightly smaller. All three reports indicate a small negative
the reactor wall at low temperature might result in a smaller temperature dependence laf thelggreement is satisfactory.
measured value ok;. However, after careful test of the According to previous wok® CHSO and NO are the
concentration of N@ with FTIR before and after passage Primary products of reaction 1
through the reaction vessel at low temperature, we found only .
slight evidence of condensation of NQ<5%). At low CHyS + NO, — CH,;SO+ NO (12)
temperature, the correction of N@epends significantly on its
dimerization equilibrium constant. We employed the recom-
mended value commonly used in stratospheric modéfing.
When the high-limit of the equilibrium constant was used, the

with quantum yields®(NO) = 0.8 & 0.2 and®(CH3SO) =
1.07+ 0.15. No direct evidence for the termolecular combina-
tion or for abstraction of H

maximum correction increased from 25% to 34% at 222 K; M

hencek; increased from 1.2 to 1.4 1071° cm® molecule? CH;S +NO, = CH;SNG, (1b)
—1

S CH,S + NO, — H,CS+ HONO (1c)

An Arrhenius plot ofk; is shown in Figure 2. A fit of these
data yieldsk; = (4.3 4+ 1.0) x 10711 exp[(241+ 62)/T] cm?®
molecule® s71; the error limits represent two standard devia-
tions. When the datum at the lowest temperature (222 K) was
excluded in the fitting, we obtaingd = (3.8 4+ 0.7) x 10711
exp[(2784+ 48)/T] cm® molecule s™1. Considering possible
systematic errors, we repddt = (4.3 4 1.3) x 1011 exp[(240
+ 100)/T] cm® molecule® s™% ;

Rate coefficientdk; at ambient temperature and their tem- Sezgﬁdp;g/dl’i%CHSO may react further with Niand produce
perature dependence reported previously are compared with our '
results in Table 2. The value &f at 297 K determined in this CH;SO+ NO, — CH,SQ, + NO 9)
work is near that, (1.06 0.06) x 10-1° cm?® molecule® s74,
reported by Balla et df Rate coefficients reported by Tyndall Tyndall and Ravishanka¥aobserved [NO] to increase with two

was found in previous kinetic studies. However, experiments
in smog chambers indicated production of SSINO, as a minor
product®® Whether CHSNO, was produced directly from
reaction 1b or from other reactions is unclear. Thatis
independent of both the pressure and nature of carrier gas is
consistent with CHSO and NO being major products.

and Ravishankar®,(6.10+ 0.90) x 1011 cm?® molecule’l s71, components with time constants separated by a faetr They
and Domine et alt® (5.10 £ 0.90) x 10~ cm® molecule’® also observed fluorescence resulting from a distinct species of
s1, are approximately 4650% smaller. Balla et df found which the temporal profile is consistent with that predicted for

that the rate coefficient depended on the flow rate in the system, CH3SO,. On modeling observed temporal profiles of NO, they



5528 J. Phys. Chem. A, Vol. 104, No. 23, 2000 Chang et al.

TABLE 2: Comparison of Rate Coefficients of Reactions of NQ@ with HS, CH3S, and GHsS

k at ambient T
reactant ki1t TIK A0 (E/R)/IK TIK methodt reference
HS 6.7£ 1.0 295 2.9 0.5 —240+ 50 221-415 DF-LMR Wang et a#®
48+1.0 298 LP-LPA Stachnik & Molin#
CHsS 10.1+£ 15 297 4.3+1.3 —240+ 100 222-420 LP-LIF this work
6.28+ 0.28 298 2.06t 0.44 —320+ 40 242-350 LP-LIF Turnipseed et &f.
10.8+ 1.0 295 8.3 1.4 —81+50 295-511 LP-LIF Balla et al?
5.14+0.9 297 DF-PIMS Domine et at®
6.104+0.90 298 LP-LIF Tyndall & Ravishankala
CoHsS 10.5+£ 1.6 296 24+ 7 2104+ 80 223-402 LP-LIF this work
9.2+ 0.9 296 LP-LIF Black et at?

a DF = discharge-flow; LMR= laser magnetic resonance; EPlaser photolysis; LPA= long-path absorption; LIF laser-induced fluorescence;
PIMS = photoionization mass spectrometry.
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Figure 3. Plots of pseudo-first-order decay rate gHgS as a function
of [NOz] at T = 230 K (), 269 K @), 296 K [([) 65 Torr; ) 213 T/ 10° K
Torr; (») 484 Torr], 348 K @), and 402 K ). For clarity the ordinates ) ) ) "
are shifted uprard in steps of 2000t srespectively. Figure 4. Arrhenius plots ofk; this work @); Black et al*® (»).
TABLE 3: Experimental Conditions and Bimolecular Rate Taking into account possible systematic errors, we relgort
Coefficients for C;HsS + NO, (1.054= 0.16) x 1071° cm? molecule* s™1 at 296 K. The rate
TIK P/Torr no. expt [NQJ/10t3 koPe/10-10 coefficient decreases slightly as temperature decreases from 402
202 110 8 0769 1455 014 to 223 K. An _ArrhenEJs plot ok, is shown mlOFlgure 4. A least-
348 106 7 1675 1.39+ 0.09 36)]/T] cm3 molecule™? s72, in which error limits represent two
319 67 6 1.2-8.8 1.23+0.16 standard deviations from the fit. Considering possible systematic
296 65-484 21 22152 1.05+£ 0.06 errors, we repork, = (2.4 4 0.7) x 10720 exp[—(210 & 80)/
288 65 8 1.39.6 1.09+ 0.10 3 1g1
269 66 6 1.310.0 1.06+0.13 T] cm® molecule™ s
253 65 8 18122 1055 0.13 For the single reported determination lef Black et al'®
238 65 8 21118 1.01+ 0.08 studied the kinetics of reaction 2 at 296 K with a technique
230 66 7 1.712.0 0.99+ 0.06 similar to ours. Both gHsSH and DEDS served as precursors
223 66 7 1.9-10.6 0.96+ 0.04 of C;HsS. They observed slight regeneration ofHeS when
2|n units of molecules cr. © In units of cn? molecule® s™2. ¢ Error C2HsSH was used to produce:sS and [NQJ/[CoHsSH] was
limits are . small. The reason is that H atoms produced from photolysis of

C,HsSH react with NQto form OH, which subsequently reacts
obtainedky = (8 & 5) x 10712 cm?® molecule! s71, about one- with C,HsSH to regenerate £1sS. When they used DEDS as
tenth ofk;. This secondary reaction does not affiectneasured a precursor or used [NJJ[C,HsSH] ~ 133, such an interference
on monitoring the decay of [Ci$] in our work. was diminished. They obtaindd = (9.2 4 0.9) x 10 cm?

B. Rate Coefficient of the Reaction GHsS + NO,. C;HsS molecule’® s71, which agrees with our value within quoted error
was produced from photolysis of DEDS at 248 nm. The rate limits.
coefficients of reaction 2 were determined at 11 temperatures The temperature dependencekpfs determined for the first
in a range 223402 K. Representative plots &fvs [NO,] are time. It shows a small positive activation energy in contrast
shown in Figure 3 foll = 230, 253, 296, 348, and 402 K. The  with k; that has a negative activation energy.
data obtained at various pressures are indicated for 296 K. The C. Comparison of Reactions of NQ with HS, CH3S, and
slope of each line yieldk; at a particular temperature. Table 3 C,HsS. For reactions of N@Qwith HS, CHS, and GHsS, rate
summarizes experimental conditions dadt various temper- coefficients at ambient temperature and their temperature
atures; the error limits represent #om a fit with least squares.  dependence are compared in Table 2. Rate coefficients of
At 296 K, ko = (1.054 0.06) x 1071° cm® molecule s71. reactions of CHS and GHsS are nearly identical, and slightly
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greater than that for H®,;31.32put the activation energy varies
from E/R ~ (—240) K for HS and CHS to~210 K for GHsS.

Although formation of HSO (or CE80) and NO is identified
as the major channel,

HS + NO, — HSO+ NO (10a)

CH,S + NO,— CH,SO+ NO (1a)

the small negative temperature dependence indicates that the
reactions probably proceed through formation of an adduct that
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