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Abstract

Time-resolved UV-vis absorption spectroscopy (TRUVVAS) has been coupled with 248 nm laser flash photolysis (LFE€PdhGhe
presence of CS(and in some cases,(ONO or NQ,) to generate the GSCl radical adduct in the gas phase and study the spectroscopy and
kinetics of this species. GSCl is found to possess a strong absorption bangat~ 365 nm witho nax = (2.3% 0.7) x 102" cnm? molecule®
(base e) and a weaker band)a,x~ 480 nm; the gas-phase spectrum of,E€SI is very similar to the previously reported liquid-phase
spectrum in CCJ solvent. Reaction of GS-Cl with O, is found to be very slow; our data suggest that the rate coefficient for this reaction
at 240K is less than 5.0 1078 cm® molecule® s7X. Rate coefficients for GS-Cl reactions with C§—Cl (k3), NO (ks), and NQ (k¢) were
measured at 240K and, in units of #dcm® molecule! s, were found to be & =15+ 6, ks =2.24+ 0.5, andkg = 1.3+ 0.4, where the
uncertainties are estimates of accuracy at the 95% confidence level.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Comparison of observed vibrational frequencies with those
obtained from electronic structure calculations suggests that
The existence of an addition complex betweern, @8d the complex formed by the addition of Cl to €8 SCS-ClI,
atomic chlorine was first postulated in the 1950s to explain not $SC—-CI as had been suggested by earlier theoretical
how use of C$ as solvent in studies of liquid-phase photo- studies[6—8]. Similar conclusions have been reached con-
chlorination reactions dramatically increases the selectivity cerning the structure of GSOH, which has been studied
for tertiary versus primary hydrogen abstract[@r3]. Sev- extensively in the gas phase because of its importance in
eral decades after its existence was first postulatedpa@S  atmospheric chemistrj9—24]. A recent theoretical study
adduct in CCJ] solvent was observed by Chateaungdif of CS—Cl complexes and their isomerization reactions
using UV-vis spectroscopy as the detection technique. The[25] reports that (i) formation of SC&I is essentially a
observed liquid phase spectrum has a strong absorptionbarrierless process, whereas formation @CSCl has a
feature ak ~ 370 nm and a weaker feature\at 490 nm[4]. barrier of 74 kJ mot?; (ii) the 0 K bond dissociation energies
Based on the data obtained using both the pulse radiolysisfor SCS-CI and SC—CI are 33kJmot! and 28 kJmot?,
and laser flash photolysis (LFP) techniques, Chateauneufrespectively; (iii) the barrier for isomerization of SESI
reported a rate coefficient of 1:7101°M~1s~! for the to S C—Cl is 55 kJmot?; and (iv) the isomerization barrier
liquid-phase addition of Cl to GSand an equilibrium is reduced to 11 kJ mot in the presence of Cl atoms via
constant of 1900 M* for Cl + CS, <> CS,—Cl [4]. The reso- formation of a low-energy transition state with Cl atoms
nance Raman spectrum of &<l in CCl, solvent has been  weakly attached to both the carbon atom and one of the sulfur
observed by Wang et gdb] using an excitation wavelength  atoms.
(369 nm) that is in resonance with the strong absorptionband. Interest in the atmospheric chemistry of £8enters
around its role as a source of OCS, the longest-lived and most

* Corresponding author. Tel.: +1 404 894 0400; fax: +1 404 894 7452,  concentrated atmospheric sulfur spedi8,27} transport
E-mail address: paul.wine@chemistry.gatech.edu (P.H. Wine). of OCS to the lower stratosphere followed by photolysis
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and oxidation of the photolytically-generated sulfur atoms chemistry. However, the results reported in this study are
is thought to be an important source of the persistent sulfateuseful for developing an understanding of (i) the kinetics
aerosol layer in the lower stratosphd@6,28,29] While and spectroscopy of gas-phase adducts of radicals with sul-
CS oxidation in the atmosphere is thought to be dominated fur compounds; and (i) differences (or similarities) between
by reaction with the OH radicgP6,27,30] the gas-phase gas- and liquid-phase adduct spectroscopy and kinetics.
reaction of atomic chlorine with G3as been studied exper-

imentally because of its potential importance as an additional

atmospheric sink for GS Martin et al.[31], employing a 2. Experimental technique

competitive kinetics technique, found that in the presence of

O, the apparent bimolecular rate coefficient for destruction = The LFP-TRUVVAS apparatus used in this study is sim-
of CS, by Clis of the order 1013 cm?® molecule 1 st and, in ilar to the one we employed in a spectroscopic and kinetic
latmN + O at 293 K, increases by nearly afactor ofthree as study of the GFS(CHs)2 adduct[34]. A schematic diagram
the G partial pressure increases from 50 to 760 Torr. Martin of the apparatus is shown Fig. 1 Major elements of the

et al. interpreted their results in terms of a mechanism that is apparatus include a pulsed KrF photolysis laser (248 nm),
analogoustothe generally accepted mechanism for OHy+ CS a 75 Watt xenon arc lamp cw probe light source, an insu-

reaction, i.e., formation of a weakly-bound £%€1 adduct lated Pyrex, jacketed reaction cell (100 cm long, 40 mm i.d.),
that reacts with @in competition with decompositionbackto a pre-mixing and pre-cooling cell, a monochromator to iso-
reactants: late the probe wavelength, a photomultiplier tube (PMT) to
detect the probe radiation, an oscilloscope to record the tem-
Cl+C%+M - CSCl + M 1) poral evolution of the transmitted probe radiation, a computer

to store and average the waveforms from the oscilloscope,
and numerous optical components to manipulate and align
CS—Cl + 0, — products (2)  the photolysis and probe beams. As depicte#im 1, the
UV-vis probe beam was directed through the reaction cell to
Nicovich et al. [32] employed the laser flash overlap collinearly with the photolysis beam. The monochro-
photolysis—resonance fluorescence (LFP—RF) technique tomator entrance and exit slits were set at 1.5 mm, providing
directly confirm the occurrence of reactiofk) and (-1). a spectral resolution of 5.5 nm (full width at half maximum;
Rate coefficients for reactior{$) and(-1) were determined  FWHM).
as a function of temperature and pressure over the ranges The reaction and pre-mixing cell were surrounded by an
193-258K and 30-600 Torr N From the temperature insulated Pyrex jacket through which ethanol was flowed
dependence dfi/k_1, Nicovich et al. were able to deduce a from a reservoir, enabling the cell temperature to be con-

CSCl+ M — Cl + CS+M (-1)

0K adduct bond dissociation energy of #@ kJ mol?, in trolled. The temperatures of the reaction gas mixture near
reasonable agreement with the recently reported theoreticathe two ends of the cell were measured with thermocouples.
SCS-CI bond dissociation energy of 33kJmél [25]. The temperature gradient between the ends of the cell was

Based on the observation of the dependence of observedypically +£2 K, and the average of the temperatures mea-
Cl temporal profiles on [g], Nicovich et al. concluded sured at the two ends was taken to be the cell temperature.
that ko <2 x 10 *cm®moleculels™1 at 7=230K and Dry nitrogen gas was sprayed on the quartz cell windows
P=30Torr @. Wallington et al[33] studied the gas-phase to prevent condensation of water vapor when the cell was
Cl+ C$% reaction using an experimental approach similar to cooled.

the one employed by Martin et 481]. These investigators The CS$—Cl adduct was generated by photolyzing CO
concluded that the overall reaction was much slower than thatin the presence of GS The absorption cross-section for
reported by Martin et alk(< 4 x 10~1°cm® molecule 1 s~1) Cl,CO at 248 nm is 8.9% 102 cn® molecule ® [35], and

and suggested that the loss of O&bserved in the Martin  the typical photolysis fluence was20 mJ cn? pulse 1; the

et al. study was not the result of Cl+&80, reaction, pulse duration was-25ns.

but rather the result of OH+ GS O, reaction, with OH Allexperiments were carried out under “slow-flow” condi-
generated primarily by the secondary reaction of Cl with tions, i.e., the linear flow rate of the reaction mixture through
CH3OO0H. the reaction cell (typically 10 cnt$) was fast enough to

In this paper we report the results of an experimen- replenish the volume of the reaction cell between photoly-
tal study of the gas-phase Cl+g&%eaction that couples sis laser pulses (typical laser repetition rate was 0.14 Hz),
LFP with time-resolved UV-vis absorption spectroscopy but slow enough that kinetic observations could be ana-
(TRUVVAS). The gas-phase absorption spectrum of the lyzed assuming static conditions. Concentrations of both
CS—Cl adduct is reported for the first time, and the CS and ChCO were measured in situ in the slow-flow
TRUVVAS technique is used as a probe to investigate the system by UV photometry at 213.9nm (Zn penray lamp
kinetics of CS—Clreactions with @, NO, NO,, and C$—Cl. light sources) and by mass flow measurements. In units
As expected, based on the results of Wallington ef34], of 10 9cm? molecule’?, the cross-sections used to con-
CS—Cl is found to be of little importance in atmospheric vert 213.9 nm absorbances to concentrations werf36p
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Fig. 1. Laser flash photolysis/UV—-vis absorption spectroscopy apparatus: HR 248, high reflectivity 248 nm mirror; PMT, photomultiplier tubad®REsbha
filter; PM, power meter; PG, pressure gauge; FM, flow meter; TP, temperature probe.

and 1.2634] for CS; and ChCO, respectively. The @CO 3. Results and discussion

absorption cell was 25cm in length and was positioned

upstream from the mixing chamber; the mixing dilution When ChCO was photolyzed in the presence of CS
factor was determined from mass flow measurements. Theabsorption of the UV-vis probe beam was observed through-
CS absorption cell was 5.6cm in length and was posi- outthe 320-550 nm spectral region. Absorption was observed
tioned downstream from the mixing chamber; correction for only when both C%and ChCO were simultaneously sub-
Cl,CO absorbance was made based on the dilution-correctedected to LFP. When the photolyzed mixture contained
upstream absorption measurements in the 25 cm cell. In theonly CLCO, CS, and N, the observed absorbanca) (
kinetics experiments, the concentrations of NO andaNO decayed slowly with time according to second-order kinetics.
were determined from mass flow measurements. A certified Under the experimental conditions employed, the appear-
NO/N mixture (Matheson, 1.87% NO) was used to sup- ance of absorbance was very fast compared to the decay of
ply NO. Nitrogen dioxide was transferred into a 12 L Pyrex absorbance. Hence, the peak absorbance for each experiment
bulb and diluted with @. The NG mole fraction of the could be determined with good accuracy by plottirng ver-
NO,/O, mixture was measured frequently using UV photom- sus time and extrapolating back#s 0 using a linear fit to

etry at 366 nm (Hg penray lamp light source); the absorption theA~1 versus time data.

cross-section used to convert measured absorbancesio NO

concentrations was 6.0610~19cr? molecule’® [37]. The 3.1. Adduct identification

pure gases used in this study were obtained from Air Products

(02, N2) and Matheson (GCO, NG&), and had the follow- Evidence verifying the identity of the absorbing species
ing stated minimum purities: N 99.999%; Q, 99.994%; was obtained by measuring its appearance rate. Absorbance
CloCO, 99.0%; and N@ 99.5%. The N, O, and NQ, temporal profiles were recorded and analyzed using a non-
were used as supplied. The,ClO was degassed at 77K linear least squares fit to the sum of an exponential rise and
prior to use. HPLC grade carbon disulfide (Aldrich) had decay (se€ig. 2). In this set of experiments, absorbance dis-
a stated minimum purity of 99.9+%. The carbon disulfide appearance resulted primarily from radical-radical reactions
was transferred under Ninto a vial fitted with a high- and was not a first-order process. The first-order absorbance
vacuum stopcock and degassed repeatedly at 77 K beforalisappearance ratgy, is thus a parameterized rate coeffi-
use. cient rather than the sum of actual loss processes that are
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14 | , T the Cl+ CS$S reaction under the conditions investigated. The

slope of thek, versus [C$] plot yields the second-order

rate coefficienks = (5.2+ 0.8) x 102 cm® molecule 1 s1

at 240K and 100 Torr total pressure, where the uncer-

tainty is 2r and represents precision only. The value mea-

sured here forki(P, 7) is in good agreement with the

value (4.8+0.3)x 10~ 2cm®molecule s~ reported by

Nicovich et al[32] based on measurements of Cl atom decay

using atomic resonance fluorescence spectroscopy as the

detection technique. As expected singe=k1[CSp] +k_1,

the intercept of the versus [C$] plot is very close to

0 20 40 60 80 100 the valuek_1 (240K, 100 Torr N) ~ 32,000 51 reported by
Time (us) Nicovich et al.[32]. The data irFigs. 2 and $rovide strong

evidence thatthe species being observedisindeed the@S

Fig. 2. Typical absorbance (base e) temporal profile observed following gdduct formed from the reaction of Cl with €S
laser flash photolysis of @CO/CS/N, mixtures. Experimental conditions: The quuid phase Cl+C$S rate coefficient of

T=240K; P =100 Torr; concentrations in units of famolecules cm? are Ona—1 1 .
[(CS,] = 1870, [ChCO] = 900, and [Ch ~ 0.5, The solidline isobtainedfrom 17 % 10-°M~*s™% reported by Chateauned#l] is very

a nonlinear least squares fit of the data to the sum of an exponential rise ancf]e"f’-r_the Qiﬁus_ion-controlled limit, while the rate coefficient
decay. Best fit appearancik) and disappearancég] rate coefficients in obtained in this study is about a factor of 50 below the gas
units of st arek,=1.30x 10° andkgy = 804. kinetic limit. Although solvent effects undoubtedly play

tativel butabl ific f q some role in the liquid phase kinetics, the most important
quantitatively attributable to Specific first-order processes. ;. accounting for the difference in observed rate coeffi-

Hlowever, becguse ;he ot_)jerved ;ab;orbgnce loss rates A8ents is probably that liquid-phase conditions are equivalent
SIoW comparec to_t € rapid rate of absor ance appearancey, y,q gas-phase high pressure limit, which is not approached
the parameterization of the absqrbancg dlsappearange as g pressures where gas-phase kinetic data for readfjame
first-order process does not seriously impact the reliabil- available. In fact, the pressure dependence results reported

ity of the analysis to determine the pseudo-first-order rate by Nicovich et al[32] suggest thaky(P, T) is much closer
coefﬂmen; fqr absorbance.appearance. AS Shown bY theto the low pressure limit than it is to the high pressure limit
example inFig. 2 the quality of the double exponential atT=240K andP =100 Torr N\

fits is quite good as long as the fit is limited to a small
fraction of the decay. Pseudo-first-order appearance rate coef- .
ficients kg) were measured at 365 nm inp Nuffer gas. As 9.2. Adduct absorption spectrum
shown inFig. 3, a plot of k5 versus [Cg] is linear over

the range of Cg& concentrations employed. The linearity at
of the k5 versus [C3] plot up to the fastest appearance

rate measured (ca. 300,000% demonstrates that the rate-

limiting step in the production of the absorbing species is

Absorbance x 1000

0 | | | | H

The absorption spectrum of @SCl adduct was measured
100 Torr total pressure Nbuffer) and 240 K. A reference
wavelength of 365nm was selected. Absorption measure-
ments were made at this reference wavelength after every five
measurements at other wavelengths. This was done in order
to account for systematic drifts in experimental parameters,
such as laser power, [&L0], optical alignment, etc. over
time. Absorbance measurements at wavelengths other than
365 nm were normalized to the average of the “before” and
“after” 365 nm absorbances. The adduct absorption cross-
section was carefully measured at 365nm, and all cross-
sections were then determined by applying the normalization
factor to the carefully measured reference cross-section.
Reagent concentrations employed in the 365nm
cross-section measurements at 240K were (in units of
103 moleculescm?®): [CS,] & 7000; [ChCO]=5-200;
[Cl]o=0.05-2. Values foAq (defined below) were obtained
by extrapolation ofA=1 versus time #) data tor=0. High
[CS,] (10'® molecules em™®) CS; concentrations were employed in order to obtaBb%
conversion of Cl to C&-Cl at equilibrium (based on the

30H I T I _1

Fig. 3. Plotofkavs. [CS]for data obtained &t =240 KandP =100 Torr Np. equilibrium constants reported by Nicovich et &2])
The solid line is obtained from a linear least squares analysis; its slope gives

the second-order rate coefficient (520.84)x 1012 cm® moleculet s~2 Each cross-section measurement involved averagibg

where the uncertainty iss2and represents precision only. The open data Photolysis laser pulses. To verify reproducibility, multiple
point is the one obtained from the data showiFig. 2 absolute cross-section measurements at 365 nm and relative
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cross-section measurements at other wavelengths were made 0fF
over a period of several days. The adduct cross-section .
at 365nm §365) was determined from the data using the
following relationship:

Ap
I[CloF

InEq.(l),Ag is the absorbance at a time shortly after the laser
flash when Cl and adduct have reached equilibrium but negli- . .
gible radical decay has occurrédhe absorption path length oo® og0, ocooooooeoo °© 700, ]
(100 cm), [Clp the concentration of chlorine atoms produced — '3:50‘ E—— : 4;0' —— 5'00‘ 2 :}50
by the laser flash, an# the fraction of Cl atoms converted

to adduct (taken to be the adduct equilibrium fraction). As Wavelength (nm)

typical for gas-phase spectroscopic data, the absorbance is
defined agl =In(lo/l), i.e., itis a base e value. Cross-sections
obtained from Eq(l) were found to be independent of [¢l]

over the range specified above, i.e., Beer’s law was obeyed.
Evaluation of [CIp required (i) careful measurements of
[CI,CO] and laser power; (i) assumption of a quantum yield

of 2.0 for production of Cl from 248 nm photolysis of TQIO; Table 1
and (iii) careful measurements of the photolysis laser beam Absorption cross-sections for the £8Cl adduct as afunction of wavelength
cross-sectional area and its divergence down the length of thet @ spectral resolution of 5.5nm FWHM

H
i

25 ]
20 00 .
15 F & 3

0]

0365 = o .
10F °

L o o]
S 8
o

(10" em? molecule'1)

Fig. 4. Absorption spectrum of the @SCl adduct.

cell (the laser beam area increased by a factor of 1.5 betweent o
the cell entrance and exit and was assumed to be the avers2o 1.56
age of the entrance and exit areas for purposes of evaluating25 167
[Clo) 235 260
The assumption of a quantum yield of 2.0 for Cl atom . 368
production from CGICO photolysis is based on strong exper- 345 6.17
imental evidence that CICO is not produced with significant 350 10.86
yield as a stabilized photolysis product. Maul et @8] ggg 18-;2

have studied the photo-dissociation dynamics g0 using

365 23.20
235 nm pulsed laser excitation and resonance enhanced mul

tiphoton ionisation (REMPI)—time of flight mass spectrom- 2;2 ig:gg
etry (TOFMS) detection. Based on the analysis of kinetic 380 6.29
energy release in the photolysis products, Maul et al. conclude385 2.35
that photo-dissociation of @O occurs by concerted release 390 172
of the three photofragments Cl + Cl + G88]. Temperature- 895 i:ﬂ
and pressure-dependent rate coefficients for CICO unimolec-4q5 1.18
ular dissociation are reported in literatui@9]. Based on 410 1.70
these rate coefficients, we expected to see evidence for slowt15 2.07
Cl atom production after the photoflash in studies of low- 420 212

X L . : 425 1.95
temperature chlorine atom kinetics carried out in our lab- ,., 273
oratory, that employed 266 nm photolysis obCD as the 435 2.83
Cl source[40,41], if thermalized CICO was produced as a 440 2.77
photolysis product. Observed Cl atom temporal profiles fol- j‘slg ;-?g

lowing laser flash photolysis of @CO/N, mixtures showed

no evidence for Cl atom production by post-flash chemistry. 455 g:zg
As mentioned above, transient absorption was observed only,7q 3.42
when both GICO and C$S were present in the reaction mix- 480 3.94
ture. Hence, if CICO was produced, it was not detected as an490 3.07
interfering absorber in this study. 500 2.13

The adduct spectrum measured in this studya240 K g;g 1:;(13
andP =100 Torr N> is shown inFig. 4, and is given in dig- 530 0.44
itized form in Table 1 The CS$S—CI absorption spectrum 550 0.33
was also measured at 298K and was found to be identi- 600 0.19

cal to the spectrum obtained at 240 K within the precision  a units arex (nm) ando (10-28 cm? molecule™d).
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and accuracy of the measurements. The similarity between
the gas-phase absorption spectrum reported in this study
and the published liquid-phase spectr{d lends further
support to our conclusion that the species observed in this
study is the C-Cl adduct. Consideration of uncertainties
in the parameters that must be known to obtain the adduct
cross-section (see above) leads to an estimate-3%
for the accuracy of the measured cross-section at 365nm
(95% confidence level). We report this cross-section to be
0365~ 0max= (2.3+£ 0.7) x 10~17 cm? molecule ™.

As discussed in Sectid comparison of calculated vibra-
tional frequencies for SG&I and $SC-CI with frequen-
cies measured using resonance Raman spectroscopy provides
compelling evidence that the strong band at 365 nm results
from absorption by SGSCI [5]. An important question that

[CS,-CI 7 (107"%em® molecule™)

0.4 0.6
Time (ms)

0.8 1.0

remains to be answered concerns the origin of the weak ban

observed at longer wavelength. Does this band result fromys time.

promotion of ground state SEE&I to a lower-energy excited
electronic state, oris itan absorption band of th€-Cl iso-

dFig. 5. CS—Cl absorbance temporal profile plotted as }€€I]~!
Experimental conditions:7=240K; P=100Torr N;
[CS;]=1.0x 107 moleculescm3. The solid line is obtained from a
linear least squares analysis; its slope gives(1.70+ 0.04)x 10~ 10cm?

mer? Further experimental and theoretical research appeargmlecult.rl s~1 where the uncertainty is)2and represents precision only.
to be needed to answer this question. We have employed the _ 3
theoretical energetics, structures, and vibrational frequencies®Psorbance temporal profile, plotted as $€6I] versus
reported by Phillips and co-workefs,25] to evaluate the ~ Me, is shownirFig. 5 The linearity of the [C&-CI] " ver-
equilibrium constant for SGCI <> S,C—Cl. It appears that ~ SUS time plot is consistent with the hypothesis thap-G3
even if the initially generated SCEI equilibrates rapidly ~ |0SS is dominated by reactio(8), and the self-reaction
with S,C—Cl, only a few percent of the adduct molecules rate coefficient, 2, is obtal_ned from the slope of the_ plot._
would exist as 8C—Cl at the temperatures employed in our 1he average of 17 experlmentslgke the one d?plclted In
study. Hence, if the theoretical information is accurate, and F19- 4 gives Z3=(1.5+0.3)x 10~ cm® molecule *s™%,
if the weak long-wavelength band originates froaCSCI, where the uncertainty |Sagand represents.pr(_au_smn only.
the peak absorption cross-section for this band, defined aslhe accuracy of the derlved.valllje f0k32!s Il'ml'ted by
o (480 NMY~ opeak=Ao(l[S2C—CI)~1 must be extremely the accuracy of [CS-CI], which in tum is I|m|teo_l by
large, i.e., approaching 186 e molecule . the accuracy of the GSCI absorption (_:ross-sectlon at
the monitoring wavelength (365nm), i.ed430% (see

above). Taking the CGS-Cl absorption cross-section and
imprecision to be the two main sources of uncertainty, we
report Z3=(1.540.6)x 10-19cm® molecule 1 s~1, where
the uncertainty represents accuracy at the 95% confidence
level.

In order to obtain information abouy, it is necessary
to employ experimental conditions where absorption signals
are very low. Hence, it has not proven possible to obtain a

3.3. Radical-radical reaction kinetics

When reaction mixtures containing only 2ClIO, CS,
and N are subjected to 248nm laser flash photolysis
and detectable levels of GSCI are generated, we expect
that CS—CI loss will be dominated by the following
radical-radical reactions:

CS—Cl + CS—Cl — products (3) quantitative value foks. Examination of the dependence of
the CS—Cl disappearance rate on [g]Svhile keeping [Cl}
Cl + C&-Cl — products (4)  approximately constant does, however, suggestdftats.

In the limit of very high [CS], the ratio [CS—CI)/[CI]
becomes large and reacti(B) is expected to dominate the
adduct removal. As the G oncentration is reduced, reac-
tion (4) is expected to become an important adduct loss
mechanism.

To experimentally determineks at 7=240K and
P=100Torr, experiments were carried out using
[CS;] ~ 1 x 10" molecules cm?®; at this temperature and
[CSy], the ratio [CS—CIJ/[CI] is approximately 2432]. The
concentrations of GICO employed in these experiments were
in the range (1.5—-26} 10> molecules cm?, and values for
[Cl]o were in the range (6-93) 102 atoms cnt3. A typical

3.4. Kinetics of the CS>,—Cl + O3 reaction

To investigate the kinetics of the reaction of £€I with
Oz,

CS—Cl + O, — products (2)

CS—Cl absorbance temporal profiles were measured in
200 Torr of @ at T=240K with experimental conditions
adjusted to relatively high [G$ and low [Cl]p in order

to minimize the contribution of radical-radical reactions to
CS—Cl removal. Temporal profiles observed in 200 Torr
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Nicovich et al.[32] studied the effect of added 0O
on Cl+CS < CS—Cl equilibration kinetics and con-
cluded thatky <2 x 107 cm® molecule st at 7=230K
and P=30Torr Q. Wallington et al.[33] used their
measured upper limit “effective” rate coefficient of
4 x 107 cm3 moleculel s71 for CS, reaction with Cl at
298 K in 700 Torr air in conjunction with values fég and
k_1 reported by Nicovich et a]32] to deduce the upper limit
rate coefficient, (298 K) <8x 1017 cm® molecule 1s~1.
Hence, the observations reported in this paper reduce the
upper limit value fork, by a factor of 16 compared to the
limits reported previously, although it is worth noting that our

[CS.-CIT! (10" %em molecule™)

0.0 Biinriini L Ll vsiliceeiiala oo il el

0 1 2 3 4 5 6 7 datawere obtained at 240 K, while the upper limit reported by
Time (ms) Wallington et al[33] is based on data at 298 K, but requires
extrapolation of Nicovich et al. results to higher temperature
Fig. 6. C$—CI absorbance temporal profile plotted as $}€€I]~* vs. and pressure in order to obtain estimatesioandk_; at
time. Experimental conditions'=240K; P=200 Torr Q; [CSp]=6.1 % P =700 Torr air and’' =298 K.

10 moleculescm®; and [ChCO]=7.4x 10" moleculescm3. The

straight line is obtained from a linear least squares analysis; its slope gives o . .
2k = (1.4640.02)x 1010 cr® molecule s where the uncertainty is ~ 3-O- Kinetics of CS;—Cl reactions with NO and NO;

20 and represents precision only. The curved lines are simulations of the

[CS,—CI] 1 vs. time plots expected kb had the values shown in the figure The reactions of C8-Cl with NO and NQ were studied

(in units of cn molecule* ™). atT= 240 K andP = 30 Torr (\; bath gas) under pseudo-first-
order conditions with [NQ] > [CS,—CI].

O, were indistinguishable from those observed i ath

gas; a plot of [C§-CI] ! versus time for a typical experi- C%—Cl + NO — products ®)

ment is shown irFig. 6. The data are well described by a CS,—Cl + NO, — products (6)

straight line, and the second-order rate coefficient obtained . ) )

from the slope is equal within experimental uncertainty to 1 h€ reagent concentrations (in units of molecules¥m
the value of 23 obtained from the data with Nas the bath ~ used in these experiments were as follows: (D] =
gas (see above). We conclude that our data show no evi-1-5x 10% [Cllo=(2-4)x 10%; [CS;] ~3 x 10'/; [NO] =
dence for a reaction between £ and G. In order o (2=26)x 10" [NO2]=(1-25)x 10*. Relatively low-
put a reasonable upper limit da, kinetic simulations were ~ radical concentrations were employed in order to minimize
carried out for a simple two-reaction scheme, i.e., reactions the effect of radical-radical side reactions, i.e., reactions
(2) and (3), with 2k fixed at the value obtained from the (3) and (4), on the observed absorbance temporal profiles.

slope of [CS—CI]~1 versus time plot and; varied. Plot- Experimental conditions of high [GE low temperature,
ted in Fig. 6 are simulated temporal profiles fép=0.5 and low pressure minimized the contribution of Cl reactions
1.0, and 2.0< 10-17 c® molecule 't s, We conclude that ~ With NO and NQ to observed C5-Cl kinetics.

upward curvaturgin [CS-CI] 1 versus time plot would have Cl+NO + M — CINO + M @)
been observed if; >5.0x 10~18cm® molecule* s~1, and

we adopt this value as the upper limit ferthat is consistent ~ Cl + NO2+M — CINOz +M (8a)

with our data.

As discussed above, little or no CICO is thought to be
generated from 248 nm photolysis of2ClO. In the pres- For [CS]~ 3 x 10" moleculescm?® and T=240K, the
ence of 200 Torr @ at 240K, any thermalized CICO that equilibrium concentration of CS-CI exceeds that of Cl by
was produced would rapidly react witho,Go generate  more than a factor of 3[B2].

CIC(0O)0QJ[42]. The UV absorption spectrum of CIC(O)OO As typified by the data shown Fig. 7, absorbance decays
has recently been observed in cryogenic matrjd&$, this were exponential, i.e., plots of lA versus time were lin-
species absorbs only very weakly to the red of 300 nm and did ear, as would be expected under the experimental conditions
not interfere with the detection of GSCl in this study even  employed (see above). Measured pseudo-first-order decay
if it was generated with significant yield. In back-to-back rates{g), obtained from the slopes of plots like the one shown
experiments where we interchange Bnd & as the bath in Fig. 7, are plotted as a function of [GBin Fig. 8 The

gas but experimental conditions otherwise remain constant,slopes ofky versus [C$] plots give the following second-
the observed peak transient absorbance remains unchangeorder rate coefficients in units of 18 cm?® molecule 1 s
within experimental uncertainty. This observation is consis- k5=2.17+0.07 andkg=1.33+ 0.09; uncertainties areo?2

tent with other evidence that supports prompt production of and represent precision only. The N©oncentration data

Cl with a quantum yield of 2.0 from GCO photolysis. plotted inFig. 8are corrected for dimer formation assuming

Cl + NO;+M — CIONO + M (8b)
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racy of the reported values fég andkg. At T=240K and
P=30Torr N, k7~1.5x 1038 cm3moleculels1 [45]
andkga+kgp=kg ~ 2 x 10" 22cm3molecule 1 s1 [46]. In

our experiments, about 30% of the bath gas was, @&ich

is more efficient than Nas a third body. Hencé; andkg

are a little faster under our experimental conditions than the
literature values given above. Nonetheless, it is clear that the
values forks and kg reported in this study are much faster
than the known values fdr; andkg; this observation, along

In Absorbance

6.5 N | A A | I n with the establishment of experimental conditions where the
0 10 20 30 40 50 60 equilibrium concentration of GS-Cl was much greater than
Time (us) the equilibrium concentration of Cl, leads to the conclusion

that reactiong7) and (8) made negligible contributions to
Fig. 7. Typical absorbance_ (base e) temporal prqfile observed following CS—Cl kinetics in this study. To our knowledge, no kinetic
2a8mm é%s%::ﬁ:gg‘;‘;'ﬁi;;ﬁgg?égﬁé g@?ﬁﬁgﬁf&%ﬁ. data are reported in the literature for the reaction of Cl atoms
trations in units of 16® molecules cm® are [CS]=19000, [NG)] = 259, with N2O4. However, given that (i) a relatively small fraction
[CI,CO] =150, and [C§~ 0.36. The solid line is obtained from a linear ~ Of NO2 existed in the dimer form under the experimental
least squares analysis of the In absorbaddes§. time ¢) data att >5ps; conditions employed (see above); and (ii) Cl is almost cer-
its slope gives the pseudo-first-order decay rate 29,990 s tainly much more reactive with Nghan with NbO4, it seems

safe to assume that the Cl+Q, reaction had a negligible
influence on C&-Cl kinetics in this study.

Since side reactions have little or no impact on the
accuracy of the reported rate coefficients, it appears that
accuracy is limited by precision and by the accuracy with
which the concentrations of NO and MNCare known
(estimated to be:5% for each). Hence, we report the rate
coefficients k5= (2.240.5)x 10~ cm® molecule 1 st
andkg = (1.3+0.4)x 10~ cm® molecule 1 s~1, where the
and (4) contribute <600s! to the early time part of  uncertainties represent accuracy at the 95% confidence level.
observed decays and even less at longer times after Although there are no other reported measurements of
the flash. Since most measured decay rates exceededs and kg with which to compare our results, it is of
10,000 (seeFig. 8), we conclude that the occurrence of interest to note that the rate coefficients reported in this
radical-radical side reactions does not compromise the accustudy are very similar in magnitude to the rate coeffi-
cients for the reactions of (GhHpS—CI with NO and NG
(1.2x 1071 and 2.7x 10 cm® moleculets1, respec-

a 240K equilibrium constant of 6.2 10~1” cm® molecule®
for NO2 + NO, <> N2O4 [44]; the magnitude of the correction
ranged from 0.6% to 14% for the range of i€dncentrations
employed to measurg. The value folkg reported above is
derived under the (certainly valid) assumption thap- @3
is much less reactive toward the closed shell specig34N
than it is toward the open shell species NO

For [Cllo <4 x 10%percn? (see above), reaction8)

kq (10%s™)

T T T T T T T
60 — —
50 — NO
40 — —
30 NO2 |
20 —
10— B
Um| L L | | | O
0 5 10 15 20 25 30

[NO,] (10" molecules cm™®)

tively) that were measured by Urbanski and Wine using
a technique analogous to the one employed in this study
[34]. Urbanski and Wine also observed no reactivity of
(CHz3)2S—CI with O». In a recent conference presentation,
similar results have also been reported for reactions of
(CH3)2(0)S—CI with NO, NO,, and Q, i.e., in units of
101 cm® molecule ! s~1 rate coefficients are 1.5, 1.9, and
<1x 1077, respectively{47]. It appears that Cl adducts to
sulfur compounds react rapidly with compounds like NO
and NQ, where transfer of the chlorine atom to generate
CINO, CINO,, or CIONO is energetically favorable. Because
CI-00 is bound by only~20kJmot? [48], the chlorine
transfer reaction between the sulfur adducts andcén-

not occur atr'<300 K. While thermochemistry can explain
why NO and NQ are highly reactive and £is unreac-

Fig. 8. Plots of pseudo-first-order adduct decay ragg\(s. [NO,] for data
obtained af"'=240K andP =30 Torr Nb. Solid lines are obtained from lin-

ear least squares analyses; their slopes give rate coefficients (in units Ofand adduct bond strength for the energetically favorable
10" ¢ molecule! s71) of 2.17+ 0.07 and 1.33 0.09 for the reactions

of CS—ClI with NO and NQ, respectively (uncertainties are 2nd rep- NO"_ reactions. All tltle.ad(_:luct+ NQate coefficients sum-
resent precision only). The open circle is the data point that represents themMarized above are similarin ma:gnmﬂde eventhough#@ S
data shown irFig. 7. bond strengths (at 0K) are quite different 8% kJ mot?!

tive toward chlorine adducts with sulfur compounds, there
appears to be little correlation between the rate coefficients
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for SCS-CI [25,32] 72+ 4kJmol? for (CHz)2(0)S-Cl
[47,49) and 85+ 12kJmot? for (CH3)»S-Cl [8,50,51).
Diau and Lee have deduced rate coefficients for the
reactions of C-OH with NO and NQ by examin-
ing the effect of added NOon OH+C$S <« CS—OH
equilibration kinetics [52]; they obtain a very fast
rate coefficient (4.% 10-11cm®moleculels™1) for the
CS—OH + NGO, reaction, but a much slower rate coefficient
(7.3x 10713 cm® moleculets~1) for the CS—OH+NO
reaction. A mechanistic understanding of the differences in
reactivity of NO and NG toward C$—OH remains to be
developed.

3.6. Role of CS>—Cl in atmospheric chemistry

In the marine boundary layer (MBL), Cl concentrations
are typically 16 atoms cn® [53] and have been reported to
be as high as Poatoms cn® in some locationg54]; these
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[9] B.M.R. Jones, J.P. Burrows, R.A. Cox, S.A. Penkett, Chem. Phys.
Lett. 88 (1982) 372-376.

[10] B.M.R. Jones, R.A. Cox, S.A. Penkett, J. Atmos. Chem. 1 (1983)
65-86.

[11] I. Barnes, K.H. Becker, E.H. Fink, A. Reimer, F. Zabel, H. Niki,
Int. J. Chem. Kinet. 15 (1983) 631-645.

[12] AJ. Hynes, P.H. Wine, J.M. Nicovich, J. Phys. Chem. 92 (1988)
3846-3852.

[13] V.P. Bulatov, S.G. Cheskis, A.A. logansen, P.V. Kulakov, O.M. Sark-
isov, E. Hassinen, Chem. Phys. Lett. 153 (1988) 258-262.

[14] E.R. Lovejoy, K.S. Kroeger, A.R. Ravishankara, Chem. Phys. Lett.
167 (1990) 183-187.

[15] T.P. Murrells, E.R. Lovejoy, A.R. Ravishankara, J. Phys. Chem. 94
(1990) 2381-2386.

[16] E.R. Lovejoy, T.P. Murrells, A.R. Ravishankara, C.J. Howard, J.
Phys. Chem. 94, 2386-2393.

[17] S. Lunell, M.-B. Huang, K.A. Sahetchian, C. Chachaty, F. Zabel, J.
Chem. Soc., Chem. Commun. (1990) 949-951.
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concentrations are 10-100 times lower than typical daytime [21] R.E. Stickel, M. Chin, E.P. Daykin, A.J. Hynes, P.H. Wine, T.J.

OH levels, but are higher than ClI concentrations in other
regions of the troposphefB5]. On the other hand, the rate
coefficient for Cl addition to C8is a factor of 5-10 faster
than the rate coefficient for OH addition to £&nder typi-

cal MBL conditions £ ~ 1 atm; 250K <r'<310K)[12,32]
Removal of C$ by OH is a relatively efficient process in
the atmosphere because theE€SH + O, reaction competes
favorably with adduct thermal decomposition under atmo-
spheric condition§9—24]. The results reported in this paper
suggest that under MBL conditions the lifetime of €I
toward reaction with @is >0.025 seconds and the lifetime of

CS—Cl toward photo-dissociation is several seconds (even
under the assumptions of unit photo-dissociation quantum

yield and O zenith angle). Since the GSCl lifetime toward
thermal decomposition back to €8Cl is <10 s under
MBL conditions[32], it is clear that the Cl + CSassociation
reaction will be of negligible importance as a destruction
pathway for C$ in the atmosphere.
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