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Time-resolved ultravioletvisible absorption spectroscopy has been coupled with 248 nm laser flash photolysis
of CI,CO in the presence of DMS (GHCH) (and in some cases,ONO, or NG, to generate the €l

S(CHg), radical adduct in the gas phase and study the spectroscopy and kinetics of this species:- The CI
S(CHg), adduct was found to possess a strong, broad, unstructured absorption spectrum, extending from ca.
450 nm to below 280 nm withimax = (3.48+ 1.04) x 107 cn? molec ™ at Amax &~ 340 nm. Reaction of the

adduct with @ was not observed, and our data suggest that the rate coefficient for this reaction at 298 K is
less than 4x 1078 cn?® molec® s™1. Rate coefficients for GIS(CH), reactions with NO ko) and NG

(kno,) were measured at 155 Torr total pressure and room temperature, and were fourkdide=bd.19 +

0.18) x 107 cm® molec st andkyo, = (2.70+ 0.41) x 107t cm® molec? s, where the uncertainties

are estimates of accuracy at the 95% confidence level. The spectroscopic and kinetic data are used to evaluate
the relative importance of possible atmospheric destruction mechanisms—+{&(Cih)..

Introduction employing mist chamber techniques, which indirectly measure
Dimethyl sulfide (CHSCHs, DMS) is produced by the Cl, and HOCI, have indicated £€and HOCI levels in the range

biological activity of phytoplankton in the ocean, and its release cl\)/fe;ﬁr(te?‘nisr:tlspgftv“tgtlalr tﬂgtg?iialerr::irllgr?nzeuizdt?g ,lb\d;ﬁrc
from the oceans is the largest natural source of atmospheric =" P Y R gy
sulfur on a global scale and the single largest source of marine boqndary layer around polar sunrise |nd|c§1te mixing
atmospheric sulfur in the Southern Hemisphettn the remote ratios ranging from=9 to 100 pptv (re_ported as | MOSt
marine boundary layer, where contributions from anthropogenic recgntly, .molecular.chlorlnle has been dlrectly. obgeryed n coastal
SO, are small, the gas-phase oxidation of DMS is the most marine air. Employing a high-pressure chemical ionization mass

. . .
important source of oxidized sulfur compounds such ag, SO spectrometry technique, Spicer et'&Hirectly measured Gl

methanesulfonic acid (MSA), dimethyl sulfoxide (DMSO), levels ranging fr_om<10 to 150 pptv. A modeling S“!dy
dimethyl sulfone (DMS®), and HSQ.. It has been proposed conduc_ted_by Spicer et #l.found that, shortly after sunrise,
that, through the production of sulfuric acid, the atmospheric the c_»_qdatlon rate of DMS b_y Cl could, under favor_ablt_a
oxidation of DMS may impact aerosol production and cloud conditions, be an order of magnitude faster than rate of oxidation
formation processes, and hence the earth’s radiation bidget. by OH' o ) _
As a result of the potential role DMS may play in the global Wh|Ie.a limited number of field §tudles suggest that ClI atoms
climate system, the oxidation mechanism of this compound hasPlay an important local role in marine boundary layer chemistry,
received considerable attention in recent years. the importance of ClI chemlstry on a global scale remains
The primary oxidants in the marine boundary layer are uncertain. Ewdenc_e does_eX|st suggesting that, on a global scale,
hydroxyl radical and nitrate radical. Reaction with OH in the in the remote marine environment, the importance of Cl atoms
daytime and N@at night are believed to be the most important s an oxidant is minimal. Two modeling studies conducted using
processes initiating the oxidation of DMS in the atmosphere. réal-time measurements of OH, DMS, andzSénd observed
The importance of Cl atoms as an oxidant in the remote marine PMS and SQ diurnal trends, indicate that reaction with Cl
boundary layer is a subject of ongoing debate. A growing body constitutes less than 15% of DMS removal in the remote
of evidence suggests that reaction with Cl atoms may constitute €duatorial Pacific boundary lay& A global 2-D tropospheric
a significant contribution to the oxidation of DMS in some Modeling study by Singh et &.predicted atmosphericCls
atmospheric environments. concentration fields using OH chemistry alone, and by com-
Many nonmethane hydrocarbons (NMHC) react much more parison with actual &Cl, observations, concluded that, on a
rapidly with Cl atoms than with OH radicatsand due to this global average, Cl atoms account for only a few percent of total
significant difference in the reactivities of certain NMHC, DMS removal.
measured temporal changes in the concentrations of NMHC may Because of the conflicting evidence regarding Cl atom
be used to infer the ambient concentrations of Cl atoms (seechemistry, the importance of Cl in initiating DMS oxidation
for example Jobson et &. Some field studies measuring on a global scale remains speculative. A mechanism capable
NMHC have yielded evidence of Cl atom chemistry in the of efficiently generating photolytically active inorganic chlorine
marine boundary layér.” Atmospheric field measurements compounds in the remote marine environment has yet to be
firmly established. The uptake of;Ns gas by sea-salt aerosols
:To whom corres_pondence should be addressed. _ is believed to generate gas-phase CiN@owever, a recent
UnivF;I;‘iistye/mCi?nq]rberijsgl;eDﬁllp:r(ganfgé?f Earth and Planetary Sciences, Har"ar%odellqg study by Erickson et & suggests that global
*School of Earth and Atmospheric Sciences. production of CINQ by aerosol processes is of significance
8 School of Chemistry and Biochemistry. only in regions of the marine boundary layer impacted by

10.1021/jp992682m CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/18/1999




10936 J. Phys. Chem. A, Vol. 103, No. 50, 1999 Urbanski and Wine

pollution (regions with sufficient nitrogen oxides). The afore- From excimer laser
mentioned field studies (mist chamber measurements, the Arctic
studies, and the recent direct measurement of molecular chlorine)
all suggest that other aerosol processes which producer@i
possibly HOCI, are active, at least locally, in the marine
boundary layer. Depending on the mechanisms responsible for uv
generating the photolytically active inorganic chlorine observed @ X
in field studies, Cl atom chemistry could be more important
than previously believed and may be of significance in initiating uvp A
DMS oxidation on a global scale.

ARC
Reaction Cell

Reaction of Cl with DMS. The potential importance of Cl M M M
atoms in initiating the atmospheric oxidation of DMS has led i : Photolysis beam
to several laboratory and ab initio studies of the4€CIDMS % UV-VIS probe beam
reaction. The reaction of Cl with DMS proceeds via two distinct Al UvL
channels, a pressure-dependent adduct-forming channel and a r_'l PMT

pressure-independent chankeThe pressure dependence study Figure 1. Laser flash photolysis/U¥vis absorption spectroscopy
of Stickel et al** employed time-resolved resonance fluores- apparatus: ARG= HgXe arc lamp; UVL= UV grade fused silica

cence detection of Cl atoms and determined that the DMS lens; EM= excimer laser mirror; A= UV enhanced aluminum mirror;
rate coefficient increases from a low-pressure limit value of ca. UVP = UV grade fused silica prism; M= monochromator; PMF=
1.8 x 1079 cn® molec! s~ to a value of (3.3t 0.5) x 10710 photomultiplier tube.

cm® molect st at 700 Torr of N; the rate coefficient for the investigations support its existence. Theoretical studies suggest
pressure-dependent channel appears to approach its highthat the C+S(CH), adduct is formed via a two-centethree-
pressure limit between 150 and 700 T&rTwo other rate electron bond, with the spin density higher on the Cl atom than
coefficient measurements, obtained employing relative rate on the S atom, and predict that the adduct is stable with respect

technigues, report values of (3.610.21) x 10-1°cm?® molec™ to reactants by 5290 kJ moi1.20-2% The reaction of Br with
s115and (3.24 0.30)x 1070 cmE molects 1 16in 1 atm N, DMS forms a weakly bound adduct with a lifetime toward

at room temperature. The study of Kinnison etbserved a  unimolecular decomposition of 2.5 ms (263 K) to 1@9(310

small increase in the rate coefficient in the presencepf@h K) at 50 Torr total pressuré.The Br—S(CHg), adduct has been

k= (4.10+ 0.17) x 10720 cm® molec'! s7tin 1 atm synthetic directly observed in the laboratory by ultraviotatisible (UV—

air. vis) absorption spectroscopy and is reported to possess a strong,

The study of Stickel et al. also employed time-resolved broad, unstructured absorption spectrum with a maximum
tunable diode laser absorption spectroscopic (TDLAS) detection around 365 nni*2 By using time-resolved resonance fluores-
of HCl and found that the yield of HCI increases with decreasing cence detection of bromine atoms, Wine et‘abbserved the
pressure, approaching unity Bs— 0. At 200 Torr, where the kinetics of the approach to equilibrium as a function of
P-dependent channel appears to have leveled off, the HCI yield temperature and determined a-£8 bond strength of 5& 8
is ca. 509%4 The findings of Stickel et al* are supported by ~ kJ mol* for the Br—S(CH), adduct.
the discharge-flow mass spectrometry study of Butkovskaya and We have employed laser flash photolytic (LFP) generation
LeBras!” which observed HCl CH;SCH, as the only reaction ~ of Cl in the presence of DMS to investigate the spectroscopy
channel in 1 Torr of He. Possible channels for thetCDMS and kinetics of the GtS(CH;)2 adduct. The C+S(Chs), adduct

reaction include: has been positively identified and its WWis absorption
spectrum has been measured. To determine the atmospheric fate
Cl + CH,SCH, — HCI + CH,SCH, (1a) the adduct, time-resolved UWis absorption spectroscopy has
been utilized to explore adduct reactivity toward, ®O, and
Cl + CH;SCH; — [CI=S(CH),* NO,. Additionally, the UV-vis absorption spectrum of the
[CI—S(CH),J* + M — CH,SCl+ CH,+ M  (Lb) adduct has been used to calculate its atmospheric lifetime with

respect to photolysis.

J— * —
[CI=S(CHy),]" +M = CH,CI+ CHS+M (1) Experimental Technique

[CI-=S(CH),]* + M —CI=S(CH,),+ M  (1d) The laser flash photolysis (LFP)/UWis absorption spec-
troscopy apparatus used in the spectroscopic and kinetic studies

Zhao et al® employed TDLAS detection of CHto place an of the CS(CHg), adduct is depicted in Figure 1. The major
upper limit of 2% on the yield of methyl (1b). A G€&l yield elements are an excimer photolysis laser, a high-pressure HgXe
of (1.344 0.07) x 102 was reported by Langer et #l.The arc lamp, a monochromator and photomultiplier tube (PMT), a
investigation of Stickel et al. demonstrated that the stabilized Pyrex reaction cell (100 cm long, 40 mm i.d.), and numerous
adduct (1d) does not dissociate to Cl or HCI on the millisecond optical components used to manipulate and align the excimer
time scale (the time scale of their experiments). The experimentslaser photolysis beam and the bBVis probe beam. As depicted
of Langer et ak? were conducted in 1 atm air and show that in Figure 1, the UV-vis probe beam was passed through the
adduct decomposition to GBI and CHS is unimportant under reaction cell twice. Because the mirrors used to direct the
atmospheric conditions. Thus, despite several laboratory studiesphotolysis beam through the reaction cell were inefficient
the atmospheric disposition of half the €IDMS reaction, i.e., transmitters of UV light, it was necessary to direct the-this
the fate of the C+S(CHg), adduct, remains highly uncertain.  probe beam through the reaction cell at an angle relative to the
The goal of the current study is to further our understanding of horizontal axes of the collinearly aligned photolysis beam and
the atmospheric fate of the €6(CHg), adduct. reaction cell (see Figure 1).

While the C-S(CH), adduct has not been directly observed A Lambda Physik Compex 102 KrF excimer laser served as
in any previously published laboratory studies, ab initio the photolysis laser and delivered a typical fluence of 25
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mJ cm2 pulse’! in the center of the reaction cell at a Absorption cross sections for L0 and DMS at 248 nm are,

wavelength of 248 nm with a pulse duration of ca. 20 ns. The in units of 102 cn¥?, 8.93% and 1.28 respectively; hence,

photolysis beam covered an area of 3.5 gml.5 cm in the for a typical photolysis fluence of 30 mJ crpulse?, ~0.3%

center of the reaction cell where variations of the cross-sectional of Cl,CO and~0.05% of DMS in the laser path are photolyzed.

spatial intensity in the photolysis beam were measured to be All experiments were conducted under “slow flow” conditions;

less than 20%. The internal energy meter of the excimer laserthat is, the linear flow rate of the reaction mixture through the

was used to continuously monitor the photolysis laser energy. reaction cell was sufficient to completely replenish the entire

The photolysis energy in the center of the reaction cell was volume of the reaction cell between photolysis laser pulses. The

determined from an absolute calibration of the internal energy concentrations of both DMS and £IO were measured in situ

meter using a Scientech disk calorimeter (model 214). Variations by UV photometry and by mass flow measurements. The in

in the shot to shot laser pulse energy were typically less than situ photometry measurements were conducted using a Zn pen

2%. ray lamp, 214 nm interference band-pass filter, and a side-on
The UV—vis light source was a high-pressure 200 W HgXe PMT. The cross sections used to convert 213.9 nm absorbances

arc lamp. Time-resolved monitoring of the probe beam intensity to concentrations werepys = 1.70 x 1071 cm? molec™! 27

was achieved using a 0.22 m grating monochromator and PMT.and oci,co = 1.26 x 1071 cm? molec.# In the kinetics

The monochromator entrance and exit slits were set at 1000experiments, the concentrations of NO and,M@re determined

um, providing a resolution of 3.7 nm (fwhm). The monochro- from mass flow measurements. A certified NQ/Nixture

mator wavelength setting was calibrated using a Hg pen ray (1.87% NO) was used to supply NO. Nitrogen dioxide was

lamp, placed in the position of the HgXe arc lamp. The Hg transferred into a 12 L Pyrex bulb and diluted with @.27%

atomic lines at 253.65 and 404.65 nm were used to calibrate NO; in O,). The NG mole fraction of the N@O, mixture was

the monochromator wavelength dial and measure the mono-measured using UV photometry.

chromator resolution. The monochromator resolution was The pure gases used in this study were obtained from Air

independent of wavelength. The time-dependent current outputProducts Specialty Gases @), Matheson Gas Products (€I

by the PMT was routed through a fixed resistor, and the resulting CO, NG,), and Spectra Gases (@Hnd had the following stated

dc voltage was passed through an amplifier (Data Precision minimum purities: N, 99.999%; @, 99.994%; CICO, 99.0%;

model D1000) prior to digitization, averaging, and storage NO,, 99.5%; CH, 99.995%. The NO was supplied by Matheson

accomplished with an 8 bit digital signal averager. Depending Gas Products as an analyzed mixture, 1.87% NO inTie

on the required time resolution, the RC time constant of the N,, O, NO,, NO/N, were used as supplied. The,CD was

circuit (PMT/coaxial cable/resistor) was varied from 1 toi0 degassed at 77 K prior to use. The dimethyl sulfide was acquired

by changing the resistor. from Aldrich Chemical Corp. and had a stated minimum purity
As discussed above, the optical properties of the mirrors usedof 99.0%. The dimethyl sulfide was transferred underiio

to direct the photolysis beam through the reaction cell neces- vials fitted with high-vacuum stopcocks and degassed repeatedly

sitated an orientation of the UWis probe beam that was at 77 K before use.

skewed relative to the photolysis beam axis. As a result, the

UV —vis probe beam was overlapped by the photolysis beam Results

for only part of its passage through the reaction cell (see Figure

1). It was thus necessary to empirically determine the effective

UV—vis probe path length, i.e., the distance over which the

probe beam passed through the volume of the reaction cel

exposed to the photolysis beam. Measurement of the-u¥

probe beam effective path lenglhy, was achieved by photo-

Adduct Spectroscopy.When CCO was photolyzed in the
presence of DMS, absorption of the YVis probe beam was
jobserved throughout the 270 to 450 nm spectral region.
Absorption of the U\-vis probe beam was observed only when
both DMS and GICO were present. The observed absorbance

lyzina CLCO in the presence of nd O:4 (Abs) decayed rapidly with time according to second-order
yzing P Grand Q kinetics, i.e., plots of (Abs) versus time were linear. The peak
. absorbance for each experiment, Abwas determined by
Cl,CO+hw = Cl+ Cl+ CO 2) plotting (Abs) ! versus time and extrapolating (Ab$)ack to
Cl+ CH,— CH; + HCI 3) t = 0 using a linear least-squares fit to the absorbance data.

Adduct Identification. The study of Stickel et &f* demon-
strated that the yield of the adduct channel increases with
pressure (the observed HCI yield decreased from ca. 85% at 5
The CHOO radicals were monitored at 265 nm. The initial CI  Torr of N, to slightly over 50% between 100 and 200 Torr of
atom concentration, and hence the pealkQ®@& concentration, N,). Thus, the UV-vis absorption observed following the
was varied by varying the gLO concentration and the excimer  photolysis of CJCO/DMS mixtures, if attributable to the €l
laser fluence. Plots of the peak B absorbance versus initial ~ S(CHs), adduct, should vary with pressure accordingly. The
Cl concentration were linear, and the slope, obtained from a product of the H- abstraction channel, G8CH,, also absorbs
linear least-squares fit to data, yielded the effective path length, the UV—vis probe radiation; the absorption spectra of €H
leit = slopeb, whereo is the CHOO absorption cross section  SCH, and CHSCHOO have been reported by Wallington et
at 265 nm ¢ = 2.48 x 10718 cn? molec™).?6 Effective path al.28 By varying the total pressure and detection wavelength, it
length measurements were conducted using ca. 45 Torr gf CH was possible to identify absorption attributable te-S(CHy)s.

20 Torr of O, a total pressure of 90 Torr, and initial Cl  For example, at 2.7 Torr, significant absorption was observed
concentrations of 48 x 10'® molec cnt3. At the highest initial at 360 nm, where C§$CH, absorption is negligible. Increasing

Cl atom concentrations, it was necessary to make a smallthe pressure, and thus the adduct yield, resulted in a dramatic
correction for the reaction of Cl with GJ®O; this correction  increase in absorption at 360 nm. The ratio of the “effective
never exceeded 10%. cross section”get, (0ett = Absy/ler [Cl] o) at 360 nm measured

The CHS(CHs), adduct was generated by photolyzing-Cl  at high and low pressurees(2.7 Torr)bes(155 Torr)~ 0.25,

CO in the presence of DMS in Nand/or Q buffer gas. is in good agreement with the adduct yield ratio calculated using

CH, + O, + M — CH,00+ M (4)
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Figure 2. Pseudo-first-order adduct appearance riajeversus [DMS] for the CH- DMS reaction aP = 155 Torr andT = 294 K in (@) O, buffer

gas and (open squai@) N, buffer gas. Line is the linear least-squares fit to the data. Best-fit slope isH®B) x 1071° cm® molec?* s
(uncertainty 2, precision only). Inset: typical CIS(CH;). appearance temporal profile. Solid line is a double-exponential fit to the data (see text).
Reagent concentrations are (in units of*lfolec cn?) [DMS] = 165, [CLCO] = 290, and [Cl} = 1.9; P = 155 Torr (Q buffer gas) andl =

294 K.

the HCl yields reported by Stickel et add,(5 Torr)/®(150 Torr) observed is indeed the €5(CHs), adduct formed from the
~ 0.27. The observed variation ofs with pressure is consistent  reaction of Cl with DMS.
with absorption by the product of the € DMS adduct-forming Adduct Absorption Spectrum. The absorption spectrum of
channel, C+S(CHg)s. the C-S(CH), adduct was measured at 155 Torr total pressure
Further evidence verifying the identity of the absorbing (mostly G buffer). A total pressure of 155 Torr was chosen to
species was obtained by measuring its appearance rate. Bynaximize the adduct yield and was based on the study of Stickel
utilizing sufficiently low DMS concentrations, the appearance et all*which indicates that the adduct yield levels off between
rate of the absorbing species was reduced to less than 80 00000 and 200 Torr. Because the product of the H-abstraction
s™%, and absorption temporal profiles were recorded and channel, CHSCH,, absorbs light in the 260 to 350 nm region,
analyzed using a nonlinear least-squares fit to the sum of anthe experiments were conducted using ca. 130 Torrafkich
exponential rise and an exponential decay (see Figure 2). Inconverted CHSCH into CH;SCHOO in <0.545282°The CHs-
this set of experiments, €IS(CHs), disappearance resulted SCHOO absorption spectrum peaks at 240 nm, and the- CH
primarily from adduct-radical reactions and was not strictly a SCHOO absorption cross section is negligible at wavelengths
first-order loss process. The variable for the first-orderCl  longer than 280 nr# Thus, the conversion of GISCH; into
S(CHg),, disappearancdy, is thus a parametrized €5(CH). CH3SCHOO largely eliminated spectral interferences ac-
disappearance rate coefficient rather than the sum of actual lossgompanying the adduct production chemistry.
processes which are quantitatively attributable to specific first- ~ An additional minor complication to the adduct spectrum
order reactions. Because the<3(CH), loss rates are slow  measurements was the formation of a long-lived (i.e., persistent
compared to the rapid rate of €8(CHs), appearance, the at 40+ ms) product(s) which absorbed the probe beam at
parametrization of the CIS(CH), disappearance as a first- wavelengths below ca. 320 nm. This absorption was observed
order process does not seriously impact the reliability of the in both N, and @ buffer gases and the absorbance increased
analysis. As may be seen from the inset in Figure 2, the fits with pressure, suggesting that the product(s) was produced in a
were of excellent quality. Pseudo-first-order appearance ratesreaction involving C+S(CH).. The residual absorbance in-
(k) were measured at 365 nm, i @d N buffer gases. Plots  creased with decreasing wavelength down to the lowest
of ka vs DMS concentration were linear over the range of DMS wavelength monitored (265 nm). The ratio of the residual
concentrations employed (see Figure 2). The linearity okthe  absorbance to the adduct absorbance increased from ca. 0.02 at
vs DMS concentration plot up to the fastest appearance rate315 nm to ca. 1.4 at 280 nm. This long-lived absorption and
measured (ca. 70 000y demonstrates that the rate-limiting the potential source(s) are discussed below. The absorption
step in production of the absorbing species was th¢ OMS temporal profiles were corrected for the presence of the long-
reaction under the conditions investigated. The slope okihe lived absorbing product(s) by subtracting the observed long time
vs DMS concentration plot (see Figure 2) yields the second- absorption, i.e., the post flash baseline, from the entire post flash
order rate coefficient; = (3.24 0.3) x 1071%cm?® molecule? absorption profile.
s 1at 298 K and 155 Torr total pressure, where the uncertainty ~ Adduct absorption cross section measurements were carried
is 20 and represents precision only. The value measured hereout at 155 Torr total pressure (130 Torr of)Cand room
for k; at 155 Torr is in good agreement with those reported in temperature with typical reagent concentrations of (in units of
the literaturé*~16 (see above), indicating that the species being 10 molec cnT3) [DMS] = 100-150, [CLCO] = 400-700,
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buffer had to be corrected for GHCH, absorption using the
CH3SCH; cross section data reported by Wallington eand

were thus less precise than those obtained b@fer gas. The
absorption cross sections measured nagreed with those
measured in @ within the combined uncertainties of the
individual measurements. The agreement between the absorption
spectra measured ipXNuffer gas and @buffer gas lends further
support to our conclusion that the species observed in this study
is in fact the C+S(CHs), adduct.

Additional measurements of the-€6(CHg), absorption cross
section were made at 340 and 365 nm. These wavelengths were
chosen because 340 nm is approximately the peak of the
observed absorption spectrum and 365 nm was the wavelength
chosen to monitor the adduct for kinetics studies. A monitoring
wavelength of 365 nm was chosen for the kinetics experiments

T in order to avoid spectral interferences from the unidentified
0.0 0.2 0.4 06 0.8 1.0 long-lived species and GJSCH,, and because the combination
time (ms) of adduct absorption cross section and probe beam intensity
(which was greatest at ca. 365 nm) gave the best signal-to-
; : ! noise ratio. The additional cross section measurements were also
sorbance (1/Abs) versus time. Data acquired via 248 nm laser flash

photolysis of DMS/GICO/N,/O, gas mixture. Total pressure 159 made at 155 Torr .total pressure (13(.) 'Il'orr. of) @nd room.
Torr andT = 296 K. Line is a linear least-squares fit to the data. t€Mperature. Consideration of uncertainties in the adduct yield,

o
o
T

1/ Abs (arbitary units)
&
T

Figure 3. CI—S(CH), absorbance temporal profile plotted as 1/ab-

Concentrations are (in units of molec cnt3) [DMS] = 137, [Cb- the effective path length, the excimer laser internal power meter
CO] = 1020, and [C = 5.8. Best-fit intercept is Algs= 0.130+ calibration, the measured [{Q], the C,CO absorption cross
0.0055 (uncertainty is@ precision only). section at 248 nm, and Afsthe parameters which must be

known to obtain the adduct cross section, leads to an estimate
of +30% for the accuracy of the measured cross sections at
° 340 and 365 nm (95% confidence level). The absorption cross
section at each wavelength and the associated uncertainties are
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Adduct Kinetics. In the marine boundary layer, reaction with
00 02, NO, NGO, and @, as well as unimolecular decomposition
o 000 and photolysis, may all contribute to-€8(CHs), removal. The
© © 0g kinetics of the C+S(CHs), adduct reactivity toward & NO,
and NQ have been investigated in an attempt to determine the
I T T S T TN fate of the adduct under atmospheric conditions. In the
270 300 330 360 390 420 450 atmosphere, @is the most abundant reactive species and is
wavelength (nm) the most likely candidate for reactive adduct removal. The initial
investigation of C+S(CHs), spectroscopy revealed that, in the
presence of 130 Torr of Hobserved adduct decay temporal
and [Clp = 3—5. Each cross section measurement involved pro_files were n_one_xpc_)nential and obe)_/ed se_cond-order kinetics.
averaging 56-125 photolysis laser pulses. To verify reproduc- This observation indicates that reaction with @as not the
ibility, multiple cross section measurements were taken at dominant remqval process for the "."ddUCt‘ bu.t rather that adduct
several wavelengths on separate days. The adduct cross sectiolﬁ'SS was dominated by addutdical chemistry. To better

for each measurement was determined from the data using assess the role of side reactions in the adduct _kmetlc studies,
an attempt to understand the adduct self-reaction and adduct

cross section (10°
o
O
o)

o
T

Figure 4. UV—vis absorption spectrum of the €6(CH;), adduct.

Abs, cross reactions with C}$CH, and CHSCHOO was also
o= — 0) pursued.
leiPadauclCllo As mentioned above, when LIO was photolyzed in the
presence of DMS, the second-order decay of the adduct was
where Abs, les, and [Cl] are as defined previously amdehqqyct followed by formation of a long-lived (i.e., persistent at#40

(=0.45) is the adduct yield from the @l DMS reaction* Data ms) species which absorbed light at wavelengths below ca. 320
from a typical cross section measurement are shown in Figurenm. This residual absorption was observed in bothbiffer
3. The entire adduct spectrum measured in this study is givengas and @ buffer gas. The wavelength dependencies and
in Figure 4 and Table 1. At wavelengths where multiple cross magnitudes of the residual absorbances inbOffer gas and
section measurements were taken, the mean of the measurements, buffer gas were similar, strongly suggesting that the
was used. absorption observed in both buffer gases resulted from the same
The CHS(CHg), absorption spectrum was also measured in species. The long-lived absorption increased with pressure
155 Torr of N.. The absorption measurements obtained jn N indicating that the concentration of the absorbing species
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TABLE 1: Cl —S(CHs), Adduct Absorption Spectrum

wavelength Ccross section wavelength Cross section wavelength Ccross section

(nm) (108 cn? molec™?) (nm) (108 cn?molec™) (nm) (108 cn?molec™)
280 2.54 340 34.8 400 8.80
284 3.72 345 31.9 405 8.07
290 4.96 350 27.8 410 6.21
295 8.98 355 28.0 415 6.48
300 12.4 360 249 420 4.57
305 15.0 365 25.0 425 4.84
310 18.9 370 24.4 430 4.34
315 23.0 375 20.6 435 2.48
320 253 280 16.3 445 2.23
325 25.8 385 15.8 450 1.52
330 32.3 390 13.3

335 29.7 395 10.0

TABLE 2: Chemical Mechanism Employed for Analysis of Adduct Decay Temporal Profiles (See Text)

rate coefficient

reaction reaction (cm® molects™) notes

la Cl+ DMS — HCI + CH3SCH, 1.8x 10710 a

1d Cl+ DMS + M — CI-S(CHg)2 + M 1.3x 10710 ab
0.4x 10710 ab

3 CHsSCH, + O; + M — CH3sSCHO00 + M 1.0x 1012 c

9 CHsSCH, + CH3SCH, — products 3.0« 1071 c

11 CHSCHO0O + CH3SCHOO— 2 CHS + O3 1.0x 101 cd

7 CIl-S(CH);z + CI-S(CHs), — products k7 e

8 CIl-S(CHp)2 + CHsSCH, — products ks e

10 CIl-S(CH); + CH3SCHOO — products kio e

aReference 14° k;p, = 1.3 x 1070 at high pressure (155 Torr) and 0:41071° at low pressure (10 Torr}.Reference 28 Reference 32 Rate
coefficients unknown (see text).

increased with increasing adduct concentration and was, there-whether Q was present), fit the observed data by varying the

fore, a result of reactions involving the adduct. rate coefficients of the adduct self-reactién, and the adduct
Generation of the same product in kuffer gas and Bbuffer cross reactionkx (kx = kg in Ny buffer gas;kx = ki in O,

gas would require that the species either result from the adductbuffer gas). The analysis indicated that, in the presence,of O

self-reaction or that the adduct reactions with §SBH, and the adduct decay was consistent with adduct removal being

CH3SCHOO produce a common product. Reaction pathways dominated by self-reaction. The analysis suggests that the value

of potential importance in the C+ DMS + N, (Oy) system of the adduct self-reaction rate coefficienkisz (1—2) x 10710

are listed in Table 2. While the most likely products of reaction cm?® molec s71 and that the adduct cross reaction with £H

7 would appear to be ¢t DMS + DMS, Cl, does not absorb ~ SCHOO is significantly slower withkz/kio > 5.

strongly in the region where the long-lived absorption was  Adduct Decay in O,. The spectroscopy studies of the-Cl

observed; hence, the adduct self-reaction must generate differenS(CHs), adduct revealed that in 130 Torr op @e adduct decay

products if it is responsible for the observed long-lived species. was not exponential, but rather second order, indicating that if
The observed residual absorption could also result from the adduct is reactive toward,Cthe reaction 13 is very slow

reactions 8 and 10, if these reactions generate the same productompared the adduct self-reaction and reaction 10.

Likely products of reaction 8 are GBCH,CI| and DMS. The

species chloromethyl methyl sulfide (GSCHCI) could con- CI—=S(CH,), + O, — products (13)

ceivably also be produced via reaction 10,

In an attempt to minimize the importance of adducidical
Cl=S(CH;), + CH;SCHOO — CH;SCH,Cl + DMS + O, reactions, experiments conducted to assess the reactivity of the
(10a) adduct toward @ were carried out with very low radical
concentrations ([C§l = 3—4 x 102 molec cn® and peak
The literature is practically void of information regarding &€H adduct concentratiors2 x 102 molec cnt3).
SCHCI. An attempt was made to measure the gas-phase UV Figure 5 shows plots of In[adduct] versus time for data
vis absorption spectrum of GBCHCI (a liquid at room obtained at 360 Torr total pressure at two differeatp@rtial
temperature, light-yellow in color); unfortunately the peculiar pressures (11 and 339 Torr). Both plots in Figure 5 exhibit poor
gas-phase behavior of this substance made it extremely difficult linearity, indicating adduct removal is not controlled by a purely
to handle, and our attempt to measure its-ti6 absorption pseudo-first-order process. A linear least-squares analysis of the
spectrum was unsuccessful. last ca. 3.5 ms of the two data plots in Figure 5 gave pseudo-
An analysis of the Cl+ DMS + N (Oz) system was first-order adduct loss ratekgf of 1624+ 24 s—1 (11 Torr of
conducted in an effort to estimate the valuek:aindk;o. Decay 0,) and 208+ 30 s71 (339 Torr of Q), where the uncertainties
curves of the adduct in Nouffer gas and @buffer gas, at high are & and represent precision only. The valuekgfobtained
pressure (155180 Torr), were analyzed using the FACSIMILE from the data in the presence of 339 Torr of i@dicates that
program, a combination numerical integration and nonlinear if the adduct loss resulted exclusively due to reaction wigh O
least-squares fit routisé and the chemical mechanism listed then the adduct O, rate coefficient is ca. 2« 10717 cn?®
in Table 2. The FACSIMILE routine, using the observed molec!s . However, the similar adduct loss rate observed in
temporal profile of the absolute adduct concentration (deter- the presence of only 11 Torr of,0and the poor linearity of
mined from absorbance temporal profiles at 365 nm) and a ratethe In[adduct] versus time plots, demonstrates that adduct
coefficient of fixed value for reaction 9 or 11 (depending on removal does not result exclusively from reaction with for
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Figure 5. CI—S(CHs), temporal profiles observed at low-€8(CHs),
concentrations in the presence of very different concentrations.of O
Data acquired via 248 nm laser flash photolysis of DMZICH/N,/O,
gas mixtures. Total pressure 360 Torr andT = 296 K. Lines are
linear least-squares fits to the later portion of the data (3.5 to 6.75 ms).
Reagent concentrations are (in units of*l@olec cnt?) (O) [DMS]

= 104, [CLCO] = 105, [Cl}, = 0.36, [(;] = 28000 and) [DMS] =
125, [CLCO] = 113, [Cl}, = 0.39, [G] = 1 100 000. Best-fit slopes
are ©) 162+ 24 s'*and (d) 208+ 30 s'* (uncertainty is 2, precision
only). The data obtained with low fP(O), has been off set by 1 unit
for clarity of depiction.

4

the radical levels employed in these experiments. The fact that

increasing the concentration ob®y 328 Torr resulted in only

a 46 &+ 40 st increase inky suggestskiz < 4 x 10718 cnm?®
molec s~1. Additionally, part of the difference iky is likely

a consequence of the slightly higher initial radical concentration
(higher by ca. 8%) used in the 339 Torr of &periment. While
the data establish th&is < 4.0 x 1078 cm® molec® s71, the
actual rate coefficient for reaction 13 could be significantly less
than the upper limit defined by the data.

Cl—S(CHz), + NO Reaction. The adduct reaction with NO
was studied under pseudo-first-order conditions, i.e., with
[adductp < [NO]. The experiments were conducted at room
temperature and 155 Torr of;NThe NO was taken directly
from a high-pressure storage cylinder containing an analyzed
NO/N; mixture and the NO concentration was determined via
mass flow measurements. The reagent concentrations (in unit
of molec cn®) used in these experiments were varied as
follows: [Cl]o = (6—25) x 10'% [DMS] = (10-16) x 104
[NO] = (2—40) x 10 A few experiments were carried out in
50 Torr of Ny to discern any pressure dependence in the reaction.

In the presence of NO, the adduct temporal profiles obeyed
simple first-order-kinetics, i.e., plots of In(signal) versus time

were linear (see inset Figure 6). The pseudo-first-order adduct

decay rate Ky) for each experiment was determined using a
linear least-squares analysis of the In(signal) versus time plot.

J. Phys. Chem. A, Vol. 103, No. 50, 19980941

variations in the initial Cl concentration, excimer laser fluence,
and pressure, demonstrates that bimolecular reaction with NO
was the only important removal process for the adduct under
the conditions of the experiments. The slope of kheversus
[NO] plot (see Figure 6) defines the second-order rate coefficient
kia= (1.194 0.09) x 10~ cm® molec! s™1 at 297 K, where

the uncertainty is @ and represents precision only. On the basis
of consideration of possible systematic errors (primarily in the
determination of [NO]), we estimate that the absolute accuracy
of the measured rate coefficientisl5% at the 95% confidence
level.

Cl—=S(CHj3), + NO Reaction.The adduct reaction with NO
was also studied under pseudo-first-order conditions ([adgluct]
< [NOy)). The experiments were conducted at room temperature
and 155 Torr total pressure (mostly)OThe NG was taken
from a 12 L Pyrex storage bulb containing an MQ» mixture.

The NG concentration was determined via mass flow measure-
ments. The mole fraction of NGn the NG/O, mixture (1.27%)
was determined using UV photometry. The reagent concentra-
tions (in units of molec cm?) used in these experiments were
varied as follows: [CH = (10—14) x 10'% [DMS] = (10—

15) x 104 [NO,] = (3—14) x 10%.

In the presence of NOthe adduct temporal profiles obeyed
simple first-order-kinetics, i.e., plots of In(signal) versus time
were linear (see inset Figure 7). The pseudo-first-order adduct
decay rate Ky) for each experiment was determined using a
linear least-squares analysis of the In(signal) versus time plot.
The second-order rate coefficient for reaction 15 was evaluated
from

ClI=S(CH;), + NO, — products (15)
the slope of theky versus NQ concentration plot (see Figure
7). The exponential adduct temporal profiles, the linear depen-
dence ofky on the NQ concentration, and the invariancelgf
with respect to variations in the initial ClI concentration and
excimer laser fluence indicate that reaction with N@as the
only important removal process for the adduct under the
conditions of the experiments. The slope of kj@ersus [NQ]
plot (see Figure 7) defines the second-order rate coeffigignt
= (2.70+ 0.17) x 10 cm® molec! s™* at 297 K and 155
Torr, where the uncertainty iss2and represents precision only.
As was the case for the €5(CHs), + NO rate coefficient
measurement, we estimate that the absolute accuracy of this
rate coefficient ist15% at the 95% confidence level. The small

Spositive intercept (4216 2530 s%; uncertainty 2, precision

only) may indicate a minor contribution of secondary chemistry
to adduct removal at the lowest NConcentrations. We estimate
that the possible impact of secondary chemistry on the adduct
decays observed at the lowest N®@oncentrations would
increase the reported rate coefficient by no more than a few
percent.

Atmospheric Fate of CI=S(CHs),

The second-order rate coefficient for reaction 14 was evaluated The three processes most likely to be important destruction

from the slope of a plot oky versus NO concentration (see
Figure 6).

Cl—S(CH;), + NO — products (14)

mechanisms for atmospheric-€$(CHs), are photodecompo-
sition, reaction with @, and thermal decomposition:

The exponential adduct temporal profiles, the linear dependence

of kg on NO concentration, the approximately zero intercept of
the kg versus [NO] plot (1270+ 2130 s%; uncertainty 2,
precision only), and the invariance d&f with respect to

Cl—S(CH;), + hv — products a7
Cl—=S(CH;), + O, — products (13)
Cl—S(CH;), — products 1)

Using the adduct UV-vis absorption spectrum measured in this



10942 J. Phys. Chem. A, Vol. 103, No. 50, 1999 Urbanski and Wine

50 | £ 4f
[ 2.}
403
— -20'
c;w 30 |- 0 50 100
o time (us)
& 20 7
10 |
0 A ) A 1 R ) ) ]
0 10 20 30 40

[NO] (10" molec cm™)

Figure 6. Plot of pseudo-first-order adduct decay rétg {ersus [NO] for data obtained at= 297 K. Data acquired al) 155 Torr of N and
(O) 50 Torr of Nb. The solid line is a linear least-squares fit to the data. Best-fit slope is 1.0.99) x 107 cm?® molec? s™* (uncertainty is 2,
precision only). Inset: a typical €IS(CHs), temporal profile. Line is a linear least-squares fit to the data. Total pressd&b Torr andl = 297
K. Reagent concentrations are (in units of3®olec cnr3) [DMS] = 116, [NO] = 330, [CLCO] = 193, and [Cl} = 1.0. Best-fit slope k) is
41 300 s
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Figure 7. Plot of pseudo-first-order adduct decay raitg ¢ersus [NQ] for data obtained at = 297 K andP = 155 Torr in Q buffer gas. The
solid line is a linear least-squares fit to the data. Best-fit slope is @.0017) x 107! cm?® molec™ s~ (uncertainty is &, precision only). Inset:
a typical CHS(CHs), temporal profile. Line is a linear least-squares fit to the data. Reagent concentrations are (in urlitsnafi@®cnr3) [DMS]
= 143, [NQ = 130, [CLCO] = 593, and [Cl§ = 3.0. Best-fit slopeky) is 53 400 s?.

study, atmospheric photolysis rates, i.&values, have been  from 3 to 18 s in the marine boundary layerDkm), assuming
calculated for the adduct using a global radiative transfer a photodecomposition quantum yield of unity.

model3! Daily mean addudl values corresponding to midwinter No evidence of reaction between the adduct andw@s
and midsummer, at latitudes of 0, 45 N, and 50 N, indicate that observed in this study. Adduct temporal profiles observed in
the adduct lifetime with respect to photodecomposition ranges varied concentrations of £ suggestk;s < 4 x 10718 cm?
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TABLE 3: Potential Cl —S(CHjz), Photodecomposition
Channels and Photolysis Wavelength Thresholds

photodecomposition threshold
channel wavelength (nm)
Cl—S(CHs)2 + hv — CHsCl + CHsS 3012
— HCI + CH3;SCH, 2891
— Cl + CHsSCH, 1483
— CH; + CH3SCl 1048
— Cl + CHs; + CHsS 307

molec™? s~L. Thus, the lower limit atmospheric lifetime of the
adduct with respect to reaction with,@ ca. 0.05 s. However,
it is likely that the true value fok,s is significantly lower than
the upper limit obtained from our data.

If adduct reaction with @is unimportant in the atmosphere,

J. Phys. Chem. A, Vol. 103, No. 50, 19980943

be an important source of Cl atoms in polluted areas of the
marine boundary layéit Thus, when present in sufficient
concentration, under the appropriate circumstances, IN&y
serve as an agent that both produces and destroyS(©CH).
in the marine environment.

In summary, atmospheric lifetimes of the-€3(CHs), adduct
with respect to various processes are

photodecomposition: -320 s
thermal decomposition: highly uncertain
reaction with Q: >0.05 s (highly uncertain)

reaction with NO and N@ 1's
(for an NQ, mixing ratio of 2 ppbv)

then thermal decomposition of the adduct may be the process

that competes with or even dominates adduct photodecompo-
t

sition. Theoretical calculations of the adduct energetics sugges
adduct thermal decomposition rateskofi(288 K) ~ 2.5 st
andk-1(298.15 K)~ 5 s71.22 Another recent ab initio study of
the Cl + DMS reactioR® suggests that under atmospheric
conditions thermal decomposition to reform Cl and DMS will
be the only important atmospheric loss process fer&ICHs),.
However, this conclusion is based on a calculated £bond
dissociation energy of 51.5 kJ md|?® a value in agreement
with an earlier calculation by McKe®,but significantly lower
than that reported more recently by Wilson and Hfrstnd
McKee?! The Br—S(CH), adduct bond energy has been
measured experimentally and was found to be 58 kJ
mol~1.24 The Br—S(CH), adduct is loosely bound at room
temperature, possessing a lifetime on the order of Z0®ith
respect to thermal dissociation to reform reactahibhe fact
that at room temperature the -€5(CH), adduct is stable on
the millisecond time scale with respect to decomposition to
reform Cl and DMS strongly suggests that the—Gl bond
strength of C+S(CHg), is significantly larger than the value
calculated by Resende and De Almeéftland by McKee?®

The experiments of Stickel et #l demonstrated that on the
microsecond to millisecond time scale-€3(CH), is stable with
respect to thermal decomposition to produce either Cl or HCI.
However, a thermal decomposition rate of only ca-2would

dominate photodecomposition in the marine boundary layer, and

neither the investigation of Stickel et ®Inor the current study,

would have been sensitive to adduct decomposition on this time

scale. Interestingly, the relative rate studies of Nielsen &t al.
and Kinnison et at® involved time scales of tens of minutes

The adduct was not observed to be reactive towardh@vever,
the results of the current study cannot rule out the possibility
that the atmospheric fate of the adduct will be dominated by
reaction with Q. Kinnison et al*® observed a slightly larger
rate coefficient for the CH DMS reaction in the presence of
air than in the absence of,Q.e., (3.614 0.21) x 10710 cm?
molec! s1in 1 atm N versus (4.03= 0.17) x 1071 cm?
molec! st in 1 atm of air, and attributed this to competition
between adduct decomposition to reform reactants and adduct
reaction with Q.

If CI—S(CH), is sufficiently unreactive toward £(i.e., if
kiz < 5 x 10720 cm® molec™? s71), then adduct photodecom-
position could be an important atmospheric removal process.
Table 3 lists possible adduct photodecomposition pathways and
associated photolysis wavelength thresholds. Photolysis to
reform reactants would appear to be the most likely photode-
composition channel based on chemical considerations. How-
ever, production of the reactive sulfur species sSHand
CH3SCH, are more thermodynamically favorable pathways.
While the reaction of Cl with DMS does not produce £CH
directly 1819t may generate this important compound in the
atmosphere indirectly via €1S(CH), formation and its sub-
sequent photolysis.
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and may have been sensitive to adduct thermal decomposition.

The fact that the relative rate studies of Nielsen e®and
Kinnison et al*®> both reported rate coefficients similar to that
reported by Stickel et &f indicates one of the following
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