J. Phys. Chem. R005,109,3903-3911 3903

Kinetics Studies of Aqueous Phase Reactions of Cl Atoms and £IRadicals with Organic
Sulfur Compounds of Atmospheric Interest

Lei Zhu, ™+ J. Michael Nicovich g and Paul H. Wine*+8

School of Earth and Atmospheric Sciences and School of Chemistry and Biochemistry, Georgia Institute of
Technology, Atlanta, Georgia 30332

Receied: December 14, 2004; In Final Form: March 8, 2005

A laser flash photolysislong path U\~visible absorption technique has been employed to investigate the
kinetics of aqueous phase reactions of chlorine atoms (CI) and dichloride radicalswW@h four organic

sulfur compounds of atmospheric interest, dimethyl sulfoxide (DMSO3;StH)CH;), dimethyl sulfone
(DMSG;; CH3(0)S(0)CHy), methanesulfinate (MSI; G3$(0)O"), and methanesulfonate (MS; gB@)S(0)O).
Measured rate coefficients at= 2954 1 K (in units of M~* s71) are as follows: CH DMSO, (6.3+ 0.6)

x 1@ Cl,;~ + DMSO, (1.6+ 0.8) x 107; Cl + DMSQ,, (8.2+ 1.6) x 1% Cl;~ + DMSQ,, (8.2+ 5.5) x

10% Cl,~ + MSI, (8.0 1.0) x 108 Cl + MS, (4.9+ 0.6) x 105; Cl,~ + MS, (3.9+ 0.7) x 1C®. Reported
uncertainties are estimates of accuracy at the 95% confidence level and the rate coefficients for MSI and MS
reactions with GI~ are corrected to the zero ionic strength limit. The absorption spectrum of the BA@EO
adduct is reported; peak absorbance is observed at 390 nm and the peak extinction coefficient is found to be
5760 M1 cm 1 with a 2o uncertainty of=30%. Some implications of the new kinetics results for understanding

the atmospheric sulfur cycle are discussed.

Introduction atmospheric oxidant. Kinetics data for the @HDMSO reaction

It has been proposed that dimethyl sulfide (DMS;4SBH;) repo.rted in our recent stub%are in good agreement with most
oxidation in the marine atmosphere may play an important role previous studies;"** suggesting a room-temperature rate coef-

i i -1 o1 _
in modifying or regulating global climate because several sulfur- Ig:::n;rgtJP: rzgggog‘f%er{'iof)o? t%g; gIH DSM S gzh?e;cc);?irc?n
containing species produced from the free radical initiated P

oxidation of gas-phase DMS are water soluble and could be reported in our recent stutfyis lower than the value reported

involved in formation and growth of atmospheric aerogofs. by Milne et al2? by a?_ozgt a fa_ctor of 2. Three studies of the
Important stable water-soluble intermediates that are generated\/ls.I + OH re_aquoﬁ are n re_ason_able agreement and
via atmospheric DMS oxidation include dimethyl sulfoxide indicate ;?.a.t this |sav§ry(§ifst reaction WltllrlﬁTpom-'t\c/lagn’lperagure
(DMSO; CHS(O)CH), dimethyl sulfone (DMS@ CHs(O)S- (rjate coe |C|((ejntfnear tfe |Su3|on-ﬁontro ed limit ( is the
(O)CHg), methanesulfinic acid (MSIA; Cs$(O)OH), methane- ep][rgtpnat;e horm 0 .M” IA). T eh r(_)onﬂ-t(_emperature rate
sulfonic acid (MSA; CH(O)S(O)OH), SQ, and sulfuric acid (,\:/?S icient for the pootle_ntla y atmosp aeﬁnca y 'mpothath:]—'
(+:50; HOIOIS(OJOHY 1 gven e o quilbrtewihhe 15 Z2E1C1 07 1 o 5er, 0280725 i e
atmospheric condensed phase, all of the above DMS OXiOI"jltionreaction is rather slow with a rate coefficient ofgabout (1
products are partitioned partially or primarily (almost exclusively 02)x 10 M-1s1 O t kinetics study of SO i

in the cases of MSA and43Q;) into the condensed pha&eé815 2) s . Our recent kinetics study of SOreactions

. ) : with organic sulfur compound%showed a similar reactivity
Both model studies and field observations have demonstratedtrend to that observed for OH radicals, and supports the idea

that condensed phase transformations are potentially importantthat fast reactions of SO with the S(IV) species DMSO and

in the atmospheric sulfur cycle and in affecting the physico- S S S
chemical properties of aerosols and cloud/rain droplets, becausévISI f“a".e nonnegligible c_ontnbutlons to the oxidation of these
species in the atmospheric aqueous phase.

through these aqueous phase reactions relatively volatile species;, o . : .
i.e., SQ and DMSO, are converted into relatively nonvolatile ~ The only kinetics studies of reactions of organic sulfur
species, i.e., MS (the deprotonated form of MSA) and sulfate, ©0Mpounds with the two important atmospheric aqueous phase
which stay in particles as cloud droplets evaporate, thus "adicals Cland GI” are one study of G + DMSO in aqueous
contributing to particle growth. solutior?” and one study of Ci- DMSO in CCl, solvent28 the

Unfortunately, the available kinetics database for aqueous "ePorted rate coefficients (in units of Ms™) are 1.2x 107
phase reactions of organic sulfur compounds with important and 7.0x 10%, respectively. In marine boundary Ia)l/ler ‘;'E?Ud
atmospheric oxidants is rather limited. The most studied droplets, typical GI” and CI concentrations are-10"** M

. . 5_ 4 30,31 i i i
reactions are those with OH, a key gas phase and aqueous phas¥d 10°—10*M,*>“respectively, so typical Cl concentrations
are 7x 10718—7 x 10712 M (based on the known equilibrium
* Address correspondence to this author. Phore: (404) 894-3425. constant for Cl + CI~ Cl,"). In deliquescent sea-salt particles
Fax: +1 (404) 894-5638. E-mail: pw7@prism.gatech.edu. where chloride concentrations are-6 orders of magnitude
5 ;’;L?jeer”tggdg%%%;_\‘sgég Aeronomy Laboratory, 325 Broadway, RIAL higher than in cloud droplets, Cl concentrations are negligible.
" £School of Earth and Atmospheric Sciences. The high redox potentials of €1/2CI~ (E° = +2.2 V) and Cl/

§ School of Chemistry and Biochemistry. Cl= (E° = +2.42 V335 make these radicals very efficient
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oxidants in the atmospheric condensed phase. Considering theifmmediately after preparation, although kinetics results for all

reactivity and relatively high concentrations, Cl andGiould reactions were found to be unaffected by allowing the solution
play significant roles as oxidants for organic sulfur compounds to sit at room temperature overnight before being used in an
in marine atmospheric aerosols and cloud droplets. experiment. Kinetics results were also unaffected by switching

As the third part of a series of kinetics studies of potentially from air-saturated to Nsaturated solutions. All experiments
important atmospheric condensed phase reactions of organigvere carried out at room temperatuile= 295+ 1 K.
sulfur species, the present study employs a laser flash photolysis
(LFP)—long path U\-visible absorption (LPA) technique to  Results and Discussion
carry out inve:_;tigations of aqueous phase reactions of Cl a_nd Kinetics of CI = Cl,~ Degradation in Water. The pho-
Cl,~ radicals with four organic sulfur compounds of atmospheric tolysis of persulfate anions #8g) at 248 nm results in

interest, i.e., DMSO, DMS& MSI, and MS. production of sulfate radicals (SO with high yield3238

Experimental Technique S,05° + hv (248 nm)— 2SQ,” (R1)

. The LFP-LPA technique !nvolves coupling radical produc- For the relatively low $02- and SQ- levels employed in this
FDOI\;:S%/, laDsﬁrsg S&g:joc:?l?\//f; 22&%22%@2 s/grlls/igw(eRtim o study, whe_n chloride ions (C) are5 present in th_e system at
eslvd dteton f G I adels by mulpassabeopion (27CET RS 2T MaRSn0 . saliencton e e
spectroscopy = 340 nm. A detailed description and a o ) . oo
schematic diagram of the experimental apparatus have beensclljfhvi(g)r;gz't'ofgﬁ(’)vsvf dr%d'Crz;lSiéegchﬁ;gtfa?:gnegflgf'\;Ié’ ‘glth
published elsewher€.Important features of the methodology . |§8_43’ ia R3 dyRLSP q

include the following: (1) reactive intermediates are probed in radical via an :

“real-time”, i.e., on time scales corresponding to their lifetimes
under the experimental conditions employed€t010-2's), and

(2) very low radical concentrations are employed, thereby . _
eliminating many potential side reactions that could seriously Cl+CI"=Cl, (R3,R-3)
complicate _the ir_1terpretation of kinetic data. The_ photolysis laser It is well-established in the literat#&4044 48 that the Cl and
g)rg?ng&;zrtgésefgzgg V\:/vi?r']saaKl;grggg?mngzszlg gr?]r'n&i)s(eloz Cly™ radicals pndergo the following additional reactions in
width = 25 ns). The laser fluence at the entrance to the reaction 2Ueous solution:

cell was typically 1.5x 10 photons cm? pulse®. In all

SO, +ClI"—s0o? +l (R2)

experiments White cell mirroféwere adjusted to allow at least Cl+ H,0—HOCI" + H (R4)

34 passes of the probe radiation from a cw xenon arc lamp

through the region of the reactor irradiated by the laser, giving Cl, + H,0—~HOCI" + H" + CI” (R5)

an absorption path length ef85 cm. With an electronic time

constant of lus, the detection limit is about 0.03% absorption Cl,” +Cl,” —Cl,+ 2CI” (R6)

(64 flashes averaged); assuming a peak (340 na1)étinction

coefficient237of ~8800 M~ cm%, the detection limit of GI- Although evidence for the occurrence of reactions of Cl and

under the conditions employed in this study is estimated to be Cl,~ with S,0¢2~ is reported in the literatur® these reactions
~2 x 10719 M. The photolysis laser traversed the reactor at are unimportant at the low,8g2~ concentrations employed in
right angles to the probe radiation. The path length of solution this study. Even though the Clself-reaction (R6) is quite fast
traversed by the photolysis laser was 4.3 cm, with approximately (k ~ 10° M~1 s71),49 this reaction is unimportant under most
the middle 2 cm of this path being probed. As discussed below, experimental conditions employed in this study because of the
radicals were generated by laser flash photolysis (5 at low radical concentrations employed. However, as discussed
248 nm. The extinction coefficient for,9s?>~ at 248 nm is 26 below, we find that the G + H,O reaction (R5) is extremely
M~1cm 138 and $SOg?~ concentrations employed in this study  slow, so some contribution from R6 to the very slow decays
ranged from 5< 10 °to 5 x 10~ M; hence, all solutions were  measured at high Cl concentrations (when organic sulfur
optically thin toward laser radiation, i.e., gradients in radical compounds are absent in the system) is likely. The observed
concentrations across the probed region were negligible. Thekinetics of Cl= Cl,~ reactions with organic sulfur compounds,
concentration of SQ radicals generated by the laser pulse was which are discussed in a later section, and which are the major
in the range 108—10~7 M in a majority of experiments. emphasis of this work, are unaffected by interference from R6.
Solutions were made with Millipore Milli-Q water (resistance Figure 1 shows typical absorbance temporal profiles observed
greater than 15 megohms), and all chemicals used in this studyat 340 nm in the ClI/S,0¢?~/hv system. Both GI- and Cl absorb
were ACS reagent grade or better. The stated minimum purities at 340 nm with extinction coefficients ef8800 M1 cm~1 32.37
of the chemicals are as follows: sodium chloride, 99.999%; and~3700 M1 cm~130 respectively. Within the Clconcentra-
sodium persulfate, 98%; sodium methanesulfinate, 97%; sodiumtion range studied (5 1075 to 0.25 M), the absorbance rise
methanesulfonate, 98% (aqueous solutions were colorless);times are short when compared to the decay times; hence, a
DMSO,, 98%; DMSO, 99.9%. These chemicals were used simple first-order kinetics analysis method could be employed
without further purification. All solutions were unbuffered with  to evaluate the decay times. We find that the pseudo-first-order
pH in the 5-6 range, and air saturated. During the experiments, loss rate of Ck= Cl,™ radicals ko (primed rate coefficients are
solutions were pumped through the 55 Screactor without pseudo-first order), increases frorll00 st to ~8000 s as
recycling. Typically, the laser repetition rate and the solution the CI~ concentration decreases from 0.25 M to £.00* M.
flow rate were adjusted to be 0.03 Hz and 2.53cent, Under the experimental conditions employed, i.e., over the ClI
respectively, so that no aliquot of solution was subjected to more concentration range studied, R3 is fast end&dh®® that
than one laser flash. In most experiments, solutions were usedequilibrium between Cl and ¢t is maintained as the radicals
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1.0 1.5 2.0 in the SOg2/Cl~/hv system. The solid curve is the best fit of the data

to eq 3 in the text, and gives the parameteéss= (1.4 + 0.1) x 1P
s, Ks=40+ 20 s, andK; = (1.4 £ 0.1) x 1®P M™%, uncertainties
Figure 1. Absorbance temporal profiles detected at 340 nm in the are 2r and represent precision only.

S,0¢%7/Cl~/hv systems. Experimental conditions: ;%% ] = 1.45 x

105M, [R] =0, [CI"] = (a) 1.0x 1072 (b) 1.0x 1073, and (c) 1.0

x 1074 M for the main plot; [$0g?"] = 1.45x 105 M, [CI"] = 1.0 L

x 1073 M, [DMSO] = (d) 0, (b) 5.67x 1075, and (c) 2.83x 105 M support a very small value for the LI+ HO rate coefficient.
for the inset plot. The solid lines are obtained from linear least-squares Taking the value 4@t 20 s'! obtained from the data in Figure

analyses and give the following first-order decay rates (in units9f s 2 as a conservative upper limit, we repldgt < 60 s°1; however,
(a) 145, (b) 1040, (c) 7850, (d) 850, (e) 1060, and (f) 2590. we point out thak's is probably significantly smaller than the
reported limit, since reaction with background impurities and

decay. Therefore, the chemistry of both Cl and Giadicals R6 both probably contribute to the observed slow loss ef Cl
contributes td'o and the fraction of each radical in the reaction ~ The different radical concentrations employed are likely to
mixture is determined bitz and [CI]. When [CI] is relatively be responsible for discrepancies in the;, CH H,O rate
low, Cl concentrations are substantial and R4 is the dominant coefficients reported in the literature. In the study of McEffoy
pathway for radical loss. At higher [C], the Cb~/Cl concentra-  the concentration of Gt was>10"° M, i.e., about 2 orders of
tion ratio becomes very large and, at some point, R5 becomesmagnitude higher than that employed in our study; the reported
a more important loss process than R4 for the radical pool. Cl,~ decay rate of 130078 was attributed to R5 but was
Experiments at high Clconcentrations, where very slow decays probably dominated by R6. In the recent study of Yu et%a,
were observed, were carried out with particularly low radical much lower C}~ concentration of-10~" M was employed and
concentrations~+10-8 M) to minimize the contribution from  a rate coefficient of<100 s* for Cl,~ + H.O was reported.
R6 to the observed kinetics; however, it appears that R5 is so  Kinetics of Cl == Cl,~ Reactions with DMSO, DMSGQ,,
slow that some contribution from R6 could not be avoided. MSI, and MS. After the introduction of sulfur species, R R
Under the assumptions (a) that equilibrium between Clagd CI DMSO, DMSGQ,, MSI, or MS), into the system, the detected
is maintained throughout the decay of the radical pool and (b) Cl == Cl,~ decay rate is enhanced due to the reactions &Cl
that R4 and R5 are the only important processes for destructionCl,~ with the sulfur species. The inset in Figure 1 shows a set

Time (ms)

of Cl = Cl,~ radicals,k'o can be expressed as follows: of absorbance temporal profiles observed when varying con-
. , centrations of DMSO are added to a2 [CI ] solution; as
Ko=0ak,+ fKs @) typified by these data, at constant {Cland [SOg?7], the

pseudo-first-order decay ratépmso, increases with increasing
DMSO concentration. As shown in panel a of Figure 3, plots
of Kpmso — Ko vs [DMSQ] are linear, and their slope gives the
second-order rate coefficiemtuso. Using this method, second-
K,JCI ] order rate coefficientskg) for DMSO, DMSQ, MSI, and MS
= 1 K,+ 3 K 2) reactions at different Clconcentrations were determined; these

1+ KyClI] 1+ K [Cl] second-order rate coefficients are, of course, “composite” rate

coefficients that contain contributions from both €IR and

A plot of K'p as a function of [Cl] is shown in Figure 2. The  Cl,~ + R. In Figure 3, plots of measurd¢k — Ko vs [R] for
solid curve in Figure 2 is obtained from the best fitkdf vs R = DMSO, DMSQ, MSI, and MS at different Cl concentra-
[CI7] data to eq 2 with( 4, k's, andK3 as adjustable parameters. tions are compared. As discussed abdvg,s a function of
K3 obtained from our fit agrees well with the frequently cited [Cl], so it was subtracted froikir for a better data comparison.
literature value of 1.4« 10° M~1.3247The rate coefficient&', As typified by the data shown in Figure 3, very good linear
=(1.4+£0.2) x 1® st andk's = 40 & 20 s'! were obtained relationships betweekir — k'g and [R] were observed for all
from the fit, where the uncertainties arer 2nd represent Cl~ concentrations studied for the DMSOMSI, and MS
precision only. As compared in Table 2, our valu&kafagrees reactions. The second-order rate coefficiekid ¢btained from
well with the studies from Klaning and Wofffand Yu et al32 linear-least-squares fits of thHér — Ko vs [R] data for the
but it is more than 40% lower than the values reported by DMSO, DMSGQ,, MSI, and MS reactions are summarized in
Buxton et al*” and McElroy4° Our value ofk's is slower than Table 1. For the DMS@and MS reactions (panels b and d in
most literature value®;4047:51.5put it is comparable tok[Cl,] Figure 3) as well as the more complex DMSO reaction that is
estimated by using the experimental {Glof ~1078 M and discussed separately below (panel a in Figure 3), the values for
the literature valueks ~ 10° M~1 s71,324049.5854Hence, in kr were found to decrease with increasing T-lwhich is
disagreement with several published valg@®¥;*” our results expected because, as mentioned above, the following two

In eq 1,a andp are fractions of Cl and Gt radicals defined
asa = [CI)/([C]] + [CI;7]) and B = [CI; )/([CI] + [CIz].
Hence eq 1 can be rewritten as:

1

0
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Figure 3. Plots ofk'r — Ko vs R for R=[DMSO] (a), [DMSO02] (b), [MSI] (c), and [MS] (d) at different [C]. The solid lines are obtained from

linear least-squares analyses and give rate coefficients that are sum

TABLE 1: Summary of Second-Order Rate Coefficients kg,
for the DMSO, DMSO,, MSI, MS, and H,O Reactions with
Cl == Cl,™ at All Studied CI~ Concentrations?

kR (M—ls—l)
[CI](M) water R=DMSO MSI DMSO2  MS
1x10% 150  3.88x 10° 7.45x 1CF 61100 37600
20x10% 75 22600
25x10% 64  193x10° 8.86x 10°
5x10% 37  956x 107 8.41x 10° 16400
1x10° 17  7.47x 10 7.48x 10 18700 10300
25x10°% 84 3.43x10 858x 10
5x 1072 45 1.42x 107 7780
1x 1072 3.3 1.40x 10/ 8.69x 10° 6800
5x 1072 1.8 6200
0.1 0.9
0.25 0.8

aThe rate coefficient for R= H,O is referred to a%g in the text.

marized in Table 1.
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reactions both contribute to the observed decay of 340 nm Figure 4. Plot of measured rate coefficientkg) for DMSO (0),

absorbance:

Cl + R— products (R7)

Cl,” + R— products (R8)
The relative contribution of R7 and R8 to the observed kinetics
is determined by the Clconcentration and the equilibrium
constant for Cl+ CI™=Cl,~. Similar to the studies of
background decay of €tCl,~ in water, fits ofkg vs [CI] data
toeq 3

K,[CI ]
1+KJCIT "

_ 1
1+KCI

R k, 3)
]
assumingks = 1.4 x 10° M1 (see above) give the second-
order rate coefficientk; and kg for the DMSQ and MS
reactions (note thadtr = kg[R] + K'o). Plots ofkpmso, Vs [CI7]
andkys vs [CI7] along with fits of the data to eq 3 are shown
in Figure 4; values fok; andkg obtained from these data fits
are summarized in Table 2.

Unlike the studies of the DMS£and MS reactions, as shown

DMSO2 ), and MS Q) reactions as a function of [C]. The solid
curves are obtained from fitting each set of data to eq 3 in the text. For
MS reactions, the dashed curve is for data corrected to the zero ionic
strength limit.

coefficient for the MSI reaction is found to be independent of
the concentration of Clover the range 13—10-2 M. The solid

line shown in panel c of Figure 3 is obtained from a linear least-
squares analysis of all the data shown in the plot; the slope of
the solid line gives a value of (82 0.4) x 10° M~1s™1, which

is very close to an average of the individual rate coefficients
measured at each [Q1(8.25 x 10° M~1 s71). Over the [Cf]
range investigated, the fraction of € Cl,~ that exists as Gt

at equilibrium varies fron~93% at low [CI'] to >99.9% at
high [CI7]. Our results demonstrate that the C- MSI reaction

is sufficiently fast that it dominates the observed reactivity at
all chloride concentrations investigated. As a result, no informa-
tion about the kinetics of the C+ MSI reaction is obtainable
from our data. Unfortunately, it is not possible to employ even
lower CI~ concentrations to study the MSt ClI reaction,
because (a) the production rate of<€ICl,~ radicals from the
SOy~ + CI™ reaction will be too slow when compared to the
decay rate of radicals, which makes it difficult to derive the

in panel c of Figure 3, the measured second-order reaction ratefirst-order decay rate of the radicals, and (b) the very fast
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TABLE 2: Summary of Kinetics Results for the Reactions reactants are charged will display significant ionic strength
of Cl and Cl,~ with R dependences for the rate coefficients in solutions with ionic
k(M-1s™} strengths less than 0.05 M. Hence, the measured pseudo-first-
this worlé it value  ref order decay rates for the MS reactions are corrected to the zero

ionic strength limit by assuming théifys+c; is independent of

CI+R  R=HO 25+ 04)x1F  45x16 40,47 ionic strength and correcting onliys+c,—. We used the

29x 10° 32,44

R=DMSO (6.3+0.6)x 1 7.0x 1(°® 28 following iterative method to correct the pseudo-first-order rate

R=DMSO2 (8.2+1.6)x 10° from MS + Cl,~ to the zero ionic strength limit (primed rate

R=MS (4.94£0.2) x 10° coefficients are pseudo-first order and unprimed rate coefficients
Cl"+R R=H0 <11 341 o 3‘,‘3’ 47 are second order): (1) linear least-squares analysis of the

1 i (1) i
R—DMSO (16+08)x 10 12x10 27 measuredys' vs [M?l]) data g|veskM?1) (the superscript means
R=DMSO2 (8.2+5.5)x 10° iterationi), andkwms+c'Y andkus-+ci,*) are obtained by fitting
R=MS (3.9+ 0.7) x 10°¢ the kys® vs [CIT] data to eq 4; (2) then corrected values for
R=MSI (8.0£ 1.0)x 1C®° pseudo-first-order decay rates for MSCIl and MS+ Cl;™~ at

a All uncertainties are @ and represent precision of the least-squares each [CI], Kus+c® andKus+ci, @, are eyaluated based on
analysis of the dat&.In CCl, solvent. Data are corrected to the zero ~ Ks and kusici® and kws+ci,®; (3) eq 4 is used to correct
ionic strength limit. Kms+cl,- ™ to the zero ionic strength limit giving vs+ci, 0"

(the subscript means 0 ionic strength); and (4) the total pseudo-
background decay of Cl due to its reaction withHmakes it first-order decay rate in the zero ionic strength linkffs(of®,
hard to assess the relatively small change in the pseudo-first-is calculated fromkys.c® andk'us -0, and can be used
order decay rate induced by the reactions of MSI with Cl and as the initial input of the next iteration. When the values of
Cl~. In summary, the measured rate coefficient of (&.2.4) kms+ci and kvs+ci,~(0) after iterationn differ by less than 2%
x 108 M~! st is attributable to the MS#- Cl,~ reaction. from those after iteratiom — 1, they are adopted as the final

Since the reactions of €1 with MSI and MS both involve  results for the MSt+ Cl and MS+ Cl,~ rate coefficients in the
two negatively charged reactants, the measured rate coefficientsero ionic strength limit.
are expected to increase with increasing ionic strength. Fur-  |n Figure 4 the original data (open circles) and those corrected
thermore, high concentrations of MS were used because the MSo the zero ionic strength limit (filled circles) for MS reactions
+ Cl,™ reaction is extremely slow. Thus, ionic strength effects are compared. As expected, the differences between the original
are expected to have a major impact on the measurement ofand the corrected data are evident only on the right side of the
the MS+ Cl;™ rate coefficient, but only a very minor impact  plot where the MSt+ Cl,~ reaction is dominant in the system,
on the measurement of the MSi Cl,~ rate coefficient. In- put are negligible on the left side of the plot, where the MS
relatively low ionic strength solutions such as those employed C| reaction is more important in determining the measikggd
in this work (always less than 0.1 M and usually less than 0.01 As expected, the corrected M$ Cl rate coefficient is very
M), the following relationship is approximately obeyed if both close to the one obtained from the original data, while the

reactants are singly chargéd: corrected rate coefficient for the M$ Cl,~ reaction in the
" zero ionic gtrgngth limit is about 40% lower than that obtained
log k = log 10 + 2Xu (4) from 'th.e or!glnal data. I.:or'the very fasj[ I\/.IS.I reaction, the rate
ﬂllZ coefficient in the zero ionic strength limit is only about 3%

lower than the value obtained from the original data. The kinetic
wherek is the measured rate coefficiekl,is the rate coefficient data for the MSI and MS reactions withCllisted in Table 1

in the limit of zero ionic strengthy is the ionic strength are corrected to the zero ionic strength limit.
In the studies of DMSO reactions, it was found that the
u=0. 52(42[”) (5) observed pseudo-first-order decay r&tgmso, becomes almost
I

independent of DMSO concentration at hight €bncentrations,

as typified by the data in panel a of Figure 3 for {C& 0.025
wherez is the charge of speciesin eq 4,Xis a collection of M. Two published studi@é28 have demonstrated that DMSO
physical constants with a value of 0.506 at 295 K in water reactions with both Cl and €t lead to the production of the

solvent?67 DMSO—CI adduct, a species that absorbs at 340 nm with an
extinction coefficient of~4000 Mt cm™1, i.e., about half of
X = [F¥47N, In(10)](ob%/26°R°T*) (6) that for Cb~.3237 Therefore the appearance of the DMSCOI
adduct from both DMSO reactions can contribute to the detected
whereF is the Faraday constari¥ls is Avogadro’s numberp absorbance and interfere with the measurement of the desired

is the mass density of the solverit; is the standard state rate coefficient. In addition, as the DMSO concentration

molality (1 mol kg'?), ande is the permittivity of the solvent.  increases, DMSO consumes an increasing fraction of SO
In the analysis of our data for the MSI and MS reactions, eq radicals:

4 was used to convert each measured rate coefficient to an

appropriate value for the limit where — 0. For the MSI SO, + DMSO— DMSO" + 80427 (R9)

reactions, all measured first-order rates were corrected to the

zero ionic strength limit using eq 4. However, the data analysis Studies of the kinetics of R9 by Kishore and Asifusnd by

method for MS reactions is not that straightforward. It is worth our groug® agree well and indicate th& ~ 3.0 x 10° M~!

noting that the rate coefficients for M& Cl and MS+ Cl,~ s1 at room temperature, and Kishore and AsPiulsave

both contribute to each measured rate coefficient for MS studies, observed the UV absorption spectrum of the product DMSO

but the former one is not expected to be significantly dependent Assuming a rate coefficient 0f3 x 108 M~1 s71 48.59for the

on ionic strength under the experimental conditions employed SO,~ + CI~ reaction (R2), it appears that over half of the,SO

in this study, i.e., we assume that only reactions where both radicals react with DMSO when [DMSOF 0.1[CI"]. The
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DMSO" radical produced from R9 reacts with Cht a rate
close to the diffusion controlled limit to produce the DMSO
Cl adduct?”

ClI” + DMSO" == DMSO-CI (R10, R-10)

Because of the high Clconcentration¥ 10-2 M) employed
in this study, the equilibrium R10, RLO facilitates the
production of DMSG-CI, and the production of ¢t is reduced
as the DMSO concentration increases. The contribution of

DMSO—CI to the detected absorbance becomes dominant when

[DMSOJ/[CIT] = 0.5, i.e., more than 80% of SOreacts with
DMSO to produce DMSGCI through R9 and R10 without
involving Cl,~ radicals. Under such conditions, the detected
absorbance is primarily from DMSECI and the observed
absorbance and decay rates cannot be used to derive te Cl
Cl,~ + DMSO reaction kinetics. Based on the above analysis,
only data obtained for [C]] < 10-2 M were fit using eq 3 to
obtain rate coefficients for DMSO reactions with Cl andCl
The only available data with which to compare our results
are one study each on DMS® CI 2 and DMSO+ Cl,~.%7
Sumiyoshi and Katayarf@employed a pulse radiolysis method
to study the Cl+ DMSO reaction in carbon tetrachloride
solvent, and report a rate coefficient of (200.5) x 10° M1
s™L. They also found that the reaction product is the three-
electron-bonded DMS©OCI adduct that possesses an absorption
spectrum with a maximum around 400 nm. Kishore and Agfmus
also used a pulse radiolysis technique and evaluated DMSO
Cly~ kinetics in aqueous solution from the pseudo-first-order

decay of the absorbance measured at 330 nm in experiment

with high [CI7] (0.05 M). They report a rate coefficient of (1.2
+ 0.2) x 10’ M~ s7! for the DMSO+ Cl,~ reaction, about
25% lower than the value we report here. However, they did
not provide important details of the kinetics experiments, i.e.,

concentrations of DMSO and absorbance decay time scales in
their paper. Hence, it is not possible to make informed comments
concerning reasons for the relatively small difference in the rate

coefficients reported in the two studies.

Spectroscopic Studies of the Aqueous Phase DMS{TI
Adduct Radical. To obtain a better understanding of the
complicated mechanisms involved in our studies of DMSO
reactions with C# Cl,~, especially at high Clconcentrations,
the absorption spectrum of DMS€L| was studied over the
wavelength range 320 to 500 nm. All experiments were carried
out under conditions where [dl= 0.01 M, [SO0s?"] = (1-2)

x 1075 M, and the solutions were unbuffered with p+b.5.
[DMSQ] > 0.6[CI"] was used to achieve maximum production
of DMSO—CI and minimum CJ~ production in the solution

since, as discussed above, it was found that the observed

absorbance becomes independent of [DMSO] when [DMSO]/
[CI7] = 0.6 at a constant [C], indicating that all S@~ reacts
with DMSO and produces DMSECI through R9 and R10.

Zhu et al.

TABLE 3: Reference Extinction Coefficients of SQ~ and
epmso-cileso,~ Ratios Obtained from This Work

wavelength (nm) €so (M~tem1)? epmso-cil€so,
320 666 1.8
330 694 2.6
340 730 3.4
350 760 4.3
360 805 5.1
370 865 6.0
380 946 5.9
390 1054 55
400 1161 4.8
410 1252 3.9
420 1313 3.3
430 1360 2.7
440 1388 2.3
450 1367 2.0
460 1324 1.8
470 1233 1.6
480 1096 1.6
490 960 1.4
500 805 1.2

aObtained from the average of studies from Hayon et®alang et
al.%8 and Yu et al3? uncertainties are estimated to #20%.

SO, and the fraction of each radical is controlled by 1{CI
The equilibrium constan¥(o) for DMSO"™ 4+ CI~ == DMSO—
Clis reported to be 560 M at pH~2.27 Under the experimental
conditions employed in this work, i.e., pH5.5, the “effective”
Kio is found to be reduced to 33@ 40 M~! because the
equilibrium is perturbed by the occurrence of the following two

geactions:

DMSO" + H,0=DMSO-OH + H" (R11, R-11)

DMSO—OH — CH, + CH,S(0)0 + H"  (R12)
where the loss of DMSOthrough R11 is driven by the fast
nonreversible dissociatihof DMSO—OH occurring at a rate

of ~10” s71. Therefore, it is estimated that, after $Ohas
reacted away, only76% of total radicals exist as DMSELI

while the remainder exist as DMSOThe spectrum of DMSO

is reported as a broad unstructured Bandith a peak
absorbance around 300 nm and a peak extinction coefficient of
1800 M1 cm™%; hence, it is always a very minor contributor

to the observed absorbance. Under the assumption that the total
radical concentration is determined from the concentration of
SO, after the laser flash, i.e., all SOis converted into either
DMSO-CI or DMSQO", the following expression can be
derived:

€pmso-cl _ KiCl' T + 1 Apyso-ci
K,[CI7] Ao

()

€50,

By comparing the wavelength dependence of the observedwhereAy is the maximum absorbance (from $Q observed

absorbance when DMSO is absent to that when DMSO is
present with a concentratian0.6[CI~], the absorption spectrum
of DMSO—CI could be derived based on the assumption that
the only important loss of SO radicals in the system is from
the reactions with DMSO and Cl(i.e., self-reaction and
reactions with §0g2~, water, or any impurities in the solvent
are negligible).

An important factor in determining the DMSECI spectrum
is the concentration of C| which controls the product yield of
DMSO—CI. Due to the equilibrium reactions CH- DMSO*
= DMSO—-CI (R10, R-10), DMSO" and DMSG-ClI radicals
coexist in the system after fast decay of SQia DMSO +

after the laser flash when [DMSG} [Cl7] = 0 andApmso-ci

is the analogous absorbance when DMSO andaté present

in the solution with a ratio 0>0.6. Thenepuso-ci could be
obtained from the observed peak absorbar¢ggo andAg as

well as the extinction coefficient of SO at each studied
wavelength. The spectrum of $Ohas been widely studied
before, and since the extinction coefficients from these studies
vary by nearly 30%, we have decided to use the average of the
three studies by Hayon et &.,Tang et al3® and Yu et aF?

The reference extinction coefficient for $0and the obtained
epmso-cilesq,” ratio at all wavelengths studied in this work are
summarized in Table 3. The DMSELI absorption spectrum
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rate of radicals at high Clconcentrations (where €1 is the

1.0 ¢ dominant radical), reactions of £I with impurities in the
g L e S$,0¢%~ and CI samples are estimated to have an insignificant
§ ° effect on observed kinetics. The DMSO sample purity was high
5 I t (] | and the reactions of DMSO with Cl and-Clare fast, so it is
2 05 ® very unlikely that impurity reactions affected the determination
o e o of the DMSO rate coefficients. The MS and DMS&amples
® 8 both had stated minimum purities of 98%, and the reactions of
2 o Kishore and Asmus (1991) -4l these two species with G Cl,~ were found to be very slow;

00' e thiswork y hence it cannot be ruled out that the observed kinetics are

affected by a minor reactive impurity in the sample (for example,
DMSO or MSI). For this reason, the kinetics results obtained
for DMSO, and MS reactions should be strictly considered as
upper limits. The MSI sample had a stated minimum purity of
>97% (impurities unknown). Since MSI is found to be very
reactive with CJ—, small amounts of even highly reactive
obtained from the data listed in Table 3 is compared with the impurities will not noticeably affect the observed kinetics.
spectrum reported by Kishore and Asfus Figure 5. To However, to allow for unidentified systematic errors, we increase
accentuate the difference in the shapes of the spectra, peakhe uncertainty somewhat over that due to precision only and
extinction coefficients are normalized to one. Our DMSCI report a rate coefficient for the MSt Cl,~ reaction of (8.0t
spectrum has a broad, unstructured band with a maximum1.0) x 18 M~ st at 295 K.
absorbance around 390 nm and a peak extinction coefficient of In the studies of the DMS©OCI spectrum, the most significant
5760 Mt cm™1; the full-width-at-half-maximum for the spec-  error comes from uncertainties in the extinction coefficients of
trum we observe is somewhat narrower than that for the SO,~ adopted as the reference. We used the average of three
spectrum reported by Kishore and AsnfisKishore and studie$?3880for the SQ~ absorption spectrum; uncertainties
Asmug’ used the pulse radiolysis technique and reported the on esq,~ obtained with this method are estimated to420%.
spectrum in the form oG x € vs wavelength@ denotes the  Other possible sources of systematic error include absorbance
number of species generated or transformed per 100 eV energyratios listed in Table 3€5%), the employment of an effective
uptake and is approximately 2.8 in their work). They reported Kio in eq 6 (<5%), and loss of Sg from reactions with
a maximum absorbance at 390 nm and estimated a peakbackground impurities <5%). Hence, the uncertainty in the
extinction coefficient in the range of 506000 M~ cm™; extinction coefficients reported in this work is conservatively
they also pointed out that this is a typical extinction coefficient estimated to be:30% at all wavelengths where the DMSO
range for the structurally similar SO0 X type and other three-  Cl extinction coefficient is more than 10% of its peak value.
electron-bonded radical specié$}63 Reactivity Trends. The kinetics results from this study show
Analysis of Systematic Errors. Derivation of rate coef- reactivity trends consistent with those obtained from our two
ficients for DMSO, DMSQ, and MS reactions with Cl and £l previous studies of SO and OH reactions with organic sulfur
employed eq 3, so the equilibrium constalig)(for Cl + CI~ compoundg826as well as other literature studies of the kinetics
= Cl;~ (R3, R—3) is an important parameter in this kinetics of aqueous phase radical reactions with organic sulfur com-
study. A value of 1.4x 10° M~ for K3 was adopted for all pounds. The less oxidized sulfur compounds DMSO and MSI
data analyses, based on a collection of sté€¢7.50.64s well are more reactive toward both Cl and,Cladicals than the
as our studies of degradation of & Cl,~ in water; the more oxidized sulfur compounds DM$@nd MS. With the
contribution of uncertainties irKs to the rate coefficients  exception of the very reactive (and therefore less selective)
determined from eq 3 is estimated to §&€0%. The loss of ClI species MSI, the Cl radical is more reactive than the @ldical
and C}~ radicals from reactions with impurities in the samples by almost 2 orders of magnitude toward the same sulfur
of ClI-, $0¢27, and sulfur species is another potentially compound. This is consistent with the trend observed forCl
significant source of systematic error. From the very slow decay Cl,™ reactions with many organic compourfds$s

300 350 400 450 500
Wavelength (nm)

Figure 5. Absorption spectra of the DMSECI adduct from this work
(solid circles) and from the study of Kishore and Asifspen circles).

TABLE 4: Estimated Lifetimes of DMSO, DMSO,, MSIA/MSI, and MSA/MS toward (a) Gas Phase Destruction via Reactions
with OH, NO 3, and ClI, (b) Uptake into Aerosols under Remote Tropospheric Conditions, and (c) Aqueous Phase Destruction
via Reactions with SQ~, OH, CI, and Cl,~ Radicals

7x ()

process radical conén DMSO DMSG, MSIA/MSI MSA/MS
OH(g) + X(g)° 1x1Fcm3 3-5 >960 3-5 slow
NOs(g) + X(g)P 7x 1Pcm3 72—-240 >18000 fast slow
Cl(g) + X(g)° 5x 1 cm3 730 >2.3x 10° fast slow
X(g) — X(aqf 1-15 1-15 1-15 1-15
SO~ (ag)+ X(aqy 1x1072M 0.7 >570 1.2 2.5x 10°
OH(aq)+ X(aq)’ 6 x 10713 M 0.6 >200 05 340
Cl(aq)+ X(aqy 1x10°3M 35 >27000 45000
Cl,(aq) + X(aq)y 1x 10°1M 14 >27000 0.3 57000

2The radical concentrations refer to the following: global diurnally averaged OH concentfatygical diurnally averaged N§xoncentration
in remote locationg? estimated global diurnally averaged Cl| concentratiofiTypical diurnally averaged SO, OH, Cl, and C§~ concentrations
in marine boundary layer cloud dropléfs$! b Gas-phase lifetimes are calculated by using kinetic information from studies by Kukui®®t al.,
Urbanski et al®? Barnes et al’> Hynes and Winé® and Falbe-Hansen et 4l. ¢ Mass transfer is estimated from field observations in the Antarctic
troposphere by Jefferson et’8l.4 Aqueous phase lifetimes are calculated by using kinetic data from zZhu*€€&Flyunt et al.2® and this work
based on the assumption that marine boundary layer aerosol particles spen@ abper day as cloud droplefs.
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Implications for Atmospheric Chemistry. The implications the particle lifetime toward deposition, particularly under free
of the results reported in this study for atmospheric chemistry tropospheric conditions where particle lifetimes are longer than
are summarized in Table 4. Listed in this table are estimated in the boundary layer. In particular, it appears that the OH-
lifetimes of DMSO, DMSQ, MSI, and MSA toward (1) gas- initiated oxidation of MS to S¢~ needs to be properly
phase destruction via reactions with OH, jl@nd Cl, (2) uptake accounted for to correctly interpret field observations of the MS-
into aerosols under remote tropospheric conditions, and (3) to-NSS (non-seasalt sulfate) ratio in atmospheric aerosols. A
aqueous phase destruction via reactions with SOH, CI, and recent modeling study by von Glasow and Cruf2eurived at
Cly~ radicals at 295 K. All aqueous phase lifetimes were the same conclusion.
calculated from the rate coefficients obtained in our studies,

i.e., this work and two previous studies of OH and ;SO Acknowledgment. This research was supported by the
kinetics16-26 |t is worth noting that while the radical concentra- National Science Foundation through Grant ATM-03-50185. We
tions given in Table 4 are reasonable estimates for the specifiedthank Professor Athanasios Nenes for helpful discussions about
environments (see footnotes in the table), these concentrationgloud processing of aerosols.
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