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Gas-Phase Reactions of Chlorine Atoms and CIO Radicals with Dimethyl Sulfide. Rate
Coefficients and Temperature Dependences
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The results of a discharge flow-mass spectrometric (DF-MS) kinetic study of the reaction between Cl and
dimethylsulfide (DMS) (1) over the temperature range 2364 K at low total pressure between 0.5 and 1
Torr with helium as carrier gas are reported. At room temperature and 1.0 Torr the main products of reaction
1 correspond to an abstraction channel leading to HCI angSCH, with k(1) = (6.9 + 1.3) x 10 cnm?®
molecule! s™1. The association channel has also been confirmed by mass spectroscopic detection of the
adduct CHS(CI)CH; with a yield <0.05 under the experimental conditions used. It is now shown that the
abstraction channel requires a slight activation enet@y),= (2.0+£ 1.2) x 1071°exp[—(332+ 173)/T] cm®
molecule! s1. The kinetics and mechanism of the reaction GIMMS — products (2) over the temperature
range 259-335 K at total pressures between 0.5 and 2 Torr have also been studied by DF-MS. By mass
spectroscopic calibration of dimethyl sulfoxide, DMSO, the branching ratio of the channel leading to this
product has been measured (0-2®.49). The rate constant of reaction 2 has been measured under pseudo-
first-order conditions in excess of DMS over CI®(2) = (1.2 + 0.7) x 10%® exp[(354+ 163)/T] cm?
molecule® st with k(2) = (3.94 1.2) x 107> cm® molecule® s™1 at 298 K. The reaction is postulated to
proceed through a channel involving a long-lived intermediatesf{BCI)CH;]* which may decompose

back to reactants or to products. Finally, the atmospheric implications through the DMS chemistry of both
reactions are discussed.

Introduction experimentdP18-22 and ab initio studie’§-2*have been reported
on the reaction of Cl with DMS, for which the following

Dimethyl sulfide (CHSCH) is recognized as the natural channels are possible:

sulfur compound of greatest interest to atmospheric chenditry.

The largest source of sulfur in the atmospher&@% of the Cl + CH,SCH, — HCI + CH,SCH, (1a)
total emission) is the SOreleased by fossil fuel combustion
and industrial processes. The second largest source is the oceanic Cl + CH,SCH, — [(CH,),SCIT* (1b)

emission of DMS by marine phytoplankton, exceeding the
anthropogenic sulfur emissions in the southern hemisptfere.
Tropospheric oxidation of DMS produces dimethyl sulfoxide
(CHsSOCH;), dimethyl sulfone (CHSO,CHg), sulfinic acid

[(CHy),SCIJ* + M — CH,SCI+ CH, + M (1b1)

(CH5S(0)OH), methanesulfonic acid (GBI, OH), SQ, and [(CHy),SCI* + M — CH;Cl + CH;S+ M (1b2)
sulfuric acid with yields dependent on temperature andi NO .
level$~7 and it seems to be the major source of cloud [(CHy),SCI* + M —[(CHy),SCII+ M (1b3)

condensation nuclei in the marine tropospHefghe sulfur ) ) o

aerosols could significantly influence the radiative solar balance ~ The Cl+ DMS reaction proceeds via two distinct channels,
on the Earth’s surface representing, thus, a biological climate & Pressure-independent channel forming HATH;SCH, (1a),
regulation®® So, DMS impacts, both in the gas phase and and an adduct-forming pressure-dependent channel'{ib).
through aerosols, are currently subject of study in box models, AS demonstrated by Zhao et?@lusing the TDLAS technique,
laboratory, and field campaigAg:t the yield of CH through reaction 1b1l is less than 0.02 (upper

The main known sinks for DMS in the troposphere are the limit), which is also expected from the theoretical results of
reaction with OH radicat&13and, to a minor extent, the reaction Resende et & From the observations of Langer et*aland
with NOs under night-time condition Recent studies indicate ~ the potential energy surfacés net production of CkCl and
that halogen atoms and halogen oxides may also be importantCH3S (1b2) is also improbable under kinetic conditions. Finally,
as sinks for DMS5.16 Indeed, in marine areas, where CINO the rate coefficient of channel (1b3) increases with pressure,
generated by heterogeneous reaction gd\vapor with moist approaphing its high-pressure limit bgtween 150 and 700 Torr
NaCl may raise Cl atoms concentrations up té 4@m cnr3, and being competitive to the abstraction channel. _
the DMS degradation initiated by CI atoms may be competitive Nevertheless, all the previous laboratory studies were mainly

compared to OH and Nreactions/ In this sense, several focused on the high-pressure regime (3 Torr-atmospheric
pressure) except for the work of Butkovskaya elaht 1.0

* Corresponding author. E-mail: emartine@gifi-cr.ucim.es. Fax: 34 10 Who studied the products and mechanism but not the
26295318. kinetics. Up to now, the branching ratio for the abstraction
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Microwave through a Pyrex sidearm tube coated with phosphoric acid in
Discharge Ch+Her . iaN, order to increase the £Hissociation yield, which could be
Hey 03_>ﬂ4—£,ressm Trap __ Vacuum checked by mass spectrometrynale = 70, 72. The absolute
l [J Gauge Gauge concentration of Cl atoms was measured by a titration reaction
‘J_l‘ ju 1 [ with BrCH=CH, in excess,
L
TI L[ 4 J!_-Ij &\ rT;tomolecular Cl + BrCH=CH, — CICH=CH, + Br 3)
DMS Sampling 120um Cooper ;;t?; o 5
C,H;Br Temperature R;t‘i‘;?;y Mas?llsisjetr:tl:g:zeter Cooler k(3)=1.4x 10 *°cm’ molecule *s ™ (ref 33)
C,H;cl  Control
o Jacket and mass spectrometric detection of BFEEEH, or CICH=
Figure 1. Schematic view of the experimental setup. CH; at their parent peakaye = 107 andn/e = 62, respectively.

channel, (1a), is not clear, and direct information concerning CIO radicals were generated by the reaction with ozone,

the abstraction process is not available. The technique used in Cl+0,—~Cl0+0, (4)
this work seems more appropriate to characterize reaction 1 in
the low-pressure limit. Furthermore, the temperature dependence
of the abstraction process has not been studied previously and

so it is reported here for the first time. CIO radicals were produced in an excess af(@/e = 48) to
In relation to the halogen oxides XO (% I, Br, and Cl), ensure complete consumption of the Cl atoms, to avoid the

they can also be formed in the troposphere from the photo jhierference of CH- DMS reaction. Q@ was generated by an
oxidation of halogenated hydrocarbons. Although their concen- ;g nizer (Ozogas, 5 g/h), collected in a liquid Nap and

trations in the troposphere are not well-known, modeling studies gegassed before stored diluted in helium. This ozone was used

3 26 i i iy . . . .
suggest values up to d@nolecule cm?, 2° showing that their 1y within an experimental session to avoid the decomposition
reactions toward DMS ought to be measured in order to evaluate ¢ O3 into O..

the potential contribution to the removal of DMS. Studies of
IO + DMS kinetics demonstrate that the oxidation of DMS by
10 is negligible koo = (1.6 &= 0.3) x 10~1* cm® molecule?

s 1)27 compared to the oxidation by OH in marine atmosphere.
On the other hand, the Br@& DMS reaction is relatively fast

k(4)=1.2x 10 " cm’ molecule™ s* (ref 34)

The knowledge of absolute concentration of CIO is not
necessary for calculations under pseudo-first-order conditions
but a calibration of the M.S. signal was accomplished by
chemical conversion to NOwith NO in excess

(kKoos = (4.4 £ 0.7) x 10713 cm?® molecule’® s71), constituting ClO+ NO—NO, + Cl (5)
a potential sink for DMS and a source of DMSO in the marine
boundary layef®30 Only a room temperature study at 1 Torr k(5) = 1.7 x 10 L cm® molecule s * (ref 34)

of the CIO-DMS reaction is availabfé with k = (9.5 & 2.0)

x 107> cm® molecule® s™! and a qualitative discussion of  and mass spectrometric detection of Niits parent peakyve
products. In this work we report now a wider kinetic and = 46. Titration reaction was performed in an excess of Cl atoms
mechanistic study with the quantitative determination of the gver O to ensure the complete consumption of ozone and thus
products of reaction. The influence of temperature on the kinetic avoid the regeneration of ClO via reaction 4 or a contribution

rate constant is reported for the first time. to NO; by

Experimental Section NO + O;,—NO,+ O, (6)
The kinetic experiments were carried out using the discharge 14 3 1

flow-mass spectrometry technique (DF-MS). The apparatus is k(6) = 1.8 x 10 *"cm’ molecule s " (ref 34)

shown schematically in Figure 1. The flow reactor was a 100
cm long Pyrex tube with 2.7 cm internal diameter provided with
a jacket for the thermostating liquid circulation (SilOil). The
movable injector was 120 cm long and 1 cm i.d. Both of them
were coated with halocarbon wax in order to reduce the g
heterogeneous wall reactions. The reactor was pumped by meanLhe r_eactor through the sllo_lmg |nJ(_ectc_>r. I_:or C.|® [.)MS

of a rotary pump and the pressure was measured with a 10 Torfr€action, DMS was stpred W|thput d|Iut|on5|n helium in osrder
full-scale capacitance gauge. The flows of the helium carrier {0 @chieve concentrations as high as<5.0*> molecule cm

gas in the reactor and the injector were regulated and measured? the reactor. The detection limits for DMS,Cand CIO were
with mass flow controllers to control concentrations and

4 x 10° molecule cm?, 1 x 10 molecule cm?, and 2 x
0
pumping speeds. All the reactants were diluted in helium and 10 molecule ¢

m3, respectively.

stored in balloons of known volume. Concentrations of reactants '€ Purities of the chemicals were as follows:, (Rraxair,
in the reactor were calculated from the pressure decrease rate” 99-8%), Q_(Praxalr, 99.999%), C¥BCH; (Aldrich, >99%).’
inside the storage flasks. Both radical and molecular speciech"bBr (Aldrich, 980/_0)’ GH:Cl (Fluka, =99.5%), NO (Praxair,
were sampled from the reactor through a glass cone with an=99%), NG (Praxair, =99.5%), and He (Praxair, 99.999%).
orifice of 120um diameter and analyzed by a quadrupole mass
spectrometer (VG Smart IQ with electron impact ion source.
The energy of ionizing electrons was typically 40 eV. The high  Reaction Cl+ DMS. The kinetic experiments were carried
vacuum chamber was pumped by means of a turbo-molecularout under pseudo-first-order conditions with Cl atoms in excess
pump (Varian 550V). For more details, see ref 32. over DMS molecules with a ratio [CI]/[[DMS] from 10 to 100.

Cl atoms were produced by microwave discharge (2450 MHz) The experimental conditions are summarized in Table 1. The
in Cl, diluted by He and then flowed into the main reactor results in this work includet20 and 10% of the absolute

Generally, this titration sequence was in agreement with the
direct measurement assuming that all Cl atoms produced CIO
radicals.

DMS was purified by trap-to-trap distillation, and added to

Results
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TABLE 1: Experimental Conditions for the Determination 3 .
of the Rate Coefficients
Cl+ DMs ClO+ DMS ¢ — *
TIK 259364 259-335 2 -
p/Torr 0.5,1.0 0.5,1.0,2.0 —_
flow velocity/m st 25-30 5-7 2
reaction time/ms 015 0-100 £1
[Cl2)/molecule cnm® (0.5-7.0) x 10**  (0.7—3.0) x 10%? 5
[Cl)/atom cnr3 (0.1-1.0)x 108 (0.8-1.0) x 1012
[Oz)/molecule cm® (2.0-5.0) x 103 0 -
[CIO)/molecule cn?® approx. 1.0x 1012
[DMS])/molecule cm®  (0.5-1.0) x 10**  (0.4-5.0) x 10%
"1 T T T T 1

magnitude to cover systematic errors, giving a final confidence
limit around 95%. 0 0,002 0,004 0,006 0,008 0,01
No reaction was observed between DMS ang(@tecursor tis
of CI atoms) within the short contact time used in the Figure 2. Typical pseudo-first order decays of DMS for the €l
experiments (less than 15 ms). To check the heterogeneous walPMS reaction at 298 K and 1 Torr: [CH O (#); 1.78 (0); 2.88 (A);
losses of reactants, additional experiments were carried out4-56 O); and 6.77 (*)1¢” molecule cm®.
separately before each kinetic run. Wall losses in both the
injector and the reactok; + ks = 6 £ 4 s71) were measured 800 -
conjunctly by titration of Cl atoms (from the fixed port in the
beginning of the reactor) with BrGHCH, (coming from the
injector) at different positionk,,, the loss rate constant in the 600 -
reactor wall, was measured in separate experiments, with ClI
atoms entering the reactor through the sliding injector and the
titrating GH3Br through a fixed lateral port near the end of the
reactor,kyr = 3 & 2 s, which also allows us to calculatg,
= 3 £+ 6 s'L. During a kinetic run, for increasing times of 200 -
reaction, the exposure of Cl atoms to the inner surface of the
reactor is always the same and the experimental rate constant
may be considered as nkf, dependent. On the other hand, 0 . . . . ; ‘
the inje_ctor wall de_creases with inc_rea_sing time_s of reaction 0 2 4 6 8 10 12
and so it should be included in the kinetic analysis as a source [CI}/10™atom cm
of Cl atoms. However, this process is very slow and for the
short time scale of our experiments, Cl concentration may be Figure 3. Second-order plot for the Ct DMS reaction at 1 Torr:T
considered constant, which enables the pseudo-first-order treat™ 259 €); 298 @); and 364 £) K.
ment. The average [CI] was used to minimize this small variation Taog| £ 2: Summary of Second-Order Rate Constants for
due to wall effects during any experiment. Cl + DMS and CIO + DMS Reactions at Different
For DMS, entering the reactor from the sliding injectkiy, Temperatures and PressuresK(1) in units of 1071 cm®
in the reactor wall was achieved by monitoring its parent peak Molecule™® s™%, and k(2) in units of 107> cm® molecule™* s™']
(m/e = 62) at different position of the injector. The measured Cl+ DMS
values werek, = 5 £ 4 s ! for the range of temperatures and T-,59Kk T= 283K T=298K T=364K
pressures studied.
The temporal decay of the DMS concentration was monitore

o
3 400 -

d p=1Torr p=1Torr p=05Torr p=1Torr p=1Torr

by mass spectrometry ate = 62 (CH;SCHs) and fitted to the 52+12 64+£16  70+21  6.9+13 7.8+14

kinetic equation: CIO + DMS

IN([DMS]/[DMS],) = (K (1) + k)t with K'(1) = k(1) [CI] T=259K T=298K T=33K
0) p=10Torr p=05Torr p=1Torr p=2Torr p=1Torr

For each temperature, several temporal profiles with different 4°+24 ~ 4.0+16  39+£12 45£16 33+17

initial Cl concentrations were followed. Typical logarithmic )

decays of the intensity of DMS signal as a function of reaction Values ranging from 225 to 400 éns* and Dowsie = 290
time are shown in Figure 2. As typified by these data, all the cn? s~* at room temperature and 1.0 Torr. The correctiorkon
results are consistent with eq | and the pseudo-first-order kinetic du€ to the axial diffusion was around 2% and 5% for experi-
rate constantk'(1) may be calculated from the slope. The Ments at 1.0 and 0.5 Torr, respectively.

obtained experimental values f&i(1) are corrected for axial The bimolecular rate coefficient of intere&(p,T), is evalu-
diffusion of DMS using the diffusion coefficierit: ated from the slope of theé(1)/[Cl] plot applying weighted least-
squares fittings. Measured values fofl) at different temper-
K = Kgyf(1 4 Ky X Domsid ) () atures are plotted as a function of Cl concentration in Figure 3.

In Table 2 we summarize the results for all the experimental
wherev is the linear velocity of the gas mixture in the reactor conditions within the range of temperature 2584 K. The
(cm s™1) andDpuisiHe is the diffusion coefficient of DMS in He reaction rate is found to increase slightly with increasing
(cn? s71) calculated from the volumes of atomic diffusiéh. temperature. The Arrhenius equation applies to these results as
Dpmsime has been obtained for each experimental condition it may be observed in Figure 4, whereki) is plotted versus1/
because of its dependence on temperature and pressure, witff. A linear least-squares analysis of the data yields the activation
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Figure 4. Temperature dependence of the rate constant for the reaction ‘
C|g+ DMS. P P 0 005 s 0.1 0,15

. . Figure 5. Examples of pseudo-first-order plots for the CHODMS
energy, the preexponential factor and affords the calculation of yeaction at 298 K and 1 Torr: [DMS} 0 (a); 0.92 O); 2.35 ©); and
the kinetic rate constai{1) through the following equation in  3.12 @) 10 molecule cm?3.

the range 259364 K:
40 -
k(1)=(2.0+ 1.2) x
10 exp[- (332 173)M] cm® molecule* s (Il 30
Concerning the pressure range studied{@3orr), it was ‘
very short due to the limitations of the experimental conditions.
We also tried higher pressures but the flow velocity was too £ 20 -
slow to achieve enough time resolution for the kinetics. The
obtained values at room temperature and the experimental error
bars indicate that the reaction € DMS is not quite sensitive 10 -
to pressure changes within this limited range.
Reaction CIO + DMS. For this reaction the experiments

k

were also carried out under pseudo-first-order kinetic conditions, 0 - ‘ : ‘ ; ‘
but now the concentrations were inverted. The reaction was 0 1 2 3 4 5
found to be very slow and the efficiency of the,Glischarge [DMS]/10"molecule cm™

in producing Cl atoms decreased with increasingadhcentra- o6 6. Second-order plot for the CI& DMS reaction at 298 K.

tions, so CIO concentrations could not be enhanced high enoughy, = 0.5 (0), 1 @), and 2 ) Torr.
to obtain a temporal decay of DMS. Thus, DMS molecules in

excess over ClO radicals with a ratio [DMS}/[CIO] from 400  yalues fork(2) were obtained from plots ¢{2) versus [DMS],
to 5000 were used. The experimental conditions are summarizedyhere a pure first-order behavior was observed. However the
in Table 1. _ intercepts obtained at all the temperaturest14is-, are higher

As for the case of reaction Ct DMS, the system was than the rate of CIO wall losses in the absence of DMS. This
checked for losses of reactants separately. For DMS, which effect s likely to occur due to a modification of the surface
entered the reactor from the sliding injector, these losses wereactivity when DMS is present. Further information is found in
found negligible and its concentration remained essentially the discussion section. A similar behavior was also reported in
constant during the experiments. With regard to CIO radicals, the flow tube study of Bré-DMS reactior?®
kw could be calculated by means of titration with NO (coming  The results obtained at room temperature are shown in Figure
from the sliding injector) in the same way as described earlier g and the data obtained for all the experimental conditions are
for Cl. The values obtained under the different experlmental summarized in Table 2. As noted, the reaction rate decreases
conditions were almost constant and negligible, with an upper sjightly as temperature increases as it may be seen in the
limit of ky < 2 s Losses due to the gas-phase self- corresponding Arrhenius form, Figure 7. From the obtained data

recombination of CIO were of no Significance in the present we propose the next expression fQQ) from 259 to 335 K:
study because of the low rate coefficient for this reaction at 1

Torr (k= 1.6 x 10"**cm® molecule* s71). The evolution of  (2) = (1.24 0.7) x
ClO concentration during a kinetic run was monitored at its M 15 3 1 1
S. parent peakyve = 51, 53 and is governed by 10~ exp[(354- 163)7T] cm™ molecule " s = (V)

In([CIO],/[CIO],) = (K(2) + k)t Reaction 2 was studied within the pressure rang&Q.B
ith K(2) = k(2) [IDMS] (IV Torr. According to the results at room temperature, Figure 6,
wi 2)=k2)I 1 (V) Table 2, no clear trend is found within this interval, though it
In Figure 5 some examples of CIO decays as a function of could be masked within the error limits for such a small range

time are shown, where the pseudo-first-order kinetic rate of pressure.
constants were calculated from linear regression. Again the
values ofk’ were corrected for axial diffusion as described for
Cl + DMS reaction. The corrections d&(2) ranged from 1 to Reaction Cl+ DMS. In this article we report the first study
5% depending on temperature and pressure conditions. Theof the kinetics of reaction 1 at low pressure using an absolute

Discussion
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-32,5 - the adduct must be deactivated, we may conclude that the
abstraction products do not proceed from the decomposition of
the excited adduct. From the relative intensity of the products
33 | signals, considering the same sensitivity under M.S. detection
for CH3SCH,CIl and CHS(CI)CH;, the yield of the adduct at 1
Torr total pressure and room temperature has been estimated
as less than 5%. This is consistent with the results of Butk-
ovskaya et at® who found a unity yield on the abstraction
channel. That conclusion was obtained by verifying that the
consumption of Gland DMS due to the chain propagation of
-34 ' ‘ l * the reaction (reactions la and 7) was approximately equal. A
0,0025 0,003 0,0035 0,004 0,0045 0.98 HCl yield was also found by Stickel et'@lwhen using a
KIT 0.6 Torr of CQ.
Figure 7. Temperature dependence of the rate constant for the reaction. 1 1€ {émperature dependence of the rate constants obtained
ClO + DMS. in this study shows a slight activation energy of 2:8L.5 kJ
mol~%, which is in apparent contradiction to the results obtained
technique. Under similar conditions, gt 3 Torr, only a few by Stickel et al1® who found that rate constants decreased when
experiments were reported witk(1) = 1.8 x 10710 cnm? raising the temperature. The differences on the temperature
molecule’? st within a study® mainly focused in the high-  dependences may be due to the fact that our data show the
pressure limit with laser flash photolysis and resonance fluo- influence on the abstraction channel while the previous Work
rescence for CI. covers the contribution of both abstraction and addition channels
It has been showf?°that the reaction proceeds through two since in that work the temperature dependence was followed in
different pathways, an abstraction channel (1a), which is experiments at higher pressures, where the adduct formation is
considered to be the main one at low pressure, and the formationcompetitive. So we may conclude that the adduct source seems
of the corresponding adduct (1b), found to be stable enough asto be inhibited by an increase of temperature driving to thermal
to show spectroscopic properties and follow different reactions decomposition while the abstracting pathway is weakly en-
under atmospheric conditioA%. hanced, as shown by our results.
Following the results of Stickel et &.and Urbanski et al Concerning the disagreement between the room-temperature
even at high pressures the abstraction channel is significant agate constant at 1.0 Torr obtained ndgl) = (6.9 + 1.3) x
it could account for up to 50% of the reaction yield. However, 107! cm® molecule s1, and the obtained previoudfy k(1)
the rate of the abstraction channels has not been properly isolated= (1.8-3.3) x 1071° cm® molecule* s™* (3—700 Torr), the
yet. Furthermore it is not clear whether the abstraction productsreason for the discrepancy is unclear. First, pressure conditions

Lnk

-33,5 -

proceed from a direct reaction involving only the-G—S in both works are not exactly the same and second, although
bonds or if they come from the re-location and cleavage in the secondary chemistry could affect the HCI yield when increasing
excited adduct. the pressure, numerical simulatidrindicated that these pro-

From this work the following observations should be taken cesses should not be a major source of uncertainty. Our data at
into account. Concerning the products, the following peaks were low pressure are supported by the results obtained previously
observed by mass spectrometnye = 96, 98, 50, 52, 97, 99.  for other reactions:

The signals am/e = 96, 98 may correspond to GHCHCI
(with different isotopic Cl), which would mean the propagation CH;SH + Cl — HCI + CH,SH (8)
of the chain reaction in the presence of an excess of Cl
k(8) = 4.3 x 10 **cm® molecule* s™* (ref 38)
CH,SCH, + Cl, — CH,SCH,CI + ClI (7
CH;SH+ Cl— HCI + CH,;S 9
k(7) = (7.1£ 2.0) x 10 *2cm’® molecule* s * (ref 20)
k(9) = 1.99 x 10 **cm® molecule s (ref 38)
The much less intense peakswle = 97, 99 could be argued

as theM + 1 signals in the mass spectrometer. Clearly this is CH,SSCH, + Cl — HCI + CH,;SSCH, (10)

not the case since the temporal evolution was clearly different.

Signals atm/e = 97, 99 were formed from the very beginning k(10)= 6.87 x 10 ' cm® molecule* s7* (ref 39)

of the reaction, whilan/e = 96 and 98 seemed to require an

induction time typical of the consecutive chain reaction. So the CH,SSCH, + CI — CH,SCl + CH,S (11)
m/e = 97, 99 signals may be assigned to the adduct whose

existence had been supported by ab initio st#disd directly k(11)= 2.02 x 10 e molecule st (ref 39)
observed through UV spectroscoffyPeaks aim/e = 50, 52

are less intense and, as discussed previddshgy probably When the reaction proceeds through addition or abstraction
proceed from the breaking of GHCHCI in the M.S. ion from the hydrogen linked to the sulfur atom, (1b), (9), (11), the
source. rate constants are in the order ofx21071° cm® molecule™?

In some additional experiments lowering the €bncentra- s1. On the other hand, the rate constants for H-abstraction from
tions from the radical source down #&5 x 10'* molecule cm? the carbon atom are much smaller, (8), (10), with the value of
the chain reaction is not propagated and radicatlical k(10) similar to our result fok(1a).
reactions could be confirmed by the detection of §SBH,), Comparing the results of the CI reaction toward DMS with

atm/e = 122. This observation shows that free £3€H, must those of OH and N@radicals, with rate constants &f= 6.1
be present in the CI$CH; + CI system. Furthermore, since x 10712 cm® molecule! st and k = 1.0 x 10712 cn?®
HCI was observed even under high-pressure conditforisere molecule’! s1 34 respectively, the removal of DMS by reaction
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1 is very efficient in marine areas, where the Cl concentrations
may be in the order of 5« 10° molecule cm? or even
higher540 So our results should be taken into account when
evaluating the final distribution of products in the DMS
degradation. In the atmosphere, thegSBH, radicals, (1a), will
react almost exclusively with £o give the peroxy-radical

CH,SCH, + O, — CH,SCH,00 (12)

k(12)=5.7 x 10 **cm® molecule * s™* (ref 41)

Subsequently the peroxy-radicals are expected to react mainly

with NO, NO,, HO,, CH30,, or the self-reaction:

CH,SCH,0, + NO— CH,SCH,O + NO,  (13)

k(13)= 1.18x 10 " cm® molecule * s™* (ref 42)

CH,SCH,0, + NO,— CH,SCHO,NO,  (14)

k(14)= 9 x 10 cm’ molecule ' s (ref 41)

CH,SCH,0, + CH,SCH,0, — products (15)

k(15)= 1.2 x 10 ™ cm® molecule* s * (ref 42)

The atmospheric implications of the adduct are extensively
analyzed by Urbansky and WidgAlthough reactions with NO
and NQ and the photodecomposition are relatively well-known,
there still remain high uncertainties concerningr@actions and
thermal decomposition.

Reaction CIO + DMS. Only one study of reaction 2 which
reported a room-temperature rate constai(®f = (9.5+ 2.0)

x 10715 cm® molecule’® s71 has been published.In that article

the reactions of 10 and BrO toward DMS were also investigated
with k = (8.8 + 2.1) x 107 cm® molecule* st andk = (2.7

+ 0.5) x 10713 cn?® molecule? s71, respectively. Recently, an
article by Knight et al’ gavekagg = (1.6 = 0.3) x 1074 cm?
molecule’? st for the 10 reaction. Bedjanian et &.and

Diaz-de-Mera et al.

[CID]. [DMSO]Iz10"* molecule em™

40
t/10°s

60 80 100

Figure 8. Experimental (points) and fitting (solid lines) data for CIO
consumption &) and DMSO production4) in reaction 2 ap = 1
Torr, T = 298 K, and [DMS]= 4.39 x 10'® molecule cm?.

as an adjustable parameter, the best fits for different experiments
with DMS in the range (£5) x 10 molecule cm?® were
always obtained fok, = 10—-12 s™* (In Figure 8 typical fits of

the experimental and simulated profiles are shown). It therefore
appears thakt, is constant within the range of [DMS] used; the
changes in the rate constants for wall loss and a saturation effect
may occur at reactant concentrations lower than those employed
here (in fact DMS is used in excess over ClO and so with high
concentrations). This is consistent with the lineaktyDMS]

and the good agreement betwdgnobtained by the previous
simulation calculations and the experimental intercept found in
Figure 6. By subtracting this heterogeneous source of DMSO
we have calculated the branching ratio for DMSCIO —
DMSO + Cl as 0.9+ 0.49.

From these results, chlorine atoms are also quantitatively
produced in reaction 2. Indeed, in additional experiments,
increasing Gl and CIO concentrations, the formation of €H
SCHCI (m/e = 96, 98) was observed, which confirms the
presence of free Cl atoms and the reaction with DMS, as it was

Nakano et a? have studied the temperature dependence of the found within the study of reaction 1. These chlorine atoms may

BrO—DMS reaction at low pressure. We present here the first
temperature-dependence study of reaction 2.

The result for reaction 2 at room temperature obtained in this
work, k(2) = (3.9 4 1.2) x 10715 cm?® molecule® s71, is in
relative agreement with that reported previogsly we take
into account the error bars of both studies.

Concerning the products of the reaction, we have only
observed quantitative production of DMSO. In separate experi-
ments at 335 K its signal was calibrated by measuring a
reference absolute concentration of DMSO coming from a
freshly prepared storage balloon of known volume. The flask

undergo reaction with €xo regenerate CIO in the reactor, which
would have driven to an underestimation of the primary rate
constant. However, since the experiments were performed in
an excess of DMS over £and the reaction of Cl with DMS
(koog = (6.9 4 1.3) x 10712 cm® molecule! s71) is faster than
that with G (k= 1.2 x 10711 cm® molecule® s71),34 Cl atoms
will react mainly with DMS. By simulation with FACSIMILE
program, the regeneration of CIO was confirmed as negligible.
The relative low value of the preexponential factor and the
negative temperature dependence observe#(®) Figure 7,
may be indicative of the formation of an association complex

and all the glass tubing were also heated to prevent losses ofVich can then decompose either back to reactants or to give

DMSO in the walls. The experimental concentrations of DMSO
obtained at different times of reaction were higher than the
expected [DMSO] calculated with the experimenié2) as-
suming that reaction 2 gives DMSO in a unity yield. A similar
behavior had been observed in the flow tube study of the BrO
DMS reactior?® Then, it was explained assuming that BrO in
the wall may react with DMS giving DMSO by an heteroge-
neous mechanism, which could be written as Br@MS,a

— DMSO + Br. This was also envisaged in the study of the
DMS—IO reaction3! In this work, by simultaneous simulation
of the ClIO and DMSO profiles, leaving the rate constant of the
reaction

ClO + DMS,,, — DMSO + Cl (16)

products

CIO + CH,SCH, <> [CH,S(OCI)CHJ* —
CH,S(O)CH, + CI (2)

Indeed, this behavior has already been observed in the
reaction of BrO with DMS® If this is the case, our low-pressure
measurementR < 2.0 Torr) may underestimate the real
atmospheric rate constant for CKDMS since thermalization
of the association complex may be inefficient. So the potential
importance of reaction 2 could even be larger and kinetic and
mechanistic data are also needed at atmospheric pressures.

From a thermodynamic point of view and the calculated
AHs 298k for the three reactions X@ DMS — DMSO + X (X
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