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Kinetics, Mechanism, and Thermochemistry of the Gas Phase Reaction of Atomic Chlorine
with Dimethyl Sulfoxide®

Introduction

Dimethyl sulfoxide (CHS(O)CHs; DMSO) is an important
intermediate in the atmospheric oxidation of dimethyl sulfide
(CH3SCHs; DMS).1~7 DMS is produced primarily via biological
activity in seawater, and its release from the oceans to the
atmosphere is thought to be the largest natural source of
atmospheric sulfu¥-11 The atmospheric oxidation of DMS may
play an important role in global climate because nonvolatile
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A laser flash photolysisresonance fluorescence technique has been employed to study the kinetics of the
reaction of chlorine atoms with dimethyl sulfoxide (€3{O)CHs;; DMSO) as a function of temperature (270

571 K) and pressure {5500 Torr) in nitrogen bath gas. At = 296 K andP = 5 Torr, measured rate
coefficients increase with increasing pressure. Combining our data with literature values for low-pressure
rate coefficients (0.53 Torr He) leads to a rate coefficient for the pressure independent H-transfer channel
of kia = 1.45 x 1071 cm?® molecule® s™* and the following falloff parameters for the pressure-dependent
addition channel in blbath gas:kip o= 2.53 x 10728 cnf molecule? s™; kype = 1.17 x 1071° cm® molecule®

s1, F. = 0.503. At the 95% confidence level, bakh, and kyn(P) have estimated accuracies ©#80%. At

T > 430 K, where adduct decomposition is fast enough that only the H-transfer pathway is important, measured
rate coefficients are independent of pressure—(BI0 Torr Nb) and increase with increasing temperature.

The following Arrhenius expression adequately describes the temperature dependence of the rate coefficients
measured at over the range 43871 K: kia = (4.6 £ 0.4) x 10 exp[-(472 =% 40)/T) cm® molecule* s™*
(uncertainties are @ precision only). When our data at > 430 K are combined with values fds, at
temperatures of 273335 K that are obtained by correcting reported low-pressure rate coefficients from
discharge flow studies to remove the contribution from the pressure-dependent channel, the following modified
Arrhenius expression best describes the derived temperature depenkigred:.34 x 10 15T140exp(+383/

T) cm® molecule* s71 (273 K < T < 571 K). At temperatures around 330 K, reversible addition is observed,
thus allowing equilibrium constants for EDMSO formation and dissociation to be determined. A third-law
analysis of the equilibrium data using structural information obtained from electronic structure calculations
leads to the following thermochemical parameters for the association readjblizgs = —72.8+ 2.9 kJ

mol~, AH%, = —71.5+ 3.3 kJ mof?, andA,;S»9s = —110.64 4.0 J K mol~*. In conjunction with standard
enthalpies of formation of Cl and DMSO taken from the literature, the above valuesHiriead to the
following values for the standard enthalpy of formation of-OMSO: AfH®29s = —102.74 4.9 kJ mot?
andAH°, = —84.4+ 5.8 kJ mot™. Uncertainties in the above thermochemical parameters represent estimated
accuracy at the 95% confidence level. In agreement with one published theoretical study, electronic structure
calculations using density functional theory and G3B3 theory reproduce the experimental adduct bond strength
quite well.

DMS oxidation products can contribute to aerosol formation
and growth in the remote marine environmé&ht* thus
impacting climate directly via aerosol scattering of solar
radiation and indirectly via modification of cloud proper-
ties121516 The current incomplete knowledge of the DMS
oxidation mechanism inhibits an accurate assessment of its role
as a source of nonvolatile gases such as sulfuric aci8Qhj

and methane sulfonic acid (GfD)S(O)OH; MSA)i"18 these
gases are thought to play important roles in particle formation
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phase reaction also appears to be an important loss mechafor Cl, Br, and OH reactions with DMS and DMSO are tabulated
nism1.27.29.39:33 The reaction of atomic chlorine with DMSO, and trends are discussed.

Cl 4+ CH,S(O)CH, — products (1) Experimental Technique

Chlorine atom kinetics in the presence of varying amounts
is at most a minor sink for atmospheric DMSO. However, of DMSO, and at varying temperatures and pressures bfith
characterization of the overall reaction kinetics as a function of gas, were studied using the laser flash photolysis (EFP)
temperature and pressure, the branching ratios for H-transferresonance fluorescence (RF) technique. The-LRP apparatus
and adduct formation, and the bond strength of the@MSO was similar to those we have employed in several previous
adduct are of interest for establishing reactivity trends in radical studies of chlorine atom kinetié$.42 A schematic diagram of
+ organosulfur compound reactions (many of which are the apparatus is published elsewh®&émportant features of
atmospherically important), and for testing the ability of the apparatus as well as experimental details that are specific
electronic structure theory and reaction rate theory to predict to this study are summarized below.
or rationalize the observed trends. Two different reaction cells were employed in this study. All

Four experimental studies of G DMSO reaction kinetics ~ experiments al < 330 K employed a jacketed Pyrex reaction
are reported in the literatufé27.3435Barnes et a# carried out ~ cell*® with an internal volume of~160 cn?. The cell was
a relative rate study at room temperature and atmosphericmaintained at a constant temperature by circulating ethylene
pressure (using propene as the competitor) and obtained ratedlycol (for T = 295 K) or a 2:1 ethanol-methanol mixture (for
coefficients of 7.4x 1071l cm® molecule?! st in air and T < 295 K) from a thermostated bath through the outer jacket.
5.4 x 10711 cm® molecule’ s71 in nitrogen. Falbe-Hansen et All experiments afl > 350 K employed a quartz reaction cell
al?” also carried out a relative rate study at room temperature With an internal volume of-250 cn?. The cell was maintained
and atmospheric pressure (using ethane and propane as compeft @ constant temperature by passing a well-controlled current
tors) and obtained a rate coefficient of 74 107! cm? through high-resistance-wire heaters that were wrapped around
molecule’! st in air, in excellent agreement with the findings  it. Copper-constantan (for low-temperature studies) or chremel
of Barnes et at* The first absolute kinetics study of reaction 1 alumel (for high-temperature studies) thermocouples could be
was reported by Martinez et &fwho employed a low-pressure  injected into the reaction zone through a vacuum seal, thus
discharge flow technique with mass spectrometric detection to allowing measurement of the gas temperature in the reaction
investigate CH DMSO kinetics in helium bath gas over the Vvolume (i.e., the volume from which fluorescence could be
pressure range 0-3 Torr and the temperature range 273  detected) under the precise pressure and flow rate conditions
335 K. Martinez et al. report rate coefficients in the range<1.4  of the experiment. Temperature variation within the reaction
2.0) x 10~ cn® molecule’ s~ with no discernible temperature ~ Volume was found to bes0.5 K atT = 270 K and<1.5 K at
or pressure dependence and also report that HCl is not observed = 570 K.
as a reaction product, although their detection sensitivity for ~ Chlorine atoms were produced by 248 or 266 nm laser flash
HCl appeared to be marginal. A second low-pressure dischargePhotolysis of phosgene:
flow study of CI+ DMSO kinetics has been reported by Riffault
et al.85 they report a rate coefficient of 2.0% 1011 cm? Cl,CO+ hv (248 or 266 nm)— 2Cl+ CO 2
molecule! s™tin 1 Torr of helium bath gas at = 298 K, and
also report that the HCl yield is 0.9 0.15. The significantly A |ambda Physik Compex 102 KrF excimer laser served as
lower rate coefficients reported by Martinez et&hnd Riffault the 248 nm light source; the pulse width wa£0 ns and
et al® compared to the values reported by Barnes étahd  fluences employed in this study ranged from 12 to 35 m3%m
Falbe-Hansen et &, suggest thak, is pressure dependent, pylsel. Fourth harmonic radiation from a Quanta Ray model
which, in turn, suggests that an important reaction channel is pCR-2A Nd:YAG laser served as the 266 nm light source; the

formation of a relatively stable adduct. A recent theoretical study pylse width was~6 ns and fluences employed in this study
by Vandresen and Resende predicts that Cl does indeed add tganged from 12 to 44 mJ cr pulse ™.

the sulfur atom in DMSO to form an adduct that is bound by aAn atomic resonance lamp situated perpendicular to the

73 kJ mot* at 298 K photolysis laser excited resonance fluorescence in the photolyti-
In this paper we report a study of & DMSO kinetics that cally generated chlorine atoms. The resonance lamp consisted
spans a much wider range of temperature and pressure than wasf an electrodeless microwave discharge through about 1 Torr
covered in previous studies. Pressure-independent kinetics aref a flowing mixture containing a trace of £in helium. The
observed at high temperature and pressure-dependent kineticHows of a 0.1% CJ} in He mixture and pure He into the lamp
are observed at low temperature. In an intermediate temperaturevere controlled by separate needle valves, thus allowing the
regime, both adduct formation and adduct decomposition are total pressure and £toncentration to be independently adjusted
observable on the experimental time scales accessible in ourfor optimum signal-to-noise. Radiation was coupled out of the
laser flash photolysis experiments (26-1072 s). The experi- lamp through a magnesium fluoride window and into the
mental results allow rate coefficients to be evaluated for the reaction cell through a magnesium fluoride lens. Before entering
pressure independent pathway (presumably hydrogen transfer)the reaction cell, the lamp output passed through a flowing gas
the adduct formation pathway, and the adduct dissociation filter containing 3 Torr-cm BNO in Nj; this filter blocked
pathway, and also allow the adduct bond strength to be virtually all O atom impurity emissions at 13431 nm while
evaluated. Electronic structure calculations are also reported thatransmitting the CI atom emissions in the 3B0 nm
provide structural information about €DMSO (used in the wavelength range. Fluorescence intensities were found to vary
“third law” evaluation of the bond strength) as well as an adduct linearly with atom concentration up to levels several times higher
bond strength that can be compared with the experimental valuethan any used in the kinetics experiments ({Cf] 2 x 10%2
and with the recently publishédtheoretical value. Finally,  atoms cm? in all experiments and<1l x 10'2 atoms cnm? in
literature values for adduct bond strengths and rate coefficientsnearly all experiments). Collisional quenching of the excited
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states from which resonance fluorescence emanates results irxcluding those data points from the analysis resulted in
approximately a factor of 3 reduction in detection sensitivity at negligible changes in measured rate coefficients. For all reported
P = 500 Torr N compared to the sensitivity at pressures less kinetic data, the DMSO(g) concentration in the reaction cell is
than 10 Torr N. Fluorescence was collected by a magnesium taken to be the average of the concentrations measured in the
fluoride lens on an axis orthogonal to both the photolysis beam upstream and downstream absorption cells.
and the resonance lamp beam and imaged onto the photocathode The CI photolytic precursor @CO absorbs at 213.9 nm,
of a solar blind photomultiplier. The region between the reaction although its absorption cross section is a factor of 42 smaller
cell and the photomultiplier was purged with;Nh addition, a than the DMSO absorption cross sectf®n all experiments,
calcium fluoride window was inserted into this region to prevent the flow of the CLCO/N, mixture was added to the sum of all
detection of lamp emissions at wavelengths shorter than 125other flows at a point between the upstream absorption cell and
nm (Lymane. H atom emission, for example). Signals were the reactor; this necessitated a small dilution correctio?)
processed using photon counting technigques in conjunction withto the concentration of DMSO measured in the upstream
multichannel scaling. For each chlorine atom decay measured,absorption cell. Typically, GCO was present in reaction
signals from a large number of laser shots were averaged tomixtures at a level where it made a small but significant
obtain a well-defined temporal profile over (typically) a factor ~contribution to the 213.9 nm absorbance in the downstream
of 30 variation in the Cl atom concentration. The multichannel absorption cell. To account for this interferendg,for the
scalar sweep was triggered prior to the photolysis laser to allow DMSO absorbance measurement was always obtained with all
a pre-trigger baseline to be obtained. gases except DMSO (including £IO) flowing, and the total

To avoid accumulation of photochemically generated reactive flOW rate adjusted (by addingzto be the same without DMSO
species, all experiments were carried out under “slow flow” flowing as it was when DMSO was present in the flowing gas
conditions. The linear flow rate through the reactor was in the MIXture. o _
range 0.6-3.1 cm s and the laser repetition rate was varied 1N Pure gases used in this study had the following stated
over the range 210 Hz (it was 5 Hz in most experiments). Minimum purities: N, 99.999%; CEClz, 99.9%; C4CO, 99.0%;
Because the direction of flow was perpendicular to the photolysis 107 CF2Clz and CbCO, the stated purities refer to the liquid
laser beam, no volume element of the reaction mixture was phase in the high-pressure storage cylinders. Nitrogen was used

subjected to more than a few laser shots. Phosgene ag@.CF as supplied and @CO and CECl, were degas§ed at 77 K before
were flowed into the reaction cell from 12 L Pyrex bulbs use. The DMSO had a stated minimum purity of 99.9%. It was

containing dilute mixtures in ) whereas Mwas flowed directly transferred into a bybbler fltte(_j with high-v_acuum aII-Tero_n
from its high-pressure storage tank. DMSO was introduced into stopcocks, and was introduced into the reaction cell as described

: . - bove. Before initiating kinetics experiments; Was bubbled
the gas mixture by bubbling Nthrough the liquid DMSO a .
sample, then mixing this flow with th?a other g?as flows. The through the DMSO sample for several days to remove volatile

partial pressures of each component other than DMSO in the'mpu”t'es'

reaction mixture were evaluated from mass flow rate and total Results and Discussion

pressure measurements. The methodology for evaluating the

DMSO concentration in the reactor is discussed below. Photodissociation of GQCO atd ~ 235 nm has been shown
Because the vapor pressure of DMSO is quite 16W0.6 Torr to be a concerted process; i.e., both chlorine atoms are prqduced

at 298 K*), it was necessary to measure the concentration of On @ time scale that is short compared to a rotational 'pé.ﬁod.

this species by UV photometry in situ in the slow flow system The fraction of chlorine atoms generated in the smirbit

both upstream and downstream from the reaction cell. The light €xcited state, CiP1), is thought to be significarfe:*’ Rate

sources for the photometric measurements were zinc penraycoefficients for deactivation of CiRy) in units of cnf

lamps, and band-pass filters were employed to isolate the 213.9Molecule™ s™ are 5.0x 107% for N* and 3.0x 1072 for

nm line. The upstream and downstream absorption cells wereCl2CO:*’ these rate coefficients suggest that relaxation of

100 and 150 cm in length, respectively. The upstream cell was CI(CPu2) into equilibrium with CI€Ps)) is fast compared to the

cross-shaped with a short (7.5 cm) axis that was used to check@t€ of CIgPy) reaction with DMSO under the experimental

for absorption by DMSO adsorbed to the quartz windows of conditions employed, so it can be safely assumed that ai Cl

the photometry cells. The absorption cross section for DMSO(g) PMSO kinetic data reported in this study are representative of
at 213.9 nm was taken to be 5310718 cn? molecule 1:23.25 an equilibrium mixture of CRPy;) and ground-state CRs2)
the uncertainty in this absorption cross section is estimated to 210MS. As a check on the assumption of spin state equilibration,
be +20%, which represents the largest single source of 3 NUmber of experiments were run with £, a very efficient
uncertainty in the reported rate coefficients. In a majority of C!(Pu2) guenchef®™=? added to the reaction mixture. As
photometric measurements, a small fraction of the measured€xPected, this variation in experimental conditions had no effect
absorbance was attributable to window-adsorbed DMSO: this ©" observe;l kinetics. i .

fraction was typically only a few percent, although it did exceed Al €xperiments were carried out under pseudo-first-order
10% in some experiments where DMSO concentrations were _condmons with DMSO in Iarge excess over Cl atoms. Hence,
low. Rejection of data points in the relatively small number of in the absence of side reactions that remove or produce Cl atoms,

cases where window absorbance exceeded 10% of the tota he Cl atpm temporal prqfile fqllowing the laser flash would
e described by the relationship

absorbance had a negligible effect (less than 1%) on measure
rate coefficients. Differences on the order of 10% between
DMSO concentrations measured in the upstream and down- In{[CI]/[Cl] } = (ky[DMSO] + ky)t = k't 0
stream cells were not uncommon, particularly in the low

temperature experiments and, in fact, the upstream cell con-whereks is the rate coefficient for the reaction

centration was not consistently the higher one. As for the case

of the window absorbance (see above), the largest concentratiorCl — first-order loss by diffusion from the detector field of
gradients were observed at low DMSO concentrations, and view and/or reaction with background impurities. (3)
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TABLE 1: Summary of Kinetic Data for the CI + DMSO Reaction atT < 300 K and T > 430 Kab

no. of concentrations

T P expts Cl,CO Cl=o DMSOnax K max ki + 204
270 5.4 8 27065200 5-10 8100 34600 4.28:0.13
270 250 5 17064600 3-8 1720 21200 12.+04
296 4.8 5 3700 10 10500 34200 3.240.04
296 20 6 2000 6 5380 26000 4.860.30
296 50 6 6100 17 4320 27900 6.340.37
296 100 7 5800 9 2730 22200 7.850.42
296 102 12 3100 39 1940 19000 9.42-0.78
296 250 6 3500 10 2500 25200 16:00.4
296 402 6 4800 11 1980 20200 106i40.5
296 505 9 24064700 6-12 1950 21200 10.5:2.0
438 101 5 1180 7 9190 14600 1.560.06¢
467 30 5 6060 5 10000 16900 1.680.07
475 100 7 1180 5 10500 17900 1.#10.07
476 30 6 1210 6 16600 27700 1.880.09
522 31 6 1190 5 13800 25300 1.830.04
543 30 5 4080 3 8820 17200 1.980.0%
571 31 6 1570 5 13800 26900 2.810.08

aUnits: T (K); P (Torr); concentrations (20cm=3); Kmax (57%); ki (107t cm® molecule® s74). P The photolysis wavelength was 266 nm in all
experiments at 270, 296, 467, and 543 K, and 248 nm in all experiments at other tempet&xptss measurement of a single pseudo-first-order
Cl decay rate? Uncertainties represent precision orfly+4 x 10" CF,Cl, per cnf added to promote more rapid equilibration of the?Pdf.1/)
spin—orbit states.
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Figure 2. Plots ofk', the pseudo-first-order Cl atom decay rate, versus
DMSO concentration. The solid lines and the dashed line are obtained
from linear least squares analyses, and the resulting bimolecular rate

Torr; [C.CO] = 3.1 x 10 molecules cm?, [Cl] i = 9 x 10" atoms coefficients, i.e., the slopes of the plots, are listed in Table 1. The dashed
cm%; [DMSO] "? units of 1G3_molecules cm? = () 0, (b) 2.21, (¢) . line is the k’)est’linear fi? to the daaa ﬁ: 475 K, P = 100 Torr.
7.54, (d) 19.4. Lines are obtained from least-squares analyses and give '

the following pseudo-first-order decay rates in units df a) 67, (b) )
2650, (c) 6950, (d) 19000. the DMSO concentration measurement20%). Hence, we

estimate that the accuracy of reported valuesKgP,T) is
+25%.

At T < 300 K, measured bimolecular rate coefficients were
found to increase with increasing pressure (see Table 1).
Comparison of the pressure-dependent rate coefficients mea-
sured at 270 and 296 K in this study with the low-pressure rate
coefficients at 278" and 298 K*35reported by Martinez et &f.
and Riffault et af> demonstrates that the pressure-dependent

Figure 1. Typical Cl atom temporal profiles observedTat< 300 K
and atT > 430 K. Experimental conditionsT = 296 K; P = 102

The bimolecular rate coefficients of intered;(P,T), are
determined from the slopes &f vs [DMSO] plots for data
obtained at constafitandP. Observation of Cl temporal profiles
that are exponential, i.e., obey eq I, a linear dependenéé of
on [DMSO], and invariance ok’ to variation in laser photon
fluence and photolyte (i.e., phosgene) concentration strongly

sugggst Fhat reac_:tions 1 and 3 are, indged, the only ProCesS€raaction becomes the major pathway at iNessures greater
that significantly influence the Cl time history. than a few Torr. The 296 K rate coefficients reported in this
Kineticsat T < 296 Kand T = 438 K. For all experiments  study are plotted as a function of pressure in Figure 3 along
carried out at temperatures below 300 K or above 430 K, well- with the low-pressure 298 K rate coefficients reported by
behaved pseudo-first-order kinetics were observed; i.e., Cl atomMartinez et af4 and Riffault et aP® To construct Figure 3, the
temporal profiles obeyed eq | and measukedalues increased  pressures employed in the Martinez et al. and Riffault et al.
linearly with increasing [DMSQ] but were independent of laser studies are divided by two to account for the expected difference
photon fluence and photolyte concentration. Typical data are in effectiveness as a third body betwees Which was used as
shown in Figures 1 and 2, and measured bimolecular ratethe bath gas in our study, and helium, which was used as the
coefficients,ki(P,T), are summarized in Table 1. Because the bath gas in the studies of Martinez et al. and Riffault et al. The
precision of most of the rate coefficients reported in Table 1 is observed pressure dependenc&;afuggests that the dominant
quite good, accuracy is limited primarily by the uncertainty in reaction pathway at < 300 K and pressures greater than a
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Figure 3. Plot of k; versus pressure for data obtained at-2968 K.
Our results over the pressure range—-4585 Torr are plotted along
with the low-pressure results of Martinez effaand Riffault et al3®
The solid line is the best fit to eq IV in the text; best fit paramekess
kibo kibw, @andF¢ are given in the text. The dashed lines are plots of
kia versusP (horizontal line) andk, versusP.

few Torr is formation of a stable adduct of Cl to the sulfur atom
in DMSO:

Cl 4 CH,S(O)CH, + M — CH,(C)S(O)CH, + M (1b)

Nicovich et al.
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Figure 4. Arrhenius plot for the reaction G+ CH;S(O)CH; — CHsS-
(O)CH, + HCI. Open circles:P = 100 Torr, this work; filled circles:

P = 30 Torr, this work; open triangles: “corrected” data of Martinez
et al.3 filled square: “corrected” data of Riffault et @.The dashed

line is the best fit of our data only to= A exp(—E4RT) whereas the
dotted line is the best fit of all data to the same expression. The solid
line is the best fit of all data t& = A'T" exp(—EJ4/RT). The best fit
parameters that describe each of the three lines are given in the text.

0.004

at an effective M pressure of 0.5 Torr (or a helium pressure of
1.0 Torr), the pressure-independent pathway accounts for 82%
of the overall reactivity, i.e.kiZk; = 0.82. Riffault et aP®
measured the HCI yield from reaction 1 to be 0:810.15 in

To describe the pressure dependence of the bimolecular ratey 0 Torr of helium at 298 K. Hence, the combination of the
coefficient for an association reaction for a specified bath gas results reported in this study and the HCI yield measurement
at a specified temperature, an equation of the following form is of Riffault et al. suggests that the pressure-independent contri-

frequently employed?®
K(IM], T) = kok [M] F*(k,, + k[M]) ~* (1
X = {1+ [log(k[MI/k)I*} (1

In the above equation&y and k., are approximations to the

bution to Cl+ DMSO reactivity is almost exclusively hydrogen
transfer:
Cl + CH,S(O)CH,— HCI + CH;S(O)CH, (1a)

Considering the uncertainty in determination of the DMSO
concentration (see above) and the multiparameter nature of the

low- and high-pressure limit rate coefficients, respectively, and fitting procedure used to obtain the reported valuekiar we

Fc is the “broadening parameterky and F. depend on both
temperature and the identity of the bath gas, whekeaepends

estimate the accuracy of olar, determination to bet30% at
the 95% confidence level. As an example of the sensitivity of

only on temperature. Using the above parametrization with an Kia to the choice of other fit parameters, if we & at 0.6, as

added pressure-independent chankg),(i.e.,
Ky = Kia Ky = Ky 1 Ky oKy o[M] ch
(Kipgs + kap dMD ~* (IV)

to fit the kinetic data for reaction 1 &= 296+ 2 K gives the
following results:

Kyp (N2, 296 K)=2.53x 10~** cm® moleculé*s™*
Kip(296 K) = 1.17 x 10 *°cm® molecule * s
F.(N,,296 K)=0.503
k (296 K)=1.45x 10 ' cm® molecule *s™*

To obtain the above results, the four quantiti@se, Kibe, Fc,

andk;, were all treated as adjustable parameters. As shown by

the solid line in Figure 3, which is a plot d§ vs P, the

is done in the NASA panel evaluatioffsthe retrieved value

for kyaincreases to 1.52 10~ cm® molecule s1; similarly,

if we fix F¢ at 0.4, the retrieved value fda, is reduced to
1.37 x 10711 cm® molecule* s71. Over the range of pressure

of our study (5-500 Torr), we believe that values fégy(P)
obtained from the reported falloff parameters are also accurate
to £30% (95% confidence level).

At T = 438 K, k; is found to be independent of pressure
over the range 306100 Torr (see Figure 2 and Table 1). An
Arrhenius plot for reaction 1 that includes our high-temperature
data is shown in Figure 4. A linear least-squares analysis of
our Ink; vs 1T data atT > 438 K (dashed line in Figure 4)
gives the following Arrhenius expression:

ky(T) = (4.6+0.4)x 10

exp[—(472+ 40)/T] cm* molecule*s™*
(438K =T = 571K) (V)

Uncertainties in the above expression asea®d represent the

parametrization represents the experimental data quite well. Theprecision of the Arrhenius parameters only.

dashed lines in Figure 3 are plotslaf, vs P (horizontal line),

When the high-temperature kinetic observations are consid-

andkjp, vs P. The results summarized in Figure 3 suggest that ered in conjunction with the kinetic and mechanistic data
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TABLE 2: Results of the Cl + CH3S(O)CHz + N, — — 11

CH3(CI)S(O)CH3s + N, Equilibration Kinetics Experiments kioT) = (2.7 0.5)x 10

at T =330 K and P = 280 Torrab exp[—(201=+ 77)/M] cm® molecule ' s™*

[DMSO] Q a b k ki ko kn Kp (273 K= T =< 571K) (VII)

6.31 3000 8020 530 52 238 7.28 2760 6.01 . P — T .
6.43 3040 8150 605 45 358 7.36 2690 623 IS plotted as adotted line in Figure 4. Uncertainties in expression

10.6 3060 11300 592 52 192 6.88 2870 546 VIl are 20 and represent the precision of the Arrhenius
12.4 3370 14200 691 33 316 7.80 3050 5.81 parameters only. The solid line in Figure 4 supports the
12.9 3140 14200 648 33 272 7.60 2870 6.01 assumption of a temperature-independent value ghat was
16.4 3220 17500 652 33 230 7.62 2990 5.79 ged to estimatéssk; values under the conditions of the
588 g%gg ggggg %g gg fg; 2:4213 gggg 451:28 Martinez et af* and Riffault et aP® studies (273335 K).
33.6 3130 29700 660 46 120 6.65 3010 504 Kinetics at T = 330 K. At temperatures intermediate between
352 3240 31000 744 45 204 6.64 3040 4.99 the low-temperature regimeT(< 300 K) and the high-
2 Units: [DMSO] (10° molecules crmd): Q, a, b, ks, ke, k 1o (3): temperature regimeT(> 430 K), rggeneration of Cl atoms .via
ki (1011 cm? molecule s 2); K, (LCF atm 3). ° In all experiments, a seqqndary reaction became evident. Un(_jer these _expenmental
[Cl]i=o Was in the range (69) x 10t atoms cm?, [Cl,CO] was in the conditions, observed Cl atom temporal profiles were independent
range (3.5-5.1) x 10 molecules cm?, and the photolysis wavelength  of laser fluence and @CO concentration but varied as a function
was 248 nm¢ ~3 x 10" CR,Cl, per cn? added to promote more rapid ~ DMSO concentration, pressure, and temperature in the manner
equilibration of the CRP321/) spin—orbit states. expected if unimolecular decomposition of the—CIMSO
adduct was the source of regenerated chlorine atoms. Hence,
obtained at low temperature in our laboratory and in other the complete kinetic scheme for describing chlorine atom
laboratories (discussed above and below), we are led to thekinetics in the intermediate temperature regime includes not only
conclusion that the addition pathway is unimportari at 430 reactions 1a, 1b, and 3 but also reactiertth and 4:
K due to very rapid dissociation of the adduct. Hence, the
dominant reaction pathway at > 430 K is concluded to be CH,4(CS(O)CH, + M — Cl + CH,S(O)CH, + M (—1b)
hydrogen transfer, i.ek; = kia As discussed above for the
room-temperature case, two recent low-pressure discharge flowCH;(Cl)S(O)CH, —
(DF) kinetics studies with mass spectrometric (MS) detection loss via processes that do not generate Cl atoms (4)
of reactants and product$3®>when considered in conjunction
with the temperature- and pressure-dependent kinetic data”Assuming that all processes affecting the temporal evolution
reported in this study, allow values fk[a to be estimated at of Cl and C-DMSO are first-order or pseUdO'ﬁrSt'Order, the
temperatures in the 27335 K range. Plotted in Figure 4 along ~ fate equations for the above reaction scheme can be solved
with the high-temperature rate coefficients measured in this analytically:
study are low-pressure rate coefficients reported by Martinez 1
et al34 and Riffault et af5 at temperatures in the range 273 S = S{(Q+ a) explat) — (Q + b) exp)} (a — b)
335 Kwith the estimated contribution from the addition channel (Vi)
remaed Values ofkidk; at room temperature and effective
N, pressures of 0.25, 0.5, and 1.5 Torr are taken to be 0.895,
0.82, and 0.65, respectively, on the basis of the results shown

In eq VIII, S andS, are the resonance fluorescence signal levels
at timest and 0 (the laser fires at timre 0), and

in Figure 3. To estimatéis/k; under the conditions of the Q=k_ y,+k, (IX)
Martinez et al. experiments at 273 and 335F{= 1 Torr,

i.e., effective N pressure of 0.5 Torr), we assume that is Q + ky + (ky,+ k,)[DMSO] = —(a + b) (X)
independent of temperature over the range233b K, and use

the values forky, that we report at 270, 296, and 330 K (see Q(k; + k, [DMSO]) + k, k, [DMSO] =ab  (XI)

Tables 1 and 2) to estimate valueskef under the conditions

of the Martinez et al. experiments. This approach leadgdo  Observed resonance fluorescence temporal profiles were fit to
ki values of 0.87 at 335 KPye = 1 Torr and 0.765 at 273 K, the double exponential eq VIII using a nonlinear least-squares
Phe = 1 Torr. When our high-temperature data are combined method to obtain values far, b, Q, andS. The background ClI
with the corrected low temperature, low-pressure rate coef- atom loss ratekg) was directly measured and the 330 K rate
ficients, a somewhat nonlinelitkya versusT— plot is suggested.  coefficient for the pressure-independent reactlag) (vas taken

The solid line in Figure 3 is the best fit of the combined high- to be 1.44x 107 cn® molecule® s1 on the basis of the data
temperature data from this study and the low-pressure data fromshown in Figure 4. Rearrangement of the above equations shows
the DF-MS studied*3> (corrected using estimated values for that the rate coefficients;, k_1,, andks can be obtained from

kidki as described above) to the modified Arrhenius fdrm the fit parameters and the experimental valueskfoand ki,
A'T" exp(—E4/RT); the best fit expression is using the following relationships:
ki) = 1.34x 10 T4 kip=—(Q + ks + k; JDMSO] + a + b)[DMSO] * (XII)
3 11
exp(+383/T) cm molecule ™ s k, = {ab— Q(k; + k; JDMSO])} (k,,[DMSO])* ~ (XIll)

(273K= T =< 571K) (VI)
, , kKp=Q—k (XIV)
The data are not represented quite as well using the standard
Arrhenius expression, although one could argue that given the As a result of limitations imposed by the relatively fast hydrogen
scatter in the data, an Arrhenius fit is satisfactory. The best fit transfer reaction, the strong dependenck_gf on temperature,
Arrhenius expression, the range of experimentally accessible reaction times, and the
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Signal (10300unts)
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Figure 5. Typical Cl atom temporal profilesy vs time) observed at
T =330 K andP = 280 Torr. Other experimental conditions: {CIO]
= (4.4-5.1) x 10" molecules cm?; [Cl]i=o = (8—9) x 10! atoms
cm3; [DMSQ] in units of 13° molecules cm® = (a) 6.31, (b) 10.6,
and (c) 29.0. Solid lines are obtained from nonlinear least-squares fits
to eq VIII. The best fit parametees b, andQ are summarized in Table
2.

Nicovich et al.

reasonably low radical concentrations employed, i.e., usually
less than 1x 10'2 per cn?, and the relatively short time scales
for kinetic observations (Cl atom lifetimes in experiments with
DMSO present were typically in the range-3B00 us).

Cl + CH,S(O)CH, — products (5)

(6)

Even if reactions 5 and 6 occurred on every reactant encounter,
these processes would not be fast enough to compete with
reaction 1 as a Cl atom removal pathway under the experimental
conditions employed. Experimentally, the fact that observed
kinetics were unaffected by factors of 3 variation in [Jgee
Table 1) confirms that reactions 5 and 6 were unimportant Cl
atom removal mechanisms.

Interaction of the radical products of the €IDMSO reaction
with phosgene is a chlorine atom regeneration mechanism that
warrants consideration:

Cl 4+ CH4(CI)S(O)CH, — products

CH,S(O)CH, + Cl,CO— CH,S(0)CHCI + CICO  (7)

reduction in signal levels with increasing nitrogen pressure, data CH,(Cl)S(O)CH, + Cl,CO— CH,S(O)CH, + Cl, + CICO

of sufficient quality to allow quantitative evaluation of bdy

and k-_;p from the analysis described above could only be
obtained over a fairly narrow range of temperatures and
pressures. As a result, we focused a majority of our effort on
one set of conditions] = 330 K andP = 280 Torr. Some
variations inT and P were carried out to demonstrate that
(qualitatively) the expected behavior was observed, but the
guantitative analysis has been restricted to the 330 K, 280 Torr
data. Typical Cl atom temporal profiles obtainedlat 330 K
andP = 280 Torr are shown in Figure 5 along with the best
fits of each temporal profile to eq VIII. The results obtained
from quantitative analysis of 10 temporal profiles spanning
almost a factor of 6 variation in [DMSO] are summarized in
Table 2. It is worth noting that values fdg, obtained from

(8)
9)

Because CICO is bound by only 32 kJ mbt! reaction 9 would
occur very rapidly following CICO generation via reactions 7
or 8. Based on the enthalpy of formation of «IDMSO
determined in this study (see below), reaction 8 is very
endothermic and cannot be fast enough to represent a significant
source of regenerated Cl atoms. The enthalpies of formation of
CHsS(O)CH and CHS(O)CHCI are not well established.
However, based on the known thermochemistry of the analogous
reaction that generates GBCHCI from CHSCH,,52755 it
seems likely that reaction 7 is energetically favorable. Further-

CICO+M—CI+CO+M

analysis of the double exponential decays are consistent withmore, theoretical calculations carried out as part of this study

those obtained at lower temperatures where chlorine atom
regeneration was negligibly slow. Although there is a slight
tendency for the derived value ki, to decrease with increasing
DMSO concentration, we believe that the mean valudkgf
obtained from the data in Table 2, 7.16 x 1bcm?® molecule*
s71, is accurate ta-30%. The precision of the values fkr
reported in Table 2 is also quite good, although in this case
there is a slight tendency for the derived valuéaf, to increase
with increasing DMSO concentration. We estimate that the mean
value fork-;, obtained from the data in Table 2, 2920 sis
also accurate to withif=30%. Also given in Table 3 are values
for K that are derived from the following relationship:

Kp = kiK1 RT) = K(RT) ™ (XV)
The accuracy of the average value ¥y obtained from the
data in Table 3, 5.6 1P atmr%, is estimated to b&40% at
the 95% confidence level.

Possible Secondary Chemistry ComplicationsThe pho-
tochemical system used to study the kinetics of reactions 1a,
1b, and—1b appears to be relatively free of complications from
unwanted side reactions. The high purity of the DMSO sample
(>99.9%) coupled with the fact that the reactions under
investigation are quite fast rules out significant Cl atom loss
via reaction with impurities in the DMSO. Radiealadical

and elsewhefé€ allow us to estimate that the 298 K heats of
formation of CHS(O)CH: and CHS(O)CHCI are+62 + 10
and—167+ 10 kJ mof?, respectively; in conjunction with the
known heats of formation of CIC® and ChCO? these
theoretical estimates lead to an estimated value ®f + 24

kJ mol® for AH° for reaction 7. Experimentally, internally
consistent results were obtained over a factor of 5 rangeef Cl
CO concentrations (see Table 1), thus confirming that even
though reaction 7 appears to be exothermic, it is too slow to
significantly affect the CI time history under the experimental
conditions employed.

Ab Initio Calculations. All calculations were made with
Gaussian 987 Optimized geometries were determined using
density functional theoP§ with the B3LYP exchange/correlation
functionaP® and using MP2. In the DFT calculations, the
6-31+G(d) basis set was used for all atoms except bromine
where an effective core potential (ECPE)yas used for the
core electrons in conjunction with a 311/311/1 basis set
contraction for the valence orbitals. The G2(MP2) level of
theonf! (with MP2/6-3H-G(d) geometries and frequencies) was
used to calculate the binding enthalpy of ClI with DMS and
DMSO. For the G2(MP2) binding enthalpy of Br with DMS
and DMSO, MP2 geometries and frequencies were determined
with the 6-31-G(d) basis set for all atoms except bromine where
the ECP(S) effective core potential was u8&éf For the

interactions such as reactions 5 and 6 are not expected toG2(MP2) binding enthalpy of OH with DMS and DMSO, the

contribute significantly to ClI atom removal because of the

MP2/6-3HG(2d) level was used to compute geometries and
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TABLE 3: Calculated Binding Enthalpies (kJ mol~1) at 0 K and (298 K) for Cl, Br, and OH Adducts with DMS and DMSO

X—DMS X—DMSO

X =Cl X =Br X =OH X=Cl X =Br X =OH
PMP2/3-24-G(dy 51.0 50.6 31.0 44.8
[QCISD(T)/6-3H-G(2d,p)[//UMP2/6-3%G(2d} 36.4
B3LYP/6-31+G(d)/ECP(Bry© 90.0 87.4 (47.3) 77.4 77.0 (49.4)
B3LYP/6-31H-G(2df,p)//B3LYP/6-31%G(d,p)  (97.0)
UQCISD(T)//UMP2/DZP (53.2)
G2(MP2) 78.9(80.4) 47.0(48.2) 43.6 (46.7) 64.8(66.1) 30.4(31.4) 49.1 (55.0)
G3BI" 80.8(81.8) 62.7 (63.4) 65.8 (66.6)  44.7 (45.2)
G3//IMP2/6-311G(d,p) 46.6 (50.7)
QCISD(T)/6-311+G(2df,2p) 74.0 59.0
CCSD(T)/CBS 71.9 (73.3)
WF-1 (36.4)
CCSD(T)/aug-cc-pV(Fd)zm 44.6
G3S/3//MPW1K//IMG338 (41.4)

2 Reference 642 ECP(Br) indicates that an effective core potential was used for bromiReference 92¢ Reference 93¢ Reference 94 This
work. The following varieties of G2(MP2) were used: €IG2(MP2)//MP2/6-3%+G(d), Br= G2(MP2)[ECP(S)]//IMP2/6-3tG(d), OH= G2(MP2)//
MP2/6-31G(2d).9 This work. For G3B3 method, see Reference "9Bor bromine and bromine-containing compounds, the G3B3 method was
used with geometries, frequencies (unscaled), and heat capacity corrections from B3L¥&@R1See refs 74, 75, and 9Reference 56.
I Reference 96¢Reference 36.Reference 97" Reference 98! Reference 99. The authors have computed the binding enthalpy (298K) of

DMS—OH at twenty different levels of theory.

TABLE 4: Summary of Parameters Used in Calculations of Absolute Entropies and Heat Capacity Corrections

Cl CHsS(0O)CH CH;(Cl)S(O)CHs
Jo 4 1 2
G 2
Ae (cm™1)2 882.36

rot. constants (crt)
vib frequencies (cmt)

0.229, 0.228, 0.138
3226, 3225, 3213
3210, 3101, 3100
1518, 1501, 1497
1483, 1413, 1392
1104, 1073, 1002

0.143, 0.0633, 0.0608
3254, 3251, 3234
3233, 3117, 3117
1505, 1490, 1489
1477, 1411, 1391
1162, 1076, 1021

977,942,730 992, 959, 770
697, 375, 311 696, 365, 324
297, 2445 186" 287, 263, 216

196P 125,111

a Ae = energy splitting between the lowest two electronic states; DMSO has no low-energy excited states ardi&Cladduct is assumed
to have none® Torsional frequencies which are treated as vibrations in the entropy calculation (see text).

frequencies due to the inability of the MP2/6-8G(d) level to
correctly describe the 2¢3e interaction between OH and
DMS .84 In addition, G3B3 calculatio? (based on B3LYP/

6-31G(d) geometries and frequencies) were made for the binding 330

enthalpy of Cl with DMS and DMSO. Corrections for basis set
superposition err6f (BSSE), which have not been made, might
decrease the binding enthalpy by a few kJ/mol.

Reported theoretical XDMSO and X-DMS binding en-
thalpies at 0 and 298 K are summarized in Table 3 for XI,

Br, and OH. Because density functional theory is known to be

defective in describing the spin/charge localization in 2 cerer
electron (2e-3e) bonded systent$;”4 we believe the G3B3

values to be more reliable than the full DFT results. Interestingly,

the G2(MP2) and G3B3 binding enthalpies for-TIMS and

TABLE 5: Thermochemical Parameters for the Reaction
Cl + CH3S(O)CH3 - CH3(C|)S(O)CH3ab

T AS AH° AH°(CI-DMSOY¥
—110.5+ 4.0 —72.8+2.8
298 —110.6+ 4.0 —72.8+2.9 —102.7+ 4.9
0 —71.5+3.3 —84.4+5.8

aUnits: T (K); AS (J Kt mol™); AH°, AH°(CI-DMSO) (kJ
mol1). P Uncertainties are accuracy estimates at the 95% confidence
level. ¢ Evaluated assuming the following values fH°(X) in units
of kJ mol* (X = Cl or DMSO): +119.6 for Cl at 0 K;+121.3 for Cl
at 298 K;—132.5+ 2.5 for DMSO at 0 K;—151.2+ 2.0 for DMSO
at 298 K. Values for Cl are obtained from ref 78, and values for DMSO
are averages of values reported in refs-89.

conjunction with a calculated entropy change for reaction 1b

CI-DMSO are not sensitive to whether the geometry was to determine the enthalpy change associated with adduct

optimized at MP2 (G2(MP2)) or DFT (G3B3). For bromine-
containing complexes, the G3 methdd7¢ (adapted for
B3LYP/6-31+G(d) geometries, i.e., G3B3) gives binding en-

thalpies in much better agreement with experiment than the

formation:

AH°=TAS —RTInK, (XVI)

G2(MP2) method (experimental results are summarized in Table To evaluateA,S for reaction 1b, absolute entropies as a function

6 and discussed in more detail below).

The B3LYP/6-3H1-G(d) calculated structures of DMSO and
CI—-DMSO are presented in Figure 6. The structure of DMSO
obtained from microwave spectroscdpis compared with the
calculated structure in Figure 6.

Adduct Thermochemistry. The experimental value fdf,
at 330 K (5.6+ 2.2) x 1® atmt!, has been employed in

of temperature were obtained from the JANAF taBidsr Cl,

and calculated using ab initio vibrational frequencies and
moments of inertia for DMSO and €DMSO. Relevant
parameters used in the calculations of absolute entropies and
heat capacity corrections are summarized in Table 4. The two
lowest frequency normal modes for DMSO (186 and 244%9m

and the third and fourth lowest frequency normal modes for
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TABLE 6: Comparison of Experimental H-Transfer Rate
Coefficients, Addition Rate Coefficients, and Adduct Bond
Strengths (All at 298 K) for Reactions of Cl, Br, and OH
with DMS and DMS0O?2

addition

rate coefficierft

H-transfer rate 298 K adduct

reaction coefficient 100 Torf 760 Torf bond strength
Cl + DMS 180G 700f  90C 150¢
Br + DMS 0.3 500"+ 1000 5@
OH+ DMS 5gckmno gQopar  200oPan  440P
Cl+ DMSO 1454w 690"V 970w 73w
Br + DMSO u
OH+ DMSO  <3ov 900w 900Wx

aTW = this work.” Units are 10% cm® molecule* s*. ¢ Nitrogen
or air bath gas? Units are kJ mol%; uncertainties are typically-10
kJ molL. ¢ Reference 37.Reference 100 Reference 547 Reference
23.7Reference 101.Reference 10X Reference 103.Reference 104.
mReference 105! Reference 106 Reference 107 Reference 108.
4 Reference 109.Reference 110 Reference 34 Reference 35! Re-
action is significantly endothermic and, therefore, very sloReference
26. " Reference 28t Reference 25.

1.519(1.485)

CSC 96.3(96.6)
OSC 106.8(106.5)

CSC 1015
OSC 108.0
0SCl1143.1

2.654

©

Figure 6. Structures for CHS(0O)CH; and CH(CI)S(O)CH; at the

B3LYP/6-31+G(d) level of theory. Bond lengths and bond angles

shown in parentheses are experimental values taken from ref 77.

magnitude of the barriers for GHnternal rotations, suggest

that these barriers are in the range%®kJ mol* and are similar
enough in magnitude in DMSO and ©DMSO that whether

these modes are treated as vibrations or hindered rotations ha

little effect on the calculated value f&S’; i.e., results differ

by <1 J K1 mol™%. At 330 K, our analysis gives the results
AS = —110.5+ 4.0 J K1 mol! (calculated treating the

torsional modes as vibrations) amgH® = —72.8 + 2.8 kJ

mol~1; the uncertainties we report reflect an estimate of our
imperfect knowledge of the input data needed to calculate

absolute entropies (particularly the low-frequency-OMSO

vibrations) as well as the estimated uncertainty in the experi-
mental value folKp(330 K). Appropriate heat capacity correc-
tions have been employed to obtairH® values at 298 and 0

K; the results are given in Table 5. The valuesAg® in Table

Nicovich et al.

5 can be used in conjunction with literature values for the
standard enthalpies of formation of €land DMSG-8! to
deduce values for the standard enthalpy of formation of CI
DMSO, A:H°(CI-DMSO), at 298 and 0 K; these values are
also given in Table 5.

For comparison with the experimental values for theC
bond strength in CGtDMSO (seeA/H° values in Table 5),
theoretical values have been obtained using density functional
theory (DFT) at the B3LYP/6-31tG(d) level and G3B3 theory.
Theoretical values foAH° at 298 K are as follows:

—75.4 kJ mol*
—66.6 kJ mol*

B3LYP/6-314+G(d)
G3B3

The theoretical\(H® values bracket the experimental value of
—72.84+ 2.9 kJ mot?, with density functional theory predicting

a stronger bond than observation and G3B3 theory predicting a
weaker bond; this trend in comparing experimental bond
strengths with theoretical bond strengths is also evident in our
earlier studies of the C4t—ClI,38 CH3Br—ClI,3% and GDsl —CI#?
adducts. The theoretical bond strengths reported in this study
agree quite well with the bond strength obtained by Vandresen
and Resende at the CCSD(T)/CBS level of theory. Overall, the
agreement between experiment and theory is excellent.

Comparison with Previous ResearchAs mentioned in the
Introduction, four previous studies of Gt DMSO reaction
kinetics are reported in the literatud®?7-3435The results of the
low-pressure discharge flow studies of Martinez et*and
Riffault et al3® are consistent with the higher pressure data
reported in this study and are used in our analysis to derive
Arrhenius parameters for reaction 1a and falloff parameters for
reaction 1b at room temperature (see Figures 3 and 4 as well as
associated discussion). Barnes e¥and Falbe-Hansen et #l.
both carried out relative rate studies in large&500 L) chambers
at atmospheric pressure and room temperature in air using
254 nm photolysis of GCO as the photolytic source of chlorine
atoms and FTIR spectroscopy to monitor the loss of reactants
and the formation of products. The rate coefficients reported in
the two studies, in units of 1@' cm® molecule® s, are
7.4+ 1.8%and 7.4+ 1.02” where the uncertainties represent
10, precision only* and 2, overall uncertainty/ respectively.
Significant heterogeneous loss of DMSO, i.e.;-20% of the
gas-phase loss rate, was observed in both studies. BarnéX et al.
also carried out experiments in;Math gas and obtained the
somewhat slower rate coefficient (54 1.4) x 107 cm?®
molecule! s71, where the uncertainty iso]l precision only.
Sulfur dioxide (SQ) and dimethyl sulfone (CKO)S(O)CH;,

é:)MSOZ) were observed as end products in both studies. The
rate coefficients reported in the relative rate studies are factors
of 1.5-2 slower than the rate coefficients we obtain at room
temperature and pressures approaching 1 atm, although it should
e kept in mind that uncertainties in all reported rate coefficients
%ncluding those reported in this study) are substantial because
of the problems associated with handling DMSO in the gas
phase. One possible explanation why slower rate coefficients
are measured in the relative rate studies concerns the fact that
secondary conversion of the adduct into DMSO via reaction
—1b, via adduct photolysis, or via the adduct self-reaction,
2CH,(C)S(O)CH, — 2CH,S(O)CH, + Cl,  (10)
would not be observed as a reaction in the relative rate studies;
i.e., we measure the total rate coefficient for adduct formation
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whereas the relative rate studies only measure the fraction of

addition events for which the adduct is not converted back to
DMSO. The slower rate coefficient measured by Barnes %t al.
in 1 atm N, compared to the one measured in 1 atm air could
be rationalized as resulting from an adddcO, reaction that

is fast enough to compete with reactionsb and 10 for adduct
removal. In a recent conference presentation, Wine®traport

an upper limit of 1x 108 cm?® molecule’® s7! for the CH
DMSO + O rate coefficient, but the reported upper limit does
not rule out the importance of EDMSO + O; in the Barnes

et al. study. In another recent conference presentation, Arsen
et al® report relative rate studies of the € DMSO reaction

in 1 atm Nv+O; as a function of temperature (28308 K) and

O; partial pressure (6500 mbar). The rate coefficients reported
by Arsene et a¥* are extremely fast, i.e., (223.6) x 10710

cm® molecule’® s71, increase with increasing temperature, and
are independent of Opartial pressure. The magnitude of the

rate coefficients reported by Arsene et al. seem inconsistent with
those obtained in this study, and both the magnitude of the rate

coefficients and the lack of a dependence orpértial pressure
are inconsistent with the results of Barnes et*alhe results

of Barnes et al. and Arsene et al. have not been published 'ndecomposes b

the peer-reviewed literature, so additional relative rate studies
that pay careful attention to quantifying heterogeneous DMSO
loss processes and other potential secondary chemistry com
plications would be desirable. It is worth pointing out that the
occurrence of reaction 10 in the Arsene et al. study could explain
the rapid DMSO removal observed by these investigators,
because DMSO is known to react withpC product of reaction
10. As discussed above in the context of other radicadlical
reactions, the time scale of our experiment and the low
concentrations of GtDMSO present in our laser flash pho-
tolysis reactor rule out significant impact on observed CI kinetics
in our study from either reaction 10 or a subsequent DMSO
Cl; reaction.

The results reported in this paper for the®€DMSO reaction
have been combined with other available information to
construct Table 6, a comparisonex{perimentaH-transfer rate

J. Phys. Chem. A, Vol. 110, No. 21, 2008383

—63.6 kJ mor*
—45.2 kJ mol*

B3LYP/6-314+-G(d)
G3B3

The difference in the adduct bond strengths calculated by the
two methods is substantially larger than the corresponding
difference in the CH DMSO calculations (see above). This
difference is likely a result of the fact that the-28e interaction

in CI-DMSO is more symmetrical than the corresponding
interaction in BFDMSO,; i.e., the unpaired spin density is more

gvenly distributed between Cl and S in-<@MSO (0.50/0.24)

than between Br and S in BDMSO (0.11/0.69). Hence, the
large difference between G3B3 and DFT for-B)MSO can
likely be attributed to the known failure of DFT to properly
describe unsymmetrical 28e systems. The only published
experimental study of Bt~ DMSO kinetics is a recent chamber
study by Ballesteros et &l. These investigators employed
continuous photolysis with FTIR detection of reactants and
products; they carried out their study at room temperature and
atmospheric pressure of air bath gas. Ballesteros et al. found
the Br+ DMSO reaction to be very slow, i.ek,< 1 x 10715

cm® molecule’® s71, suggesting that if an adduct is formed, it
ack to reactants on a time scale that is fast
compared to the time scale for other competing processes such
as reaction with @ photolysis to products other than Br

DMSO, or radicat-radical reactions.

The information summarized in Tables 3 and 6 indicates that
Cl forms more strongly bound adducts than Br with DMS and
DMSO, and also that Cl atoms form a more strongly bound
adduct with DMS than with DMSO. The 2@e bond strength
for neutral complexes is strongest when the HOMO orbital
energy of the closed-shell fragment best matches the SOMO
orbital energy of the radical fragmef#.The orbital energy
match can be related to the difference in the ionization energy
(IE) of the closed-shell fragment and the electron affinity (EA)
of the radical fragment. A smaller difference results in a larger
binding enthalpy. For the EIDMS complex, the orbital energy
match is nearly optimal which results in a very strong-2e
bond enthalpy. The orbital match is slightly worse in the-Cl

coefficients, addition rate coefficients, and adduct bond strengthsDMSO complex and the binding enthalpy is somewhat smaller.

for reactions of Cl, Br, and OH with DMS and DMSO. All of
the quantities tabulated in Table 6 except for the ©®HDMS
H-transfer rate coefficient have significant uncertainties, but the

In the B—DMS and B-DMSO complexes, the smaller IE of
Br relative to CI (7.88 eV compared to 8.80 eV) leads to a poorer
orbital match and a weaker 28e interaction. In the BFDMSO

numbers, which represent our best estimates based on availabl§omplex, the small unpaired spin density on Br (0.11) indicates

information, allow some interesting qualitative comparisons.

The reactivity of the radical species toward H-transfer follows
the trend CI> OH > Br which is typical of many radicat-
organic reaction® The C-H bonds in DMS and DMSO are
strong enough that the Br DMS H-transfer reaction is slightly
endothermie* and the corresponding Br DMSO reaction is
significantly endothermic. The upper limit of 3:0 10712 cm?®
molecule’* st for the OH + DMSO H-transfer reaction is
consistent with experimental data that demonstrate a high yield
for production of CH + CH3S(O)OH from the OHt+ DMSO
reaction?6.28.86

Based on a combination of experimental and theoretical work

that donor-acceptor interactions are becoming important.
Opposite to the trend observed for Cl adducts (and probably
also for Br adducts), the OHDMSO adduct appears to be more
strongly bound than the OHDMS adduct. Wang and Zha#fy
suggest that hydrogen bonding between OH and the O atom in
DMSO is the reason that the GHDMSO adduct is more
strongly bound than the OHDMS adduct. Alternatively, the
difference in ionization potentials between DMSO and DMS
may provide a better orbital match in the ©BMSO case.
Implications for Atmospheric Chemistry. The two most
important removal processes for atmospheric DMSO(g) are
widely accepted to be reaction with OH and uptake into the
condensed phase. Assuming an average OH concentration of

(see Tables 3 and 6 for references), the bond strengths for allg x 10 molecules cm? 8°and an OH+ DMSO rate coefficient

adducts of interest except BDMSO appear to be known to
within about+10 kJ mof?). Because there are no data in the
literature concerning the stability of BDMSO, we have carried
out electronic structure calculations for this adduct that are
analogous to those described above for-BMSO. The
following results are obtained fokH° for the Br+ DMSO
association reaction at 298 K:

of 9 x 1071 cm® molecule® s71,2526285yggests an average
DMSO lifetime d 3 h toward reaction with OH. DMSO
lifetimes of 1-10 h toward uptake into the condensed phase
have been inferred from field observatidfisEstimation of an
average lifetime for DMSO loss via reaction with Cl atoms is
difficult because of (a) the temporal and spatial variability of
atmospheric Cl concentrations and (b) the uncertain atmospheric
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fate of CHDMSO. Assuming an average Cl concentration of
4 x 10* atoms cm?, which appears to be appropriate for the
marine boundary layer (MBL3! and no regeneration of DMSO
from CI-DMSO, one obtains a lifetime of 60 h for DMSO
removal by reaction with Cl. In the other limiting scenario where
all CI-DMSO is converted back to DMSO, the DMSO lifetime

Nicovich et al.

(25) Hynes, A. J.; Wine, P. Hl. Atmos. Cheml996 24, 23.

(26) Urbanski, S. P.; Stickel, R. E.; Wine, P. H.Phys. Chem. A998
102 10522.

(27) Falbe-Hansen, H.; Sorensen, S.; Jensen, N. R.; Pedersen, T.; Hjorth,
J. Atmos. Emiron. 200Q 34, 1543.

(28) Kukui, A.; Borissenko, D.; Laverdet, G.; LeBras, & Phys. Chem.
A 2003 107, 5732.

(29) Dauvis, D.; Chen, G.; Bandy, A.; Thornton, D.; Eisele, F.; Mauldin,

toward removal by Cl would be about 460 h. Hence, it appears L.; Tanner, D.; Lenschow, D.; Fuelberg, H.; Huebert, B.; Heath, J.; Clarke,

that reaction with Cl accounts for 6% of MBL DMSO

removal, depending on the amount of aerosol loading and on

the ultimate fate of Ct-DMSO under atmospheric conditions.
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