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The sulfur isotopic signature of atmospheric sulfate aerosol reflects not only the chemical and isotopic
composition of its precursors, but also their oxidation pathways. Thus, to trace back the sources of sulfate,
a gquantitative assessment of sulfur isotopes fractionation in major atmospheric processes is required. In this
paper, we evaluate S-isotope fractionation raties(kon+so,)/(Kon+22s0,) for the gas-phase oxidation of $O

by OH-radicals, using RRKM transition-state theory. Calculations were constrained by reliable rates for the
HO + 3250, + M = HO®S(O, + M reaction, an ab initio transition-state structure, and actual spectroscopic
data for the sulfur isotopomers of the hydroxysulfonyl HQ$&ulical. By assuming plausible Lennard-Jones
parameters for HOSCcollisions with N, as bath gas, which are consistent with the experimental values of
[AEgown ™~ 200 cn1! and a collisional efficiency gf. ~ 0.2 in air, we derivé > 1 values at the temperatures

and pressures prevalent in the terrestrial atmosphere below 30 km. Present results rationalize the evolution of
stratospheric aerosol sulfur isotopic composition after volcanig iBf@ctions above 15 km and th&S
enrichment of tropospheric sulfate aerosol during the summer months.

Introduction photoexcitation is usually hampered under the ozone Fiyés.
The gas-phase oxidation of sulfur dioxide into sulfuric acid is

Sulfur compounds play an important role in atmospheric s . X .
P pay P P iconsidered to proceed via the following reactidhgt 37

chemistry. Some species, such as sulfur dioxide, present a
pptv—ppbv levels over remote and urban areas, respectively,

are largely anthropogenic, but others, such as dimethyl sulfide SQ,+ OH+ M =HOSG, + M 1,-1)
and carbon disulfide, are produced by bacterial reduction of HOSQ, + 0, — HO, + SO, @

marine sulfaté. The relatively fast oxidation of sulfur dioxide
in the boundary layer is relevant to air pollution and acid Fain.
In contrast, the slow oxidation of carbonyl sulfide, the most in which reaction 1 is rate-limiting under most conditicfis.
abundant sulfur species in the lower stratosphere, into sulfateReaction 1 is followed by Sfhydration via reaction 3:
aerosol may ultimately affect the earth’s radiative balahée.
The conventional procedure of balancing global budgets to SG; + 2H,0 — H,SO,eH,0 )
ascertain the sources, sinks, and trajectories of atmospheric gases
is generally fraught with considerable uncertainties. Thus, for or by SQ incorporation into existing aerosol. Elementary
example, the most recent estimdtéidicate that the global  considerations suggest that the addition of OH-radicals tp SO
sources (1.3% 0.25 Tg yr?) and sinks (1.66= 0.79 Tg yr?) should display an inverse kinetic sulfur isotope effédhat is,
of carbonyl sulfide are balanced to within 0.350.83 Tg yr ™. the heavier*SQ, isotopomer should react faster in reaction 1.
The fact that this margin is significantly larger than the estimated Recent studies on the contributions of sea-salt sulfate and
input (0.26 Tg yr?) required to maintain background aerosol continental sulfur dioxide to remote marine aerosols and
levels"®~1! precludes establishing whether OCS is indeed a Antarctic ice core sulfaté®implicitly discounted any possible
major precursor of stratospheric sulfate. variation of the isotopic composition of $QOalong its
The isotopic analysis of atmospheric gases provides antrajectory?°-22 In fact, the isotopic composition of sulfate
alternative, incisive tool to trace their geochemical cyéfes. aerosol formed by oxidation of SOreleased from remote
[Note: Sulfur isotopic composition, that is, the rafgampie= sources will ultimately depend on the relative importance of
345f23, is usually reported relative to an international standard reaction 1 vs heterogeneous oxidation byOpi18:40.41
in 0 %o units3 0 S = 1000x (Rsampl¢Rstandgara— 1).] Numerous
studies have utilized sulfur isotopes to discriminate between SO, + H,0— HT + HSO,” 4
anthropogenic and biogenic sources of atmospherig &d
0OCS31422The evolution of sulfur isotope ratios in stratospheric
aerosol following volcanic eruptions may be particularly
informative regarding atmospheric dynamics and background ] ) ) ) )
aerosol lifetime&3-26 It is apparent that the diagnostic value of isotopes in
The OH-radical drives the oxidation of most species in the environmental science cannot be fully realized unless their

troposphere and the lower stratosphere, where direct moleculaeffects upon the physical and chemical transformations involved
are properly quantified. In this paper, we evaluate kinetic sulfur

*To whom correspondence should be addressed. isotope effects for reaction 1 under atmospheric conditions using
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HSO,” 4+ H,0,—~ SO + H" 4+ H,0 (5)
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TABLE 1. Molecular Parameters Used in the Calculations

Leung et al.

species parameters
OH AH 208 = 39.46 kJ mott; Sz0e¢ (standard state: 1 atm ideal gas)183.81 J K* mol 2
S0, AHi 208 = —296.86 kJ mol’; S'0sx = 248.37 J K mol 5213 = 28.66 amu A&; vi'scm ™ = 518, 1151, 1362
1o 113 = 28.99 amu A; vi'scm ! = 513, 1145, 1345
HO%s0, AHs 208 = —389 kJ Mot; Speex = 290.8 J KX mol-2 |¥3 = 71.14 amu &; vi'Scm* = 3540, 1309, 1296,
1097, 759, 252, 500, 400 (2)
HO*SQ, 113 = 71.26 amu & vi'dcm! = 3540, 1293, 1289, 1090, 752, 252, 497, 397 (2)
[HO-++*2S0O)]* 113 = 87.64 amu A; vi'scmt = 3638, 1100, 900, 300, 200, 100 (2), 80
[HO:--34SO)* 113 = 87.82 amu & vi'cm™! = 3638, 1090, 892, 297, 198, 99 (2), 80

aReference 332 Reference 46° Reference 49.

unimolecular reaction theory in conjunction with the most
reliable ancillary information.

Kinetic Sulfur Isotope Effects in Reaction 1

The fractionation ratid in reaction 1 is evaluated from the
sulfur kinetic isotope effects on the unimolecular decomposition
of the hydroxysulfonyl radical HOS£3%_1/°%_1, which we
estimate by means of RRKM theaof§*3and the ratio of overall
equilibrium constant8*K /32K ;3944

3 - ¥

= 32 - 32
1 —1

34K
1

32K
1

(6)

34K4/%%K; can be obtained from the corresponding ratio of
molecular partition function&®

312

13 13
34K1 MuousoMaso) ™ Houso ! zso,| ™ [ Qrosso,Qeeso,
32K1 MH032302M34302|1/3H032502| 1/334502 QH032502Q34502
()

In eq 7,M is the molecular mass= (la 1y Ic) and is the product
of the principal moments of inertid® in amu 22), andQ is
the harmonic vibrational partition function:

N6 exp(1.444v,/2T)

(8)
i=1 1 — exp(— 1.444,/T)

where thev's are vibrational mode energies in cthn
Most of the required molecular data are available or could

Nagase et al. calculatio®The frequencies of the three $O
deformation modes in HBSO,, that is, those expected to be
sensitive to isotopic substitution, were constrained by the
Teller—Redlich product theorerf:42

|1/3 3/2

= 32
3N-6 Vi Hosssq, MHO34SOZ Homso,| N (MY Hoseso,

| 1/3

i Vinouso, \Muowso)” Howso| 1 | HOwSO,

©)

All the required parameters used in the calculations are collated
in Table 1.

Numerical application of RRKM theory to reactiefil further
requires specifying the vibrational spectrum of the transition
state, the energy barri&_,° at 0 K, plus the Lennard-Jones
diameter ¢ = 4.1 A) and well depthd = 115 cnt?) values
for reactant-bath gas (M N,) collisions#® We assumed that
the three-external rotations of HO%@re adiabatic, as expected
for a tight transition state, that is, angular momentum is only
conserved in the high-pressure limit. The vibrational frequencies
of the TS are constrained by its entro®°, which can be
obtained from the overall entropy change:

AS ;= %02 +Son— $|oso2

AS_;° = 248.37+ 183.81— 290.80= 141.38 J K1 mol™*
(standard state: 1 atm 760 Torr= 1.011x 1C° Pa ideal gas
at 300 K), and the experimental value of the high-pressure
A-factor for reaction B34 Ajp. = Ascw/(ERT) = (1.2 x
10711 cm® molecule s™1)(6 x 1079/(2.7172x 0.082 L atm
K1 mol™! x 300 K) = 1.08 x 1® atm! s, via detailed

(10)

be estimated by standard procedures. The molecular geometryhglancet®

and vibrational frequencies of the $@otopomers are well
established® We adopted the structures of the HOS@A)

radicaf® and the corresponding transition state [HO--;BO
recently calculated at the MP2 levi& However, we consider

that the energy of the transition state is better defined by the

experimental high-pressure activation energy of reactids; 1,
= (3.0 £ 0.8) kJ mot132 than by ab initio calculations.
Eclecticism is entirely justified in this case, given the unreali-
ability of ab initio calculations in circumscribing the energies
of low-barrier transition states. The position of the transition

A1 = Ao XPAS fkg) = 10143571 =
(eksT/h) exp[S° — &, oso)lke] (11)

The vibrational frequencies of [HB32SQ,]t (Table 1), which
are lower than in the HOSOradical with the exception of
the OH stretching frequency, were adjusted to meet this
condition. The critical energy for the dissociation of 80,
reaction (-1), is given by:3%E_1° = AH_1 300> + [ AC-1,p°

state actually corresponds to a tight configuration, as expecteddT + E;° = (131.6 — 8.1 + 3.0) = 126.50 kJ moil. The

for the addition of a free radical to a closed-shell spetidhe
fact that the HG-SO;, bond length in the transition stalRy-on
= 2.13 Ais only 29% longer than the equilibrium value implies

that the torsional mode of the OH group remains fully hindered,

and may be treated as a vibration, througH8ut.

Five of the nine internal vibrations of HOS@ulfur isoto-
pomers were directly observed by Kuo et*alThe remaining
four, which include the torsion of the OH group, a G=S—0
bend, and two ©S=0 rocks, were assigned on the basis of

corresponding value for HESQ; dissociation follows from:
B4E_1° = 32E_;° + ZPE([HO++34SO,)") — ZPE(HCG*SQ,) —
ZPE([HO++3250Q;]%) + ZPE(HO2SQ,) = 126.62 kJ mott.
RRKM calculations were carried out with the UNIMOL
program package, using the harmonic oscillator approximation
for all vibrational modes. Master equation treatment of weak
collisions in the falloff region was dealt with by means of an
exponential energy transfer distribution function, using an initial
energy grain size of 200 cth. The assumed Lennard-Jones
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—1, behaves similarly. The reason for the latter is that the denser
vibrational manifolds of both H&SO, and [HO--34SO,*
overcome the small, but positive difference of critical energies
34E_;° —8%E_,° > 0, that would otherwise causalaectisotope
effect, under all conditions. This outcome has a purely statistical
0.10 1 origin and is unrelated to conventional secondary isotope effects.
Actually, the ratio of the high-pressufefactors: 34A_1 ../3?A_1
= 1.096, is very similar to the ratio of the low-pressure rate
coefficients®k_1 ¢3%_1 0= 1.070, and accounts for a substantial
fraction of the calculated effect. The ratio of equilibrium
0017 constants f%1/3%K,) = 1.048 and 1.031 at 200 and 300 K,
respectively] further adds to the trend (see eq 6). The pressure

k, /K,

and temperature dependences of the fractionation fratithin
: . . : T the ranges covered in Figure B/Torr < 760 and 200< T/K
10 2 50 200 800 < 300) is given by eq 12:
pressure/Torr N,

Figure 1. Falloff curvesk-i/k-; . for the unimolecular decomposition f=1.1646+ 0.0198°17%°— 0.3092(71000) (12)
of HO%?SG, in N,. v: 200 K. O: 300 K.

The parameters in eq 12 are mostly sensitive to the input
parameters lead to an average downward energy transfer pen, ., value in eq 11, which, in conjunction with the estimated
collision of [AEgowid = 200 cnt?, weakly dependent on

entropy of HOSQ, determine#\_1, .. and, hence, the properties
temperature, which is consistent with an experimental averageof the transition state. As mentioned before, we adopted the
collisional efficiencyf. ~ 0.2 for N, as bath ga%334 most recenty;, . = 1.2 x 107 molecule cm? s7%, E; = 3.0
The results of the calculations are shown in Figures 1 and 2. kJ mol* values derived by extrapolation of experimental rates
Our calculated value oPk; ~ 1 x 10713 cm?® molecule! s71 determined up to 96 bé?,instead of the lower values measured
at [M] = 1 x 10* molecules cm?, 300 K, is within a factor of by Wine et al. below 1 ba# However, we observe that the
2 of the experimental value, as measured by Wine ét aind

derived3?A; , = 10543571 value (300 K) is consistent with a
Fulle et al®3in N; as a bath gas. Further refinements are not relatively loose transition state despite of the fact that reaction

warranted at this time (see below). More importantly, we find 1 involves the addition of OH-radicals to a closed-shell

that sulfur isotopes indeed induce an inverse primary kinetic species®>*’” A lower 3%A; ., value will result from a larger
isotope effect, that i$*SO, reacts faster that#SQ, in reaction

SHoso, Value but, again, we find no plausible arguments for
1. The unimolecular dissociation of the HOS@dical, reaction making any such corrections, particularly visda reliable,

iractionation ratio

Figure 2. Fractionation ratio$ = (Kon+34s0,)/(Kon+32s0,) as function of pressure and temperature. The depicted surface correspored 646
+ 0.0198P/Torr)*-176% — 0.3092[(T/K)/1000].
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Figure 3. Fractionation ratio§= f[P(2),T(2)] as function of the altitude
z The implicit P(2) and T(2) vertical profiles correspond to the 1976
standard atmosphete.

direct datef®%0 Furthermore, a loose transition state would
require a ratiqp = r*s_on/rs—on somewhat larger than the=
1.29 value based on ab initio calculated geome#ié3Bearing
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