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Abstract. Laboratory experiments were carried out to de-1 Introduction

termine sulfur isotope effects during ultraviolet photolysis

of carbonyl sulfide (OCS) to carbon monoxide (CO) and Carbonyl sulfide (OCS) accounts for more than 80 % of gas-
elemental sulfur (3. The OCS gas at 3.7 to 501 mbar Phase sulfur above 8km as the most resistant reduced sul-
was irradiated with or without a Nbath gas using a 150 fur species to oxidation in the troposphere (e.g. Farwell et
W Xe arc lamp. Sulfur isotope ratios for the product al., 1995; Turco et al., 1980; Khalil and Rasmussen, 1984;
S and residual OCS were analyzed by an isotope ratioCrutzen, 1976). The low solubility and long atmospheric
mass-spectrometer with §Rs the analyte gas. The iso- lifetime (about 4 yr) with respect to tropospheric chemistry
tope fractionation after correction for the reservoir effects and photolysis enables a significant fraction of OCS to reach
is —6.8%o for the ratio®*SA2S, where product $is de-  the stratosphere (Blake et al., 2008; Pandis et al., 1995; Chin
pleted in heavy isotopes. The magnitude of the overall iso-and Davis, 1995; Barkley et al., 2008). OCS exhibits a con-
tope effect is not sensitive to the addition op Mut in-  tinuum ultraviolet (UV) absorption spectrum from 200 to
creases t0-9.5%o when radiation of > 285nm is used. 260nm. Upon UV irradiation in this wavelength range, OCS
The measured isotope effect reflects that of photolysis aphotodissociates to carbon monoxide and elemental sulfur
well as the subsequent sulfur abstraction (from OCS) reac(S”) with total quantum yield ¢) close to 1 (Sidhu et al.,
tion. The magnitude of isotope effects for the abstraction1966; Rudolph and Inn, 1981):

reaction is estimated by transjtion §tate theory to be.bgtwee@)cs;Jr hy — S+CO (R1)
—18.9 and—3.1 %o for 34S which gives the photolysis iso-

tope effect as-10.5 to +5.3 %o. The observed triple isotope ~ The sulfur atom is oxidized by OHADO; to SG, and
coefficients are I@3S + 1)/In@34S + 1) =0.534+- 0.005 and ~ forms sulfate, and is thought to contribute to the strato-
In(836S + 1)/In@34S + 1) = 1.980+ 0.021. These values dif- Spheric sulfate aerosol layer (Junge layer) (Junge etal., 1961;
fer from canonical values for mass-dependent fractionatiorCrutzen, 1976; Pitari et al., 2002). The stratospheric sulfate
of 0.515 and 1.90, respectively. The result demonstrates tha&erosol (SSA) layer at 17-30 km, with lifetime of 3—-4yr, af-
the OCS photolysis does not produce large isotope effectéects the atmospheric radiation balance and catalyzes hetero-
of more than about 10 %. fo?*SP2S, and can be the ma- geneous reactions that recycle the inert halogen species re-
jor source of background stratospheric sulfate aerosol (SSAlated to the ozone budget (e.g. Junge et al., 1961; Danielache
during volcanic quiescence. et al., 2008; Crutzen, 1976; Turco et al., 1980). Understand-
ing the sources and sinks for SSA is of societal importance
because artificial formation of SSA is suggested as one po-
tential approach to manage solar radiation in order to miti-
gate the global warming by greenhouse gases (e.g. Robock
et al., 2008). The other significant sources of SSA are oxida-
tion of SO transported upward from the lower troposphere

Correspondence to. Lin by diffusion (Crutzen, 1976), uplifted tropospherie$0y
m (yinglin@nju.edu.cn) (Pitari et al., 2002), and direct stratospheric injection 0 SO
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by explosive volcanism (Castleman et al., 1973; Pyle et al. mass-dependent law by determining multiple-sulfur isotope
1996). During volcanic quiescence, £@nd OCS were as- fractionation factors, and the third is to test whether OCS
sessed to contribute about equally to the stratospheric sulkeontributes to SSA.
fur budget, but significant uncertainty remains (e.g. SPARC,
2006). .
The studies of sulfur isotopd2SA3SP4SASS) ratios may 2  EXperimental set up

prowde |mportant constr.alnts onthe sources of SSA |_f sourceA 150 watt Xenon arc lamp (Newport Model 6254)
isotope signatures and isotope effects during chemical con- . :

. . with lamp housing (Newport Model 67005) was used
versions are characterized. Leung et al. (2002) and Co- . T

) . . s a light source. The Xenon arc lamp has irradi-
lussi et al. (2004) suggested relatively large isotope effects of > . .

. Ao B2 ance of about 1.5mWn?nm~1 at 200 nm, increasing to

(73.848.6) %o and (67 7) %o, respectively, for thé*sP2s 10.5mWmr2nml at 300nm. The photochemical reac-
fractionation during the UV photolysis of OCS. These val- _. ' P

. ) . tion cell is a 30-cm-long, 48-mm-ID glass cylinder equipped
ues suggest SSA would be highly enriched®fs if OCS with optical grade quartz windows (Aceglass Model 7894-

photolysis were the main source for the SSA. Since thtoa backés)_ The transmittance of the window is 40% at 200 nm.
ground SSA yields only small delta values of (26.3) %o increasing to 90% at 300nm. For wavelength 285 nm

34 i :
(6*"Scor) (Castleman et al, 1973), itwas concluded that theexperiments, an Oriel colored glass filter (Newport Model

e s aeaASble U0 50423 was usel, Cormercal criory S %
y P b ' pure, Sigma Aldrich) was used for this study as the reactant.

gfg:&eg;{:l:?aﬁg(L:;B?O;tni;"v\?:\?ezr;;okgsz;iﬁnl'i’CZSO%Ag\'N_The gas chromatography (1/8-inch-OD column packed with

) L L SupelcoChromosil 310) analysis by a TCD detector showed
ever, showed that sulfur isotope substitution has little e1‘fectthat most impurity is composed of GQ2.5 %)
on the UV cross sections of OCS, and discounted the large The OCS was introduced to the. phoiochemical cell
isotope effect suggested by Colussi et al. (2004) (DanielaCh?hrough a glass vacuum line. Pressures for the initial OCS,

etal., 2009). Therefore, one objective of this study isto mea- - )
. ) . : . - residual OCS, and product CO were monitored by a capac-
sure the isotope fractionation during OCS photolysis reaction . .
. ; itance manometer. In all experiments, yellowish elemen-

by simple laboratory experiments.

. ﬁal sulfur () condensed on the inner surfaces of the win-
Our study also focuses on the rare and non-conventlonadowS and the photochemical cell. After photolvsis. resid-
isotopes of sulfur €S and36s) because certain gas phase P ' P ysIs,

reactions, S@photolysis and CSphotopolymerization, are ual OCS was collected at liquid nitrogen temperature. The
' P Y P poly ' OCS (initial or residual) was hydrolyzed in alkaline zinc so-

known to produce non-mass-dependent isotope effects (Fah—Jtion (0.14mol I zinc acetate in 2motft NaOH), and

guhar et al., 2001; Colman et al., 1996; Zmolek et al., 1999). ' '

Non-mass-dependent isotope effect refers to an isotope efs_ulfur was precipitated as ZnS. The ZnS was converted to

1 - TR )
fect that does not follow conventional mass-scaling law. ThatAgzs by 0.1 molT™ AGNQs after neutralizing with zinc ac

is, the isotope fractionation for the rati8SA2S is about etate solution. The Sprecipitated inside the photochemical
a,half of 345225 and36SA2S is about twice as much as cell was dissolved in about 50 ml dichloromethane (DCM).
that of 34SP2S. More precisely, Ifa)=3% In(*%) and After evapprating [?CM, Swas reduced by chromigm chlo-
In(38a) =3 In(4), where*a is’ the isotope fractionation ride following Canfield et al. (1986), and was precipitated as

factor for the ratio* SP2S, where339 and3%9 are 0.515 and AgaS.

. . The isotope ratio analysis was carried out in the stable iso-
1.90, respectively (Hulston and Thode, 1965). The sighay pe laboratory at MIT with a procedure similar to the one

tures of S non-mass-dependent fractionation have been foun Lscribed in Ono et al. (2006). Approximately 2 mg of silver

exclusively in Archean rocks (e.g. Farquhar et al., 2000; Ono_ " .. . :
etal., 2003) and SSA deposited in polar ice after major Vol_sulflde was reacted with elemental fluorine (about 70 mbar)

canic events (Savarino et al., 2003; Baroni et al., 2007). AI-for over 6h at 300C. The product S&-was purified by a

though photolysis of S&is thought to be the source reaction preparative gas chromatography equipped with a packed col-

for these S non-mass-dependent signatures, the physical orn of Molesieve 5A and Hayesep Q. Isotope ratios were

gin of this unconventional sulfur isotope effect is poorly un- analyzed by an isotope ratio mass spectrometer (Thermo-

. electron MAT 253) by measuring ioR8SK!, 33SK!, 34SR!,
derstood (Farquhar et al., 2001). Given that OCS could have . ) > 5 S
(Farg ) nd36SF§r. Six replicated analyses of OCS, sampled as ini-

been an important atmospheric sulfur gas in the Archearf ) , . '

(Ueno et al., 2009) as well as an important contributor fort'aI OCS for different expenme?ts, y|§ld3—2354tandard gjeew-

SSA, it is important to test whether the isotope effect duringatlons (?f 0.26, 0.53, and 1.05% f6r°S, 5*'S, ands™s,

the photolysis of OCS follows a mass-dependent law. re.specnvely. These numbgrs represent- errors for gas han-
Therefore, this study has three objectives. The first s to fill41iNg: wet chemistry (hydration and precipitation), flg4or|na-

the gap in isotope fractionation factor during OCS photolysist'on’ %nd mass spectrometer analysis. Errors*is, 5S,

by carrying out laboratory photochemical experiments, theand5 S are mass-dependently correlated.

second is to test if OCS photolysis follows the conventional

Atmos. Chem. Phys., 11, 102883292 2011 www.atmos-chem-phys.net/11/10283/2011/
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3 Results 4
1A

Sulfur isotope ratios are reported by conventional delta nota- »
tion: _ 21 e
X stampIe 2\8: ,'
oS “Rreference ! M "_‘: g ’,*
where* Rsampleis the isotope ratio’6/A2S, wherex = 33, 34, 4 L9
or 36) of product & or residual OCS andR;eferenceiS that € 2 x
of initial OCS, and multiply by 1000 to be represented as per zﬁ
mil (%o). -4 7

Results for 12 UV photolysis of OCS are shown in Ta- <l 0.53410.005
ble 1. Residual OCS is enrichedifS up to 4.43 %o except P A
for 11-28, which is taken as an experimental error due to low 12 -8 .'4 0 4
S yield for the long-duration run. The photolysis produt S IN(6%S+1) (%o)
is depleted ins34S by 2.24 to 6.72 %o with respect to initial 16
OCS. Because isotope ratios of reactant OCS change during B
photolysis, the fractionation due to the photodissociation is
calculated using an approximated formula of Rayleigh distil- 8 1 /‘
lation (Mariotti et al., 1981): 3 f

_ € 5 &
348 — f—163485 (2) E L
fIn(f) o I

where,3%, §%Sg, and f are the isotope fractionation, iso- £ -8 &
topic composition of 3at the end of the run, and the fraction B c]@"\‘
of residual OCS, respectively. In this definition, a negative 16
value of¢ indicates that the product’Ss depleted in**S. o’ 1.980+0.021
The value forf is derived from 8 yield and initial OCS gas 24 ‘ ‘ ‘
pressure or from isotope mass balance for runs where isotope 12 -8 -4 0 4

compositions for both residual OCS anfl &e measured.
The two34 estimates are largely consistent, in particular, in
runs 10-02, 10-03, and 11-11 (Table 1). The tfiwvalues

differ for the run 11-05, likely due to error in pressure mea-
surements. The consistency between e (and alsof)

In(8%S+1) (%0)

10285

Fig. 1. Sulfur isotopic compositions of residual OCS (filled sym-
bols) and product%(open symbols) relative to initial OCS after
. photolysis of OCS. Square, triangle, and circle symbols are for pure

values calculated from yield and those from mass balance inpcs, ocs with N, and OCS withi. > 285 nm photolysis experi-
dicates insignificant isotopic fractionation during analytical ments, respectively.

procedures.
For pure OCS experiments with> 200 nm, isotope ef-

fects @4) of (—6.840.2) %o are derived for the best set of 4 Discussion

experiments (10-02 and 11-11). These two results repre-

sent the low 8 yield (i.e. small reservoir size correction), 4.1 Sulfurisotope effects for laboratory OCS photolysis

and consisteny values. Addition of N (experiments 10-
19, 11-10, and 11-12) yield¥s of —6.8 to —5.3 %o, show-
ing that the quenching of &D) by Ny has little or no ef-

experiments

For laboratory OCS photochemistry experiments employed

fect on the isotope fractionation. The experiment 11-28 with!N this study, photodissociation of OCS (Reaction R1) is fol-

A > 285 nm radiation yields a slightly larger isotope effect o
—9.5 %o.
When all data are plotted in IB{S +1) vs. In§3*S +1)

and Ing%°S +1) vs. Ing3*s +1) diagrams, the least square 5cgy g_, S,+CO

fit slopes are 0.534 0.005 and 1.988-0.021, respectively

¢ lowed by sulfur abstraction from OCS (Reaction R2) (Basco
and Pearson, 1967; Breckenridge and Taube, 1970; Wiebe et
al., 1964; Zhao et al., 1995):

(R2)

(Fig. 1). The log scale is used here to take into account The product $ follows complex series of recombination

the power law relationship of mass-dependent fractionatiorand potentially photolysis before deposition on the wall of
(e.g. Luz and Barkan, 2005). The standard errors are derivethe photochemical cell. We have constructed a simple pho-
from linear regression and depend on residuals of the fitsochemical model including various, $ecombination and
and degree-of-freedondf() of the residuals, both derived by photolysis reactions as well as wall loss. The main sink of
ANOVA (Analysis of Variance) in statistical program SPSS. the product $ is expected to be a recombination, such as

www.atmos-chem-phys.net/11/10283/2011/ Atmos. Chem. Phys., 11, 1028%-2011
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Table 1. Results for OCS photolysis experiments. Delta values are relative to initial OCS.

Run-ID  OCS Time N A S0 vield L0 Residual OCS f 345 (%o)
(mbar) (min) (mbar) (hm) gmol) 8335 8345 35| 335 s345 5363 | vield® MBP | Yield® MmBP
07-25 225 60 nd. —3.25 -6.17 -1151| 077 144  2.67 0.81 6.9
09-17 245 180 2714 —1.78 —347 —6.95 0.53 —4.8
10-02 115 60 652 —3.37 -6.08 —1143| 095 167 3.15 076 078 -7.0 —6.9
10-03 6.9 60 66.6 —3.14 577 —11.15| 248 443 849 059 057| -76 —7.7
10-23 85.3 60 784 —-314 -577 -12.17 0.96 -5.9
10-29 3.9 60 66.9 —1.38 —2.24 —452 0.26 —4.7
11-05 41 30 6.8 —3.03 -555 —10.99| 1.35 25 484 093 069 -58 -6.7
11-11 25.3 10 213 -361 -6.72 —12.7| 002 001 -0.05| 096 1.00| -6.9 -6.7
10-19 195 60 533 50.3 —251 —4.97 -10.79 0.89 -5.3
11-10 26.1 60 401 948 —2.97 546 —10.93 0.85 -59
11-12 3.7 30 405 189 —3.25 -599 -1146| 021  0.26 05 078 096 -68 —6.1
11-28 501 48 hr >285 68.9 —4.85 -9.49 -19.39| —0.19 -0.37 -0.85| 099 104 -95 -93

aResidual OCS derived fronPSield.
b That derived from isotope mass balance.

(2$+M — S+ M). The S number density does not reach OCS+hv — CO+S(P) (R1b)
high enough so that the photolysis of &, + hv — 2S) does 1
not become a significantQ.1 %) source of S. Detailed de- S("D)+0CS— CO+$, (R2a)

scription of the model is available in the Supplement. 3

Assuming intermediate steady state condition for atomicSCP) +0CS— CO+S, (R2Db)
S, if the rates of both Reactions (R1) and (R2) are sensitive. 1 3
to sulfur isotope substitution, the measured isotope effectess( D)+0CS—~ OCS+SCP (R3)

would be the_ average of the i_sotope effects associated Witrp_)uring photolysis (R1), atomic sulfur is produced predom-
the two reactions. Fot*S, that is: inantly in SED) electronic stated®1,= 0.74) because pro-
34821/2(3481+3482) (3) duction of SEP) is spin forbidden (Okabe, 1978; Sidhu
et al., 1966; Breckenridge and Taube, 1970). Pseudo-
first-order rate constants for Reactions (R2a), (R2b), and
(R3) were estimated to be »610711, 2.7x 1071°, and
15x 10 1 cm3s1, respectively (Zhao et al., 1995; Lu et
al., 2006). Given these rate constants, approximately one
itth of S, is formed through abstraction reaction with'BJ
and the rest is from 8P) channel.

The addition of inert gas (N in the second set of experi-
thents would quench &p):

where34; and3“¢, are the isotope fractionations due to pho-
tolysis (Reaction R1) and sulfur abstraction Reaction (R2),
respectively. The statistical weight reflects two sulfur atoms
in S,. The derivation of Eq. (3) is available in the Supple-
ment. Under the assumption, mass of the atomic sulfur i
the Reaction (R2) (i.e. OCS*S versus OCS#S) does
not produce isotope effects in the overall product. Thus,
34¢, represents the difference in the reaction rates betwee
0C3*S+S and 082S +S. In order to gain constraints on the
isotope effect for UV photolysis, we will first estimate the S(ID)+ N, — N2+ SCEP) (R4)

isotope effect during sulfur abstraction reaction. ) ] )
Rate constant for the Reaction (R4) is estimated to be

4.2 Sulfur isotopic effects during sulfur abstraction 8x 10~11cmis! (Zhao et al., 1995). Under the experimen-
reaction tal conditions (53.3 to 400 mbarJ\ the production of Sis
exclusively from S{P) channel (Reaction R2b). The 8-
The OCS photolysis (Reaction R1) produces S in both singletombination reaction:
and triplet states. The isotope effect associated with the sul- 3
fur abstraction reactior*fs2) may depend on the spin state 2S(CP)+N2— N2+$ (R5)
Sfjtser?:ic;\ rlnesn'gfgeytr;rrfgigt'glfce’![lz\;vs ;(;tgg a_l_‘;'?iest;rstg?gis slow (second-order rate constant is about®@m®s—1)
) . N y ; (Du et al., 2008) and is only relevant if a high power
periments were designed to assess the differgfd@ation (Du ) ' y v ! 'gh Pow

channels to elucidate the systematics of isotope fractionationUV source is used (Breckenridge and Taube, 1970). Be-
) ; ; issociation threshold througR®) channel (R1a) i
In experiments withh > 200 nm, without N bath gas, the cause dissociation threshold throughDchannel (R1a) is

" ) (4.26+0.1) eV or (291 7) nm (Suzuki et al., 1998), pho-
reactions are. tolysis of OCS withx > 285 nm produces Sexclusively in
OCS+ hv — CO+S(*D) (R1a) the triplet state (Reaction R1b).

Atmos. Chem. Phys., 11, 102883292 2011 www.atmos-chem-phys.net/11/10283/2011/
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Table 2. Kinetic isotope effects for sulfur abstraction reactions estimated by the transition state theory.

Reaction 33, 34, 36, 3% 3%

OC*'S+S— TS1—» CO+*SS —-9.76 —-18.94 -—-35.86 0.5131 1.910
OC*'S+S— TS2—» CO+*SS -1.60 —-3.10 -5.88 0.5144 1.900

The experimental results show that addition of bes  equilibrium constant for the Reaction (R6) is estimated to be
not significantly affect the overall isotope effect during OCS 1.0175. Thus, isotope exchange Reaction (R6), when com-
photolysis; 3% is —6.8 %o for pure OCS photolysis with pleted, S would be-17.2 %o depleted with respect to OCS
A > 200 nm versus-6.8 to—5.3 %o for OCS photolysis with  in 34S. The extent of isotope exchange, however, is minor
addition of Nb (Table 1). These similar ranges of isotope en- and is approximately 6 % with respect to the photolysis yield
richments suggest that spin states have little effect on the isoBreckenridge and Taube, 1970). Following the formula by
tope fractionation for the abstraction reaction. It will be dis- Ohmoto and Lasaga (1982), the isotope exchange of about
cussed in the next section that the relatively larger magnitudé % may contribute at most 0.7 %. additional decrease in
isotope effect 0f-9.5 %o for the photolysis with. > 285nm,  3%;; exact magnitude depends upon the initial isotopic com-
is likely due to photolysis itself rather than due to spin chem-positions. Because the effect is small, the isotope exchange
istry. Reaction (R6) is not taken into account for the further analy-

The isotope effect for sulfur abstraction reacticfief) sis because the magnitude of the effect is small compared to
is estimated by applying transition state theory (Van Hook,that of photolysis and abstraction reactions.

1970; Tanaka et al., 1996). Lu et al. (2006) showed a num- With average®*s values of—6.8 %o, using Eq. (3), isotope
ber of possible transition states for the atomic S abstractioreffects due to photolysis’{s;) are estimated to be +5.3 %o
Reactions (R2a and R2b). We used two of their transitionif transition structure TS1 is assumed (%, = —18.9 %o)
states (TS1 and TS2) as representative transition state struand —10.5 %o if transition structure TS2 is assumed (i.e.
tures. The transition structure TS1 represents the main chart®s, = —3.1 %o). Although the results do not constrain the
nel for the abstraction reaction, where atomic S is attachedign of the3%1, our experimental data demonstrate that OCS
to S in OCS forming a bent OC-S-S molecule. The transi-photolysis is not likely a source of large (about +67 %o) iso-
tion state, TS2, is a minor channel but two S are attachedope effect as previously suggested by Colussi et al. (2004).
to carbon forming a triangular O-C>3$nolecule (Lu et al.,

2006). Vibrational frequencies for the ground state OCS and*3 Comparison to the ZPE-shift model

two transition states are calculated for four sulfur isotopo- ) .
logues at B3LYP/6-311+G(3df) level with Gaussian03. The!n order to compare our experimental results_ to available
estimated frequencies for OCS are scaled by 0.9793, 0.970%n0del of photolysis isotope effect, the ZPE-shift method of
and 0.9638 for bending, CS stretching, and OC stretchingVliller and Yung (2000) was applied for OCS photolysis un-
vibrational modes, respectively, to match experimental fre-der the condition of the experiments. The ZPE-shift model
quencies by Masukidi et al. (1992). Frequencies for TS1 andS @ Simple and crude model. Laboratory cross section mea-
TS2 are estimated by using the geometry reported by Lu efurement for NO, for example, demonstrates, the ZPE-shift
al. (2006). The calculated vibrational frequencies with re-model only qualitatively describes the effect of isotope sub-
ported geometry reproduce reported vibrational frequenciestitution (von Hessberg et al., 2004). In the later section,
at-£0.3 % for TS2 but are different by 7 % for TS1. T#e, we discuss the comparison of our experimental results to a
are estimated to be 18.9 %, and—3.1 %. for abstraction re- detailed model calculation using wavepacket dynamics for

action via TS1 and TS2, respectively (Table 2). The calcu-OCS photoexciation by Danielache et al. (2009).

lated isotope effects are mass-dependent Withand 369 Sulfur isotope effects for photolysis can be estimated from
values of 0.5138 0.0006 and 1.90% 0.005, respectively ~ZPE-shift method of Miller and Yung (2000) for the con-
(Table 2). dition applied for the experiments (Colussi et al., 2004;

Photochemical experiments using doubly isotope substiPanielache et al., 2009). For a given experimental pressure,
tuted carbony! sulfidelfOC34S) show small degree of iso- the isotopologue specific photodissociation rate constant is a
tope exchange through atomic sulfur (Breckenridge andunction of the path lengtiz{ and wavelength(:

Ta.ube, 1970) XJ()\"Z) — XCD()\,)XU()\.)FO()\.)C‘_O-OCWZ (4)

2c 34a_ 4q 32
OC”$+%5=0C"s+%s (R6) where,x represents each isotope (ixe= 32, 33, 34, or 36),

Using the conventional formula (Bigeleisen and Mayer, @ is the photolysis quantum yield (assumed to be uniy),
1947) and the estimated vibrational frequencies for OCS, theas the absorption cross section, af is a photon flux at the

www.atmos-chem-phys.net/11/10283/2011/ Atmos. Chem. Phys., 11, 1028%-2011
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photocell window (i.e. at optical depth=0). The last term A ‘
is to correct opacity by the OCS between the light source and
the given optical depthrf, o ocsandm are the cross section

of OCS and number density of total OCS (all isotopologues),
respectively.

Absorption cross sections for minor isotopologues,
0C33s, 0G4S, and OGBS can be estimated by blue-shifting
OC32S cross section following ZPE-shift method of Miller
and Yung (2000):

L AN
. A AW
AN AN P A N

e
Solar Spectrum |

g s

Photon flux

6-0CS
(10 cm?)
= N w

Yo (E+ AZPE) =320 (E) (5) - .

where E is the photon energy andZPE is the zero point - — 1
energy difference between major €S and a given isotopo-
logue. AZPE calculated are 3.524, 6.852, and 13.026tm
for OC33S, OC*S, and OEPS, respectively.

The OCS absorption spectrum of Molina et al. (1981) is
shown in Fig. 2b. That is taken &0CS and is approxi-
mated by a function of the form:

6
32y = exp<z A,,A") (6)

n=0

346/32G 1 (%)
o

J[ocs]
(x 10 )

where variousA are constants. Equations (5) and (6) are used
to estimate the ratios of isotopologue specific cross sections Wavelength (nm)

(€.9.%% /%%, 345 /325, and65/%%5). Equation (4) is inte- _ o
grated to the wavelength range, from 190 to 280 nm, and td:'g' 2. Input parameters for the models for isotope fractionation.

. S . (A) Comparison of photon flux of Xe arc lamp and solar spec-
the photochemical cell length (i.e=0 to 30 ¢m) to estimate trum (Rottman et al., 2006)(B) OCS cross section from Molina

1 for the experimental conditions by Eq. (7) (Miller et al., etal. (1981)(C) 34/32-1 estimated from ZPE-shift methofD)

2005). Results are shown in Table 3. Photolysis rate as a function of OCS pressure (numbers in diagram
J in mbar). Actinic flux at different altitudes is calculated similarly to
&1 = T 1 (7) Farquhar et al. (2001) for a solar zenith angle df.3Qe lamp used

in this study has higher photon flux compared to solar spectrum by
where J and J’ are the photodissociation rate constant of about a factor of 20 for the region between 190 and 270 nm.

3235 and those of substituted isotopologtes, 34S, and®6s,

respectively.

The magnitude (and sign) of the expected isotope effect§CS gas pressure of 26.7 mbar armdl 1 %0 at OCS gas pres-
depends upon the irradiance spectrum determined by theure of 400 mbar, both at wavelength region of 190-280 nm,
light source and window material. The wavelength depen-largely consistent with our results of smad 10 %o) isotope
dence for the isotope effects are intensively studied for ni-effect during the photolysis of OCS (Table 3). The isotope
trous oxide photolysis (Kaiser et al., 2003). This is be- effect is a weak function of the pressure because a part of
cause the ZPE-shift method suggests the sign of the isoUJV absorption saturates at higher OCS pressures such that
tope effect changes at the maximum absorption at 222 nnmaximum absorption shifts to longer wavelength (Fig. 2d).
(Fig. 2c). The estimated fractionation is positive (product The ratios ofe; values are 0.514 and 1.90 f8fe1/3%;
343_enriched) for photolysis with < 222nm and negative and 36¢1/3%,, respectively, which according to Eg. (2),
(product3*S-depleted) for photolysis with > 222 nm. The  approximately equal to 0.510.021 and 1.85%0.118
photon flux () for the Xe arc lamp was given by the manu- for In(633S + 1)/In@34S + 1) and Ing36S + 1)/In@>*S + 1) of
facture’s datasheet and was corrected for measured transmigroduct S for the 8 basic runs, respectively. The mass-
tance for the window material. Calculated total photolysis dependence for the ZPE-shift method is expected since es-
rate constant (i.627 +33J +347 436 1) is shown in Fig. 2d  timated ZPE shift is inherently mass-dependent.
at varying total pressures of OCS. The rate constant shows The ZPE-shift method predicts a large negative isotope ef-
maximum at 226 nm at total pressure of OCS of 2.7 mbar.fect of —10.1 %o for3%, with irradiance at 280 nm (Fig. 2c).
This is slightly higher than the maximum OCS cross sec-This is consistent with the relatively large magnitude frac-
tion at 222 nm because of the increasing photon flux fromtionation measured for photolysis with- 285 nm compared
the Xe arc lamp with increasing wavelength (Fig. 2a). Theto full spectrum experiments. Using the ZPE-shift method
34¢, values calculated by ZPE-shift method ar@.2%. at  to estimate isotope effect with > 280 nm is not plausible
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The observed triple isotope coefficients s#S +
1)/In(83*S + 1) and In§3®S + 1)/InE3*S +1) are denoted
as 33y and 3%y, respectively (Ono et al., 2006)33y and

Table 3. Isotope effects for OCS photolysis by Xe lamp as a func-
tion of OCS pressure estimated from the ZPE-shift method.

Pressure (mbar) %%, 3%, 365, 3, 36 36, for all the runs in our study are 0.534 and 1.980, re-
spectively, and are statistically different from what are ex-
2.7 —-070 -1.35 -256 05135 1.901 pected for canonical mass dependence of 0.515 and 1.90
133 —093 -1.80 -341 05139 1899 {5, 33) 50436y (e.g. Hulston and Thode, 1965; Otake et
26.7 -112 -219 -4.15 05139 1.899 al., 2008). It has been shown that closed system effect

400 —-209 -406 -7.69 0.5139 1.898 . . - .
may make the observed triple isotope coefficients slightly

different from that intrinsic to the reaction (i.8% #3%9)

(e.g. Kaiser et al., 2004; Ono et al., 2006). Such an ef-
because the estimation requires accurate determination of alfect is scaled to the magnitude of the isotope fractionation
sorption spectrum at > 280 nm. (%), and is expected to be of minor importance for the

Danielache et al. (2009) reported isotopologue specificrange of3% values observed in our experiments. The iso-

cross sections estimated from wavepacket dynamics calcuopic composition of the reactant evolves following the re-
lation. Predicted isotope effect*1) is consistent with that  lationship 33y = (**«3¥ — 1)/(3%« — 1) (Ono et al., 2006).
of the ZPE-shift method at low energy sidex~220nm) 33y approaches®®¢ when 3% approaches unity (Ono et
but differs significantly at high energy side of the spectrumal., 2006). For example, for residual OCS in the 5 runs
(A <~ 220nm). Danielache et al. (2009) estimafée; of of pure OCS photolysis with > 200 nm, the linear regres-
+4.9 %o for the OCS photolysis at 190-250nm. The pre-sion yields In§33S +1)/In¢3*S +1)=0.5572:0.010. With
dicted isotope effect3fs1) is +4.2 %o for the light source this 33y value, according to Eq. (14) of Ono et al. (2006),
used in this experiments. If one applies +4.2 %o for photol-33¢ of 0.556+0.010 for the reactants in these 5 runs
ysis isotope effect3fe1) and—6.8 %o for 3%, isotope effect is derived for34x =0.9932 (i.e.3% = —6.8%o). This sim-
associated with sulfur abstraction reactigfzf) is estimated  ple analysis shows the minor difference betwéén and
to be —17.8 %0. This magnitude of the isotope effect agrees33 for our experiments, confirms non-canonical multiple-
well with what is estimated-{18.9 %o) for one of the transi- sulfur isotope relationship and suggests potential non-mass-

tion states (TS1). dependent isotope effects during the OCS photolysis. In ad-
_ _ dition, 33y of 0.534+0.005 is out of the range for mass-
4.4 Multiple sulfur isotope effect dependent fractionation from 0.5007 (kinetic fractionation)

. to 0.5159 (equilibrium fractionation) (Kaiser ané&mann,
Bhattacharya et al. (2000) reported a large magnitude NON2008). However3®y of 1.980+0.021 is within the range

_mass-dependeqt istl)gopfsfractionation among triple 0xygeRy, mass-dependent fractionation from 1.8906 (equilibrium
isotope system'f0-170-1%0) during photolysis of carbon fractionation) to 2.0019 (kinetic fractionation) (Kaiser and
dioxide at 185nm. They attributed near resonant vibronicryckmann 2008).
coupling between singlet and triplet states to be the source s potential non-mass-dependent fractionation may be
o_f non-mass-dependgnt fractionation during the photoly-.ajated to shorter wavelengthi &£ 220nm) rather than
sis. The anomalous isotope effect.was only observed fofynqer wavelengthi(> 285 nm) photolysis. Danielache et
spin forbidden dissociation process; the isotope effect fol-5 (2009) suggested significant sulfur isotope effects at high
lows conventional mass-dependence for the photolysis W'“’énergy side of the spectrum & 220nm). They also sug-
% <160 nm, where C@photodissociates without Spin vio-  gegte that forbidden transition from the lowest excited state
lation. One may expect similar non-mass-dependent |sotop?1A) and ground staté-£+) may be allowed in the bend ge-
effect in sulfur isotope system for the spin-forbidden photol- ometry of excited 2A’ — 11A’ states via vibronic coupling.
YSIS process for.OCS (Lyons, 2009). . Such vibronic coupling may lead to non-mass-dependent iso-
The photolysis of OCS produces predominantyT(  tpe effects during OCS photolysis process.
without spin V|0Iat|on._ Because dissociation thrgshold Other potential sources of non-mass-dependent fraction-
through StD) channel is about 285 nm, the experiments 4iion include isotope self-shielding of the produet &d
with 3 >285nm produces 3p) exclusively through a  gymmetry-dependent fractionation during Sy&combina-
spin-forbidden process much like the g@hotolysis with 5 reaction, analogue to 0zone recombination reaction. The
»>167 nm. The OCS photolysis with> 285nm, however, g, has structured and characteristic absorptions at 280 nm
is largely mass-dependent, suggesting that OCS photolysigierman and Herman, 1963). However, such absorption
.thrgijgh StP) channel s mass-dependent. A slight increaseanqs were not observed during our experiments, suggesting
in *"S-depletion {-9.5%) for photolysis withh >285nm g, jso10pe self-shielding is unlikely under our experimental
C(_)mpare_d to the full spectrum is megsured. This is consistent,dition. Thiozone (§ reaction may produce ozone like
with a simple ZPE-shift method (Miller and Yung, 2000), 1on-mass-dependent fractionation (Francisco et al., 2005)
which is inherently mass-dependent. but the contribution of such reaction is unknown.
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4.5 Implications to stratospheric sulfur aerosol (SSA) and—3.1 %o (TS2). Therefore, the isotope effect due to pho-
tolysis under experimental conditions is constrained to be

Castleman et al. (1974) suggested 838S of background —10.5 to +5.3%o. A relatively small<10 %) isotope ef-
SSA to be +2.6 %0. Thé34S value of the tropospheric OCS fect is consistent with the ZPE-shift method of Miller and
has not been measured but was estimated to be +11 %. (Newang (2000) as well as the result of recent wavepacket dy-
man et al., 1991). The photolysis isotope effect-&.4 %o namic calculation by Danielache et al. (2009). The sulfur
would be expected if the OCS photolysis is the main sourcdsotope constraints on the contribution of OCS to the strato-
of sulfur in SSA. Based upon larg¥e for photolysis of spheric sulfate aerosol layer need to be reevaluated.
OCS of larger than 67 %o, Leung et al. (2002) and Colussi The observed triple isotope coefficients for the 12
et al. (2004) concluded that OCS does not contribute sigexperiments are 0.5340.005 and 1.988-0.021 for
nificantly to the SSA or the large positive isotope effect is In(533S + 1)/Ing3*S+1) and In§38S +1)/In¢3*S +1), re-
cancelled out by other sulfur source with highly negative spectively. These values are statistically different from the
834S. Our experimental results demonstrate the OCS phocanonical values of 0.515 and 1.90, suggesting potential non-
tolysis %1) is unlikely to produce largex(10 %o) isotope  mass-dependent isotope effects during OCS photolysis. Fur-
effects, and thus, OCS can be a major contributor for SSAther experiments are underway to test if photolysis withf
in volcanic quiescent periods. Hattori et al. (2011) estimatedabout 200 nm, relevant range for stratospheric OCS photol-
341 to be (1.1+ 4.2) %o for OCS photolysis at 20 km altitude ysis, would produce larger and non-mass-dependent isotope
by the measurement of OCS spectra. The estimated smadffects.
fractionation is consistent with the result of this study. This study demonstrates that simple laboratory photo-

Ueno et al. (2009) suggested OCS was important greenehemical experiments, theoretical quantum physics, and
house gas in the early Earth, compensating the Earth’s radiaspectroscopic experiments (i.e. absorption cross section mea-
tion budget under low solar luminosity. If this were the case, surements for pure isotopologues) are complimentary to each
OCS is expected to contribute significant S production dur-other, and often required to untangle isotope effects in com-
ing the Archean era because OCS absorbs photons to shiefslex photochemical processes.
SO, but it dissociates at quantum efficiency close to unity.
This study confirms that the isotope effect during the OCSSupplementary material related to this
photolysis and following S abstraction reactions are largelyarticle is available online at:
mass-dependent. http://www.atmos-chem-phys.net/11/10283/2011/

In order to further constrain the isotope effect for the OCSacp-11-10283-2011-supplement.pdf
photolysis in the stratosphere, future laboratory experiments
should focus on the photolysis with of about 200 nm be-
cause this is the window of UV that becomes available atAcknowledgementsWilliam J. Olszewski contributed to the con-
above 20 km altitude (Minschwaner et al., 1993; DeMore etstruction of sulfur fluorination line, the automated purification line
al., 1997) and where most OCS photolysis is occurring (Co_for SFKs and the associated control program. Sebastian Danielache
lussi et al., 2004). The photolysis experiments wittof calculatede values_ based on theoretical spectra. The agthors
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