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Abstract. It has recently been demonstrated that th€O;

Spracklen et aj2008 Carslaw et al.2002. It is well known

ion forms in the atmosphere as a natural consequence of iorthat each cloud droplet forms around a cloud condensation

izing radiation. Here, we present a density functional theory-

based study of the reactions 0b&0; with Oz. The most
important reactions are (a) oxidation tg®X0; and (b) clus-
ter decomposition into SO, and G; . The former reaction
is highly exothermic, and the nascergSmD; will rapidly de-
compose into SQ and G. If the origin of G,;SQ; is SG
oxidation by G, the latter reaction closes a catalytic cy-
cle wherein SQ is oxidized to SQ@. The relative rate be-
tween the two major sinks for £30; is assessed, thereby
providing a measure of the maximum turnover number of
ion-catalysed S@oxidation, i.e. how many Sfcan be ox-
idized per free electron. The rate ratio between reactions (

and (b) is significantly altered by the presence or absence 2?”
a single water molecule, but reaction (b) is in general much

more probable. Although we are unable to assess the ove

all importance of this cycle in the real atmosphere due to

the unknown influence of COand NG, we roughly esti-
mate that ion-induced catalysis may contribute with several
percent of HSOy levels in typical CQ-free and low NQ
reaction chambers, e.g. the CLOUD chamber at CERN.

1 Introduction

One of the most significant uncertainties in weather and cli-

nucleus (CCN). CCNs may well originate from a solid par-
ticle (e.g. soot, salt, or pollen), but recently it has become
increasingly clear that a significant part originate from clus-
tering of purely gaseous moleculdsuimala et al, 2004
Wiedensohler et gl2009 Yu and Luq 2009 Kazil et al,
2010.

Although molecular clustering and aerosol particle for-
mation has been intensively studied, fundamental uncertain-
ties prevail. One of the most significant uncertainties con-
cerns the chemical composition of the very smallest molec-
ular clusters. Sulfuric acid has repeatedly been found in at-
ospheric clusters, and the concentration of sulfuric acid is
own to correlate well with nanoparticle formation rates
Sipila et al, 2019 Nieminen et al.2009. Traditionally, bi-
rr]ary nucleation of HSO; and HO has been the most studied
mechanism, but during the last couple of decades it has be-
come evident that a third species (e.g. ammonia or an amine)
Iis needed as welKjrkby et al, 2011, Ortega et al.2012).
However, the critical importance of sulfuric acid remains
undisputed.

The main source of atmospheric sulfuric acid is UV-
induced oxidation of S which is emitted from volcanoes
and through fossil fuel combustion. The oxidation mecha-
nism involves several elementary reactions, but is relatively
well understoodBondybey and BeyeR002. The rate limit-
ing step is the initial S(1V) to S(V) oxidatiorL.{ and McKee

mate forecasts is related to the processes leading to cIoch_lgg-/).

formation Simpson and Wiggert2009 Rosenfeld 2006
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o 24H,0

2
SO, + OH+ M — HSO; + M, (R1) 5o, 03‘(H20>0»1L§’o H.0) ©
whereM is a stabilizing molecule. HSs then further ox- 3V 2TRs 2
idized to SQ by O, before hydration to biSOy. The final
hydration is known to be catalysed by one or more excess wa- e

ter molecules and is the main sink of atmospherig 8@o-
rokuma and Muguruma 994. In addition to this, a mecha- 0O, 0,50;7(H,0),.4 $0,0,7(H,0)
nism where S@is oxidized by Criegee biradicals has been ‘7-’
proposed\\Velz et al, 2012 Mauldin Il et al,, 2012.

During the last decades, the influence of ions in aerosol 24 H,0

formation has been targeted by several chamber Studle|§ig. 1. Schematic of a simple catalytic $@xidation cycle. The net

_(Kirkby et al_., 201% Eng.hoff and S_vensmarIQOOE). Herg, reaction is @ + SO, — O, + SO3, and the catalyst is the electron.
it has been firmly established that ions enhance formation ofy|| reaction rates are mainly collision-limited.

nanometer-sized aerosol particles in,S@nd G-containing

atmospheres under UV exposure. One possible explanation,

based on classical nucleation theory, is that the energy bare @SG; and GSG; (H20) (Bork et al, 2011a Mohler

rier of nucleation is lowered by the charge hereby increasinget al, 1999. This is supported by a recent field studyiyn

the total nucleation rateTohmfor and Volmer1939 Love-  etal.(2010, finding that, after HSQ, 0.SQC; is the second

joy et al, 2004. The lower barrier might result from reduced most common sulfur-based anion in a boreal forest.

evaporation rates from ionic clusters due to charge delocal- The further chemical fate of £30; and the extra electron

ization or from increased collision rates between ionic par-is largely unknown, but is potentially important. We have in-

ticles and dipolar molecules or between oppositely chargedvestigated the most probable reactions of de- and monohy-

particles Su and Bowersl973 Kupiainen et al.2012). drated @QSG; under standard conditions focusing mainly on
A fundamentally different approach to explain ion- the reaction with @ The two main reactions are

induced nucleation is through ion-induced chemistry alter- -

ing the composition of the metastable gas phase. This ide®250~ Wo-1+ 03 — {g?%o_‘ivi_(l);roéos ((i)))

is supported by several experimental studies where mainly _ o

collision-limited ionic gas-phase chemical reactions wereWhere W is shorthand for water. The latter reaction is of

found; see e.gFehsenfeld and Fergusgh974 and refer- pamculay interest since a catalytic cycle of S@xidation

ences therein. Further, a successful chamber studsMeds-  thereby is closed (see Fifj). .

mark et al.(2007) to suggest an ion-induced $@xidation Using ab mltlo calculations we hgve determined the strl_JF:-

mechanism. Despite of this, little research has been deditures, energies and thermodynamics of reactants, transition

cated to enhanced nucleation from ion-induced chemistryStates and products. We proceed to evaluate the rates of

see howeveBorokin and Arnold2007, 2009 and Enghoff the relev:_:mt reactions and he_reb_y evalugte the total turnover

etal.(2012. number, i.e. .how many Spmdatlo_ns a single elgctron on
Atmospheric ions are mainly products of radioactivity and average will induce. Finally, we estimate the maximum frac-

galactic cosmic rays. Although both cations and free elec-tion of H2SOy originating from ionic catalysis under typical

trons are produced, most attention has gathered around tHgPnditions in CQ-free reaction chambers.

influence of the electrons and subsequent anidialykto

et al, 2006 Kurtén et al, 2009. It is well known that some

of the first stable products are;@H20)m and G; (H20)n

clusters (.UtS and PartSZOOZ The first 5 water molecules As a|WayS when treating Weak|y bound Systems' anionic sys-
are strongly bound to the ion, but several more may attachems and radical reactions, special care must be taken to en-

25

(R3)

2 Computational details

under cold and/or humid conditionB¢rk et al, 2011h. sure reliable results. Of special interest of this study is the
Further, it has been shown thag (H20)n may oxidize  relative adiabatic electron affinity of $@nd QG since this
S, to Sy via the reaction energy difference will be the thermodynamic driving force

_ _ behind Reaction (R3b). The experimental electron affinity
O3 (H20), S0 = SO (H20), + Oz, (R2) of O3 has been determined to 202.9 kJ moWwith high cer-
This reaction is probably the dominant sink of @ most  tainty (Novick et al, 1979 Arnold et al, 1994). On the con-
reaction chambers since G@ost often is omitted. Initially, trary, despite several studies, the electron affinity of 0

the product cluster might partially decompose due to themains highly uncertain. The most recent studies find values
large release of internal energy in the oxidation. However, theof 183+ 10 kJ mot* (Gleason1987) and 19Gt 10 kJ mott

high concentrations of bothA&and HO ensure that the equi- (Dobrin et al, 2000 suggesting that, most likely, the electron
librium quickly settles. Hereafter, the predominant productsaffinity of Oz exceeds that of S§by ca. 15 kJ mot?.
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While scanning a variety of methods, we found that most3 Results and discussion
ab initio methods actually predict a larger electron affinity
of SO; than of @, despite large basis sets. However, the 3.1 Self dissociation
cAM-B3LYP functional is an exception to thi¥@nai et al, ) _ )
2004). At basis sets of at least triple zeta quality, both the The Simplest reaction of £30; based clusters is sponta-
order and magnitude of the electron affinity difference areneous dissociation into£and S
in accordance with the experimental value. Therefore, we _ _
have used theam-B3LYP functional with aug-cc-pVTZ ba- 02505 Wo-1 = SOs~ Wo-1+ O2. (R4)
sis set throughoutQunning 1989, predicting an electron  This reaction is potentially important since the reaction
affinity difference between ©and SQ to be 18 kJ mot?.
We note that adding furthet functions, as normally prefer- SOz~ Wo_1+ O3 — SO3+ 03~ Wp_1 (R5)
able for third period elements, is not desirable since we found | ) o ]
that the otherwise accurate aug-cc-pV(T+d)Z basis set pre'S distinctly exoth_ermlc, th_us prowdmg a direct path to com-
dicted the electron affinity difference te35kJmot L, Fur-  Plete the catalytic cycle in Figl. Further, both S and
ther, it has been shown thaam-B3LYP is superior te3Lyp 02505 have recently been measured Bign et al.(2010
with respect to determining activation energies for a range of" @ Finnish boreal forest, where typical ratios af1D were
typical chemical reactionsPeach et a).2006 Yanai et al, ~ found, suggesting that this reaction may be significant.
2004 Elm et al, 2012. All density function theory (DFT) After optimizing all species we found freex®inding en-
calculations were performed using the Gaussian09 packag@rgies of 48.9 and 39.8kJmdi for the de- and monohy-
(http:/gaussian.corp/and all clusters were corrected for ba- drated clusters at standard conditions, respectively. Little ex-
sis set superposition error using the counterpoise metho@€fimental data is available, bitohler et al.(1992, based
(Boys and Bernargil970. on mass spectrometrical data, concluded thatisObound
The present reactions involve both neutral and chargedtronger to SQ than KO is to CG;, HCG;, and NG;.
ozone as well as highly oxidized sulfur species with un- This implies thatAG?,, < —25kJmol at room temper-
known electronic properties. Therefore, we have performedature Keesee et al1979 Payzant et a].1971).
ccsD(T)-F12 calculations with thepz-F12 basis settotest ~ These  binding energies suggest much lower
the DFT results Adler et al, 2007 Peterson et §12008.  [SO;]:[02SC;] ratios than the observed ratio of: 10.
These calculations have been performed usingibepro  Although several factors may contribute to this discrep-
package fttp://molpro.nely and are described in detail else- ancy, it appears most likely that $Omay be stabilized
where Bork et al, 20118. in configurations not considered here, preventingSO;
Energy barriers were determined by scans of the potentiaformation. Some of the most obvious candidates include
energy surface and confirmed by frequency analyses showoH, HO,, other radicals, and/or clusters containing more
ing exactly one imaginary frequency. Further, by following than one water. It is well known that weakly bound clusters
the reaction coordinate in both directions, it was ensured thamay evaporate inside spectrometers. In accordance with
transition states indeed connected the desired reactants amiis, it seems that the reported field-based concentrations of

products. unclustered S are overestimated.

The temperature-dependent reaction rate consta(its, We conclude that, although some $@xists, the popula-
were determined using harmonic transition state theoryjon of 0,SQ; is significantly higher and we will thus focus
(Hanggi et al. 1990 Billing and Mikkelsen 1996 on this species in the remainder of this article. Finally, we

_Ea note that, contrary to previous studies, we generally avoid
k(T) = A x exp<ﬁ>, where (2) referring to @SQ; as SQ@ since the @—SG; bond resem-
bles that of a molecular cluster more than a molecular cova-

A= %”fﬁac' ) lent bond, concerning both distance and strength.

Y13

. . . 3.2 Oz collision and formation of 02SO; Wo_-1-03

Ea is energy barrier separating reactants and prodictise
molar gas constant andhe harmonic frequencies for the re- First, the QSQ;-03 and @SO;-W - O3 molecular com-
actant and transition state. The T indicates that the imaginaryp|exes were optimized (see FR). In the dehydrated system,
frequency should be omitted. only a few different stable configurations were found, while

We finally stress that all reactants and products are radicalgt least 10 stable configurations were found in the monohy-
and hence electronic doublets. In all cases, molecular oxygefrated cluster. Most configurations were within 10 kJ ol
is treated as an electronic trlplet but, due to the pairing Wlthand are thus predicted to co-exist at typ|ca| atmospheric tem-
the doublet state of the ionic radical, all reactions are spinperatures. However, for the remainder of this article, mainly

allowed. Further, none of the considered pre-reactive comihe single most stable configurations with respechiG®
plexes contains any symmetry. will be considered.

www.atmos-chem-phys.net/13/3695/2013/ Atmos. Chem. Phys., 13, 363 2013
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Fig. 3. Schematic overview of the Gibbs free energy of the relevant
species at standard conditions. The barrier height 8@ ox-

idation is increased by ca. 6 kJ mdi by the presence of a water
molecule while the thermodynamics of charge transfer and clus-
ter decomposition is changed from distinctly endothermic to almost

33(;”(;':”'”%;38”;? ﬁtetlsecrslfrtlljvc(iut:;n?e:r?ag;hse'rseenTO;Q?Oi:t_hgirrgfthermoneutral. At standard conditions and 50 % relative humidity,
2 O3 9 : : ca. 90 % of QSQ; is monohydrated.

tions and frequencies of the three normal vibrational modes along
the SG; —O2 bond in the dehydrated (monohydrated) cluster. Sul-
fur is yellow, oxygen red, and hydrogen white.

646 (649) cm ™! 504 (502) cm™! 364 (366) cm ™!

Fig. 2. Top: the molecular complex between, 805, H2O and

Using the law of mass action,

Struc_:tural'ly, only §ma}ll changes were apparent upon[OZSOg_W] —[W] x exp<_AG)7 A3)
ozonation since the binding preferences of thea@d HO [02SG; ] RT

are very different. In accordance with this, the binding en-

ergy of Qs to 0;SQ; is only minutely affected by hydration. we find that roughly 90% of €5Q; are hydrated al’ =

Considering the equilibrium, 298K and 50 % relative humidity, and the fate of the hy-
i 3 drated cluster is thus of primary importance. However, in all
02505 Wo-1 + O3 = 02SO; Wp-103. (R6)  but extremely dry conditions both hydrated and dehydrated

Regardless of the presence or absence of water, we founc ysters co—gxist and should both be considered when evalu-
A Hge) values of ca—12 kI molt andAG?® values’ of ca ting Reactlons _(R3a) and (R3b). : .

(R6) _ & s (R6) - Having established the structures and relative populations
+12kJmol* implying a short lifetime towards de-ozonation of the relevant clusters, we proceed to evaluate the possible
since no energy barrier is present. S2gega et al(2012 chemical reactions.
for a description of the link between binding energies and
lifetime. 3.3 Cluster decomposition

Neither does the water molecule change the thermody-
namics of ozonation, nor does the ozone change the therFhe most important reaction considered here is decomposi-
modynamics of hydration. Considering the condensation-tion of the reactant cluster as

evaporation equilibrium, i.e. _ _

03-0280; Wp—1 — Oz Wo_1+ O2 + SGs. (R8)
02505 (O3)o-1.+ W = 28G5 (Os)oa W, (R7) As mentioned, the Gibbs free binding energy of the&5O;
we find A Hg7, and AG g7, of —42 and—7 kJmot1, re- cluster is at least 25 kJ mot, which is only partially com-
spectively. Also this reaction was investigated liphler pensated by the transferring of the electron, and the dehy-
et al. (1992, who determinedAGfm) to —17.2kJmot ™, drated ReactionR5) is ca. 15 kJ mot! exothermic.
To clarify this discrepancy, we optimized all relevant species However, the water molecule is bound significantly
with ccs(T)-F12 and found an electronic binding energy stronger to the @ ion than to the S@ ion. Considering also
of 51.3kJmot!. AssumingASz7) = —120 I3 mot? K=1,  this effect we find that the monohydrated cluster decompo-
which is typical of water condensation reactions, we find sition reaction is ca. 10 kJ not exothermic atl’ = 298 K.
AGlpy =—15 kJmot?, in good accordance witMohler ~ The Gibbs free potential energy surface is shown in Big.
et al.(1992. for T =298 K and tabulated in the Supplement.

Atmos. Chem. Phys., 13, 3698703 2013 www.atmos-chem-phys.net/13/3695/2013/
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Fig. 4. Bimolecular rate constants of cluster decomposition mecha- ) ) ) )
nism and QS5 oxidation in cn? molecule ! s~ as function of to the small energy barrier, we find that this reaction essen-

temperature. For both the dehydrated and the monohydrated sydially is collision-limited (see also Figt).

tems, cluster breakup is favoured although much more so in the hy- Comparing the decomposition rates of the dehydrated and

drated systems. At standard conditions and 50 % relative humiditymonohydrated systems, we see that the water molecule is sig-

ca. 90% of @SQO; is monohydrated. The collision rate constant nificantly facilitating cluster decomposition. The main rea-

with Og is indicated (50 % relative humidity). son is the more favourable thermodynamics sine® Hs
bound significantly stronger tofOthan to QSG; .

Considering first the dehydrated reaction, we identified3.3.1 Formation of 03SO3
three vibrational modes of the 80; O3 clusters clearly

leading towards dissociation via The other major reaction sink ofZ8Q; considered here is
B B oxidation by Q. The sulfur is already tetrahedrally coordi-
0280; — 024505 (R9) nated by oxygen, so the only possible oxidation is from fur-

ther O-O binding. Most likely is the formation of:8Q;

These modes are shown in Fig. 2. All modes will be ac- _. .
since the reaction

tive at all times, and their combined magnitude at time,

is given by f(r) = Zu:(646cr'rrl,504crrr1,364crrr1) d, cogvr), 02S0; Wo_1- O3 — O3SQ; Wo_1+ Oz (R10)
whered, is the displacement vector of vibratian Assum-

ing that all modes are all in their ground states and that theilis ca. 174 kJ moi! exothermic. The de- and monohydrated
displacement vectors are of similar magnitudes, we find an03SQ; structures are shown in the Supplement.

effective frequency of 540 cmt by functional analysis of The two transition states of ReactioR10) were then
f@. determined, and the monohydrated structure is shown in

By analysing the Mulliken charge$(lliken, 1955 dur-  Fig. 5a. Besides the absent water molecule, the dehydrated
ing these vibrations, it was confirmed that electronic den-structure differs only slightly from the monohydrated and
sity was smoothly being transferred t @om SQ; dur- s shown in the Supplement. However, considering the bar-
ing a vibration and that no electronic barrier separated theier heights, the effect of water is very significant. At stan-
charge transfer ReactiorR§). Hence, the minimum en- dard conditions the de- and monohydrated energy barriers
ergy required to dissociate the dehydrated cluster is exare 28.8 and 35.1kJmol respectively, implying that the
actly the energy of the net reaction, here 30.5kJthol water is significantly hindering the oxygen transfer due to
above the reactants. This implies an overall rate constangiestabilisation of the transition state (see Big Finally, the
of 2.9x10712 cnmolecule’’s™ at 7 =298 K (see also  pre-factors (Eq. 2) were determined td3x 10°s~1 and
Fig. 4). 7.40x 10° s1 respectively.

Contrary to the dehydrated cluster, in the monohydrated The reaction rate constant of ReactidR1() was read-
cluster the dissociation into SO0, and G W is almost  ily determined from Eq.X) using the parameters described
thermoneutral. In this case the rate limiting step is formationabove (see Figd). It is thus clear that the water molecule,
of the O3 O2SG; W cluster itself and the effective barrier is  while favouring charge transfer, effectively is hindering the
hence just 12.9kJmol at 298 K. The mechanism leading oxidation of GSQG;. The main reason is the increased en-
to cluster decomposition is however identical to the dehy-ergy barrier.
drated cluster, and the modes leading to dissociation are al- To our knowledge @G; has not previously been de-
most identical. These are given in parentheses inZibue scribed in the literature, nor has it been observed in

www.atmos-chem-phys.net/13/3695/2013/ Atmos. Chem. Phys., 13, 36&®3 2013
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experiments or in field studies. This suggests theSQ} More commonly chamber atmospheres are made to resem-
is reactive and has too short of a lifetime to allow for ob- ble typical atmospheric conditions, and hence various pollu-
servation. We therefore proceeded to investigate the possiblants become important. In those cases, the catalytic cycle

decomposition of @5Q; via may be terminated by mechanisms different from the ones
B B presented so far, most likely involving species different from
03S0; Wo-1 — SO, Wo-1+ O2. (R11) S0, and Q. Considering, for example, a collision between

The monohydrated transition state is shown in Big,. and Oq (HEO)7 and a NG rad|call, this will rapidly be oxidized
the dehydrated transition state is shown in the Supplememt.0 NO; with large energy gain,

We hereby determine the energy k_)arrier to ca. 13 kJanI O Wy, + NOz — NO3 W, + O». (R14)

at standard conditions, practically independent of hydration

(see Fig3). Since the energy release of ReactiRi() is so Due to the stability of N@, the catalytic cycle for that partic-
much larger than the energy barrier, it is evident that Reactiorular electron is most likely terminated. Other potential scav-

(R1)) is almost instantaneous. engers include any species in which an electron may be more
_ stabilized than on © or O,SQ;, either through immediate
3.4 Overall catalytic turnover charge transfer or after some chemical reaction. These may

include radicals and acids, NQcations and pre-existing
aerosol particles or molecular clusters. Typically, ,Né&hd
HNO3 will be the dominant electron scavengers.

We here outline two methods of determining the rate of
on-induced HSQO, formation. Most simply, if the actual
concentrations of the involved ions are known, the rate of
ton-induced HSO, formation may be determined based on
the mechanism outlined in Fid. Assuming [Q] > [SOy]

The presence of an ion-catalysed ;S@xidation cycle is of
interest since an extra source of atmosphed&®, signifi-
cantly may alter the conditions for aerosol particle formation
and growth. Although this assessment is the overall goal of
this line of studies, several unresolved factors remain.
Considering the real atmosphere the most noticeable shor
coming is the influence of COThis is known to be the dom-

inant sink of G via we obtain

O; +CO; — CO; +0a. (R12)  rioncar. = Z x [03 (H20), ] x [SOy]. (4)
and cannot be neglected in any realistic mo@gitan et al. whereZ denotes the collision rate.

1977 Luts and Parts2009. The chemical fate of CD is Alternatively, the ion-induced $80, formation rate may
uncertain although the reaction be determined by realising that the incoming flux of elec-

CO- +S C sa R13 trons, Jion, is the primary limiting factor. As shown in Fid,
3 +50—> CO+ 3G ( ) the electron will remain catalytically active until scavenged,
is known to proceed at collision rates, similar to ReactionWhich occurs when the ionic cluster is hit by a scavenger.

(R2) (Fehsenfeld and Fergusot974. However, extending Again assuming [@] > [SO;] and that NQ and HNQ are
the catalytic cycle in Figl to include these reactions is be- the dominant scavengers, the average number of catalytic cy-

yond the scope of this study. cles per electron is thus determined as
Presently, we are able to assess the overall catalytic Z(SOp)
turnover in CQ-free atmospheres, including most of the un- AV8-CYC. = Z(electron scavenggr ®)
til now conducted chamber studies of ion-induced nucle- [SOy]
ation. Taking all investigated clusters, their relative concen- ~ (6)

trations, and all reactions into account, we find that the prob- [NOx] + [HNO3].

ability for cluster decomposition through Reaction (R3b) whereZ denotes the collision rate. The overall catalytic effi-
is 10P—1P times more likely than other reactions between ciency is then given as

03S0; Wo—1 and Q. Details are presented in the Supple-

ment. This thus suggests that each free electron may inducéon cat.= Jion X Avg.CyC. (@)
up to 16—-10F SO, oxidations in atmospheres consisting of
N2, Oz, O3, H20 and SQ only.

This is consistent with recent experimental results from
Enghoff et al.(2012. In the absence of UV light, it was
found that each electron yielded a production of $0Ifates
in atmospheres heavily enriched in $@nd &. Further it
was found that the isotopic fingerprint of this ion-produced ;,,, — k., x [OH] x [SOy], (8)
sulfate was very different of sulfate from UV-induced SO
oxidation, clearly pointing at two different chemical mecha- wherekyy = 1.3x10-12cm?® molecule® st (Atkinson et al,
nisms. 2009.

We now proceed to evaluate the relevance of ion-catalysed
SO, oxidation in a typical C@-free chamber. Since we have
no data for the ionic concentrations, we will use the latter
approach. The well-known UV-induced,BO, production
rate via ReactionR1) is

Atmos. Chem. Phys., 13, 3698703 2013 www.atmos-chem-phys.net/13/3695/2013/
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We here assume the following conditions: [OH] = vations since it explains why SOmmediately decomposes
5x 10°cm™2 (day and night average), [NQ + [HNO3] to SO, and Q.
= 10ppt = 25x 1B cm 3 (pristine), [SQ] = 5ppb =
1.25x 10 em=3, [O3] > [SOy], and Jion =5 ion pairs
cm3s~! (middle or lower troposphere). We thus obtain Supplementary material related to this article is
Avg.cyc. =500, and further obtain the contribution of$0y available online at: http://www.atmos-chem-phys.net/13/
from ion catalysis as 3695/2013/acp-13-3695-2013-supplement.pdf

[H2SOx]ion cat. _ Tion cat.

= =2.5%. 9
[H2SOsliotal Tion cat.+ Fuv ©
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