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Abstract. Recent experimental findings indicate that HSO 1 Introduction

radicals may play a key role in the nucleation of atmospheric

SO, oxidation products. HSE©radicals are metastable The formation of atmospheric aerosol particles by nucleation
intermediates formed in the S$Qoxidation process, and from gas-phase molecules has recently received growing ex-
their stability and lifetime are, at present, highly uncer- perimental and theoretical interest due to the climate and
tain. Previous high-level computational studies have pre-health — related effects of fine particles (see e.g. Kulmala,
dicted rather low stabilities for HSwith respect to disso- 2003; Kulmala et al., 2004). Despite a large number of ex-
ciation into S@+HO5, and have predicted the net reaction Perimental and modeling studies, little is known about the de-
HSO3+OH— SOz+HO, to be slightly exothermal. However, tailed molecular — scale processes behind the particle forma-
these studies have not accounted for hydration of §H80 tion events observed in the atmosphere. Based on observed
its precursor HS@ In this study, we have estimated the ef- correlations between particle formation rates and trace gas
fect of hydration on the stability and lifetime of H§@s- ~ concentrations (see e.g. Weber et al., 1995; Kulmala et al.,
ing the advanced quantum chemical methods CCSD(T) an@006; Riipinen et al., 2007), and also on thermodynamic
G3B3. We have computed formation energies and free enerclassical nucleation theory calculations, nucleation in the
gies for mono- and dihydrates of OH, HGCHSG;, SO3 lower troposphere has been thought to involve mainly water
and HQ, and also reanalyzed the individual steps of theand sulfuric acid, with possible contributions from ions, am-
HSO3+0,—HSO5— SO3+HO, reaction at a higher level of monia or various organic molecules. A comparison of field
theory than previously published. Our results indicate thatmeasurements with laboratory experiments on sulfuric acid
hydration is likely to significantly prolong the lifetime of the — ammonia — water mixtures reveals some curious discrep-
HSOs intermediate in atmospheric conditions, thus increas-ancies. For example, the nucleation rate typically depends
ing the probability of reactions that form products with more on the 7th or 8th power of the sulfuric acid concentration in
than one sulfur atom. Kinetic modeling indicates that thesethe laboratory experiments (Ball et al., 1999), but only on
results may help explain the experimental observations that &€ 1st or 2nd power in the field experiments (Weber et al.,

mixture of sulfur-containing products formed from Sexi- ~ 1995; Kulmala et al., 2006; Riipinen et al., 2007). This in-
dation by OH radicals nucleates much more effectively thandicates that the critical cluster (the smallest cluster for which
sulfuric acid taken from a liquid reservoir. growth is thermodynamically more favorable than decay) in

field conditions contains only 1-2 sulfuric acid molecules,
as opposed to 7-8 in laboratory conditions. Also, sulfu-
ric acid concentrations in the atmosphere during nucleation
events are typically around §610° molecules cm?, while
the threshold concentration for nucleation in laboratory ex-
periments is around #®@molecules cm?.

Recently, Berndt et al. (2005, 2006, 2007) compared the

Correspondence tol. Kurtén nucleation rates of sulfuric acid formed from $6xidation
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reservoir. They found that the threshold$0O, concentra- HSG5(R) — HSO5(TS) (R2d)
tion for particle formation was TGmolecules cm? if H,SOy
was produced in situ via the reaction of OH radicals with SO HSOs(TS) — HSG5(P) (R2e)

in the presence of water vapor, and@olecules cm? if
the LSOy was taken from a liquid reservoir or produced in

situ via the reaction of Spwith water vapor. Other exper- Where HSG(R) is a reactant complex corresponding to

imental findings confirm a y80, threshold concentration HS 0300, (HOSye0y), HSO5(P) is a product complex cor-
3 ) ;

of about 10—1C° molecules cm?® (Burkholder et al., 2007; responding to SgHO,, and HSQ(TS) is a transition state

Young et al., 2008; Benson et al., 2008) when produced inconnecting the two, where the H-atom is shared by the S-O-

situ from SQ. It should be noted that the differences regard- 4 o 4 5.0 groups. It should be noted that R2d and R2e do

mg_the statgq thresholdéﬂ& concen(;cratlor;]s r(tje_?forted from _hot correspond to real, individual chemical reactions, but to
various studies are probably caused by the different eXpe”'eIementary steps of the same reaction.

mesntﬁl cpndi%ons udsed.. ¢ Sooxidati ds vi Very recently, Berndt et al. (2008) and Laaksonen et
ulfuric acid production from Sfoxidation proceeds via al. (2008) have discussed the implications of the experimen-

a CSFHTS o;_re;]dl_cal reactlllons. glrst,dgf@acts V:'th an OH_ tal results in terms of these mechanisms, and concluded that a
radical, which 1S normally proauced from water vapor via ,,,qjaation mechanism involving HS@r its reaction prod-

reaption with glectronically excited atomic ogygenlol, ucts is likely to explain nucleation starting from OH+50

V.Vh'Ch In turn is fqrmed from ozone photolysis. (Alterna- observed in atmosphere as well as in the laboratory. Salo-
tively, the OH radical can be formed from ozonolysis of an nen et al. (2009) have investigated the stability of clusters of
alkene in a dark reaction.) sulfuric acid together with various intermediate and alterna-

HSG5(P) — SOz + HO2 (R2f)

SO, + OH+ M —> HSO; + M (R1) five products of the S@oxidation chain, and concluded that
while HSG; itself is unlikely to nucleate very effectively, a
Where M denotes a collision partner (typically Mr Oz).  mixture of sulfuric acid and HS€xeaction products contain-

The HSQ radical then rapidly reacts with molecular oxy- ing more than one sulfur atom (such as peroxodisulfuric acid)
gen to yield either S@and HQ or an intermediate complex are likely to nucleate more effectively than sulfuric acid on
HSGs: its own.
A crucial uncertainty in the proposed nucleation mecha-
HSO; + 02 — SO; + HO2 (R23)  hism is the lifetime of HS®@ especially with respect to dis-
(R2b) sociation via path (4) and (2f). Based on computational and
experimental studies (Stockwell and Calvert, 1983; Li and

SO; reacts with water (catalyzed by another water molecule)McKee, 1997), the dissociation of H§@to SG; and HG

HSO; + Op + M — HSO5 + M

to yield sulfuric acid: could be very rapid. Thus, the fraction of H&@olecules
that live long enough to collide with other sulfur-containing
SQO; + 2H0 — H2SO4 + H2O (R3) molecules would be small, and any nucleation mechanism

. ) starting from HSQ@ would be inefficient. However, previous
The HSQ radical may also decompose to $and HQ, or it computational studies have neglected the effect of water va-

maylcriefact with othzr_ colfmpoun(_jds. Fo:)e)fample, self-reactlorbor, which is always present in both laboratory and field stud-
would form peroxodisuliuric acid, $&,0s: ies in concentrations far exceeding those of all sulfur — con-

HSO; — SO3 + HO, (R4) taining molecules combined. In principle, hydration could
increase the steady-state concentration of 5%@d thus the
HSG; + HSGs — H2S,08 + O (R5) probability of bimolecular reactions involving HS(by four

different mechanisms:

If Reaction (4) is very rapid, Reactions (2a) and (2b) can not _ o )
necessarily be distinguished from each other. At present, it — 1hermodynamic stabilization of H§Qwith respect to
is not known if the direct Reaction (2a) is possible, or if the the products S@and HG..
reaction always proceeds via a transient H&termediate. _ Thermodynamic stabilization of HS(R) with respect
Various authors (Davis et al., 1979; Wayne, 2000) have sug- to HSO(P).
gested that HS®in atmospheric conditions is likely to be
hydrated, but to our knowledge no experimental or computa- — Kinetic stabilization of HS@R) with respect to
tional evidence of this has been presented prior to this study.  HSOs(P), i.e. the barrier for Reaction (2d)+(2e) above

The HSQ@Q+O; reaction has been investigated by several could be increased by hydration.
groups. In a computational study, Majumdar et al. (2000)

proposed that the reaction proceeds via three steps: — Increasing the fraction of HS3O; collisions that lead

to HSG; formation as opposed to direct $EHO, for-
HSO; + O + M — HSG5(R) + M (R2c) mation (if the latter is at all possible). E.g. if Hg@ere
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hydrated in Reactions (2a/2b), there would be more vi-energies, see Dunning et al.,, 2001). Due to the extreme
brational degrees of freedom to accommodate the excomputational cost and prohibitive scaling of the UCCSD(T)
cess energy liberated in the reaction, and thus a greatenethod, we were unable to treat the HSfihydrate clusters
degree of energy accommodation, and a higher probat this level.
ability for the transiently formed reaction complex to  To maintain consistency with G3B3 thermochemical pa-
stay together. rameters, a scaling factor of 0.967 was used in calculat-
. . . . ing the thermal entropy and enthalpy contributions at the
o e e i UESLYPIG311. Gl 30) el Tis was based on il
for the 6-311+G(3df,2p) basis set from the Computational

dering them. In this study, we have assessed the effect o hemistry Comparison and Benchmark Databelsieoy/
mechanisms 1 and 2 above using advanc_ed.quantum Chemc'_ccbdb.nist.gov/default.ht}m This scaling factor was based
cal methods, and found them both to be significant.

on 3448 individual vibrational frequencies from 308 differ-
ent molecules. A slightly larger scaling factor of 0.970 was

2 Computational details given for the basis set 6-311+G(3df,2pd), which is closer in
size to the basis used in this work. However, as this value was
We have computed free energies of formation for SOH, not based on direct calculations, but on comparisons with

HSQOs, Oy, HSGs, SOs and HG molecules and most of their  B3LYP/cc-pVTZ calculations, we chose the former value as
mono- and dihydrates. (The hydrates of ®ere not stud- somewhat more reliable. This is partly supported by a re-
ied, as they are likely to be extremely weakly bound due tocent study by Anderson and Uvdal (2005), in which a scaling
the nonpolarity of the @molecule. Also, only the monohy- factor of 0.9679 was recommended for B3LYP calculations
drate of SQ was considered, as experimental evidence (Der-with all Pople basis sets larger than 6-311++G(d,p). In any
mota et al., 2005) indicates that @ water clusters only case, the difference between results obtained with the three
interacts with one water molecule). Free energies have beescaling factors (0.967, 0.9679 and 0.970) are minimal. All
computed using the G3B3 combination method (Baboul etthermochemical parameters presented here have been com-
al., 1999) which involves B3LYP/6-31G(d) geometry opti- puted using the rigid rotor and (scaled) harmonic oscillator
mizations and frequency calculations (using a scaling factolapproximations.

of 0.96) together with a series of higher-level (MP2(full), SO,eH20, OHe(H20),, HSO;eH20, SG;e(H20), and
MP4 and QCSID(T)) single-point energy calculations and HO2e(H20), (with n=1, 2, ...) clusters have been compu-
empirical corrections. Assuming certain additivity rules, the tationally studied previously (Li and McKee, 1997; Du et
G3B3 energy is a reasonable estimate of the QCISD(T)(full)al., 2006; Aaltonen and Fransisco, 2003; Fliegl et al., 2006;
energy with a large triple-zeta basis set. For a sample setarson et al., 2000; Alongi et al., 2006), and initial geome-
of 299 data points (Baboul et al., 1999), the mean absolutdries for these systems were taken from the published liter-
deviation of the energies predicted by the G3B3 method isature. To our knowledge, there are no previous studies on
0.99 kcal/mol. Some calculations have also been performediSOze(H20), or HSO;e(H20);. 2 clusters. For these sys-
with the G2 combination method (Curtiss et al., 1991), whichtems, initial guesses were generated using the Spartan pro-
is similar to G3B3 except that frequencies are computed agram (Wavefunction Inc, 2002), and pre-optimized at the
the HF/6-31G(d) level and geometries at the MP2/6-31G(d)B3LYP/6-31G(d) level (and for some clusters also at the
level. Unfortunately, most of the G2 calculations on hydratedPBE/6-31+G(2d,p) level with density fitting). For the HSO
HSG; failed as the MP2 geometry optimizations did not con- mono- and dihydrates, several of the initial guess geometries
verge. This may be related to the finding by Majumdar etfailed to converge at the B3LYP and PBE levels, and only
al. (2000) that the MP2 method does not always yield reli-a few structures could finally be used for the higher-level
able results (especially structures or vibrational frequenciesgalculations. UCCSD(T) calculations were performed using
for all configurations of the HS§system. To assess the re- the Molpro 2006.1 program (Werner et al., 2006), some RI-
liability of the G3B3 values (and also to compute more re- MP2 test calculations (Weigend andasér, 1997; Weigend
liable estimates for the reaction energetics than published iret al., 1998) were performed on Turbomole 5.10 (Alrichs et
earlier studies), we further optimized the structures of theal., 1989), and all other calculations were carried out using
free molecules, monohydrates and selected dihydrates at thbe Gaussian 03 program suite (Frisch et al., 2004). The de-
UB3LYP/6-311++G(3df,3pd) level (Becke, 1993; Lee et al., fault energy and geometry convergence criteria for each pro-
1988) and performed UCCSD(T)/6-311++G(3df,3pd) andgram were used in all calculations. It should be noted that
UCCSD(T)/aug-cc-pV(T+d)Z (Knowles et al., 1993; Deegan for the HSQ(TS) and HQ systems, both of which belong
and Knowles, 1994) single-point energy calculations at thesdo the point group Cs, using the default symmetry settings
geometries. (The aug-cc-pV(T+d)Z basis set is identical toof the Molpro program causes severe errors in the computed
the standard aug-cc-pVTZ basis set for first- and second-roweaction energies, as the calculation then corresponds to an
atoms, and contains an extra d — orbital for third-row atoms,excited electronic state (with symmetfA’). To compute

as this has been shown to yield more accurate atomizatiothe energy for the ground state (with symmetdy’), the
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Table 1. Electronic energy change\Egled, enthalphy changeAH) and Gibbs free energy changa@) for the reaction HS@+O,—
SO3+HO,, computed at various levels of theory. All values in kcal/mol. Enthalpies and Gibbs free energies correspond to 298 K and 1 atm
reference pressure. A scaling factor of 0.967 has been used in the UB3LYP/6-311++G(3df,3pd) frequency calculations.

AEglec AH AG
MP2/6-31G(d, B 8.64 9.02 9.52
B3LYP/6-31G(d,p} 9.29 9.94 10.58
MP2/TZ2P(f,d)+# 3.05 3.48 3.89
B3LYP/TZ2P(f,d)++# 4.52 4.82 5.39
MP2/cc-pvVTZ2 2.35 2.77 3.26
MP2/cc-pVQZA 0.58 - -
MP2/cc-pV52 -1.29 - -
B3LYP/cc-pvVQZ 3.80 - -
B3LYP/cc-pV52 2.17 - -
MP4(SDTQ)/6-31G(d,p)//HF/3-21G (@) 11.9 12.3 12.8
Thermochemical predictién — 8+2 -
Thermochemical predicti&h — 0.9 —
CCSD(T), MP2-F12 —2.3+0.7
G2'9 -3.98 -374 -3.16
G3B¥ —2.68 —2.44 —-1.76
UCCSD/6-311++G(3df,3pd) //UB3LYP/6-311++G(3df,3pd) —1.33  —1.04 —0.46
UCCSD/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,389d) —0.74  —0.46 0.13
UCCSD(T)/6-311++G(3df,3pd) //UB3LYP/6-311++G(3df,3pd) —1.24 —0.95 -0.37
UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,38d) —0.61  —0.32 0.26

@ Majumdar et al. (2000)? Nagase et al. (1988); a further extrapolation of the correlation energy beyond MPA gdd.6 kcal/mol;©

Based on data by Benson, 19¥®Based on data by Atkinson et al. (1997); given by Li and McKee (199R)opper et al. (2008); advanced
multistep calculations involving MP2-F12/aug-cc-pwCV5Z and UCCSD(T)/cc-pV(T+d)Z calculations, together with anharmonic, hindered
rotor and relativistic correction$.Li and McKee (1997)9 This study

symmetry of the ground-state wavefunction must either bemic (Li and McKee, 1997; Klopper et al., 2008), weakly
explicitly specified (using the wf and occ keywords), or the endothermic (Majumdar et al., 2000) or strongly en-
calculation must be performed without using symmetry (key-dothermic (Benson, 1978; Nagase et al.,, 1988). Ex-
word nosym). A similar phenomenon occurs for the OH rad- perimentally, the reaction is known to be the exclusive
ical. fate of HSQ in the atmosphere with a rate constant of
The Cartesian co-ordinates, energetics and vibrationa#t.3x 10~ 13cm® molecule 1s1 at 293K (Gleason et al.,

temperatures of all studied structures are given in thel987; Gleason and Howard, 1988). The experimental results
supporting information Http://www.atmos-chem-phys.net/ thus indicate that the studies predicting a strong endother-
9/3357/2009/acp-9-3357-2009-supplemend.pdf micity are likely to be in error. The reaction energetics
predicted for this reaction at various levels of theory are
given in Table 1. (Note that several more basis sets were
used in the study by Majumdar et al., 2000; the rest of their
values lie between those presented here.)

It can be seen from Table 1 that while B3LYP and
Previous studies have found the net reactionMP2 calculations predict the reaction to be strongly en-
HSO3+0,— SO3+HO, (Reaction 2a) to be either exother- dothermic unless very large basis sets are used, the more

3 Results and discussion

3.1 HSG;+0; reaction energetics

Atmos. Chem. Phys., 9, 3353369 2009 www.atmos-chem-phys.net/9/3357/2009/
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Table 2. Electronic energy changé\Egjeo), enthalphy changeH) and Gibbs free energy chang&®) for the four individual steps of the

overall reaction HS@+O,— SO3+HO,, computed at various levels of theory. A scaling factor of 0.967 has been used in the UB3LYP/6-
311++G(3df,3pd) frequency calculations. All values in kcal/mol. Enthalpies and Gibbs free energies correspond to 298 K and 1 atm reference
pressure. HSEIR), HSG;5(TS) and HSQ@(P) correspond to the reactant, transition state and product complexes, respectively. (See the text
and Fig. 1 for details.)

reaction, method AEglec AH AG
HSO3+0,—HSO5(R)

B3LYP/6-31G(d,p} —-8.09 —6.26 5.06
MP2/6-31G(d,p} -3.67 —-2.29 9.20
B3LYP/TZ2P++# —6.08 —-4.40 6.84
MP2/TZ2P++# —6.28 —4.44 7.06
MP3/6-31G(d,p)//HF/3-21G(8) —1.2 3.2 14.4
Thermochemical predictién — —16 —
G2 —-20.13 -18.56 —6.89
G3BZF —-14.76 —-13.42 -2.67
UCCSD/6-311++G(3df,3pd) //UB3LYP/6-311++G(3df,3pd) —16.31 —14.63 —3.28
UCCSD/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,3[5d) ~17.60 -15.92 —4.57
UCCSD(T)/6-311++G(3df,3pd) //UB3LYP/6-311++G(3df,3pd) —16.01 —14.32 —2.98
UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,35d) —17.33 —15.65 —4.30
HSO5(R) — HSO5(TS)

B3LYP/6-31G(d,pd 3.75 1.50 2.53
MP2/6-31G(d,p} 2.10 0.46 1.27
B3LYP/TZ2P++# 4.20 1.60 2.65
MP2/TZ2P++ 1.87 0.29 1.03
G2 6.49 4.06 4.79
G3BZF 6.65 1.94 3.43
UCCSD/6-311++G(3df,3pd) //UB3LYP/6-311++G(3df,3pd) 10.46 7.89 8.80
UCCSD/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,3/5d) 10.72 8.16 9.07

UCCSD(T)/6-311++G(3df,3pd) //UB3LYP/6-311++G(3df,3pd) 6.49 3.92 483
UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,35d)  6.73 416  5.07

@ Majumdar et al. (2000}? Nagase et al. (19975;Based on data by Benson (197@)‘$olimannejad et al. (20045;This study

advanced methods including high-level correlation (G2,UCCSD(T) energies (as well as the UCCD and UCCSD(T)
G3B3, UCCSD(T)) predict the reaction energy and enthalpyenergies using two different basis sets) are of the same size as
to be slightly below, though quite close to, zero. The re-the predicted endo- or exothermicity, indicating that a quan-
action free energies predicted by the more advanced methitatively reliable prediction of the sign of the energy change
ods lie on both sides of zero, and are all quite small. Theof the reaction likely requires even more advanced methods
large differences between MP2 or DFT energies on one hanthan those used here. In a very recent state-of-the-art com-
and G2, G3B3 or coupled-cluster energies on the other indiputational study, Klopper et al. (2008) recalculated the heat
cates that high-level electron correlation plays a central roleof formation of HS@ using a combination of very high-

in the energetic of the reaction, as noted by Majumdar etlevel methods, and applied this data to estimate the enthalpy
al. (2000). The difference between the G3B3, UCCSD andof Reaction (2a), finding it to be weakly exothermic. Our
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Table 2. Continued.

reaction, method AEglec  AH AG
HSO5(TS) - HSG5(P)

B3LYP/6-31G(d,p} —-2.05 056 -0.64
MP2/6-31G(d,} -2.28 -037 -211
B3LYP/TZ2P++# -3.84 -105 -234
Gx* —-2.69 -0.09 -3.50
G3BF -4.82 -2.08 -3.34
UCCSD/6-311++G(3df,3pd) //UB3LYP/6-311++G(3df,3pd) —5.70 —2.98 —4.33
UCCSD/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,3/5d) —-4.90 -2.18 -3.53

UCCSD(T)/6-311++G(3df,3pd) //UB3LYP/6-311++G(3df,3pd) —3.84 —1.13 —2.48
UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,38d) —3.04 —0.33 —1.68
HSO5(P) — SO3+ HO;

B3LYP/6-31G(d,p} 15.67 14.14 3.63
MP2/6-31G(d,p} 1251 939 116
B3LYP/TZ2P++# 1093 9.36 —1.05
B3LYP/6-311++G(2df 2 11.20 - -

MP2/6-311++G(2df,215) 1219 - -

(ekex 1151 1154 2.08
G3mpP2d 10.25 10.28 4.58
G2 12.35 10.85 2.44
G3BF 12.68 11.13 0.82
UCCSD/6-311++G(3df,3pd) //UB3LYP/6-311++G(3df,3pd)  10.22  8.67 —1.65
UCCSD/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,3(5d) 11.03 949 -0.83

UCCSD(T)/6-311++G(3df,3pd) //UB3LYP/6-311++G(3df,3pd) 12.12 10.58  0.25
UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,38d)  13.04 1150 1.17

@ Majumdar et al. (2000}? Nagase et al. (19975;Based on data by Benson (197@)$olimannejad et al. (20045;This study

best results are in fairly good agreement with their enthalpy As for the net Reaction (2a), there are considerable differ-
value of—2.34+0.7 kcal/mol. Comparing the free energy and ences between the different methods. Compared to the more
enthalpy values, we can conclude that also the free energgdvanced G2, G3, G3B3 and coupled-cluster methods, MP2
change of the reaction is very likely to be slightly below zero. and B3LYP significantly underestimate the binding energy of
To our knowledge, only Majumdar et al. (2000) have pre- HSG;(R) and the barrier height for the Hg®)—HSO5(P)
viously addressed the detailed energetics of all the elemenconversion. However, the energetics for Reaction (2f) pre-
tary reaction steps 2c—2f. The study by Nagase et al. (1988)licted by the different methods are relatively similar.
contains data for Reaction (2c), while that of Solimannejad Regardless of the method used, the HE®E) tran-
et al. (2004) contains data for Reaction (2f). The energetsition state is predicted to be lower in electronic energy
ics of these individual steps are reported in Table 2. Theand enthalpy than the reactants H30,. On the
structure of the molecules HSOHSG;(R), HSG(TS) and  other hand, all methods except G2 predict the tran-
HSG;(P) are shown in Fig. 1. The structures are drawn usingsition state to lie higher in free energy than the free
the MOLEKEL 4.3 visualization package (Portmann, 2002). reactant molecules. The highest-level (UCCSD(T)/aug-
cc-pV(T+d)Z//UB3LYP/6-311++G(3df,3pd)) AG value
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Table 3. Electronic energy changé\Egjeo), enthalphy changeH) and Gibb's free energy changaG) for hydration reactions of various
molecules: X+n(HO) — Xe(H20),. A scaling factor of 0.967 has been used in the UB3LYP/6-311++G(3df,3pd) frequency calculations.

All values in kcal/mol. Enthalpies and Gibbs free energies correspond to 298K and 1 atm reference pressg(R), HBD;(TS) and

HSGO5(P) correspond to the reactant, transition state and product complexes, respectively. (See the text and Fig. 1 for details.) When multiple
literature values exist for some parameter, only the highest-level ones are given.

cluster, method AEglec AH AG

SOyeH,0, G2 —346 -351 362
SOpeH,0, G3BF —455 —3.06 4.44
SOyeH,0, UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,3Pd) -451 -319 3.23
OHeH>0, RCCSD(T)/aug-cc-pVT‘Z —5.88 - -

OHeH,0, G3BJ —559 —4.13 214
OHeH,0, UCCSD(T)/aug-cc-pVTZ //UB3LYP/6-311++G(3df,3Pd) -5.88 —-452 1.70
OHe(H20),, mTTM potential -1486  — -

OHe(H,0),, G3B3 —14.37 -10.62 6.28
HSOzeH,0, UB3LYP/6-311++G(3df,3pd) -1090 - -

HSOzeH,0, G3BJ -1229 -1051 -1.06
HSO3eH,0, UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,3fd)  —12.56 —10.94 —1.93
HSOze(H,0)p, G3BI —2410 -20.76 —2.30
HSOze(H20)p, UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,3Pd) —24.45 —21.36 —3.00
HSO5(R)eH,0, G3B3 —-17.28 -15.28 —4.88
HSO5(R)eH,0, UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,3Pd) —14.35 —12.91 —3.78
HSO5(R)e(H20)p, G3BI —29.09 -26.11 —6.07

aLiand McKee (1997)? Du et al. (2006)¢ Aaltonen and Fransisco (200§)Fliegl et al. (2006); advanced multistep calculations involving
RI-MP2-R12/def2-QZVPP and CCSD(T)/aug-cc-pV(Q+d)Z energies together with B3LYP/cc-pVTZ frequehitiassen et al. (2000);
f Kanno et al. (2006 Alongi et al. (2006),h This work

for the HSQ+0O,——HSG5(TS) free energy change is

+0.77 kcal/mol, indicating that, as for the net Reaction (2a), ? )

the value is likely to be close to zero, and even more N ;‘)\‘)v N ? B
advanced methods would be needed to reliably determine 0")\“0
the sign of the free energy difference. Nevertheless, it a) b)

is clear from the higher-level data that net barrier for the
HSO;+0,— —>HSG5(P) process is unlikely to be larger
than a few kcal/mol, which supports the experimenta a) HSOs, (b) HSOx(R), (¢) HSO5(TS) and(d) HSOx(P). Dashed
observations (GIeaspn et al,, 1987; Gleason and HO"""?“ Ines correspond to hydrogen bonds. Color coding: yellow=sulfur,
1988) that the reaction should be reasonably fast at amb'e%d:oxygen, white=hydrogen.

temperatures.

IFig. 1. Minimum — energy structures (at the G3B3 level) of

3.2 Effect of hydration

from this work, see the supporting information for lower-
Table 3 shows the formation energetics obH%O and  level coupled-cluster values. The minimum-energy struc-
Xe(H20), clusters computed at various levels of theory, tures of the hydrated clusters are shown in Fig. 2. (The struc-
with X=SOp, OH, HSGQ, HSG;(R), HSG(P), SG@ and  tures correspond to the B3LYP/6-31G(d) geometries used in
HO,. For simplicity, only G3B3 and UCCSD(T)/aug-cc- the G3B3 calculations, since these are available for all struc-
pV(T+d)Z//UB3LYP/6-311++G(3df,3pd) results are given tures. Qualitatively, these were in most cases — see below for
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Table 3. Continued.

cluster, method AEglec AH AG
HSO5(P)eH20, G3B3! -11.69  -10.03 —0.29
HSQ;(P)eH,0, UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,3pd) —11.12 -9.72 -0.37
HSQ;(P)e(H20),, G3BF —27.71  —2460 —3.48
SO3eH,0, RI-MP2-R12, CCSD(® -9.8+0.2 -8.3+1.0 -
SOzeH,0, G3BY -10.32 -851 —0.38
SO3eH,0, UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,3Pd) -9.76 -8.12 —0.59
SOze(H20),, B3LYP/6-311++G(d, ) —21.86 - -
SOze(H20)p, MP2/6-311++G(d,[5) —21.87 - -
SO3e(H20),, G3BF —22.26  -18.42 —0.03
SOze(H20),, UCCSD(T)/aug-cc-pV(T+d)Z //UB3LYP/6-311++G(3df,3pd) —22.31  —18.78 —1.07
HO,eH,0, experimental —7.4+1
HO»eH,0, G -9.14 -7.42  —0.53
HOoeH,0, G3BY -8.88 —6.77 2.33
HO,eH,0, UCCSD(T)/aug-cc-pVTZ //UB3LYP/6-311++G(3df,3Pd) —9.48 —7.68 0.44
HO»e(H,0),, GF -20.64  -16.98 —0.47
HOe(H,0),, G3B3! —-20.33  -16.44 233
HO,e(H,0),, UCCSD(T)/aug-cc-pVTZ //UB3LYP/6-311++G(3df,3pH) -21.12  -17.59  0.62

aLiand McKee (1997)*,’ Du et al. (2006)¢ Aaltonen and Fransisco (200§)Fliegl et al. (2006); advanced multistep calculations involving
RI-MP2-R12/def2-QZVPP and CCSD(T)/aug-cc-pV(Q+d)Z energies together with B3LYP/cc-pVTZ frequehdiassen et al. (2000);
f Kanno et al. (2006) Alongi et al. (2006)" This work

the single major exception — very similar to the UB3LYP/6- very advanced methods. The G3B3 and UCCSD(T)/aug-
311++G(3df,3pd) geometries computed for some of the clus-cc-pV(T+d)Z//UB3LYP/6-311++G(3df,3pd) values are also
ters. See the supporting information for all computed Carte-in reasonable agreement with each other, except for the
sian co-ordinates.) HSG5(R)eH20 cluster, for which the coupled-cluster bind-

For the molecules for which previous data on hydratesing energy is almost 3kcal/mol less than the G3B3 bind-
are available (S@ OH, HSQ, SO; and HQ), our re- ing energy. (The difference in free energies is only about

sults are in fairly good agreement with previous studies.l'z kcal/mol.) The reason for this difference may be the fact

It should especially be noted that the binding energy pre_that, as pointed out by Majumdar et al. (2000), the geometries

dicted for the ORH,0 complex using the UCCSD(T)/aug- pre(_jicted at the B3LYP level using _doubl_e— and tr.iple—zef[a
cc-pVTZ single-point energy computed at the UB3LYP/6- 0aSis sets (6-31G(d,p) and TZ2P++ in their case) differ quite
311++G(3df,3pd) geometry is within 0.005 kcal/mol of that significantly from each other with regard to the SOH. .. O0OS

: distance. With the smaller basis sets, the distance is pre-
computed by Du et al. (2006) using a full RCCSD(T)/aug- " .
cc-pVTZ geometry optimization. This indicates that the dicted to be rather short (1.71 and 1/%or the 6-31G(d,p)

errors induced by the DFT geometry optimization for our fand 6-31G(d) basis sets, respectively), correspon_ding to_ an
hydrated radical complexes are likely to be relatively mi- Intramolecular hydrogen bond, whereas calculations with
nor, at least if the basis set is large enough. Similarly, it2 Iarg;a basi Sﬁt predict the distance to befmuch larger
should be noted that our hydration enthalpies forsHge ~ (2-74 for both the TZ2P++ and 6-311++G(3df,3pd) basis
all within the error margins of the experimental result by s_ets). Presumably, the B3LYP calculations with Iarger ba-
Kanno et al. (2006), and that our best value for the @G0 sis sets cqrrespond at least somewhat bet?er to the high-level
binding energy is within the estimated error margins of that Wavefunction-based methods employed in the G3B3 and
computed by Fliegl et al. (2006) using a combination of CCSD(T) energy calculations, as indicated by the excellent
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agreement for the O¥H>O cluster mentioned above. Thus, ?

the high HS@(R)eH20 binding energy found at the G3B3 ) ‘ W{ /‘ V<N
level is probably slightly overestimated, as the B3LYP/6- ‘ ) s \
31G(d) geometry for HSEJR) used in the calculation is
likely to be unfavorable for the higher-level methods. a) b) ¢) d)

Regardless of the method used, it can be seen from Ta- { Tf‘
ble 3 that SQ and OH are only weakly bound to water, v : ‘)
while SO; and HGQ are moderately and HSOand HSG o ;

strongly hydrated. Especially the reactant complex E&)D e ¢ @0

is very strongly bound to water, even after the probable e) f) g)
overbinding in the G3B3 energies is accounted for. Hy- (0 ’ o
dration by one water molecule stabilizes the reactant form T \, % P

of HSG; by around 3-5kcal/mol compared to the prod- - 04_{ : 0-\& (
uct form, while both HS@ dihydrates are more strongly {--- R .

bound than any of the other dihydrate clusters. However, h) i) i)
the difference in hydration energies between the dihydrates g A
HSO5(P)e(H20), and HSQ(R)e(H20), is only around 1— ? ‘\ P
2 kcal/mol, less than half of the difference between the mono- ’-‘Qb k ¢

hydrates. The reason for this is apparent from Fig. 2i): the °‘~& &
HSGO5(P)e(H20)2 minimum-energy structure actually cor- k) 1) m) ‘
responds to an ion pair cluster SeH3zOteH,0. (Other,

local minima without proton transfer were also found at o

the G3B3 level, but they were all less stable than the jon'd- 2: Minimum — energy structures (at the G3B3 level) of
pair structure by several kcal/mol. See the supporting in-(2) SO2¢H20, (b) OHeH:0, (C) OHe(H;0)z, (d) HSOzeH;0,
formation for their Cartesian co-ordinates.) As thesS0 &) HS03e(H20), () HSO5(R)eH;0, (g) HSO5(R)e(H20)a,

Coal i - - o5 (h) HSG5(P)eH20, (i) HSO5(P)e(H20)2, (i) SOzeH20, (K)
radical ion is known to be an effective omdgnt in aque- g0.4(H,0),, (I) HO2eH,0, (M) HOse(H0),. Dashed lines
ous solutions (Wayne, 2000; Das, 2001) this prediction,correspond to hydrogen bonds. Color coding: yellow=sulfur,
if true, would have significant implications for the reactiv- red=oxygen, white=hydrogen.
ity and nucleating potential of hydrated H&OFor exam-
ple, two SQ_OH30+OH20 clusters could be expected to re-
act rapidly to yield SO5~e(H30")2e(H20)2+02, and the  311++G(2d,2p) and RI-MP2/aug-cc-pV(T+d)Z methods, re-
resulting BS,0g cluster can then be expected to nucle- spectively. (It should be noted that the G3B3 method is
ate more efficiently than pure sulfuric acid (as discussedparametrized to the B3LYP/6-31G(d) geometries, so the ac-
by Salonen et al., 2009). Furthermore, S@ known to  cyracy of these single-point energy calculations may not be
be a strong oxidant for sulfite in agueous solutions (Das,gg good as that of the original G3B3 method. However,
2001). By analogy, SPeH30* eH20 or the higher hydrates  they should still be good indications of the higher-level po-
SQ; eH30"e(H20), (y=2, 3, ...) can efficiently oxidize fur-  tential energy surface.) Given the influence of higher-level
ther SQ picked up from the gas phase. This process leads t@orrelation on the reaction energetics of the HSystem
growth of the initial HS@ hydrates. (see e.g. Tables 2-3), neither the B3LYP nor the MP2 struc-

However, the B3LYP/6-31G(d) method used for geome-tures are likely to be totally trustworthy. Ideally, geome-
try optimizations within the G3B3 combination approach is try optimizations would need to be performed at e.g. the
rather modest, and the predicted ion pair structure could b&/CCSD(T)/aug-cc-pV(T+d)Z level to determine how many
an artifact. To check if this is the case, we performed furtherwater molecules are needed to induce proton transfer from
geometry optimizations on the H%@)’(HZO)Z cluster at HSOS to HZO Unfortunately, this is beyond the Capabilities
the UB3LYP/6-311++G(3df,3pd), UMP2/6-311++G(2d,2p) Of presentcomputer hardware. Still, the fact that both B3LYP
and RI-MP2/aug-cc-pV(T+d)Z levels. The UB3LYP/6- and MP2methods predict at least a partial proton transfer for
311++G(3df,3pd) optimization also led to an ion pair struc- the HSQ(P)e(H20)2 cluster is a strong indication that the
ture, while the UMP2/6-311++G(2d,2p) and RI-MP2/aug- Minimum-energy geometry for H$(P)e(H20); is likely to
cc-pV(T+d)Z optimizations led to structures where the hy- have at least some degree of an ion-pair character.
drogen atom was equally shared between the S-O-O and Using the data in Table 3, the influence of hydra-
OH, groups. We then computed the G3B3 single-point elec-tion on the net Reaction (2a) and the dissociation Reac-
tronic energies at these geometries, and found them to b#don (2f) can now be estimated. G3B3 and UCCSD(T)/aug-
0.55 kcal/mol higher and 0.32 lower than that computed atcc-pV(T+d)Z//UB3LYP/6-311++G(3df,3pd) reaction energy
the UB3LYP/6-31G(d) minimum geometry, for the UMP2/6- and free energy values for Reactions (2a), (2d)+(2e) and (2f)
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Table 4. Electronic energy changeAEgleo and Gibb’s free energy changa @) for various reaction pathways corresponding to Reac-

tions (2a), (2c)+(2d) and (2f), but including the effects of hydration. All values in kcal/mol. “CCSD(T)” corresponds to UCCSD(T)/aug-cc-
pV(T+d)Z single-point energies and UB3LYP/6-311++G(3df,3pd) geometries and frequencies. A scaling factor of 0.967 has been used in
the UB3LYP/6-311++G(3df,3pd) frequency calculations. Gibbs free energies correspond to 298 K and 1 atm reference pressure.

Reaction CCSD(TNEgiec CCSD(T)AG  G3B3AEge. G3B3AG
HSOseH20+0,—> SO36H,0+HO, 2.19 1.60 -0.71 ~1.08
HSOseH,0+0,— SO3+HO,eH,0 2.48 2.64 0.74 1.63
HSOze(H20)+02—> SO36H,0+HOeH,0 4.61 3.12 2.22 2.48
HSOze(H20)+0;—> SOz6(H20),+HO, 1.53 2.20 ~0.84 0.51
HSO36(H20),+0y— SO3+HO e (H,0), 2.73 3.89 1.09 2.87
HSO5(R)eH20— — HSO5(P)eH20 6.91 6.81 5.00 4.67
HSO5(R)e(H20)p— — HSQ5(P)e(H20), - - 1.36 1.36
HSQ5(P)eH,0—> SO36H,0+HO, 14.41 0.95 14.04 0.73
HSO5(P)eH20—> SOz+HO eH,0 14.69 1.98 15.49 3.44
HSQ5(P)e(H20),— SO36H20+HO,eH,0 - - 21.19 6.24
HSQO5(P)e(H20)p—> SOze(H20)+HO, - - 18.13 4.26
HSO5(P)e(H20),— SOz+HOe(H20), - - 20.06 6.62

with one or more of the participating species hydrated arepresumably, higher hydrates) will be stabilized mainly by
given in Table 4. Reaction pathways including the dissocia-mechanism 1 (stabilization with respect to dissociation into
tion of water from the clusters were not included in the table SO3+HO»). The dominant stabilization mechanism would
as they are all predicted to be strongly endothermal. then dependent on the relative humidity (RH). If, on the
A comparison of Table 4 with Tables 1 and 2 demon- other hand, the prediction of an ion pair structure is incor-
strate that hydration does indeed stabilize HS@a rect, then mechanism 2 is likely to dominate both for the
both mechanisms 1 and 2 presented in the Introductionmono- and dihydrates. It should be noted that the net reac-
E.g. the HSQ(R)—HSG5(P) conversion is predicted to tions HSGQ(R)e(H20),—— SOze(H20)x+HO2e(H20),—
have a AG of 3.39kcal/mol at the UCCSD(T)/aug-cc- (x=0,1,2) are in any case all strongly endothermal,
pV(T+d)Z//UB3LYP/6-311++G(3df,3pd) level, increasing independent of the prediction of proton transfer for
to 6.81kcal/mol after hydration by one water molecule. HSGOs5(P)e(H20),. Also, possible errors in the configura-
(Corresponding values for the G3B3 method are 0.08, 4.6%ional sampling of HS@hydrates (i.e. the minimum-energy
and 1.36 kcal/mol for zero, one and two water molecules, regeometries described here may not be the global minima)
spectively, the latter low value being due to the predictedwould only serve to further increase the stability of these
ion pair formation.) Similarly, the free energy values for structures with respect to hydrated $&hd HG.
the most favorable routes for the net Reaction (2a) at the
same level are 1.60 kcal/mol and 2.20 kcal/mol after hydra-3.3 Kinetic modeling of flow-tube experiments
tion by one and two water molecules, respectively, com-
pared to—0.26 kcal/mol for the unhydrated reaction. (Corre- The data in Tables 3 and 4 unequivocally show that if SO
sponding G3B3 values arel.76,—1.08 and 0.51 kcal/mol, clusters are hydrated, they will be significantly stabilized
for zero, one and two waters, respectively). While the both with respect to the HS{{R)—HSGO5(P) conversion and
difference is relatively small — about 2 kcal/mol — the ef- with respect to dissociation into S®HO,. The key question
fect on the equilibrium constant for the reaction is signif- that then remains is the mechanism by which H®@n be
icant, and hydration is likely to strongly increase the life- hydrated in the first place. If only a fraction of unhydrated
time of HSG; in ambient conditions. If the prediction HSO;+0, collisions lead to the formation of H§Qthen
of an ion pair structure for HS{0P)e(H20), is correct, HSGOs+H20 collisions are not likely to be an effective source
then the monohydrate will be stabilized mainly by mech- of hydrated HS®, especially given the presumably short
anism 2 (thermodynamic stabilization with respect to thelifetime of unhydrated HS® The major source of water
HSGO5(R)—HSG5(P) conversion) while the dihydrate (and, molecules is thus likely to be the hydration of the preceding
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reactants in the SQoxidation chain. @ is unlikely to be  molecule kya=ky7=ky10=4.3x10~13cm® molecule 1s~1
hydrated due to the lack of a dipole moment, and as showr{Gleason et al.,, 1987; Gleason and Howard, 1988)
in Table 3, SQ is only weakly bound to water. OH is some- was used. For addition of water, rate constants of
what more strongly hydrated, but using the UCCSD(T)/aug-k y5=k;8=10"19cm?® molecule 1 s~ (close to the diffusion
cc-pV(T+d)Z//UB3LYP/6-311++G(3df,3pd) free energy of limit) were used, and for the dissociation reactions the values
hydration at 298 K together with aJ® concentration of corresponded to the equilibrium constanig=7x10" s1
0.015488 atm (corresponding to RH 50% at 298 K) in the lawand ko=3x10°s1. The relative humidity was set to 22%,
of mass action leads to the conclusion that less than 0.1% dfased on the most common RH in the experiments (corre-
OH molecules will be bound to water at equilibrium. Thus, sponding to [HO]=1.24x10 moleculecm?® at 293K),
the only remaining possibility is the hydration of HaO'he  and [Q] was set to 4.9210® molecule cm® (synthetic
free energy changes in Table 3 are large enough that a signifair). In these conditions, we find that $@& converted to
icant fraction (on the order of 10-20%) of Hg@olecules 84.9% HSQ, 14.6% HSQeH,>0O and 0.5% HS@s(H20),.
are bound to water at equilibrium in ambient conditions. Even for conditions with [Q]=2.46x 10" molecule cnr3

We have performed kinetic modeling to determine whether(1vol% O, in N2, as applied in the experiments reported
or not these equilibria have enough time to form hydratedin Berndt et al., 2005) at RH=22 %, the yields are nearly
HSG; and subsequently hydrated H§@n the experimental  unchanged; 84.4% HSQ 15% HSGQeH,O and 0.6%
setup of Berndt et al. (2005, 2006, 2008), as well as inHSOse(H20),. This very simple model neglects the hydra-
the atmosphere. In order to do this, the UCCSD(T)/aug-tion equilibria of HS@. Assuming that the decomposition
cc-pV(T+d)Z//UB3LYP/6-311++G(3df,3pd) Gibbs free of unhydrated HS@to HO, and SQ is more effective than
energy changes for the HS®H,0—HSOze(H20) the reaction with water and, on the other hand, H&©O
and HSQe(H20)+H,0—HSOze(H20)2 reac- and HSQe(H20), are relatively stable with respect to
tions were recomputed at the experimental tem-decomposition, about 15% of reacted S©an produce
perature of 293K, yielding values 0f—2.083 and nucleation precursors other than$0, at RH=22%. With
—1.237 kcal/mol, respectively. These correspond toincreasing relative humidity, this model predicts increasing
equilibrium constants of 1.42010 8 cm® molecule! and  yields of hydrated HS€ For RH=80 % it follows that
3.341x 10~ cm® molecule !, respectively. 58.6% HSQ, 36.4% HSQeH,0 and 5% HS@e(H,0), are

The following reaction scheme was used for a more de-formed in the S@ oxidation.
tailed description of the processes going on in the course of HSOseH20, HSG;e(H20)2 or higher hydrates can be
SO, oxidation by OH using as the OH source the photolysistreated as potential nucleation precursors reacting, for in-
of Og, as applied in the IFT-LFT experiments (Berndt et al., stance, in a self-reaction, or oxidizing further S&ter pick-
2005, 2006): ing it up from the gas phase. For example, if the prediction

of an ion pair structure of HS£PP)e(H20O), is correct, then

O3~ ...~ 20H (M1) the self-reaction of this species is likely to proceed with little
or no barrier like the self-reaction of sulfamic acid (Lovejo
OH + CO — products (M2) and Hanson, 1996): ( 10y
OH + SO, — HSG; (M3)  HSOse(H20)2 + HSOse(H20)2 — ... — nuclei  (M11)
HSO; + O, — HSOy (M4) Using an order-of-magnitude estimate of
ky11=1x 10719 cm3 molecule s~ for the rate constant of
HSO; + H20 — HSOzeH20 (M5) the HSQe(H20); ion pair self-reaction, and assuming that
only this step is responsible for critical cluster formation,
HSOz3eH20 — HSO;3 + H20 (M6)  the rate at which the reaction products are produced via
path (M11) is slightly larger than the formation rate of
HSOzeH20 + Oz — HSOseH20 (M7) detected particles measured for commonly used conditions
in the laboratory experiments (Berndt et al., 2005, 2006,
HSO3eH,0 + H20 — HSO3e(H20)2 (M8) 2008). The corresponding steady-state concentrations for
HSGOse(H20), (assuming that self-reaction is the main sink)
HS H,0)2 — HSOzeH20 + H,0 M9
Cae(Hz0)2 Cseh: 2 (M9) are on the order of a few ?@m=3. Further addition of
HSOze(H20)2 + 02 — HSO5e(H20)2 (M10) HSG5e(H20), or HSGseH2O, and/or other S@oxidation

to the produced clusters could govern the growth process.
Simulations have been carried out using the follow- This rough estimate is affected by a few assumptions,

ing rate constants. (Note that the degree of hy-some of which require further research. It shows, however,
dration of HSQ is independent of rate constants that the formation of hydrates HgG&H20)x (x=1, 2, ...)
kpya... kuyz). For the reaction of all HSgs(H2O)x can help to explain the observed nucleation in the atmo-

species with @, the rate constant for the unhydrated sphere, as well as in the laboratory, starting from OHxSO
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4 Conclusions H»0, and NH; vapors, J. Geophys. Res. D, 104, 23709-23718,
1999.

We have investigated the effect of hydration on the Becke, A. D.: Density-functional thermochemistry. Ill. The role of

g y

HSO3+0,— SO3+HO, reaction, and especially on the sta-  exact exchange, J. Chem. Phys., 98, 5648-5652, 1993.

bility of HSOs intermediate radicals, using advanced quan-Benson, D. R., Young, L.-H., Kameel, F. R., and Lee, S.-H.:
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