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On the gas-phase reaction between SO, and
O, (H,0)y_3 clusters — an ab initio studyt

Narcisse T. Tsona,® Nicolai Bork*®® and Hanna Vehkamaki®

We present an ab initio investigation of the gas-phase reaction between SO, and a O, (H,0O),, molecular
cluster, n = 0-3. The associative product cluster, O,SO, (H,O),, is formed with high energy gain
although the binding energies decrease with increasing hydration. About 54 kcal mol™ may be gained
by isomerization of O,SO, (H,0), to the sulfate radical, SO, (H,O),, but a high energy barrier separates
the two states. Although the isomerization is catalysed by the presence of a second SO, molecule, the
formation of SO, (H,0), via O, (H,0), and SO, is found to be negligible under atmospheric conditions.
At thermal equilibration at 298.15 K and 50% relative humidity the end products are mainly O,SO,~ and

www.rsc.org/pccp 0,50, (H,0),.

1 Introduction

Sulfuric acid (H,SO,) is a minor constituent in the earth’s
atmosphere, yet it plays a major role in several processes, e.g.
aerosol formation and acid precipitation. The dominant source
of atmospheric H,SO, is oxidation of SO, by the well known
gas-phase reactions with the hydroxyl radical, molecular O, and
water.! However, evidence of alternative SO, oxidation mechanisms
has recently been presented, driven by mineral dust, Criegee
intermediates, or gaseous anions.>”

The majority of free atmospheric ions originate from radon
decay or from collisions between galactic cosmic rays and
atmospheric N, or O,. In either case, free electrons and cations
are produced.® A free electron is extremely reactive and will,
most likely, attach to O, due to its high concentration and
positive electron affinity. The resulting species, O,  (superoxide
ion), rapidly hydrates and may take up several water molecules
depending on relative humidity and temperature.” ™"

Using mass spectrometry, the reactivity of O, (H,0), with
several atmospheric trace gases, including SO,, has been studied
by several groups, all finding that the reaction rate of

SO, + 0, (H,0),, —» Products (R1)

is close to the collision rate. However, the structure of the resulting
sulfur anion remains disputed. Fehsenfeld and Ferguson'* found
that the products of reaction (R1) rapidly reacted with NO, forming
either NO, or NO;™ and suggested the molecular cluster O,SO,
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as the primary sulfur containing product of reaction (R1). A later
study by Fahey et al."® conducted in the same laboratory concluded
that the product of reaction (R1) possessed “some chemical stability
exceeding that expected for purely electrostatic cluster ions”, and
suggested SO, . Also using mass spectrometry, Shuie et al'*
specifically investigated the discrepancy concerning the outcome
of reaction (R1) and found that the 0,SO,™ structure was most
likely. However, due to the inherent limitations of mass
spectrometry, none of these studies could provide direct insight
into the reaction mechanism or into the chemical structure of
the product. In later studies, the discrepancy seems to have
been neglected and either SO, or 0,SO,  has been assumed
without specific justification.’>'®

Due to the elevated ion concentrations at high altitudes,
reaction (R1) might be important in the high troposphere or in
the stratosphere, but as shown by Fehsenfeld and Ferguson, the
two proposed product structures have widely different chemical
properties. Hence, firmly establishing the resulting structure is
a pre-requisite for following the further chemical fate of the
anion and assessing its atmospheric impact.

In the current work, reaction (R1) is studied in-depth using
density functional theory (DFT) and coupled cluster calculations.
We determine the most stable configurations of reactants, products
and transition states (TS). We evaluate the effect of hydration on
the energy barrier, and finally we analyse the distribution of the
final cluster population.

2 Computational methods

The present study involves hydrated clusters of highly oxidized
sulfur anions and particular care must be taken when selecting
appropriate computational methods. In a series of previous
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studies' "™ we have found and confirmed that the CAM-B3LYP
DFT functional®® in combination with the aug-cc-pvVDZ basis
set’! yields electronic energies in good agreement with high
level coupled cluster calculations. Both the CAM-B3LYP functional
and the aug-cc-pVDZ basis set are particularly suitable for
reproducing the diffuse nature of the extra electron in negatively
charged systems and is a good compromise between accuracy
and computational cost.*?

For all of the most stable configurations of reactants,
products and TS, the electronic energies were corrected by single
point coupled cluster calculations. The Gibbs free energy, G, is
thus calculated as

G = Gprr — EprT + Eéc 1)

where Eppr and Ecc denote the electronic energy from DFT and
coupled cluster calculations, respectively. “”’ denotes that the
structure is not optimized at that level of theory.

A thorough testing of coupled cluster methods and basis sets
was conducted including the CCSD(T) and CCSD(T)-F12** methods
and the cc-pVDZ (VDZ),>* aug-cc-pVXZ (AVXZ, X = D, T, Q),>* and
VXZ-F12 (X = D, T)** basis sets. The testing is summarized in
Table 1, showing the electronic binding energies of SO, and
0, (H,0),, and the electronic energy barriers of the isomeriza-
tion of 0,50, (H,0), to SO, (H,0),. It is seen that the F12
approximation significantly outperforms conventional CCSD(T)
calculations with respect to basis set convergence, in particular
when treating the transition states. Consequently, the CCSD(T)-
F12 method with the VDZ-F12 basis set was chosen for electronic
energy correction calculations. The resulting Gibbs free energies
are shown in Fig. 2 and tabulated in the ESLf

The T1 and D1 diagnostics from the CCSD(T)-F12 calcula-
tions ranged between 0.02 and 0.03, and 0.03 and 0.15, respec-
tively, indicating low to modest multireference character of the
species.

All DFT calculations and thermal corrections, using the rigid
rotor and harmonic oscillator approximation, were obtained
using the Gaussian 09 package.”® All coupled cluster calcula-
tions were performed using the Molpro package.*®

Given the small molecules and the limited amount of water
(up to 3 molecules), we did not perform systematic conforma-
tional searches. In stead, initial guesses for the structures of the

Table 1 Electronic binding energies of reaction (R2) and electronic
energy barriers of reaction (R3a) from the indicated method and the basis
set. “n"” denotes the number of water molecules included. F12 is shorthand
for CCSD(T)-F12 and CAM is shorthand for CAM-B3LYP. Units are
kcal mol™. See also Fig. 2

Binding energy Energy barrier

Method Basis set n=0 n=1 n=0 n=1
CAM AVDZ —45.05 —36.88 40.87 36.81
CCSD(T) VDZ —45.76 —-37.05 40.73 37.47
CCSD(T) AVDZ —42.03 —35.02 37.77 33.79
CCSD(T) AVTZ —41.36 —34.15 32.37 27.99
CCSD(T) AVQZ —41.50 — 30.83 —

F12 VDZ-F12 —41.17 —33.59 29.50 24.81
F12 VTZ-F12 —41.42 —33.89 29.43 24.80
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clusters were determined either by manually arranging all
molecules or by gradually building larger clusters by adding
water molecules stepwise. The structures and energies of
0, (H,0),_; were readily available from a previous study."!
The determination of TS structures followed two steps. First,
we performed a series of configurational scans along the
reaction coordinate with stepsize down to 0.01 A. The structures
closest to the transition state were then refined using the
Synchronous Transit Quasi-Newton method (STQN).>” The
harmonic frequencies were determined for all optimized con-
figurations, and a single imaginary frequency corresponding to
the reaction coordinate was found in each TS. Further, intrinsic
reaction coordinates® were followed from each TS to ensure its
connectivity to the desired reactants and products.

3 Results and discussions
3.1 Equilibrium structures and thermodynamics

The product of a simple optimization of separated SO, and
0, (H,0),, was found to be the 0,50, (H,0), molecular cluster,
structurally different from the sulfate radical (SO, ).

Since the adiabatic electron affinity of SO, exceeds that of O,
by ca. 15 kcal mol™', electron transfer in the unhydrated
collision is readily favourable. However, due to the large
difference in water affinity between O, and O,, the energy
gain of electron transfer between O, (H,0), and SO, is
decreased by ca. 12.5 and 9.7 keal mol™* for n = 1 and 2,
respectively.”>?° In the de- and mono-hydrated system, it is
therefore expected that the electron will transfer before the
actual collision, whereas in collisions involving two or more
water molecules, the electron will remain in the O, moiety and
transfer at some point after the collision, driven by formation of
either 0,SO, "~ or solvated SO, .

In the presence of at least one water molecule, the reaction
proceeds through a ligand switching where one H,O in the
0, (H,0), cluster is displaced by the incoming SO,. Due to the
released energy of the clustering process, the displaced H,O is
likely to evaporate. However, due to the high concentration of
atmospheric H,O, thermal equilibrium settles very quickly and
the fate of the displaced H,O molecule is thus not imperative.
For this reason, we will for simplicity consider the addition
reaction.

SO, + 0, (H,0), — 0,80, (H,0),. (R2)

The most stable structures of 0,50, (H,0), are shown in
Fig. 1. A new S-O bond is formed between one O, oxygen atom
and the sulfur atom in SO,. This S-O bond length ranges
between 1.97 A and 2.01 A. This can be compared with the
S-OH bond length of 1.63 A in H,S0, and S-0, bond length of
1.80 A in SO5.° The 0-0SO, bond length is shortened from
1.32 A in 0,7 (H,0), to 1.29 A and is practically independent of
hydration. This may be compared to 1.21 A in molecular O,.

The Gibbs free energy surfaces of the formation of
0,50, (H,0), clusters are shown in Fig. 2. These energies
and further thermodynamic data are tabulated in the ESL7
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Fig.1 Ground state structures of 0O,SO, (H,O)o-3 including some
descriptive bond angles and bond lengths (in A). Colour coding: yellow =
sulphur, red = oxygen, and white = hydrogen.
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The formation Gibbs free energies of 0,50, (H,0),, henceforth
denoted AG(kz), are highly negative and since we found no
evidence of an energy barrier, the clusters are predicted to form
upon collision. Under standard conditions, the dehydrated
system is formed with a Gibbs free energy gain of AGks) =
31.2 kecal mol . This energy gain decreases with increasing
hydration due to the energy gained by O,  hydration, which
reduces the energy gain for further clustering. AGg,) is reduced
by ca. 10, 6, and 3.5 kcal mol ™" at the first, second and third
hydration, respectively.

Further, the structures of SO, (H,0),-3 were determined
and are shown in the ESL.{ These structures are very similar

25
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Fig. 2 Relative Gibbs free energies (298.15 K) of the species involved in
reactions between SO, and O, (H,O), under standard conditions. “TS"
denote transition states, and “W" is shorthand for water. The SO, catalysed
isomerisation is included for n = 0, which proceeds through TSc,t.
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to previously published structures of both hydrated SO,>~ and
hydrated SO, .*" From Fig. 2 it is seen that SO, (H,0)_3 is ca.
54 kcal mol™' more stable than the corresponding
0,50, (H,0),_5 clusters, regardless of the level of hydration.

3.2 Transition states and energy barriers

We consider the following fates of the newly formed
0,50, (H,0), cluster,

(a) oxidation to SO, (H,0), and

(b) decomposition into SO, (H,0),, and O,

according to the following reactions

0,80, (H,0) {SO4(H20)” @ (R3)
T SO, (H,0),+0, (b)

Considering first the oxidation reaction, i.e. reaction (R3a),
several TS were located between the reactant and product
complexes. For each degree of hydration, the most stable one
is shown in Fig. 3. We first note that the water molecules are
concentrated around the breaking O1-O2 bond in the TS,
whereas they are concentrated around the O,-SO,” bond in
the associative product clusters, shown in Fig. 1. Secondly, we
find that the S-O1-02 angle is decreased as the O2 atom is
approaching the sulfur atom. Similarly, the 0,-SO, bond is
reduced by ca. 0.30 A while the 0-0SO, bond is increased by ca.
0.20 A. In general, the structure of the central ion is practically
independent of the level of hydration.

The energies of these TS are included in Fig. 2. Further
details, including all harmonic frequencies, are given in the
ESL7 For the dehydrated system the barrier is 0.9 kcal mol ™"
below the separate reactants and 30.4 kcal mol ' above
0,50, . Adding a water molecule reduces the Gibbs free barrier

" 1.50
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1.61 < 1.61
Sk : Sz |

J J
1.50
96.71091-60
*«’ ‘S\

J

2
.,
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96.70°
1.60
‘ :

Fig. 3 Structures of the most stable TS separating the O,SO,™ and SO4~
states including some descriptive bond angles and bond lengths (in A).
Colour coding: yellow = sulphur, red = oxygen, and white = hydrogen.
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to 26.2 kcal mol™' while adding another water molecule
reduces the barrier further to 23.8 kcal mol . A third water
molecule slightly increases the barrier to 25.6 kcal mol ' above
the reactant complex.

Next, reaction (R3b) was studied (the optimized SO, (H,0),
structures are shown in the ESIT). Similar to the formation of
0,50,  from O, and SO,, no evidence of a transition state for
the breakup of 0,SO,” into SO,  and O, was found. The
dehydrated reaction is the least favourable with AGE’Rsb) =
14.9 keal mol™'. Adding one, two, and three water molecules
is seen to increasingly shift the equilibrium towards the products
although the Gibbs free reaction energies remain decisively
positive. Also these energies are included in Fig. 2, and further
details are given as ESL.t

Comparing the energy barriers of reactions (R3a) and (R3b),
it is immediately clear that the high energy barriers of reaction
(R3a) effectively hinder any SO, formation. More likely, the
0,50, (H,0),, molecular complexes will instead dissociate by
0, and/or H,O evaporation resulting from the large release of
potential energy from reaction (R2). A kinetic model including
reactions (R2), (R3a), and (R3b), and assuming the steady
state of 0,80, (H,0),,,"° showed that the fraction of collisions
leading to SO,~ formation, in all cases, was below 10, Details
are presented as ESL¥

3.3 Effect of a second SO, molecule

Although we reject the atmospheric significance of SO, for-
mation initiated by O, clusters, the conclusion of Fahey et al."®
remains interesting since it suggests that secondary reactions
may have taken place in the experimental setup. This idea is
further supported by the similarities between the 0,SO,~ core
ion and the group of Criegee intermediates (CI), R,COO. Like
0,50, , CI's contain a terminal peroxide group and the CI
electronic structure may be described as both zwitterionic and
biradical. Upon collision with Criegee biradicals, SO, may
either oxidize to SO; or catalyze the isomerization of the
Criegee biradical to a carboxylic acid.
Hereby motivated, we investigated the reaction

0,50, + SO, — SO, + SO, (R4)

but at the CAM-B3LYP/aug-cc-pVDZ level of theory, a Gibbs free
energy barrier of more than 120 kcal mol ' is found between
the reactants and products. Reaction (R4) is thus insignificant
under any conditions.

We also investigate the possibility of SO, catalysing the
isomerization of 0,SO,~ to SO, via

0,80, + S0, — 0,80,80,” — SO,” + 80, (R5)

The clustering reaction of 0,SO,  + SO, was found to be
exothermic by 5.74 kcal mol™", in good agreement with
6.23 keal mol " found experimentally by Vacher et al.**> This
indicate that under pristine atmospheric conditions, e.g. p(SO,) = 2
ppb, less than 0.01% of the SO0, clusters bind an additional SO,
molecule. Considering the dehydrated isomerization reaction
only, we identified a transition state 21.0 kcal mol ™' above the
0,850,850,  complex and 15.5 kcal mol™" above the separated
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reactants, as shown in Fig. 2. The transition state involves the
simultaneous transferring of two oxygen atoms, and is shown in
Fig. 4. Although the transition state is structurally similar to the
corresponding Criegee based transition state, also shown in Fig. 4,
the barrier is much larger and effectively hinders this reaction as well.

3.4 Equilibrium with O, and H,O

As hereby demonstrated, the 0,SO,” molecular cluster is
chemically stable towards oxidation to SO, and its chemical
fate will depend on other reactants, e.g. other oxidants, acids, or
radicals. Due to the low concentrations of such species, these
reactions will occur after thermal equilibrium has settled. This
will be considered via the following reactions

0,50, (H,0), + HyO <> 0,80, (H,0),:1  (R6)
SO, (H,0), + HyO <> SO, (H,0),:1 (R7)
S0, (H,0), + O, <> 0,50, (H,0),.. (R8)

Their thermodynamics are shown in Fig. 5 and tabulated in
the ESL.¥

Considering first the equilibria with water, we find that
hydration of both SO, and 0,SO,  is thermally favourable
under atmospheric conditions although the energy gain
decreases with increasing hydration. The first hydration is the
most favorable, with AG° = —6.8 kecal mol ™ and —2.9 keal mol™*
for SO, and 0,50, respectively. The second and third hydration
energies for both SO, and 0,SO, ™~ are above the critical clustering
energy given by RT x In([H,O]) = —2.5 keal mol " (7'=298.15 K and
50% relative humidity). This signifies that the monohydrated
clusters are the most abundant.™

For the dehydrated system, reaction (R8) is exothermic with
AGfg) = 14.9 keal mol " in good agreement with —15.5 keal mol
found experimentally by Shuie et al.'* At increasing hydration, this
value becomes less negative, but remains much below the critical
clustering energy at RT x In([O,]) = —1.0 kcal mol " (T = 298.15 K
and [O,] = 0.2 bar), implying that the 0,SO, " ion is stable under
atmospheric conditions.

Assuming that thermal equilibrium has been reached we
use the law of mass action,

(0,80, (H20),,,]
[02S027 (HzO)n]

= [H,0] x exp (— %), (2)

where the chemical activities are approximated by vapor pres-
sures. Eqn (2) is for reaction (R6), and analogous equations are

Fig. 4 Left: transition state structure of the SO, catalyzed O,SO,™ to
SO, isomerization. Right: transition state structure of the SO, catalyzed
Criegee intermediate (CH,O,) to formic acid isomerization.
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Fig. 5 Gibbs free energies for reactions (R6)—(R8) representing the
growth of clusters via H,O condensation (lower panel) and O, condensa-
tion (upper panel). The domains of H,O evaporation and condensation are
determined under standard conditions and 50% relative humidity.

valid for reactions (R7) and (R8). At T = 298.15 K and 50%
relative humidity we thus find that the system equilibrium
consists of 58% 0,50, (H,0);, 28% 0,50, , and 13%
0,50, (H,0),, while the remainder constitutes about 1% of
the cluster population.

4 Conclusions

Using ab initio calculations, we have investigated the reaction
between SO, and O, (H,0), and established its most likely
products. In accordance with several experiments, we find that
the electron is immediately transferred from O, to SO, with
high energy gain whereafter a 0,SO,™ cluster is formed.

Regardless of hydration, isomerization of 0,SO,™ to SO, is
effectively hindered by a high energy barrier. Although a second
SO, molecule may catalyse the 0,SO,™ isomerization, this process
is extremely slow. This despite the transition state is structurally
similar to the transition state in the corresponding reaction
between SO, and the Criegee intermediate, H,COO, which is
known to be ca. 13 kecal mol * below the separated reactants.*

We are thus unable to identify any reaction mechanisms
connecting SO, to SO, fast enough to contribute measurably
under conditions relevant in the atmosphere or in a typical
experimental setup. Although we cannot categorically dismiss
the reports of SO, from SO, based clusters, either directly or
through some secondary reactions, our findings strongly sug-
gest that the major outcome of a collision between O, and SO,
is 0,80, . Under atmospheric conditions (T = 298.15 K, RH =
50%) the main products are 0,50, (H,O);, 0,SO, , and
0,50, (H,0),, constituting, 58, 28, and 13% of the population,
respectively.
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