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1. INTRODUCTION

Sulfuric acid (H2SO4) is an important contributor to acid
rain1�3 and is known to influence atmospheric nucleation
proceses.4�10 The microscopic particles suspended in Earth’s
atmosphere, known as aerosols, play an important role in degrad-
ing visibility, promoting atmospheric heterogeneous chemistry, as
well as negatively impacting human health.11�14 Aerosol particles
also have the potential to influence climate by absorbing and
reflecting solar radiation and modifying cloud formation.15�20

Because of its importance, there have been many studies investi-
gating the physical, photochemical, and spectroscopic properties
of sulfuric acid.21�37 The reaction of sulfur trioxide (SO3) with
water vapor is believed to be the principalmechanism for gas phase
sulfuric acid (H2SO4) formation in the atmosphere.2,38�40 As a
result, this reaction has received much attention in the scientific
literature both experimentally39�51 and theoretically.52�63 Initi-
ally, the 1:1 SO3 3 3 3H2O complex, formed from the addition of
one SO3 molecule to one H2O molecule, as shown below in
reactions 1 and 2, was thought to be involved in the production of
H2SO4.

42,52

SO3 þ H2O þ M h SO3 3 3 3H2O þ M ð1Þ

SO3 3 3 3H2O f H2SO4 ð2Þ

Subsequent theoretical calculations, however, revealed that this
mechanism, involving a four-member ring transition state, has a large
activation energy barrier (∼28 to 32 kcal/mol)53�56 and conse-
quently was not favored as a possible route for atmospheric H2SO4

production (see Figure 1).54,56 Theoretical calculations also showed
that the introduction of a second water molecule in the gas phase
SO3 hydrolysis reaction substantially reduces the activation barrier
through the formation ∼of a six-member ring transition state
(see Figure 1).55 The rate limiting step for H2SO4 formation via this
mechanism involves the unimolecular isomerization of the pre-
reactive SO3 3 3 3H2O 3 3 3H2O collision complex to formH2SO4 3 3 3
H2O, and various calculations have estimated the barrier height
associated with this step to be in the range between ∼6.6�13
kcal/mol.62,55,56,58,59 The presence of additional water molecules
has been shown to further reduce the barrier height for the
hydrolysis reaction, with four or more water molecules effectively
removing the barrier completely.58,51 Consistent with these
theoretical findings, experimental work has shown that the gas-
phase SO3 hydrolysis reaction is second order with respect to the
partial pressure of water and exhibits a strong negative tempera-
ture dependence.40,49,50 The second order dependence on water
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concentration is consistent with two potential pathways for SO3

hydrolysis, with one pathway involving the collision of an SO3 3
3 3H2O complex with aH2Omolecule (reaction 3) and the other
involving a SO3 molecule colliding with a water dimer
(H2O 3 3 3H2O) (reaction 4).

SO3 3 3 3H2O þ H2O h SO3 3 3 3H2O 3 3 3H2O

f H2SO4 3 3 3H2O ð3Þ

SO3 þ H2O 3 3 3H2O h SO3 3 3 3H2O 3 3 3H2O

f H2SO4 3 3 3H2O ð4Þ
In either case, the result of the bimolecular encounter is the
formation of an SO3 3 3 3H2O 3 3 3H2O prereactive collision com-
plex which then isomerizes into H2SO4 3 3 3H2O through a com-
mon transition state.55,59 While the greater stability of the
SO3 3 3 3H2O + H2O reactants over SO3 + H2O 3 3 3H2O appears
to favor the pathway associated with reaction 3, this gain is
countered by the fact that the pathway associated with reaction 3
has reduced available energy for overcoming the isomerization
barrier. Thus, both pathways (reactions 3 and 4) are expected to
be important,40,50,59,61 although to the best of our knowledge
there has been no prior analysis in the literature addressing
whether one of the pathways dominates over the other.

Given that a second water molecule considerably reduces the
activation energy for gas phase SO3 hydrolysis, it is natural to
inquire if other atmospheric molecules can also be effective in
lowering the reaction barrier. Recent work, for example, has
shown that HO2 radicals can significantly reduce the barrier
height for the SO3 hydrolysis reaction.

64 However, given the low
concentration of HO2 in the atmosphere, HO2 radical catalyzed
hydrolysis will likely not be competitive with the original
mechanism involving water catalysis. In this article, we investi-
gate a new mechanism for SO3 hydrolysis that is catalyzed by
formic acid. We note that the atmospheric concentration of
formic acid (FA) is relatively large65�71 and that the ability of FA
to lower the barriers for gas phase unimolecular isomerization
reactions involving hydrogen atom transfer has recently been
demonstrated for several systems, including model biological

molecules,72,73 atmospheric radicals,74 keto�enol tautomerization
of vinyl alcohol,75 as well as organic multicomponent reactions.76

Below we show that a single FA molecule can also effectively
eliminate the barrier for the SO3 hydrolysis reaction to form sulfuric
acid. Specifically, we provide evidence that, analogous to the situation
involving water catalysis, FA can participate in the atmospheric
hydrolysis of SO3 either by directly colliding with a SO3 3 3 3H2O
complex (reaction 5) and/or by having an SO3 molecule collide
with a FA 3 3 3H2O complex (reaction 6). In both cases, the
prereactive SO3 3 3 3H2O 3 3 3 FA collision complex is formed.

SO3 3 3 3H2O þ FA h SO3 3 3 3H2O 3 3 3 FA f H2SO4 3 3 3 FA

ð5Þ

SO3 þ H2O 3 3 3 FA h SO3 3 3 3H2O 3 3 3 FA f H2SO4 3 3 3 FA

ð6Þ
Once formed, the SO3 3 3 3H2O 3 3 3 FA prereactive collision com-
plex can subsequently undergo unimolecular isomerization to
produce H2SO4 3 3 3 FA. Thus, while in the water assisted SO3

hydrolysis the rate determining step involves isomerization of the
SO3 3 3 3H2O 3 3 3H2O collision complex, for the FA catalyzed
reaction the analogous step involves isomerization of the SO3 3 3 3
H2O 3 3 3 FA complex. On the basis of the calculation presented
below, we demonstrate that the unimolecular isomerization of
SO3 3 3 3H2O 3 3 3 FA to form H2SO4 3 3 3 FA is effectively a bar-
rierless process and that the overall rate for the hydrolysis
reaction is independent of whether the SO3 3 3 3H2O 3 3 3 FA
complex is formed via the SO3 3 3 3H2O + FA or SO3 + FA 3 3 3
H2O pathways. We further show that, given the relatively high
concentration of formic acid (FA) in the atmosphere, the yield of
H2SO4 from FA catalyzed hydrolysis of SO3 is competitive with
and may even surpass that from the currently accepted mechan-
ism involving water catalysis. Given the importance of sulfuric
acid in atmospheric aerosol formation, this new mechanism for
SO3 hydrolysis can potentially impact our fundamental under-
standing of how “critical nuclei”, required for the initial stages of
aerosol growth, are generated in the atmosphere.

2. COMPUTATIONAL METHOD

TheGaussian-03 suite of programs77 has been used to carry out all the
quantum chemistry calculations presented here. The calculations have
been performed using both MP2 and density functional theory (DFT).
For the DFT calculations, the popular Becke’s three parameter hybrid
functional in conjunction with the Lee�Yang�Parr correlation
(B3LYP) has been used.78,79 Initial starting geometries for the mono-
mers and 1:1 hydrogen-bonded (H-bonded) and ternary H-bonded
complexes involved in the FA assisted hydrolysis reaction as reported in
Table 1 of the Supporting Information have been optimized at the MP2
level using the 6-31G(d,p) basis set. In the case of the water assisted
hydrolysis reaction, initial calculations were performed at the B3LYP/6-
31+G(d) level to reproduce the barrier height reported by Loerting et al.
at this same level of theory (see below).59 Transition states for both the
water and FA assisted reactions have been located using the QST2/
QST3 routine in Gaussian-03. Furthermore, in the case of the FA
assisted unimolecular isomerization, an intrinsic reaction coordinate
(IRC) calculation was also performed at the MP2/6-31G(d,p) level to
unambiguously verify the location of the transition state connecting the
reactant and product. Since the binding energy of the SO3 3 3 3H2O
complex and the energy barrier for the SO3 3 3 3H2O 3 3 3H2O f
H2SO4 3 3 3H2O unimolecular isomerization are rather sensitive to the
size of the basis set,62,63 the MP2/6-31G(d,p) or B3LYP/6-31+G(d)

Figure 1. Potential energy profiles for the gas phase hydrolysis of SO3

involving: (a) one water molecule (blue): SO3 3 3 3H2O f H2SO4 and
(b) two water molecules (red): SO3 3 3 3H2O 3 3 3H2Of H2SO4 3 3 3H2O.
In both cases unimolecular isomerization of a prereactive collision complex is
the rate determining step. The energetics in the figure is adapted from the
calculations given in ref 55.
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level predicted geometries, including that of the transition states, were
further optimized using the larger 6-311++G(3df,3pd) basis set.
Furthermore, geometry optimizations using the larger basis set are also
required to reduce the basis set superposition error (BSSE), even though
full (100%) counterpoise corrections often underestimate binding
energies of dimeric complexes.80�82 Except for the calculations carried
out at the MP2/6-311++G(3df,3pd) level, normal-mode frequency
analysis has been performed for all geometries optimized at the other
levels of calculations to verify that the stable minima have all positive
frequencies and that the transition state (TS) geometries have only one
imaginary frequency (see Table 1 of the Supporting Information). The
normal-mode frequencies of the reactant, product, and TS were also
used to estimate the zero-point vibrational energy corrections associated
with the isomerization reaction barrier heights, binding energies, and
relative stabilities of the various species. In the case of the MP2/6-311+
+G(3df,3pd) level calculations, the B3LYP/6-311++G(3df,3pd) level
predicted frequencies were used to estimate the corresponding zero
point vibrational energy corrections.

3. RESULTS AND DISCUSSION

3A. Computational Results. For the FA catalyzed reaction,
the MP2/6-311++G(3df,3pd) level optimized geometries of
SO3 3 3 3H2O 3 3 3 FA, H2SO4 3 3 3 FA, and the TS associated with
the SO3 3 3 3H2O 3 3 3 FA f H2SO4 3 3 3 FA unimolecular isomer-
ization reaction are shown in Figure 2. A few selected bond
lengths predicted at both the B3LYP/6-311++G(3df,3pd) and
MP2/6-311++G(3df,3pd) levels for the SO3 3 3 3H2O 3 3 3 FA and
H2SO4 3 3 3 FA complexes as well as the TS are given in Table 1.
The optimized geometries of these species are given in the

Supporting Information. From Table 1, it is seen that the inter-
molecular distances between the SO3, H2O, and FA subunits at
the TS are shorter than the corresponding distances in the
prereactive SO3 3 3 3H2O 3 3 3 FA collision complex. For example,
at the MP2/6-311++G(3df,3pd) level, the S1 3 3 3O2 and S1 3 3 3C5

distances are shortened respectively from their values of 1.994 Å
and 3.996 Å in the SO3 3 3 3H2O 3 3 3 FA complex to 1.782 Å and
3.711 Å in the TS. Looking at Figure 2, we see that in going from
the SO3 3 3 3H2O 3 3 3 FA collision complex to the product
H2SO4 3 3 3 FA complex, the C�O single bond of the H�O�C
subunit in FA is converted to a CdO double bond as the
hydrogen atom is transferred to SO3, and in step with this
transformation, the OdC double bond of the FA moiety
becomes a single bond upon accepting the hydrogen atom from
H2O. Also, in going from the SO3 3 3 3H2O 3 3 3 FA collision
complex to the TS, the hydrogen bonded O�H distances in
both the H2O and FA subunits are elongated. At the MP2/6-311
++G(3df,3pd) level, the O2—H3 bond distance in the H2O
subunit and the O6—H7 bond distance of the FA subunit are
elongated from their respective values of 1.008 and 0.990 Å in the
SO3 3 3 3H2O 3 3 3 FA collision complex to 1.216 and 1.048 Å at
the TS.
Figure 3 shows a schematic of the corresponding potential

energy profile for the FA assisted SO3 hydrolysis reaction.
Basically, there are two main pathways through which the FA
assisted hydrolysis of SO3 can take place. It can occur either via
the bimolecular encounter involving an SO3 3 3 3H2O complex
hitting FA (i.e., SO3 3 3 3H2O + FA) or through the collision
between SO3 and a FA 3 3 3H2O complex (i.e., SO3 + FA 3 3 3H2O).
Both encounters produce the same SO3 3 3 3H2O 3 3 3 FA collision

Table 1. A Few Selected Bond Lengths (angstroms) for the SO3 3 3 3H2O 3 3 3 FA, TS, andH2SO4 3 3 3 FAComplexes Predicted at the
B3LYP/6-311++G(3df,3pd) and MP2/6-311++G(3df,3pd) Levels of Calculationsa

B3LYP/6-311++G(3df,3pd) MP 2/6-311++G(3df,3pd)

geometrical parameters SO3 3 3 3H2O 3 3 3 FA TS H2SO4 3 3 3 FA SO3 3 3 3H2O 3 3 3 FA TS H2SO4 3 3 3 FA

S1 3 3 3O2 2.037 1.800 1.634 1.994 1.782 1.621

O2 3 3 3O4 2.605 2.416 2.881 2.578 2.401 2.852

O4—H3 1.598 1.183 0.980 1.571 1.187 0.977

O8 3 3 3O6 2.710 2.490 2.644 2.678 2.481 2.620

O8—H7 1.722 1.438 1.003 1.690 1.435 1.000

O2—H3 1.008 1.234 1.902 1.008 1.216 1.875

C5dO4 1.218 1.249 1.317 1.222 1.250 1.317

C5—O6 1.307 1.27 1.212 1.306 1.272 1.216

O6—H7 0.991 1.054 1.646 0.990 1.048 1.623

S1—O8 1.445 1.473 1.557 1.447 1.471 1.550

S1 3 3 3C5 4.171 3.844 3.979 3.996 3.711 3.865
a See Figure 2 for atom numberings of the SO3 3 3 3H2O 3 3 3 FA, TS, and H2SO4 3 3 3 FA complexes.

Figure 2. The MP2/6-311++G(3df,3pd) level optimized geometries of the SO3 3 3 3H2O 3 3 3 FA (FA � formic acid) and H2SO4 3 3 3 FA complexes as
well as the transition state (TS) for the SO3 3 3 3H2O 3 3 3 FA f H2SO4 3 3 3 FA unimolecular isomerization reaction.
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complex. As we discuss further below, on energetic grounds, the
rates for H2SO4 formation via both these pathways are expected
to be similar. We note that although the SO3 3 3 3H2O 3 3 3 FA
complex can also be formed through a ternary collision involving
the simultaneous collision of isolated SO3, H2O, and FA
molecules, the probability of this three-body collision occurring
is expected to be relatively low. The relative energies shown in
Figure 3 are based on calculations at the MP2/6-311++G-
(3df,3pd) level and include zero point vibrational energy correc-
tions. The barrier heights and binding energies predicted for this
reaction at the MP2/6-31G(d,p), B3LYP/6-311++G(3df,3pd),
andMP2/6-311++G(3df,3pd) levels are summarized in Tables 2
and 3. From Table 2 it is seen that at the MP2/6-31G(d,p) level
the zero point corrected barrier height for the rate limiting step
involving unimolecular isomerization of the collision complex,
SO3 3 3 3H2O 3 3 3 FA f H2SO4 3 3 3 FA, is 2.62 kcal/mol. The
predicted value for this barrier height is lowered when using
the larger 6-311++G(3df,3pd) basis set, and we find that for both
the B3LYP and MP2 methods this larger basis set gives zero point

vibrational energy corrected barrier heights that are respectively
only 0.59 and 0.08 kcal/mol. Therefore, with formic acid, the barrier
associated with the rate limiting step effectively becomes negligible,
and hence, sulfuric acid formation through FA catalyzed hydrolysis
of SO3 is expected to be facile. Looking at Figure 3, we also see that
there are two energetically distinct structures associated with the
H2SO4 3 3 3FA complex in the exit channel. Frequency analyses at
both the MP2/6-31G(d,p) and B3LYP/6-311++G(3df,3pd) levels
confirm that these two stationary points are true minima, as
reflected by their complete sets of positive frequencies. One
structure corresponds to the global minimum and the other to a
local minimum of the H2SO4 3 3 3FA complex. In the global
minimum structure, the SdO and OH groups of the H2SO4 unit
act respectively as hydrogen acceptor and donor, whereas in the
local minimum structure two OH groups of the H2SO4 unit are
involved in hydrogen-bond formation with FA. The H2SO4 3 3 3FA
local minimum structure, shown more clearly in Figure 2, corre-
sponds to the end point of the intrinsic reaction coordinate
calculation, which connects it with the SO3 3 3 3H2O 3 3 3FA pre-
reactive collision complex via the TS.
Another aspect of the potential energy curve shown in Figure 3

that is worth mentioning is the ability of both the SO3 3 3 3H2O +
FA and SO3 + FA 3 3 3H2O pathways to form the same SO3 3 3 3
H2O 3 3 3 FA prereactive collision complex. At the MP2/6-311+
+G(3df,3pd) level, the zero point corrected binding energy
difference between the SO3 3 3 3H2O and FA 3 3 3H2O reactant
complexes is only 0.74 kcal/mol in favor of FA 3 3 3H2O (see
Table 3 and Figure 3). As can be seen in Figure 3, the structure of
the SO3 3 3 3H2O fragment in the SO3 3 3 3H2O 3 3 3 FA prereactive
collision complex is similar to the equilibrium structure of the
isolated SO3 3 3 3H2O reactant complex. Thus, when the SO3 3 3 3
H2O 3 3 3 FA collision complex is formed via the SO3 3 3 3H2O +
FA bimolecular encounter, very little reorientation of the H2O
subunit in the SO3 3 3 3H2O reactant is required to produce the
SO3 3 3 3H2O 3 3 3 FA prereactive collision complex. By contrast,
for the SO3 + FA 3 3 3H2O pathway, we find that the structure of
the FA 3 3 3H2O moiety in the SO3 3 3 3H2O 3 3 3 FA prereactive

Figure 3. Potential energy profile for the SO3 + H2O + FA f H2SO4 + FA reaction. The energy profile has been calculated at the MP2/6-311+
+G(3df,3pd) level and includes zero point vibrational energy corrections at the B3LYP/6-311++G(3df,3pd) level. The combined energy of the isolated
monomers in the reactant side has been taken as zero at infinite separation.

Table 2. Zero Point Vibrational Energy (ZPE) Uncorrected
and Corrected Barrier Heights (kcal/mol) for the SO3 3 3 3
H2O 3 3 3 FA f H2SO4 3 3 3 FA and SO3 3 3 3H2O 3 3 3H2O f
H2SO4 3 3 3H2O Unimolecular Isomerization Reactions at
Different Levels of Calculations

SO3 3 3 3H2O 3 3 3 FA f

H2SO4 3 3 3 FA
SO3 3 3 3H2O 3 3 3H2O f

H2SO4 3 3 3H2O

level of calculations

ZPE

uncorrected

ZPE

corrected

ZPE

uncorrected

ZPE

corrected

MP 2/6-31G(d,p) 5.06 2.62

B3LYP/6-311++

G(3df,3pd)

3.08 0.59 8.43 7.05

MP 2/6-311++

G(3df,3pd)

2.57 0.08 7.90 6.53
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collision complex is a bit more distorted compared to the
equilibrium structure found in the isolated FA 3 3 3H2O reactant.
The optimized geometry of the FA 3 3 3H2O complex is given in
Figure 3. Thus, in producing the SO3 3 3 3H2O 3 3 3 FA prereactive
collision complex via the SO3 + FA 3 3 3H2O pathway, one
expects that some reorientation of the H2O subunit in the
FA 3 3 3H2O reactant will be required as it approaches SO3. In
order to confirm that the SO3 + FA 3 3 3H2O channel proceeds
through the sameminimum energy SO3 3 3 3H2O 3 3 3 FA collision
complex as that found for the SO3 3 3 3H2O + FA channel, we
have carried out several diagnostic calculations at the MP2/6-
31G(d,p) level in which we performed geometry optimization of
the prereactive collision complex arising from a number of
different starting geometries for the SO3 + FA 3 3 3H2O reactants
as well as distorted configurations of the SO3 3 3 3H2O 3 3 3 FA
collision complex. For the SO3 + FA 3 3 3H2O reactants, the trial
geometries were such that the water subunit points toward the
SO3, as required for initiating the hydrolysis reaction. Examples
of two such initial trial geometries used in examining the
formation of the SO3 3 3 3H2O 3 3 3 FA collision complex are given
in the Supporting Information. These diagnostic calculations
basically confirm that the minimum energy path for both the
SO3 + FA 3 3 3H2O and SO3 3 3 3H2O + FA channels involves
formation of the same SO3 3 3 3H2O 3 3 3 FA collision complex.
We find that all starting reactant geometries and/or distorted
SO3 3 3 3H2O 3 3 3 FA configurations eventually end up giving the
same minimum energy SO3 3 3 3H2O 3 3 3 FA prereactive collision
complex configuration: the one given in Figure 2.
In order to compare the FA assisted and water assisted

hydrolysis reactions on an equal footing, we have also performed

a similar set of calculations for the SO3 hydrolysis reaction
involving two water molecules. The MP2/6-311++G(3df,3pd)
level optimized geometries for the SO3 3 3 3H2O 3 3 3H2O and
H2SO4 3 3 3H2O complexes, as well as the TS associated with the
rate limiting SO3 3 3 3H2O 3 3 3H2Of H2SO4 3 3 3H2O unimole-
cular isomerization reaction for this reference reaction, are shown
in Figure 4. The barrier heights and binding energies predicted at
the various levels of calculations, including the MP2/6-311+
+G(3df,3pd) level, are summarized in Tables 2 and 3. In Figure 5
the zero point energy corrected potential energy diagram for the
water assisted hydrolysis reaction predicted at the MP2/6-311+
+G(3df,3pd) level is shown. In the entrance channel we see the
two bimolecular collisional pathways associated with the SO3 +
H2O 3 3 3H2O and SO3 3 3 3H2O + H2O channels that can form
the SO3 3 3 3H2O 3 3 3H2O prereactive collision complex. Further
to the right, the TS and product H2SO4 3 3 3H2O complex are also
shown in Figure 5. As the water catalyzed hydrolysis reaction has
already been studied extensively by several groups, we next
compare our results for this reference reaction with those from
the earlier studies. We performed the B3LYP/6-31+G(d) level
calculations for the hydrolysis of SO3 by two water molecules in
order to reproduce the barrier height reported previously by
Loerting et al.59,60 at the same level. Our calculation at the
B3LYP/6-31+G(d) level predicts the zero point uncorrected
barrier height for the unimolecular isomerization of the SO3 3 3 3
H2O 3 3 3H2O complex to be 10.04 kcal/mol, which is only 0.01
kcal/mol higher than the value (10.03 kcal/mol) reported by
Loerting et al.59 Furthermore, to verify the location of the TS, we
also compared our calculated electronic energy and imaginary
frequency for the TS, computed at the B3LYP/6-311++G(3df,3pd)

Figure 4. MP2/6-311++G(3df,3pd) level optimized geometries of SO3 3 3 3H2O 3 3 3H2O, H2SO4 3 3 3H2O, and TS for the SO3 3 3 3H2O 3 3 3H2O f
H2SO4 3 3 3H2O unimolecular isomerization reaction.

Table 3. Zero Point Vibrational Energy (ZPE) Uncorrected and Corrected Binding Energies (kcal/mol) of All 1:1 Dimeric and
1:1:1 Ternary Hydrogen-Bonded (H-Bonded) Complexes at Different Levels of Calculationsa

MP 2/6-31G(d,p) B3LYP/6-311++G(3df,3pd) MP 2/6-311++G(3df,3pd)

molecular complexes ZPE uncorrected ZPE corrected ZPE uncorrected ZPE corrected ZPE uncorrected ZPE corrected

SO3 3 3 3H2O 12.26 10.15 8.36 6.23 9.38 7.25

FA 3 3 3H2O 13.90 11.01 9.58 7.04 10.53 7.99

SO3 3 3 3H2O 3 3 3 FA 28.76 24.02 23.41 18.78 26.32 21.69

H2SO4 3 3 3 FA (local) 15.66 13.95 11.66 10.01 14.62 12.97

H2SO4 3 3 3 FA (global) 19.00 17.30 16.49 15.01 18.87 17.39

H2O 3 3 3H2O 7.05 4.8 4.83 2.66 5.30 3.14

SO3 3 3 3H2O 3 3 3H2O 19.10 13.94 21.30 16.14

H2SO4 3 3 3H2O 11.55 9.26 13.21 10.92
aThe binding energy for a particular binary or ternary H-bonded complex has been calculated by subtracting the total electronic energies of monomers
forming the complex from the calculated energies of that complex. The calculated electronic energies for monomers and complexes are given in Table 1
of the Supporting Information.



17449 dx.doi.org/10.1021/ja207393v |J. Am. Chem. Soc. 2011, 133, 17444–17453

Journal of the American Chemical Society ARTICLE

level, with that reported at the same level of calculation by Ignatov
et al.61 Our B3LYP/6-311++G(3df,3pd) level calculations predict
an electronic energy and imaginary frequency for the TS of
respectively �777.8823568 hartree and 643i cm�1, which are very
similar to their reported values (�777.8823413 hartree and
643i cm�1) computed at the same level. The small difference
(0.0000155 hartree� 0.0097 kcal/mol) in the calculated electronic
energies between the two investigations arises because the transition
states located by us and Ignatov et al. are near-isoenergetic
conformers that differ slightly from each other with respect to the
orientations of hydrogen atoms in the TS that are not actively
involved in hydrogen bonding. Such nearly isoenergetic conformers
of the SO3 3 3 3H2O 3 3 3H2O complex and their corresponding
transition states, which basically differ from each other with respect
to the orientations of the hydrogen atoms that are not involved in
hydrogen bonding, have been previously reported by Standard
et al.62 Basically, the exact geometry of the TS that one finds
depends on the corresponding initial structure of the SO3 3 3 3
H2O 3 3 3H2O reactant complex with which one starts the search.62

The calculations performed by Standard et al.62 at theMP2/6-311+
+G(2df,2pd) level show that the difference in binding energies and/
or activation barrier heights between two such different conformers
is only 0.3 kcal/mol. Therefore, irrespective of the staring conformer
for the SO3 3 3 3H2O 3 3 3H2O complex, it is seen that the binding
energy and barrier height remain very nearly identical with respect
to the different orientations of the water molecules; this is also
reflected in the same values for the computed imaginary frequencies
for the two different transition state structures located in this study
and by Ignatov et al.61 Finally, we compare our results with the work
of Morokuma and Muguruma, who were the first to investigate the
SO3 hydrolysis involving two water molecules.55 Their ab initio
calculations were carried out at the MP4SDQ/6-311+G(d,p)//
MP2/6-311+G(d,p)+ZPE(HF/6-311+G(d,p) level (hereafter re-
ferred to asMP4SDQ) and predicted an activation energy barrier of
∼13 kcal/mol for the unimolecular isomerization step that converts
the SO3 3 3 3H2O 3 3 3H2O complex to H2SO4 3 3 3H2O. At the
MP4SDQ level, the energies of the SO3 + H2O 3 3 3H2O and
SO3 3 3 3H2O + H2O reactants were found to be respectively 0.7
and 5.3 kcal/mol lower than that of the transition state. Thus, the

main differences between our potential energy diagram and that first
reported by Morokuma and Muguruma55 for the water assisted
hydrolysis are (a) that the barrier height for the unimolecular
isomerization of the SO3 3 3 3H2O 3 3 3H2O complex is substantially
lower than that predicted by Morokuma and Muguruma and (b)
that there is a different energetic position of the TS with respect
to the energies of the SO3 + H2O 3 3 3H2O as well as the SO3 3 3 3
H2O + H2O reactants. In our calculations, the barrier height for
the rate determining step involving unimolecular isomerization
of the SO3 3 3 3H2O 3 3 3H2O complex is computed to be 7.05 and
6.53 kcal/mol, respectively, at the B3LYP/6-311++G(3df,3pd) and
MP2/6-311++G(3df,3pd) levels. Our value is consistent with the
results of Standard et al., who report a barrier height between 6.6
and 6.7 kcal/mol for the SO3 3 3 3H2O 3 3 3H2O isomerization step at
the MP2/6-311++G(2df,2pd) level.62 Furthermore, as shown in
Figure 5, we find that the zero point vibrational energy corrected
total energies for the SO3 +H2O 3 3 3H2O and SO3 3 3 3H2O+H2O
reactants are predicted to be respectively 6.48 and 2.37 kcal/mol
higher than the energy of the TS at the MP2/6-311++G(3df,3pd)
level (see Table 1 of the Supporting Information). The ab initio
calculation by other groups58�62 on this system at theMP2, B3LYP,
and CCSD(T) levels using various medium to large basis sets also
finds a substantially lower barrier height for the unimolecular
isomerization step and a different positioning of the reactant
energies relative to the TS compared to that found in the early
work of Morokuma and Muguruma using the MP4SDQ level
calculations. Thus, the energetics reported for this reaction depends
on the size of the basis, and based on the above discussion, we
conclude that our results for the water assisted SO3 hydrolysis are
consistent with the most recent studies using the larger basis sets.
Next, we directly compare the energetics of the FA and water

assisted unimolecular isomerization reactions. The most impor-
tant difference between these two hydrolysis reactions is that in
the case of FA the unimolecular isomerization of the prereactive
SO3 3 3 3H2O 3 3 3 FA complex, whether it is formed from SO3 3 3 3
H2O + FA or SO3 + FA 3 3 3H2O as reactant, is effectively a
barrierless process for producing H2SO4 3 3 3H2O. This energetic
difference in the barrier heights is highlighted in Figure 6, where
the two reactions are compared after taking the energies of the

Figure 5. Potential energy profile for the SO3 + 2H2O f H2SO4 + H2O reaction. The energy profile has been calculated at the MP2/6-311+
+G(3df,3pd) level and includes zero point vibrational energy corrections at the B3LYP/6-311++G(3df,3pd) level. The combined energy of the isolated
monomers on the reactant side has been taken as zero at infinite separation.
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SO3 3 3 3H2O 3 3 3H2O and SO3 3 3 3H2O 3 3 3 FA prereactive com-
plexes to a common energy origin. As Figure 6 shows, at the
MP2/6-311++G(3df,3pd) level, the barrier height for the water
assisted hydrolysis is 6.45 kcal/mol higher than that for the FA
assisted reaction. Interestingly, the B3LYP/6-311++G(3df,3pd)
calculation also gives a similar difference in the barrier height
and suggests that the barrier for water assisted hydrolysis is
6.46 kcal/mol higher than that for formic acid.
3B. Relative Rates and Potential Atmospheric Impact.

Given the ability of FA to lower the barrier for SO3 hydrolysis,
it can potentially play an important role in the formation of
atmospheric H2SO4 and, hence, aerosols. It is useful to examine
the possible atmospheric impact of the FA assisted hydrolysis by
comparing its rate relative to that for the water assisted reaction,
which we use as a reference. We point out that it is not the goal of
the present work to calculate absolute rates but to only examine
relative rates associated with reagent energetics computed at the
same level of theory. We first consider the kinetic expression
associated with the water assisted reaction, which, as noted
earlier, can proceed via two pathways: one involving the SO3 3 3 3
H2O + H2O reactants and the other involving the water dimer,
via SO3 + H2O 3 3 3H2O. These paths are difficult to distinguish
experimentally, as they are both second order with respect to the
water concentration, and to the best of our knowledge there has
been no prior analysis in the literature addressing whether one of
the pathways dominates over the other. Consequently, we
examine this aspect of the water assisted reaction first. For the
SO3 3 3 3H2O + H2O pathway, the main steps are as follows:

SO3 þ H2O h SO3 3 3 3H2O ð7Þ

SO3 3 3 3H2O þ H2O h SO3 3 3 3H2O 3 3 3H2O ð8Þ

SO3 3 3 3H2O 3 3 3H2O f H2SO4 3 3 3H2O ð9Þ
As already noted, the above reaction sequence is typically viewed as
one involving the formation of the SO3 3 3 3H2O 3 3 3H2O prereactive
collision complex, which then undergoes unimolecular isomer-
ization. Applying a steady state approximation to this prereactive
collision complex and assuming that it is in equilibrium with the
reactants, the rate law for the formation of H2SO4 has been

expressed in the literature as63

d½H2SO4�
dt

� �
¼ ratewater�monomer

¼ KSO3 � H2O
k8
k�8

k9½H2O�2½SO3� ð10Þ

The above rate equation expresses the fact that formation of H2SO4

in the gas phase is second order with respect to water concentration
and first order with respect to SO3 concentration.

40,49,50 In the above
equation, KSO3�H2O is the equilibrium constant for the formation of
the starting SO3 3 3 3H2O reactant complex from isolated SO3 and
H2O and ki/k�i denote the forward and reverse rate coefficients for
the i-th reaction step. For the SO3 hydrolysis pathway involving a
water dimer (H2O 3 3 3H2O), the steps are similar and consist of the
following:

H2O þ H2O h H2O 3 3 3H2O ð11Þ

SO3 þ H2O 3 3 3H2O h SO3 3 3 3H2O 3 3 3H2O ð12Þ

SO3 3 3 3H2O 3 3 3H2O f H2SO4 3 3 3H2O ð13Þ
The above reaction sequence gives rise to a rate expression for
sulfuric acid formation analogous to eq 10:

d½H2SO4�
dt

� �
water�dimer

¼ ratewater�dimer

¼ KH2O � H2O
k12
k�12

k13½H2O�2½SO3�
ð14Þ

Additionally, in eqs 10 and 14, the ratio of the forward and reverse
rate coefficients for reaction steps 8 and 12 for the formation and
decomposition of the SO3 3 3 3H2O 3 3 3H2O prereactive complex
from their respective reactants, the terms k8/k�8 and k12/k�12, can
be expressed as equilibrium constants denoted respectively as K0

8

and K0
12. As a result, the ratio of the two rate expressions in eqs 10

and 14 can be written compactly as follows:

ratewater�dimer

ratewater�monomer
¼ KH2O � H2O

KSO3 � H2O

K0
12

K0
8

k13
k9

ð15Þ

Using ab initio values for vibrational frequencies, rotational constants,
and binding energies, given in the Supporting Information, the
required equilibrium constants for the reactant complex and pre-
reactive collision complex can be determined from statistical
thermodynamics.83 Furthermore, the rates for the unimolecular
isomerization of the SO3 3 3 3H2O 3 3 3H2O prereactive complex
(k13 and k9) can be estimated using simple microcanonical RRKM
theory.84 The energized prereactive complexes formed via the two
pathways, one involving the water dimer and the other involving the
water monomer, have different energies but share a common
transition state.55 At the MP2/6-311++G(3df,3pd) level, we find
that the SO3 3 3 3H2O 3 3 3H2O prereactive complex has 4.11 kcal/
mol more energy (including zero point corrections) when formed
from the water dimer channel (i.e., SO3 + H2O 3 3 3H2O) versus the
monomer pathway (i.e., SO3 3 3 3H2O+H2O). The sum and density
of states for the reactants and transition state, required for the RRKM
calculation, were computed using the Whitten�Rabinovitch proce-
dure as outlined in ref 84. Our calculations show that SO3 hydrolysis
via the SO3+H2O 3 3 3H2Opathway is approximately 10 times faster

Figure 6. Zero point vibrational energy (ZPE) corrected energy differ-
ence for the activation barriers in the water and formic acid (FA) assisted
unimolecular isomerization reactions predicted at the MP2/6-311++G-
(3df,3pd) level. The ZPE corrected energies of SO3 3 3 3H2O 3 3 3H2O and
SO3 3 3 3H2O 3 3 3 FA complexes have been taken as zero.
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relative to the pathway involving the SO3 3 3 3H2O + H2O reactants.
Thus, as shown in Figure 5, although SO3 3 3 3H2O is more stable
compared to the H2O 3 3 3H2O dimer, the higher excess energy
(∼4.11 kcal/mol) in the SO3 3 3 3H2O 3 3 3H2O complex when it is
formed through the SO3+H2O 3 3 3H2Opathway drives the reaction
toward product faster compared to when the same complex is
formed through the SO3 3 3 3H2O + H2O reactants. Given the
apparent dominance of thewater dimer pathway in thewater assisted
hydrolysis of SO3, we next compare the rate of the FA assisted
reactionwith that for thewater dimer channel. The sequence of steps
for the FA assisted reaction is similar to that discussed above forwater
and involves the following steps:

SO3 þ H2O h SO3 3 3 3H2O ð16Þ

SO3 3 3 3H2O þ FA h SO3 3 3 3H2O 3 3 3 FA ð17Þ

SO3 3 3 3H2O 3 3 3 FA f H2SO4 3 3 3 FA ð18Þ
If we apply a kinetic analysis to the FA-assisted mechanism that is
similar to that applied to water, the following rate expression results:

d½H2SO4�
dt

� �
FA-assisted

¼ rateFA-assisted

¼ KSO3 � H2O
k17
k�17

k18½H2O�½FA�½SO3�
ð19Þ

As in the case of the water assisted reaction, we express the ratio
of the rates k17/k�17 for the formation and decomposition of the
SO3 3 3 3H2O 3 3 3FA prereactive complex from its starting reactants
as an equilibrium constant denoted byK0

17. Then taking the ratio of
the two rate expressions given in eqs 14 and 19, we get that

rateFA-assisted
ratewater�dimer

¼ KSO3 � H2O

KH2O � H2O

K0
17

K0
12

k18
k13

½FA�
½H2O� ð20Þ

Thus, the analysis of the relative rates reduces to investigating the
contributions from the four ratios appearing in eq 20. In the region of
the middle troposphere, the concentration of water vapor is larger
than that of FA by roughly 5 orders of magnitude,67,68,71,85�88

resulting in the contribution from the concentration ratio in eq 20
being ∼10�5. The ratio of the rate constants (k18/k13) for the
unimolecular isomerization steps is obtained by applying microca-
nonical RRKM theory.84 For the RRKM calculations (see the
Supporting Information) we assume that the internal energy of
the prereactive collision complex, either SO3 3 3 3H2O 3 3 3H2O or
SO3 3 3 3H2O 3 3 3FA, is just the thermal energy (3/2kT) added to
their respective zero point energy corrected binding energy for
formation from the appropriate reactants. This energy determines
the available energy driving the reactions over the unimolecular
isomerization barrier. The RRKM calculations show that, for tem-
peratures in the range 200�300 K, the ratio of the rate constants
(k18/k13) is∼103, in favor of the barrierless FA assisted reaction.We
point out that the term “barrierless” is used here to indicate a very
small barrier and not a situation where the TS is not well-defined,
thus requiring the application of variational RRKM theory.89 As
before, the ratio of equilibrium constants (K0

17/K0
12) can be

obtained from the ratio of partition functions and taking into account
the appropriate binding energies.83 In our calculation of the partition
functions, we use rotational constants and harmonic vibrational
frequencies computed at the B3LYP/6-311++G(3df,3pd) level

and zero point energy corrected binding energies computed at the
MP2/6-311++G(3df,3pd) level. Using these values, we estimate the
ratio of the equilibrium constants (K0

17/K0
12) in eq 20 to be∼3.5 at

300 K and this ratio increases to ∼11.5 at 200 K due to the higher
binding energy of the SO3 3 3 3H2O 3 3 3FA complex relative to the
SO3 3 3 3H2O 3 3 3H2O complex. Finally, the ratio of the equilibrium
constants (KSO3�H2O/KH2O�H2O) ranges between 28 at 300 K and
85 at 200K. Thus, taken together, the four factors appearing in eq 20
combine to give a ratio of the rateswhich ranges between∼1 to 10, in
favor of the FA catalyzed reaction. Hence, this rather simple relative
rate analysis suggests that FA assisted hydrolysis of SO3 to form
H2SO4 is verymuch competitivewith, andmay even surpass, the rate
for the currently accepted scheme involving water assisted hydrolysis
in the atmosphere. We note that our present analysis neglects
tunneling as well as variation of the rates with atmospheric pressure,
which could be treated using amaster equation approach such as that
performed on other atmospheric reaction systems;90 however, we
defer these refinements for future work. The calculated equilibrium
constants and unimolecular isomerization rates required for our
kinetics analysis, presented above, are given in the Supporting
Information. Finally, we note that although we have considered only
the SO3 3 3 3H2O + FA pathway, we expect the rate for the com-
plementary pathway involving the SO3 + FA 3 3 3H2O reactants to be
similar. This follows from the fact that both the SO3 3 3 3H2O and
FA 3 3 3H2Oreactant complexes are nearly isoenergetic (see Figure 3)
with respect to their binding energies and their reaction involves
formation of the same prereactive collision complex and transition
state. Thus, both pathways are expected to form the SO3 3 3 3
H2O 3 3 3 FA prereactive complex with similar excess energies
and, hence, exhibit similar unimolecular isomerization rates.
The above findings have potentially important implications for

the chemistry associated with atmospheric aerosol formation. As
mentioned earlier, H2SO4 abundance in the atmosphere is
known to be strongly related to the fundamental step in atmo-
spheric new-particle formation. To date, the basic mechanisms
for atmospheric aerosol formation are not yet completely under-
stood and the composition of the “critical nucleus” required for
the formation of new aerosol particles has been the subject of
intense studies.11,12,14,91�95 Several studies indicate that the
“critical nucleus” for aerosol formation may contain only one
molecule of an organic acid.12,14,91,92,96�100 Recent laboratory
experiments and theoretical calculations show that nucleation
around sulfuric acid, and hence aerosol growth, is considerably
enhanced in the presence of aromatic acids such as benzoic acid,
p-toluic acid, and m-toluic acid.12 The high binding energies of
these sulfuric acid�organic acid complexes apparently lead to
reduced nucleation barriers and possibly promote the efficient
formation of organic�sulfate aerosols in polluted atmosphere.
Studies by Zhang et al.91 with cis-pinonic acid (CPA), for
example, suggest that the formation of a sulfuric acid�organic
acid H-bonded complex is most likely responsible for a reduction
in the nucleation barrier through modification of the hydropho-
bic properties of the organic acid, thus allowing further addition
of hydrophilic species such as H2SO4, H2O, and possibly NH3

required to propagate aerosol growth. The present computa-
tional work shows that the hydrolysis of SO3, which is the key
step in atmospheric sulfuric acid formation, can be effectively
catalyzed by just one molecule of FA to form the H2SO4 3 3 3 FA
complex. Given that the sulfuric acid and organic acid units are
already tethered together in this complex as a part of the sulfuric
acid formation step, such FA catalyzed SO3 hydrolysis reactions
could then, in principle, provide an efficient first step for
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generating the critical nucleus necessary for propagating atmo-
spheric aerosol growth. Further, the present computational
results with FA suggest that potential parallel catalytic behavior
involving other monocarboxylic acids may also be possible.
Hence, more generally, a variety of atmospheric organic acid
molecules (OA) or their hydrated complex (OA 3 3 3H2O) can
collide respectively with SO3 3 3 3H2O or SO3 and thereby
catalyze the hydrolysis of SO3 to form the OA 3 3 3H2SO4

complex required for initiating aerosol formation.

4. SUMMARY AND CONCLUSION

The gas phase conversion of SO3 to H2SO4 in the atmosphere
is currently believed to occur primarily via the SO3 + 2H2O
reaction with the second water molecule acting as a catalyst.
Quantum chemistry calculations show that the rate determining
step for this reaction is the unimolecular isomerization of the
SO3 3 3 3H2O 3 3 3H2O prereactive collision complex to give
H2SO4 3 3 3H2O. In the atmosphere, there is a substantial abun-
dance of formic acid (FA), and therefore, analogous to the
situation associated with water assisted hydrolysis of SO3, the
tertiary SO3 3 3 3H2O 3 3 3 FA prereactive complex can form
through either of two pathways involving SO3 3 3 3H2O + FA
and/or SO3 + FA 3 3 3H2O. Our calculations show that, once
formed, the SO3 3 3 3H2O 3 3 3 FA complex can undergo facile
unimolecular isomerization to produce H2SO4 3 3 3 FA and finally
sulfuric acid. Calculations show that the FA assisted hydrolysis of
SO3 is effectively a barrierless process with the barrier height for
the rate determining unimolecular isomerization step being only
0.59 and 0.08 kcal/mol, respectively, at the B3LYP/6-311+
+G(3df,3pd) and MP2/6-311++G(3df,3pd) levels. The corre-
sponding barrier heights for the water assisted unimolecular
isomerization step are respectively 7.05 and 6.53 kcal/mol at the
same levels. A simple comparison of the relative rate expressions
for the two hydrolysis mechanisms suggests that FA assisted
hydrolysis of SO3 to form H2SO4 is very much competitive with,
and may even surpass, the rate for the currently accepted scheme
involving water assisted hydrolysis. Thus, the new mechanism
can impact our understanding of atmospheric sulfuric acid
formation and, hence, the rate of aerosol production in the
Earth’s atmosphere.95 The current results also suggest that
inclusion of an organic acid (OA) into sulfuric acid aerosol,
often seen from analysis of atmospheric aerosol composition,12,14

may occur prior to the formation of the sulfuric acid itself, as the
organic acid provides a facile route for the hydrolysis of SO3 and
eventual formation of the stabilized H2SO4 3 3 3OA dimer via the
SO3 3 3 3H2O 3 3 3OA prereactive collision complex.
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