
Abstract. The surface region of sulfate aerosols (super-
cooled aqueous concentrated sulfuric acid solutions) is
the likely site of a number of important heterogeneous
reactions in various locations in the atmosphere, but the
surface region ionic composition is not known. As a first
step in exploring this issue, the first acid ionization
reaction for sulfuric acid, H2SO4 þ H2O ! HSO�4 þ
H3O

þ, is studied via electronic structure calculations at
the Hartree–Fock level on an H2SO4 molecule embed-
ded in the surface region of a cluster containing 33 water
molecules. An initial H2SO4 configuration is selected
which could produce H3O

þ readily available for heter-
ogeneous reactions, but which involves reduced solva-
tion and is consistent with no dangling OH bonds for
H2SO4. It is found that at 0 K and with zero-point
energy included, the proton transfer is endothermic by
3.4 kcal/mol. This result is discussed in the context of
reactions on sulfate aerosol surfaces and, further, more
complex calculations.
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1 Introduction

Most attention concerning atmospheric ozone depletion
has concentrated on the Antarctic stratosphere and the
‘‘ozone hole’’, where heterogeneous chemistry involving
chlorine-containing species, likeHCl andClONO2, occurs
on ice and related aerosols[1]. There is, however, impor-
tant ozone depletion occurring in other atmospheric
locations. One important example is the midlatitude
stratosphere, where the aerosols providing heterogeneous
reaction sites are instead sulfate aerosols, highly concen-

trated supercooled aqueous solutions of � 60–80% in
weight (� 22–42 mol%) of sulfuric acid [2–4], with a
corresponding H2SO4/H2O molecular ratio � 0.25–1. In
this region, perhaps the most important heterogeneous
reaction is the net hydrolysis of dinitrogen pentoxide
N2O5 + H2O ! 2HNO3 which plays a key role in
stratospheric ozone depletion [2–7]. There are additional
heterogeneous reactions of importance as well [4]. Fur-
ther, sulfate aerosols are also found in theArctic boundary
layer, and heterogeneous chemistry on/in them is impli-
cated in ozone depletion there[8, 9]. Finally, it has recently
been suggested [1] that sulfate aerosols, rather than ice or
related aerosols, may actually provide themost important
reaction sites in theAntarctic stratosphere. Sinceanumber
of such heterogeneous reactions will occur in the surface
region of sulfate aerosols, it is important to have
information on the character of those surfaces.

The bulk ionic composition of sulfate aerosols ap-
pears to be well described by detailed thermodynamic
models that have been developed [10]. Thus, at given
temperature and relative humidity, the ratio H2SO4/
HSO�4 /SO

2�
4 /H3O

þ/ H2O can be regarded as known in
the bulk of the aerosol for a given weight percentage of
sulfuric acid. Since, however, the surface can be regarded
as in some sense ‘‘less polar’’ than the bulk, the question
can be raised as to whether the ionic composition would
be the same in the surface region as it is in the bulk.
Thus, for example, for a bulk ionic composition con-
sisting exclusively of HSO�4 /H3O

þ/H2O, could there be
back proton transfer in the surface region to produce
some molecular H2SO4 from the bisulfate ion HSO�4 and
the hydronium ion H3O

þ? This is the reverse reaction for
the sulfuric acid first acid dissociation:

H2SO4 þH2O Ð HSO�4 þH3O
þ ð1Þ

While a complete investigation of the H2SO4/HSO�4 /
H3O

þ surface issue would involve the examination of the
reaction Eq. (1) in the surface region in the presence of the
various ions in the bulk below that region, an important
initial step on the road to answering the question is to
examine the first acid ionization step for H2SO4 in the
surface region of a model for supercooled water.
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This issue for the surface ionic composition involving
molecular H2SO4 and/or HSO�4 and its hydronium
counterion is important for the possibility of having
protons readily available for the acid catalysis of surface
reactions, either directly or via a short sequence of
proton transfers to surface water molecules. (Closely
related questions and issues arise when there is signifi-
cant concentration of sulfate ions SO2�

4 in the bulk.).
While the molecular morphology of the surface of sul-
fate aerosols has been the subject of important studies,
both on the experimental [11–17] and theoretical [18, 19]
sides, the ionic composition issue in the H2SO4 weight
percentage appropriate for atmospheric sulfate aerosols
remains poorly understood. In this paper we examine the
first acid ionization reaction (Eq. 1) for an H2SO4

molecule embedded at the surface of a model water
lattice.

We should note that clusters containing both H2SO4

and H2O in various amounts and ratios have been
studied both experimentally [11, 20] and theoretically
[21–24]; however, as we have stressed elsewhere [25], the
absence in small clusters of the natural constraints
arising at an aqueous surface make these model systems
questionable for the aerosol situation, even when they
involve high-level electronic structure calculations.
Large-cluster studies involving classical rather than
quantum interactions also exist [26]. Other cluster
studies have focussed on the issue of production of
H2SO4 from SO3 and have found the HSO�4 . H3O

þ

contact ion pair as a by-product [23, 24].
The outline of this paper is as follows. We discuss the

model reaction system in Sec. 2. We detail the compu-
tational strategy in Sec. 3 and present the results in
Sec. 4. We offer concluding remarks in Sec. 5.

2 Model reaction system

Our focus is on the possibility of the first acid ionization
of H2SO4, Eq. 1. In solution, the second ionization step
to produce the sulfate ion (not examined here) is much
less likely than the first ionization [27] and, at the water
surface, the solvation conditions are significantly less
favorable for the ionization than in solution: one could
loosely say that half the solvation of, for example, the
HSO�4 ion is missing at the surface compared to the
bulk. In this sense, our model reaction system represents
a limiting case where the dissociation of H2SO4 is
difficult owing to the lack of solvation, as discussed
further later. If H2SO4 were to dissociate in these
disadvantageous conditions, one could say with confi-
dence that the H3O

þ�HSO�4 ion pair is present at the
surface of sulfate aerosols (at least of the diluted ones),
thus portraying a heightened capability of the surface to
catalyze heterogeneous reactions.

We consider the H2SO4�(H2O)6�W27 model reaction
system displayed in Fig. 1, where the H2SO4�(H2O)6
core reaction system (CRS) is treated quantum chemi-
cally, whereas the W27 embedding water (W) lattice is
treated classically. In the following, we describe the
motivation for the H2SO4 placement in Fig. 1 and the
choice of the CRS.

An initial H2SO4 configuration is selected which could
produce H3O

þ readily available for heterogeneous
reactions, but which involves reduced solvation and is
consistent with no dangling OH bonds for H2SO4. In the
particular placement selected for the H2SO4 moiety,
each of its potentially proton-donating hydroxyl groups
is located in the top layer of the surface, and is hydro-
gen-bonded to a water molecule. An alternative place-
ment, with one dangling OH group of the H2SO4, was
discarded on the ground that such an acidic proton
would most likely be found hydrogen-bonded to an O
lone pair of surface water, instead of remaining unco-
ordinated, a common feature for the much less acidic
protons of an H2O molecule at a pure water surface [28].
The selected configuration can be contrasted with two
further ones in which one or both of the hydroxyls
would be oriented toward the bulk of the lattice. Then,
owing to the increased solvation of the bulk OH(s), the
likelihood of dissociation would be enhanced.

Each sulfuric acid proton is hydrogen-bonded to a
water molecule, also described quantum-chemically,
since it can accept the proton and become a hydronium
ion: In turn, this water has its two protons hydrogen-
bonded to two other quantum waters, thus providing the
tricoordination required [29, 30] for the ensuing hydro-
nium ion. Later, we focus on the acid dissociation

H2SO4 � ðH2OÞ6 �W27 ! HSO�4 �H3O
þ � ðH2OÞ5 �W27

ð2Þ
to assess if the electronic polarization of the sulfate
group and the relaxation of the lattice can stabilize the
ensuing surface ions in conditions of limited solvation
that we have just described.

3 Computational methodology

We used the quantum chemistry suite of programs GAMESS [37].
For the quantum portion of the model reaction system, we used the

Fig. 1. Top: H2SO4�(H2O)6 core reaction system (CRS).
Bottom: H2SO4�(H2O)6 CRS embedded in the W27 effective
fragment potentials water lattice—this larger cluster was used in
the calculations
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Stevens–Bash–Krauss (SBK)[32] effective core potential basis set,
complemented by polarization (S exponent 0.65 [33], O exponent
0.8 [34]) and diffuse (S exponent 0.0405 [35], O exponent 0.0845
[36]) functions on the heavy atoms, i.e. SBK+(d). The classical
water molecules are represented by effective fragment potentials
[37]. The calculations were performed at the Hartree–Fock level as
follows.

First, we partially optimized and embedded the H2SO4 moiety
in the orientation shown in Fig. 1 into the basal plane face of a
model hexagonal ice lattice assembled via replication of its unit cell
[38]. Initially, the ice lattice contained only the oxygen atoms. The
oxygens overlapping (in a Van der Waals fashion) the H2SO4 atoms
were discarded; then the hydrogens of the oxygens in the first sol-
vation shell, i.e. directly coordinated to H2SO4, were assigned, with
the constraints that all waters be hydrogen-bonded both to the
solute atoms and among themselves, and with the further require-
ment that the sum of the dipole moments of the first solvation shell
waters and H2SO4 (the latter previously calculated for the isolated
species) falls below a given low threshold. The assignment of
hydrogens was made by screening numerous configurations ob-
tained via permutation of the six allowed orientations of the dipole
moment of each water. The hydrogens of the outer solvation shells
were assigned shell by shell, starting from the second, maintaining
the constraint that the resulting lattice be fully hydrogen-bonded.
No dipole moment partial minimization was sought for the outer
shells. After all the hydrogens had been assigned, the two water
trimers coordinated to the two H2SO4 acidic protons were identi-
fied and represented quantum chemically, as explained in Sect. 2.
Finally, the model reaction system was reduced in size by manually
selecting (1) the waters in the first solvation shell of the
H2SO4�(H2O)6 moiety, (2) the waters stabilizing the first solvation
shell, and (3) the external waters in the second monolayer to pre-
vent the waters in first monolayer close to the edge from migrating
from their initial positions. The size of the lattice reflects the fol-
lowing requirements: (1) that the CRS be fully solvated, (2) that the
CRS plus the first solvation shell be kept in place by a number of
extra waters to prevent the collapse of the whole cluster along the
reaction path, and (3) that the number of extra waters be minimal
to limit the computational cost. The full optimization of the model
reaction system so assembled yielded the initial reactant complex
(RC) used for the transition-state (TS) search.

Starting from the RC, we located the TS (�m ¼ 530i cm�1) by
reducing in a stepwise fashion the H2O� � �HOSO3H distance
between one of the acidic protons and the oxygen of its hydrogen-
bonded water molecule to force the formation of a H3O

þ hydro-
nium ion. For each fixed H2O� � �HOSO3H distance, all the other
internal coordinates of the cluster were optimized. The optimized
structured of both the RC and the product complex (PC) were then
obtained via calculation of the intrinsic reaction coordinate path
[39]. The stationary points were confirmed by a Hessian calcula-
tion.

4 Results

The RC, TS and PC are displayed in Fig. 2, whereas
their corresponding CRSs, referred to in the ensuing
discussion, are displayed in Fig. 3.

We highlight some of the key features of the mecha-
nism at the RC, TS, and PC in Table 1. In particular, we
report all the S–O and SO–H bond lengths and the
average hydrogen-bond distances between the hydrogens
of the solvating waters and the sulfate oxygens. The
labeling in the table, referred to Figs. 2 and 3, has O2

connected to the dissociating proton H6, O3 connected
to the other proton H7, O4 double-bonded to S1 in the
top layer, and O5 pointing down toward the bulk. All the
S–O bond lengths except S1–O2 increase in going from
the RC to the PC. This corresponds to a change in the
dipole moment of the sulfate group upon formation of

Fig. 2. From top: reactant complex (RC), transition state (TS), and
product complex (PC)

Fig. 3. From top: RC, TS, and PC CRSs
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the HSO�4 �H3O
þ contact ion pair. The O3–H7 distance

decreases slightly, as expected.
In the cluster, O4 has two hydrogen bonds with the

solvating waters in the RC, which increase to three in the
TS and PC, both O2 and O5 have one hydrogen bond,
whereas O3 has none. Therefore acid dissociation leads
to an increase of hydrogen-bonded waters and a de-
crease in hydrogen-bonded distances, with the top-layer
O4 appearing the most affected. O5 and O3, initially set
up by the embedding algorithm with three and one
hydrogen bonds, respectively, with the lattice solvating
waters (Fig. 1), appear to have a reduced interaction
with the latter in the optimized RC. This is counter to
the intuitive notion that each oxygen in the sulfate group
could support at least two hydrogen bonds. It is possi-
ble, however, that the sulfate–water interaction suffers
somewhat from a lack of lattice constrains and the
consequent increased rotational degrees of freedom of
the solvating waters, resulting in the apparent reduced
solvation. This would indicate that the cluster of
embedding waters should be augmented in size to verify
this feature.

The charge distribution of the H2SO4�H2O moiety
along the reaction path is reported inTable 2. The charges
for S, O3, and all the hydrogens are essentially constant.
The negative charges on the other sulfate oxygens (O2, O4,
and O5) increase (in modulo) by an average of 0:11e,
consistent with the stronger interaction with the solvating

waters. The charge on the oxygen of the proton-accepting
water (O8) becomesmore positive by 0:14e. In the product
complex, qðH3O

þÞ ¼ 0:74e and qðHSO�4 Þ ¼ �0:96e,
implying charge transfer from O8 to the waters and the
HSO�4 coordinated to the hydronium ion.

Finally, for the reaction energy at 0 K associated with
the first acid ionization, we find (Table 3) DE(ZPE)¼
3:4 kcalmol�1. The key point of these results is that the
H2SO4 acid dissociation in the selected configuration is
endothermic. In addition, the TS energy without ZPE is
only � 0:4 kcalmol�1 higher than the PC energy. The
inclusion of ZPE reduces the total energy of that ‘‘TS’’ to
a value below that of the PC, suggesting a monotonic rise
of the total energy between reactants and products. While
Table 3 indicates that there are many contributing sour-
ces for the ZPE, it is useful to note that our estimates of
the stretch frequencies for the transferring H for the RC,
TS, and PC are 3142, 530i, and 2455 cm�1, respectively,
with the unstable TS motion found to be nearly exclu-
sively the H motion between the oxygen atoms of the
donor H2SO4 and the acceptor H2O. Thus, in a simple
collinear image (ignoring O� � �H–O bends), the transverse
coordinate involving H at the TS is nearly a symmetric
stretch in which the H is stationary, so that there is no
high frequency H motion contributing to the ZPE at the
TS, while there is such a contribution at, for example, the
PC. This differential ZPE effect will tend to remove any
barrier at the TS. This same general conclusion would
also follow from an alternative view in which the proton is
quantized [40, 41].

5 Concluding remarks

The present finding that the first acid ionization of
sulfuric acid in the selected configuration at an aqueous
surface is endothermic might be regarded as surprising,
given previous theoretical work indicates that this
ionization should proceed in small water clusters (four
waters) [42]. However, as we have noted here and
elsewhere [25], water rearrangements in small clusters

Table 3. Energetics along the reaction path. E is the absolute
energy in hartrees. DE is the relative energy at 0 K without zero-
point energy (ZPE) in kcal/mol referred to RC. ZPE is in kcal/mol.
(The RC Hessian calculation showed a single imaginary frequency
of 50i cm)1 discarded from the RC ZPE calculation.) DE
(ZPE) = [E(A) ) E(B)] + [ZPEA ) ZPEB], relative energy at 0 K
including ZPE in kcal/mol. 1 hartree = 627.51 kcal/mol

E DE ZPE DE (ZPE)

RC )175.413385 0.0 212.3 0.0
TS )175.408292 3.2 210.7 1.5
PC )175.408987 2.8 212.9 3.4

Table 2. Charge distributions of H2O�H2SO4 / H3O
+�HSO�4 along the reaction path. Löwdin charges in units of electronic charge. H6 is the

proton transferring to O8

q(S1) q(O2) q(O3) q(O4) q(O5) q(H6) q(H7) q(O8) q(H9) q(H10)

RC 1.88 )0.75 )0.73 )0.78 )0.77 0.50 0.50 )0.91 0.47 0.46
TS 1.87 )0.86 )0.74 )0.82 )0.82 0.53 0.49 )0.81 0.49 0.48
PC 1.87 )0.89 )0.74 )0.85 )0.84 0.51 0.49 )0.77 0.51 0.49

Table 1. Structure and hydrogen bonding of H2SO4/HSO�4 along
the reaction path. O5 is the oxygen pointing away from the viewer
in Figs. 2 and 3. HOH� � �OS is the average length of the hydrogen
bonds of the solvating waters to the sulfate oxygen. The number of

hydrogen bonds is that between solvating waters and sulfate oxy-
gens. Bond lengths in angstrom. Reactant complex (RC), transition
state (TS), and product complex (PC)

S1–O2 S1–O3 S1–O4 S1–O5 S1O2–H6 S1O3–H7 HOH� � � OS Number of
hydrogen bonds

RC 1.544 1.538 1.431 1.430 1.003 1.005 2.217 4
TS 1.496 1.554 1.442 1.442 1.273 0.992 2.216 5
PC 1.479 1.557 1.449 1.446 1.467 0.991 2.064 5
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can occur without the constraints imposed by a water
network, and cluster results need not be at all applicable
for surface conditions. It is relevant to note that although
H2SO4 in aqueous solution is generally regarded as a
strong acid in its first acid ionization, the equilibrium
constant for this dissociation is variously estimated as
only 102–103, values which are some 4–5 orders of
magnitude smaller than estimates for HCl [27] (which is
also predicted [43] to ionize in a cluster of four water
molecules). Such estimates suggest that the sulfuric acid
ionization is a reasonably delicate issue, and further
studies (see later) will definitely be necessary before one
could confidently conclude that ionization does not occur
at the surface and thus that protons are not available
from this source for acid catalysis of heterogeneous
surface reactions. (We note, however, that proton
transfer from molecular H2SO4 even in the configura-
tion studied here might still be induced by further
coordination with an adsorbed reactant molecule such
as N2O5.)

We can suggest several extensions of the present cal-
culations. First, as noted in Sec. 2, alternative posi-
tioning of the H2SO4 molecule at the surface such that
one OH group penetrates deeper into the system could
increase solvation of the ionic products and thus promote
acid ionization. Second, although there is considerable
solvation of, for example, HSO�4 in the endothermic
product (see Fig. 2), additional water molecules located
above the acid might provide sufficient solvation to make
the reaction exothermic. The presence of such extra-lat-
tice waters, to be expected under stratospheric conditions
[30, 41, 44], has already been shown to be necessary for,
for example, HBr ionization atop an ice surface [25].
Finally, the influence of the ions present in the bulk not
far from the surface region may have an influence; the
general effect of the electric field due to those ions should
be to further stabilize the HSO�4 �H3O

þ ion pair. Whether
all or any of these aspects will be sufficient for the
first ionization to occur such that acid catalysis is facili-
tated for heterogeneous surface reactions remains to be
seen.

All of our discussion has focussed on the first acid
ionization of H2SO4. For some atmospheric conditions,
the ionic composition of the bulk is characterized by
extensive sulfate ion concentration as a result of the
second acid ionization [10]. For these situations, a sim-
ilar theoretical study of the second, and weaker, sulfuric
acid ionization, HSO�4 þ H2OÐ SO2�

4 þ H3O
þ, will be

needed.
All the aspects mentioned in the preceeding two

paragraphs are currently under investigation. Further,
we hope to report on several heterogeneous reactions on
model sulfate aerosol surfaces in the near future,
including the N2O5 hydrolysis mentioned in Sec. 1 and
the key Antarctic stratosphere reaction HCl þ ClONO2

! Cl2 þ HNO3 [1, 45, 46].
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