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ABSTRACT: Experimental characterization of microscopic events and behaviors of SO2−H2O
interactions is crucial to understanding SO2 atmospheric chemistry but has been proven to be
very challenging due to the difficulty in size selection. Here, size-dependent development of SO2
hydrate structure and cluster growth in the SO2(H2O)n (n = 1−16) complexes was probed by
infrared spectroscopy based on threshold photoionization using a tunable vacuum ultraviolet
free electron laser. Spectral changes with cluster size demonstrate that the sandwich structure
initially formed at n = 1 develops into cycle structures with the sulfur and oxygen atoms in a
two-dimensional plane (n = 2 and 3) and then into three-dimensional cage structures (n ≥ 4).
SO2 is favorably bound to the surface of larger water clusters. These stepwise features of SO2
hydration on various sized water clusters contribute to understanding the reactive sites and
electrophilicity of SO2 on cloud droplets, which may have important atmospheric implications
for studying the SO2-containing aerosol systems.

The interaction of atmospheric pollutants with the water
surfaces plays a crucial role in atmospheric new particle

formation, cloud formation, and climate change.1−6 Sulfur
dioxide (SO2) is an important atmospheric pollutant and has
been involved in many atmospheric processes such as the
formation of cloud condensation nuclei and acid rain.7−9

Characterizing the chemical composition, structure, and
growth of nucleating precursors is essential in understanding
the underlying mechanisms of atmospheric new particle
formation.10−12 The existence of SO2 hydrate species with a
(SO2)O···H(H2O) binding motif at the water surface was
identified by vibrational sum-frequency generation (SFG)
spectroscopy, whereas the (SO2)S···O(H2O) sandwich species was
not observed.13−16 Those authors rationalized this absence by
considering the quick reaction of SO2 with water. Recent
comprehensive computational studies indicate that the
dominant interaction between SO2 and H2O in the gas
phase and on the water nanodroplet is (SO2)S···O(H2O) and
(SO2)O···H(H2O), respectively.

17 Along with significant advances
in theoretical calculations, these studies have provided great
insights into the SO2 solvation on aqueous surfaces.18−25 In
spite of extensive efforts, no direct experimental evidence has
been obtained for size-dependent development of SO2 hydrate
structure and cluster growth. Such measurement of molecular
cluster precursors is helpful for understanding the stepwise
formation of atmospheric new particles, because different sizes
of droplets exist during the aerosol nucleation and growth
processes.26

Gaseous clusters have been subject to numerous spectro-
scopic investigations as ideal systems to get molecular-level
insights into the structures of the solvation shells or the specific
interactions between the solute and solvent molecules.27−38

Infrared photodissociation spectroscopy of size-selected ionic
clusters has been one of the most important methods for
probing microscopic ion hydrations.33−38 However, spectro-
scopic investigation of SO2 hydration with neutral water
clusters has been proven to be very challenging due to the
difficulty in size selection of neutral clusters in general, except
for the small-sized SO2(H2O)n (n = 1−3) clusters explored by
matrix-isolation IR and microwave spectroscopy.39−41 Very
recently, we set up an IR spectroscopic facility based on
threshold photoionization using a tunable vacuum ultraviolet
free electron laser (VUV-FEL),42−44 which allows for size
selection of neutral clusters. With this new technique, the
measurements of IR spectra of a wide variety of neutral clusters
become possible.45−47 Here, we report the size-specific IR
spectroscopic signatures of neutral SO2(H2O)n (n = 1−16)
clusters using a VUV-FEL-based IR spectroscopy. The spectra
are analyzed with the help of simulated vibrational spectra
from quantum chemical calculations. General trends in the
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stepwise hydration motifs of SO2 are deduced from the
reasonable agreement between the experimental and calculated
spectra.
The IR spectra of SO2(H2O)n clusters were measured using

a VUV-FEL-based IR spectroscopy apparatus (see the
Supporting Information for experimental details).42 Neutral
SO2(H2O)n clusters were generated by supersonic expansions
of SO2−H2O/helium mixtures using a high-pressure pulsed
valve. For the IR excitation of neutral SO2(H2O)n clusters, we
used a tunable IR optical parametric oscillator/amplifier
system (LaserVision). Subsequent photoionization was carried
out with about 30 ns delay with a VUV-FEL light. When the
VUV threshold photoionization does not cause the cluster
fragmentation, a mass-selective IR spectrum of a given
SO2(H2O)n cluster can be observed as a decrease of signal
intensity of the SO2(H2O)n

+ cation as a function of IR
wavelength. Various experimental conditions (the wavelength
and pulse energy of VUV-FEL, the concentration of SO2−
H2O/helium mixture, and the stagnation pressure, etc.) were
optimized to maximize the signal of a size-specific cluster of
interest with no interference from larger clusters. IR power
dependence of the signal was measured to ensure that the
predissociation yield was linear with photon flux.
The experimental IR spectra of SO2(H2O)n (n = 1−16) in

the OH stretching region are shown in Figure 1a and band
positions are listed in Table 1. The IR spectrum for n = 1
shows two main absorptions at 3643 and 3745 cm−1, which are
slightly red-shifted by 14 and 11 cm−1 from the symmetric
(3657 cm−1) and antisymmetric (3756 cm−1) OH stretching
vibrational frequencies of the free water molecule, respectively,

reflecting a gentle softening of these modes upon SO2
hydration as bonding electron density is withdrawn from the
water molecule.48 In the IR spectrum for n = 2, two intense
bands at 3699 (labeled A) and 3679 (labeled B) cm−1 and
weak bands centered at 3611 (labeled C) and 3361 (labeled
D) cm−1 are observed. Band D gains some intensities in the
spectrum of n = 3. Starting at n = 4, bands A and B are merged
to a broad feature centered at 3675 and 3635 cm−1,
respectively; band C is broadened and coupled with band D
to spread out in the 3000−3635 cm−1 region. The frequencies
of these bands do not vary appreciably with the increase of
cluster size, but rather, the observable effect is a variation of the
intensity distribution of bands C and D.
To understand the experimental IR spectra and identify the

structures of the SO2(H2O)n clusters, quantum chemical
calculations were carried out (see the Supporting Information
for theoretical details). Because of computational limitations,
only the n = 1−8 clusters were studied theoretically. The
structures were obtained using the constrained basin-hopping
global minimum search.49 The geometries and energies for the
low-lying structures were refined at the MP2/aug-cc-pVDZ
(AVDZ) level of theory. Note that many nearly isoenergetic
isomers might contribute to the present IR spectra, but only a
few lowest-lying structures (Figure 2) were selected to gain
insight into the structural and spectral evolution. For n = 1−6,
the anharmonic vibrational spectra were calculated using the
anharmonic quantum simulation method based on the full-
dimensional ab initio potential energy surface. For n = 7 and 8,
which degrees of freedom are too large to be precisely
described by the anharmonic quantum simulations, their
harmonic vibrational spectra were calculated at the MP2/
AVDZ level of theory. The total vibrational spectra were
calculated as the population weighted average of the
contributions from the representative structures at finite
temperature. Although it is cumbersome to estimate the
experimental temperature of SO2(H2O)n clusters, the rota-
tional temperature should be less than 10 K, while the
vibrational temperature could be much higher (i.e., a finite
temperature), because vibrations are not easily cooled as
rotations in the supersonic expansions.45 The calculated IR
spectra at the more atmospherically relevant cold temperature
of 200 K22 are used for the present discussions, which are
shown in Figure 3. The comparison of calculated and
experimental spectra for each cluster is given in Figures S1−
S8, respectively.
For the n = 1 cluster, the lowest-energy isomer (Figure 2,

labeled 1-I) is a “sandwich” type structure with a (SO2)S···
O(H2O) binding motif, which is consistent with previous matrix-
isolation IR and microwave spectroscopic and theoretical
results.19,22,23,39−41,50 The 1-II isomer consists of a (SO2)O···
H(H2O) binding motif, which lies 1.57 kcal/mol higher in
energy than 1-I. As shown in Table S1, the population of
isomer 1-I at 200 K is 98.7%, suggesting that 1-I should be the
main isomer present at finite temperature. As shown in Figure
S1, the calculated band positions and relative intensities of the
symmetric (3643 cm−1) and antisymmetric (3736 cm−1) OH
stretches are in excellent agreement with the experimental
values.
For the n = 2 cluster, the lowest-energy isomer (Figure 2,

part 2-I) is a cyclic hydrate structure with one (SO2)S···O(H2O)
bond, one (SO2)O···H(H2O) bond, and one water−water
hydrogen bond (H-bond).19,22,23,39−41,50 The 2-II and 2-III
isomers have a similar ring arrangement with the difference in

Figure 1. Experimental IR spectra of the SO2(H2O)n (n = 1−16)
clusters (a). The SFG spectrum of SO2 gas at the vapor/water surface
at 273 K is shown at the bottom (b).13 The OH stretch fundamentals
assigned to free OH stretch of water bound to water (A) (green dash
line), OH stretch of water in the (SO2)O···H(H2O) interaction (B) (red
dash line), OH stretch of water in the (SO2)S···O(H2O) interaction (C)
(blue dash line), and hydrogen-bonded OH stretch of water bound to
water (D) (dark yellow dash line) are indicated.
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the orientation of the hydrogen atom. In the calculated IR
spectra (Figure S2), band A (3718 cm−1) and band B (3701
cm−1) is due to the free OH stretch of water bound to water
(OHW

free) and the OH stretch of water in the (SO2)O···H(H2O)
interaction (OHS

SO···HO), respectively, consistent with the

experimental values (3699 and 3679 cm−1); band C (3580
cm−1) is attributed to the OH stretch of water in the (SO2)S···
O(H2O) interaction (OHS

OS···OH). The sharp bands centered at
3415 cm−1 (labeled D, H-bonded OH stretch of water bound
to water (OHW

HB)) are smeared out in the experimental
spectrum, which could be rationalized by the dynamic
fluctuations of H-bonds as demonstrated in various hydrated
clusters.28,31,33−38 The calculated relative intensities are less
satisfactory in agreement with the experimental ones, which
might be due to the complexity of experiment (IR absorption
mechanism, saturation effects, etc.) or to the limitation of
theoretical calculations (neglected degrees of freedom or
limited sampling of the potential energy surface, etc.).51,52

The lowest-energy isomer for n = 3 (Figure 2, 3-I) also
consists of a cyclic hydrate structure with one (SO2)S···O(H2O)
bond, one (SO2)O···H(H2O) bond, and two water−water H-
bonds. The 3-II structure (+0.42 kcal/mol) is similar to that of
3-I. The 3-III isomer (+0.44 kcal/mol) contains one (SO2)S···
O(H2O) bond, two (SO2)O···H(H2O) bonds, and two water−water
H-bonds. It can be seen from Table S1 that 3-I is dominant at
≤200 K, which is consistent with previous ab initio molecular
dynamics simulations.22 As shown in Figure S3, the total IR
spectra of the 3-I, 3-II, and 3-III isomers reproduce the
experimental spectrum better. The calculated position of band
C is red-shifted from the experimental value. As compared to n
= 2, the calculated band D contains more peaks, which would
enhance the band intensities as illustrated in the experimental
spectrum.
For the n = 4 cluster, all the three lowest-energy isomers

have a similar four-membered water ring (Figure 2), in which
each water molecule donates one hydrogen atom to form a
single H-bond with an adjacent water molecule. The SO2
molecule is bonded to different sites of this ring, forming the

Table 1. Experimental Vibrational Frequencies (cm−1) and Band Assignments for SO2(H2O)n (n = 1−16)

label n = 1 n = 2 n = 3 n = 4−16 assignment

A − 3699 3671 3675 free OH stretch of water bound to water (OHW
free)

B − 3679 3641 3635 OH stretch of water in the (SO2)O···H(H2O) interaction (OHS
SO···HO)

C 3745 3611 3601 3300−3580 OH stretch of water in the (SO2)S···O(H2O) interaction (OHS
OS···OH)

3643
D − 3361 3100−3430 3000−3300 hydrogen-bonded OH stretch of water bound to water (OHW

HB)

Figure 2. Representative low-lying structures of SO2(H2O)n (n = 1−8) (S, yellow; O, red; H, light gray). The calculations were performed at the
MP2/AVDZ level of theory. Relative energies (in kcal/mol) are listed inside round brackets.

Figure 3. Total weighted vibrational spectra of SO2(H2O)n (n = 1−
8). The anharmonic vibrational spectra of the n = 1−6 clusters were
calculated using the anharmonic quantum simulation method based
on the full-dimensional ab initio potential energy surface, and the
harmonic vibrational spectra of the n = 7 and 8 clusters were
calculated at the MP2/AVDZ level of theory.
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(SO2)S···O(H2O) and (SO2)O···H(H2O) interactions. The 4-II
isomer is dominant at 200 K (Table S1). The total IR
spectrum is in reasonable agreement with the experimental one
(Figure S4).
For the n = 5 cluster, the 5-I isomer has a five-membered

water ring, similar to the arrangement in 4-I. The 5-II isomer
consists of a cage structure with a four-membered water ring.
The 5-III isomer contains a prism-like structure. In the n = 6
cluster, a cuboidal structure is favorably formed in the 6-I
isomer, while one (SO2)O···H(H2O) bond of such motif is broken
in the 6-II and 6-III isomers. In the n = 7 cluster, the SO2
molecule is bonded to the corner of the water cage. In the n =
8 cluster, the SO2 molecule is bonded to the outer side of the
cuboidal water octamer. Overall, good agreement between the
experimental and simulated vibrational spectra (Figures S5−
S8) indicates that the n-I (n = 5−8) isomers are the main
structures present in the experiment.
The structures and IR spectra of the hydrolysis products

(H2SO3(H2O)n‑1) were calculated for n = 1−6, and the results
are shown in Figure S9. It is found that the H2SO3(H2O)n‑1
species lie higher in energy than SO2(H2O)n and such relative
energy decreases with the increasing number of water
molecules. The calculated IR spectra of H2SO3(H2O)n‑1
show distinct OH stretch peaks, which are not observed
experimentally. It thus appears that the hydrolysis reaction of
SO2 in small water clusters is unfavorable. These results are
consistent with the previous prediction of a considerable
energy barrier for the SO2 + (H2O)5 reaction (5.69 kcal/
mol).23

Although the selection rules for IR activity of hydrated
clusters are different from those at play in the vibrational SFG
of aqueous surface, it is useful to compare the vibrational
patterns, with representative SFG spectra of SO2/H2O
interface presented in Figure 1b. In the SFG spectra, bands
A, B, C, and D were assigned to the free OH stretches, the OH
stretches of SO2:H2O surface complex, and the topmost and
the deeper interfacial OH stretches, respectively.13−16,20 As
shown in Figure 1, the frequencies of the observed absorption
bands in the cluster spectra shift toward their aqueous values as
the number of water molecule is increased. The major
difference between the cluster spectra and the interface SFG
spectra is the intensities of bands C and D, which might be due
to the fact that the water clusters are not sufficiently big to
represent the H-bond networks of liquid water.
The frequency shifts observed in the IR spectra as a function

of cluster size are reasonably reproduced by the calculations
(Figure 3), which allows us to determine general trends in the
stepwise hydration motifs of SO2. As summarized in Figure 4,
the sandwich structure initially formed at n = 1 develops into
cycle structures with the sulfur and oxygen atoms in a two-
dimensional plane (n = 2 and 3), and then into three-

dimensional cage structures (n ≥ 4). The most important of
these motifs is the strong preference of the binding of SO2 on
the outer side of the water clusters.
It would be interesting to assess how the SO2 adsorption

alters the structures of water clusters. Previous studies
indicated that the lowest-energy isomers of (H2O)n (n = 3−
5) have cyclic structures with all oxygen atoms in a two-
dimensional (2D) plane, that of n = 6 and 7 has a 3D prism
and prism-like structure, respectively, and that of n = 8 has a
nominally cubic structure.45,46,51−59 As shown in Figure 2, in
the SO2(H2O)2 cluster, the orientation of hydrogen atoms is
tuned to bind with SO2 to form a cyclic structure. In the
SO2(H2O)3 cluster, the ring of the water trimer is opened
upon the SO2 adsorption. The structures of the water tetramer
and pentamer are kept during the uptake of SO2. While the
prism structures of the water hexamer and heptamer are
broken, the pseudocubic structure of the water octamer
remains. It could be estimated that the structures of larger
water clusters might be slightly changed by the SO2 adsorption.
Indeed, the MP2/AVDZ calculated binding energies of SO2
with water suggest that the n = 7 cluster may be a critical size
of SO2(H2O)n complex to be stable (Table S2). The
interaction motif between SO2 and H2O evolves from
(SO2)S···O(H2O) to (SO2)O···H(H2O), which supports the
proposed conversion of the dominant interaction in the gas
phase and water nanodroplet.17 Since the structures of
hydrated SO2 can affect the reactive sites and electrophilicity
of SO2,

17 the present cluster perspectives would aid our
understanding of the solvation behaviors of SO2 on the water
nanodroplets and surfaces,13−17,20,22,24

In summary, infrared spectra are reported for the neutral
SO2(H2O)n (n = 1−16) clusters in the 2700−3900 cm−1

spectral region. Quantum chemical calculations have been
performed on the n = 1−8 clusters to identify the low-lying
isomers and to assign the experimental spectral features. It is
found that the sandwich structure initially formed at n = 1
develops into cycle structures with the sulfur and oxygen atoms
in a two-dimensional plane (n = 2 and 3) and then into three-
dimensional cage structures (n ≥ 4) with the binding of SO2
on the outer side of water clusters. Such consistent
microscopic pictures have not previously been experimentally
identified for the SO2 binding to various sized water clusters. It
is hoped that these results will both help to refine the SO2−
water intermolecular potentials to understand the macroscopic
properties of SO2 in the atmosphere and help to stimulate
further studies of size-dependent solvation of many other gas
molecules.
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