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Unique reactions occurring at the interface between air and aqueous solutions are increasingly recognized to be
of potential importance in atmospheric processes. Sulfur dioxide was one of the first species for which
experimental evidence for the existence of a surface complex was obtained by several different groups, based on
the kinetics of SO2 uptake into aqueous solutions, large decreases in surface tension and second harmonic
generation spectroscopic studies. The uptake has been proposed to involve an uncharged surface complex which
subsequently converts into ionic species. We report here the results of a search for an uncharged SO2 complex at
or near the surface using attenuated total reflectance Fourier transform infrared spectrometry (ATR-FTIR) at
298 K guided by ab initio calculations of a 1:1 SO2–H2O complex. No infrared absorption bands attributable to
such a complex of SO2 were observed experimentally in the expected region, giving an upper bound of 4� 1014

SO2 cm
�2 to the concentration of neutral SO2 molecules weakly sorbed to the surface in equilibrium with �1

atm SO2(g). The implications for the nature of the surface species and previous observations are discussed.

Introduction

The uptake of gases into liquids, followed by diffusion and
reactions in the liquid phase, is known to be important in a
number of atmospheric processes. For example, the uptake
of gaseous SO2 into fogs and clouds followed by its oxidation
by H2O2 and O3 in the liquid phase is a major source of sulfu-
ric acid in air.1 However, there is an increasing body of experi-
mental evidence that some gases may also undergo unique
reactions at the air–water interface. In one of the first papers
proposing this possibility, Jayne et al.2 reported that the
uptake of SO2 into aqueous droplets could not be described
without including a surface reaction involving an SO2 complex
at the interface; the conversion of this surface complex into H+

and HSO3
� was proposed to determine the rate of uptake of

SO2 . Donaldson and coworkers3,4 subsequently reported spec-
troscopic detection of an SO2 surface complex in second har-
monic generation spectroscopic studies of gas evolving from
NaHSO3 solutions. There was also a large reduction in the sur-
face tension of these solutions and a saturation surface cover-
age of 5� 1014 cm�2 of an uncharged SO2 surface complex was
proposed. Additional examples of reactions of gases such as

Cl2 , Br2 , ClNO2 , ClONO2 and OH with ions at the air–water
or sulfuric acid solution interfaces, possibly via the formation
of initial surface complexes, were subsequently reported,5–8

highlighting the importance of understanding the nature of
such complexes at the air–water interface.
Boniface et al.9 reexamined the uptake and reactions of SO2

in water and found that SO2 reacts rapidly with OH�; the
enhanced uptake observed in the earlier studies2 at pH> 10
was shown to be due to this previously unrecognized reaction.
However, a one-time uptake of SO2 at pH< 2 was still
observed and attributed to the formation of an SO2 surface
complex, with the number of available surface sites for SO2

uptake being �1014 SO2 cm�2 as reported in the earlier stu-
dies.2 Clegg and Abbatt10 recently reported the uptake of gas-
eous SO2 on ice surfaces at temperatures from 213 to 238 K.
The measured uptake of SO2 was observed to be consistent
with the Jayne et al.2 model, where the interfacial form of
SO2 [shown below as SO2(interface)] involves interaction with
a few water molecules at the surface, and the subsequent con-
version to an ionic form determines the uptake:

SO2ðgÞ $ SO2ðinterfaceÞ ð1Þ

SO2ðinterfaceÞ $ ðHþ=HSO3
�ÞðinterfaceÞ ð2Þ

Infrared spectroscopic measurements could be very useful in
probing for the existence and nature of such interfacial species,
and hence providing insight into its unique reactions at the
interface. It can be inferred from the ab initio calculations by
Bishenden and Donaldson11 on the 1:1 SO2:H2O gas phase
complex that there may be a red shift of �25 cm�1 in the n3
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asymmetric stretch of SO2 on binding to water relative to the
gas phase absorption, which occurs at 1361 cm�1. One
experimental approach for observing such a shifted absorption
is the use of sum frequency generation (SFG) spectroscopic
measurements which probes only the interface;12–15 however,
covering the full range of infrared frequencies of interest is
often not possible. Another approach is the use of single
reflectance (SR) infrared spectroscopy which has been applied,
for example, to monolayers of phospholipids at the air–water
interface.16–22 This technique has the advantage that a wide
range of infrared frequencies are measured. However, the
infrared beam penetrates beyond the interface region into the
bulk to a depth of the order of a few microns, depending on
the frequency of the radiation and nature of the liquid; thus
it probes the surface film, rather than just the interfacial
region. As a result, if there are significant concentrations of
dissolved compounds in addition to interfacial species, it can
be difficult to separate the contributions of the interface
species.
An alternate approach is attenuated total reflectance (ATR)

combined with FTIR. ATR is an internal reflection technique
in which light is directed into an infrared transmitting crystal.
It strikes the interface at an angle greater than the critical angle
and hence undergoes total internal reflection.23 There is an
evanescent wave that penetrates into the surrounding medium,
with the depth of penetration depending on the angle of inci-
dence and the indices of refraction of the crystal and the sur-
rounding medium; typical depths of penetration are of the
order of a few microns.23 As a result, if single beam spectra
with and without the absorbing species are ratioed, an absorp-
tion spectrum of infrared active species in the medium sur-
rounding the crystal can be obtained. If the species adsorbs
directly onto the crystal itself, it would also be detected. Such
cells are normally used with liquids, and have proven particu-
larly advantageous with aqueous solutions since the net path-
length through the absorbing water solvent is minimized. ATR
has also been used extensively with solids and their interactions
with gases24 and liquids.25,26 Horn and Sully27,28 applied ATR
to study the uptake of gases onto ice surfaces27 as well as the
formation of sulfuric acid–water films when SO3 and H2O were
co-condensed on a Ge crystal at Tp 250 K. Thus, ATR has
been demonstrated to be a highly useful technique for studying
both bulk materials and thin films.
As a result, we have chosen this technique to study

the chemistry in these water films at room temperature.
Thin films of water can be formed on the ATR crystal by
exposure to water vapor, and the thickness of the film can
be determined from the water absorption bands. In this
case, even though the evanescent wave probes on the order
of a micron away from the interface, the absorbing film is
<30 nm in depth and determines the infrared absorption spec-
trum. If interfacial species are formed at the air–water interface
in sufficient concentrations, they should also be detectable,
since this small film thickness maximizes contributions to
the infrared absorption by interfacial compared to dissolved
species.
We report here a search for the previously proposed

uncharged SO2–water complex in surface films of water solu-
tions using attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR). For comparison, we have
obtained transmission and single reflectance spectra of satu-
rated aqueous solutions of SO2 . To assist in our search for a
complex, we have also carried out electronic structure calcula-
tions on the SO2–H2O complex in the gas phase, both for the
lowest energy configuration (which has a ‘sandwich’ type
structure) and for a hydrogen-bonded structure of slightly
higher (1.6 kcal mol�1) energy (see Fig. 1). The combination
of these approaches allows us to put an upper limit on the con-
centration of an SO2–water surface complex at the air–water
interface of 4� 1014 SO2 cm

�2, based on the experimental data

and assuming its structure can be represented by a 1:1 SO2–
H2O or similar complex.

Experimental

Measurements using attenuated total reflectance

Experiments were carried out using two types of ATR probes:
a fiber optic probe (Thermo Spectra-Tech, ATR Needle Probe)
and a Tunnel cell1 (Axiom Analytical, Inc., Irvine, CA). Most
of the experiments reported here were carried out with the fiber
optic probe that consisted of an infrared-transmitting chalco-
genide (AsSeTe) fiber embedded in an epoxy support and
polished to expose a portion of the fiber; the number of reflec-
tions is three. From the angle of incidence (y ¼ 45�) and the
refractive index of chalcogenide (n1 ¼ 2.8), the depth of pene-
tration (dp) of the evanescent wave can be calculated23 from
dp ¼ l/[2pn1(sin

2y� n21
2)1/2], where n21 ¼ n2/n1 and n2 is the

index of refraction of the rarer medium surrounding the crys-
tal. At 3400 cm�1, dp is 0.28 mm for air and 0.32 mm for water;
at 1150 cm�1, the corresponding values are 0.82 mm (air) and
0.94 mm (water), respectively. As discussed in detail later, the
depth of penetration of the beam is much larger than the thick-
ness of the water films deposited on the crystal. As a result, the
evanescent wave probes not only the species dissolved in the
film, but also any surface-adsorbed species present. In addi-
tion, for such thin films, the effective thickness, de , of the film
and hence the relative intensities do not depend on wavelength,
resulting in spectra that are very similar to transmission spec-
tra (this is not the case for bulk materials, where the effective
thickness depends on wavelength).23

The probe was mounted in a borosilicate glass cell so that
the infrared fiber could be exposed to gases in the cell under
controlled conditions. The cell was attached to a conventional
vacuum system for introducing gases, and to a 50 mL bulb
containing water (Barnstead, Nanopure) which had been
through a freeze–pump–thaw cycle. The probe was mated to
a Mattson RS Series FTIR using a ‘‘Foundation ’’ transfer
optic (Thermo Spectra-Tech) located in the sample compart-
ment.
After the cell was pumped out, it was allowed to come to

equilibrium with the water in the bulb. The water vapor pres-
sure was not measured directly, but some condensation on the
cell walls was observed visually. The presence of a thin water
film led to a strong absorption at �3400 cm�1 that is charac-
teristic of liquid water (n1).

29 Gaseous SO2 (Matheson, Anhy-
drous) was then introduced into the cell to a measured total
pressure and the single beam spectrum recorded. For compar-
ison, a spectrum was also recorded with SO2 added to the cell

Fig. 1 Geometry of (a) the lowest energy and (b) a hydrogen-bonded
configuration of the SO2–H2O complex, calculated at the MP2/aug-cc-
pvtz level.

Phys. Chem. Chem. Phys., 2002, 4, 1832–1838 1833
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in the absence of water vapor. In each case, a total of 1000
scans at 4 cm�1 resolution was used with the cell sealed off,
i.e. in the static mode.
The thickness of the water film on the fiber optic surface was

quantified in the following manner.23 The reflectivity, RN, for
N reflections and weak absorptions is given by

RN ffi 1�Nade ðIÞ

where de is the effective thickness, a parameter which reflects
the coupling between the evanescent wave and the sample,
and which can be related to the corresponding transmission
spectrum for which I/I0 ¼ e�al where l is the pathlength.
The absorption parameter, a, is given by

a ¼ ð1� RNÞ ffi Nade ðIIÞ

and is measured in these experiments by measuring the reflec-
tivity as the ratio of the single beam spectrum in the presence
of the sample to that in the absence of the water film. (For ease
of presentation, spectra are shown as absorbance (log I0/I) ver-
sus wavenumber.) Rather than using the intensity at one wave-
number, the band was integrated over the wavelength region
2800–3800 cm�1 and the optical constants from Bertie and
Lan30 applied to obtain the effective thickness, de . Taking
0.35 nm as the depth of one monolayer of water, the number
of water layers was calculated as de/0.35. In these experiments,
the water layers were sufficiently thick that the infrared spec-
trum was indistinguishable from that of bulk liquid water, in
contrast to the case of 1–5 water layers where the spectrum
shows that the water is significantly perturbed by the underly-
ing surface.31 Therefore, application of the optical constants
for liquid water are appropriate in the present experiments.
A second type of ATR experiment was carried out using the

Tunnel cell1 that consists of an 1/800 infrared-transmitting
AMTIR (GeAsSe) crystal of length 1.500 situated in a cylindri-
cal sample holder. For this particular cell, approximately 10
such internal reflections occur along the length of the rod.
The cell was located in the sample compartment of a Mattson
Galaxy FTIR spectrometer (Model 5020). The thin liquid
water film was first formed on the crystal by flowing a stream
of N2 containing H2O vapor at a given relative humidity and a
total pressure of 1 atm through the cell. Some of the vapor
condensed on the crystal, forming a thin film of liquid water
which was again quantified using the liquid water infrared
absorption at �3400 cm�1. Gaseous SO2 at approximately 1
atm pressure was then introduced into the cell and the spec-
trum recorded, again in the static mode. Comparison spectra
using SO2 in the absence of water were also measured. For
these experiments, 1024 scans at 0.5 cm�1 resolution were
recorded.

Measurement of transmission and single-reflectance FTIR
spectra

For comparison to the ATR spectra, we also measured trans-
mission spectra of the corresponding solutions. The transmis-
sion cell (McCarthy Scientific Co.) had CaF2 windows and a
50 mm Teflon spacer. Spectra of water saturated with SO2

and of NaHSO3 (Fisher Scientific Certified ACS grade) were
recorded at a resolution of 0.5 cm�1 and using a total of
1024 scans.
SR-FTIR spectra of saturated NaHSO3 and SO2 saturated

water were measured in an apparatus similar to the one
described previously32 but with a closed sample cell to prevent
loss of gases. The infrared beam passed through a CaF2 win-
dow to the surface where it is reflected by the liquid back
through the CaF2 window to an MCT detector. The resolution
used for these studies was typically 0.5 cm�1. Although lower
resolution could have been used for the surface and bulk phase
species, use of 0.5 cm�1 resolution optimized the identification

and subtraction of gas phase SO2 from the spectra. A warm
stream of nitrogen gas flow was directed onto the outside of
the CaF2 window in order to prevent condensation of water
on the inside of the window; uptake of water or SO2 into water
films on the window was detectable in the single reflectance
spectrum as positive absorbance signals superimposed on the
differential-shaped peaks due to the bulk species, and because
this complicated the data analysis, it was avoided.
Infrared reflectance spectra of bulk solutions contain contri-

butions from species in the gas phase, in the top few microns of
the liquid phase, and when present at sufficient concentrations,
at the interface. The absorption bands for gas-phase species
are similar to the peaks observed in a normal transmission
spectrum, and were removed by subtracting an appropriate
gas-phase reference spectrum. Reference spectra of SO2 were
taken in the same cell by introducing the gas into the cell
and replacing the liquid solution with a reflecting mirror
coated with gold and a protective overlayer of silicon monox-
ide. Although SO2 has been observed to adsorb on gold33 it is
not known to adsorb on glass surfaces at room temperature
and hence would not be expected to do so on the silicon mon-
oxide coated mirror. The SR spectra were analyzed as
described in earlier studies32 using the Kramers–Kronig
(KK) transform34,35 to obtain the absorption coefficient (k)
spectrum as a function of wavenumber.
In single reflectance spectra, the absorption bands responsi-

ble for the species in the bulk liquid appear as differential-
shaped peaks. The Kramers–Kronig (KK) transform34,35 con-
verts the reflectance spectrum into an absorption spectrum
with positive bands similar to those obtained using transmis-
sion. If there is an interfacial layer between air and the bulk
aqueous solution, the absorption bands for these species
appear as negative peaks,16,18,19 and become differential in
shape after application of the KK transform.
All measurements were carried out at 298� 2 K.

Results and discussion

Ab initio calculations

Calculations by Bishenden and Donaldson11 suggest that the
n3 asymmetric stretch for gas phase SO2 at 1361 cm�1 may
red-shift by as much as 25 cm�1 when SO2 is complexed to
one water molecule. To provide further guidance for our
experiments, ab initio calculations were carried out for gaseous
SO2 as well as a 1:1 SO2:H2O complex in the two configura-
tions shown in Fig. 1. Fig. 1a is a ‘sandwich’ type structure
and Fig. 1b is a hydrogen-bonded structure of slightly higher
(1.6 kcal mol�1) energy.
Table 1 compares our calculated harmonic frequencies for

gas phase SO2 and for both structures of the SO2–H2O com-
plex. All calculations were performed with the Gaussian 94
electronic structure36 package at the MP2/aug-cc-pvtz level
of theory. The agreement between the experimental frequen-
cies and those calculated at this level of theory for SO2(g) is
good, and certainly sufficient to give us confidence in the the-
oretical method used. Blue shifts of 3 to 12 cm�1 are calculated
when gas phase SO2 forms the lowest energy 1:1 ‘‘ sandwich’’
complex with water shown in Fig. 1a. No significant differences
in the relative band intensities are predicted for the complex
compared to SO2 itself. As discussed below, shifts for com-
plexes of SO2 with more than one water molecule but less than
the bulk would be expected to fall between these two extremes;
the calculations on the 1:1 complex and measurements of the
spectrum in the bulk allow one to focus the experiments
accordingly.
Interactions between SO2 and water are weak compared to

those between water molecules, which form a strong hydro-
gen-bonded network at the air–water interface, with some dan-

1834 Phys. Chem. Chem. Phys., 2002, 4, 1832–1838
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gling O–H bonds projecting into the gas phase.37–43 Given the
presence of the dangling OH at the interface, one might expect
intuitively that a configuration with the H2O hydrogen-bonded
to the SO2 might exist and play a significant role. We therefore
also examined the hydrogen-bonded configuration of SO2–
H2O shown in Fig. 1b that we found to be a local minimum
on the potential energy surface. This structure was found to
be approximately 1.6 kcal mol�1 higher in energy than the
structure shown in Fig. 1a and, as Fig. 1b shows, neither the
O–H nor the S–O bond lengths are influenced significantly
by the hydrogen bond. The harmonic frequencies for this
structure are shown in Table 1 and they show �2 cm�1 red
shift in the asymmetric stretching n3 mode, and blue shifts in
the n1 symmetric stretch and n2 bending modes, also of �2
cm�1. Thus, the weak interactions between SO2 and H2O in
the 1 : 1 complex in the gas phase do not induce large changes
in the fundamental frequencies of SO2 for either of the two
structures shown in Fig. 1.
Also shown in Table 1 for comparison to the calculations

are experimentally measured values for SO2 and for the
SO2–H2O complex in an argon matrix at 17–19 K.44,45 Assum-
ing the shift due to the argon matrix is the same for SO2 and
SO2–H2O, the experimentally determined blue shifts are 3–5
cm�1 for the n1 and n2 bands at 1147 and 517 cm�1, respec-
tively, with a red-shift of 8 cm�1 for the n3 band at 1351
cm�1. The lack of exact quantitative agreement between theory
and experiment regarding the absolute magnitude of the shifts
is due to several factors. On the theoretical side, the level of
electronic structure theory and the harmonic approximation
that was used to calculate the frequencies both contribute to
the uncertainties in the predicted frequency shifts upon com-
plexation with water. On the experimental side, the interaction
with the Ar matrix may modify the structure of the SO2–H2O
complex slightly when compared to the gas phase.
The calculations by Bishenden and Donaldson11 were car-

ried out for the SO2–H2O complex in its minimum energy
‘‘ sandwich’’ configuration. From their summary of vibrational
constants in Table 2 of that paper, almost no shifts in the n2
and n1 modes, and a red-shift of 25 cm�1 in the n3 mode, of
SO2 can be inferred. The vibrational constants they cite are
based on a calculation for the SO2 monomer using a MP2/6-
31G(d) level of theory and for the complex, using MP2/6-
31+G(d,p). However, the slightly larger basis set used on the
complex when compared to the monomer means that these
should not be used for a direct calculation of the shifts in fre-
quencies for SO2 expected on binding to water. For a more
direct comparison, we have also carried out calculations for
SO2 at the MP2/6-31+G(d,p) level of theory and for the 1:1
SO2:H2O complex using MP2/6-31G(d,p). As shown in Table
1, if the comparison between the monomer and the complex is
performed using the same basis set, then a blue shift in all the
modes of �8–22 cm�1 is predicted with both the 6-31G(d) and
6-31G+(d,p) basis sets. The results in Table 1 suggest that the
shift of the n3 mode reported in ref. 11 may be somewhat over-

estimated due to the use of different basis sets for the complex
and for isolated SO2 . However, the discrepancy between the
two sets of calculations is not large, and both imply the com-
plexation shift in the 1:1 SO2:H2O gas phase complex in its
equilibrium geometry is relatively small.
Although the absolute values of the fundamental frequencies

are quite different when calculated using the three different
basis sets, the values of the shifts are all very similar. If one
assumes that the errors in the calculated frequencies are the
same for both SO2 and SO2 :H2O, then this behaviour is to
be expected and allows us to have much more confidence in
the shifts we predict than the absolute values of the frequen-
cies.

Infrared spectra of dissolved sulfur dioxide

In aqueous solution, the SO2 molecule will interact with a
number of water molecules simultaneously. Fig. 2 shows infra-
red spectra of aqueous solutions generated by bubbling SO2

through water to form a saturated solution. Fig. 2a is the mea-
sured reflectance spectrum which shows a strong positive peak
at 1361 cm�1 and weak peak at 1151 cm�1 due to gaseous SO2

above the solution, as well as weaker peaks due to solution
phase species. Fig. 2b shows the same spectrum after subtrac-
tion of gas phase SO2 and Fig. 2c the spectrum after applica-
tion of the KK transform to the spectrum in Fig. 2b.
Positive peaks at 1330 and 1152 cm�1 are observed in Fig.

Fig. 2 Single reflectance spectra of water saturated with SO2 (a) as
measured; (b) after subtraction of the contribution due to gas phase
SO2 ; (c) after application of the Kramers–Kronig transform. The equi-
librium concentrations in the aqueous phase are calculated to be 1.2 M
SO2(aq), 0.13 M HSO3

� and 1� 10�3 M S2O5
2� and a pH of 0.9; (d)

transmission spectrum of an SO2–saturated water solution which has
been diluted by a factor of 10. The equilibrium concentrations are cal-
culated to be 0.1 M SO2(aq), 0.04 M HSO3

� and 1� 10�4 M S2O5
2�,

with a pH of 1.4.

Table 1 Comparison of calculated frequencies (cm�1) for gas phase SO2 and its 1:1 complex with water

Species

Vibrational modes

(experimental

gas phase

frequencies)a Calculated frequencies MP2/aug-cc-pvtz

Experimental

frequencies

(Ar

matrix)44,45

Calculated

frequencies

MP2/6-31G(d)

Calculated

frequencies

MP2/6-31

+G(d,p)

SO2 n2 bend (519) 493.4 517.2 486.4d 478.9

n1 sym. str. (1151) 1099.5 1147.1 1077.5d 1060.0

n3 asym. str. (1361) 1305.7 1351.1 1305.5d 1271.6

SO2–H2O (shift from SO2) n2 bend 500.7 (+7.3)b 495.6 (+2.2)c 521.8 (+4.6) 497.9 (+11.5) 487.0d (+8.1)

n1 sym. str. 1111.8 (+12.3)b 1101.6 (+2.1)c 1150.0 (+2.9) 1099.2 (+21.7) 1077.4d (+17.4)

n3 asym. str. 1308.8 (+3.1)b 1303.9 (�1.8)c 1343.3 (�7.8) 1316.7 (+11.2) 1280.8d (+9.2)

a From ref. 46. b For the ‘ sandwich’ structure in Fig. 1a. c For the hydrogen-bonded structure in Fig. 1b. d From ref. 11.

Phys. Chem. Chem. Phys., 2002, 4, 1832–1838 1835
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2c, indicating they are due to a species present in the top layer
of the bulk solution. The same peaks are also present in a
transmission spectrum of a similar solution that has been
diluted by a factor of 10 (Fig. 2d), and are characteristic of
the n3 and n1 modes of SO2 in water, respectively.47,48 Also
seen in Fig. 2d are weak, broad peaks at 1028 cm�1 due to
HSO3

� in equilibrium with SO2(aq) and at �1060 cm�1 from
S2O5

2� in equilibrium with 2 HSO3
�.48,49 From the known

equilibrium constants,1,50,51 the concentrations for the solution
in Fig. 2d are calculated to be 0.1 M SO2(aq), 0.04 M HSO3

�

and 1� 10�4 M S2O5
2�, with a pH of 1.4. As discussed in

detail elsewhere,47,50 SO2 is not strongly hydrated in aqueous
solution so that its infrared spectrum is similar to that of liquid
SO2 .

52 There was no evidence of differential-shaped peaks
after application of the Kramers–Kronig transform, indicating
that interfacial species, if they exist, were present at concentra-
tions too small to be observable in these experiments.
The spectra in Fig. 2 clearly show the shift in the n3 asym-

metric stretch from 1361 cm�1 for gas phase SO2 to 1330
cm�1 when the SO2 is surrounded by a number of water mole-
cules in aqueous solution. The blue shift in the n1 symmetric
stretch is small, several wavenumbers or less. Due to the differ-
ent geometry and the smaller number of water molecules in
contact with SO2 for a surface complex, the vibrational shifts
for surface-adsorbed SO2 are likely to be smaller in magnitude
than for SO2 in bulk liquid water.
Thus, based on our theoretical calculations (Table 1), the

experimentally observed shifts in argon matrices,44,45 and the
position of this band in aqueous solution (Fig. 2), it is reason-
able to expect the n1 symmetric stretch for the SO2 surface
complex with water will be within several wavenumbers of
1151 cm�1. Because the corresponding absorptions of aqueous
sulfur species are at 1152 cm�1 and are broad, a unique signal
due to the surface species will be difficult to detect in this
region. However, the combination of the theory and experi-
mental data suggest that the n3 asymmetric stretch which
appears at 1361 cm�1 for gaseous SO2(g) will be shifted by
�2–8 cm�1 for a surface species interacting with one water
molecule. Presumably interactions with more than one water
molecule, but less than the number in the bulk solution, will
lead to shifts that are greater than 8 cm�1 but less than the
31 cm�1 for SO2(aq). This is supported by the matrix infrared
studies of Schriver et al.45 who reported absorption bands not
only for the 1:1 complex (Table 1) but also for the 2:1 H2O–
SO2 complex. Compared to SO2 in an Ar matrix,44 the n3
asymmetric stretch of the 2:1 H2O–SO2 complex was red-
shifted by 12 cm�1, and the n1 was blue-shifted by 10 cm�1, lar-
ger in both cases than for the 1:1 complex.
If the absorption band for the SO2 surface complex was very

broad, it would be difficult to detect. However, this is not likely
to be the case. The width of the SO2(aq) absorption band
reflects a time-averaged set of changing interactions of SO2

with a number of different water molecules. The surface com-
plex is expected to interact simultaneously with fewer water
molecules, on average, than SO2(aq) in the bulk. The width
of the absorption band for the surface complex, which reflects
in part these changing interactions with water, would therefore
not be expected to be significantly different than that of
SO2(aq). Because the gas phase does not contribute a measur-
able signal in ATR due to the small depth of penetration of the
evanescent wave, and the absorption due to SO2(aq) is shifted
by 31 cm�1, we expect that a signal from the shifted n3 asym-
metric stretch of a surface SO2 complex should be observable
in our experiments.

ATR infrared experiments

To probe experimentally for the existence of a surface complex
using ATR-FTIR, spectra were obtained using the fiber optic
probe when SO2 was present at �1 atm pressure in the absence

of water and then in its presence. Fig. 3a shows the spectrum
obtained in the absence of water vapor. Weak peaks at 1330
and 1145 cm�1 are seen. Since there is little water present on
the crystal under these conditions as evidenced by the absence
of the strong band around 3400 cm�1, these peaks must be due
to SO2 physisorbed on the crystal surface. The nature of phy-
sisorbed SO2 is not clear, but the band positions are similar to
those reported for liquid SO2 ,

52 1338 and 1148 cm�1, and gas
phase clusters and thin film SO2 at low temperatures,53 �1330
and �1140 cm�1. One possibility is that SO2 exists on the sur-
face in 2D ‘‘ islands ’’ involving SO2–SO2 interactions, similar
to that reported for water at low coverages on salt54,55 and
on borosilicate glass surfaces.31

Fig. 3b shows the spectrum when a similar pressure of SO2

was added to the cell which had been allowed to equilibrate
first with the bulb of liquid water. Peaks due to liquid water
at �3400 and 1640 cm�1 are present. The peak at 1330 cm�1

has increased in intensity, and the 1145 cm�1 peak has broa-
dened and shifted slightly to 1147 cm�1.
With water present, gaseous SO2 will dissolve to form

SO2(aq), HSO3
� and SO3

2� in the thin water film on the
ATR crystal surface. From the 3400 cm�1 liquid water band,
the effective thickness (de) of the water film is estimated as
described above to be 2.8� 10�6 cm, corresponding to 80
monolayers of water. From the known equilibria and kinetics
in water,1,50,51 equilibrium with gaseous SO2 should be rapidly
attained, with SO2(aq) and HSO3

� as the major sulfur species
present in the water film. For the conditions of Fig. 3b, the
concentrations of SO2(aq) and HSO3

� are calculated to be
1.05 M and 0.12 M respectively, and the pH is calculated to
be 0.9. The increase in the 1330 cm�1 peak in the presence of
water is therefore likely to be due to SO2(aq) whose major
absorption peak is at 1330 cm�1 (Fig. 2).52

Fig. 4 shows an expanded region from 1400 to 1100 cm�1 for
the experiment in Fig. 3b. Fig. 4a shows the difference between
the spectrum with both SO2 and water present and that when
water was present alone before SO2 was added. Fig. 4b shows
the spectrum of SO2 in the absence of water. Fig. 4c is the dif-
ference between Fig. 4a and 4b, showing the new bands that
are formed when both water and SO2 are present compared
to SO2 or water alone. Peaks at both 1330 and 1152 cm�1

are seen, as expected for SO2(aq). Furthermore, they are in
the same ratio, within experimental error, of those measured
in the transmission and single reflectance spectra (Fig. 2c
and d). Thus, when both water and SO2 are present, SO2(aq)
is formed in the thin water film on the crystal surface, as
expected.

Fig. 3 ATR spectra in the presence of (a) 630 Torr SO2(g) and (b)
645 Torr SO2 added to the cell after the crystal had come to equili-
brium with �24 Torr water vapor, forming a thin water film on the
crystal. The equilibrium concentrations are calculated to be 1.05 M
SO2(aq), 0.12 M HSO3

� and 1� 10�3 M S2O5
2�, with a pH of 0.9.

1836 Phys. Chem. Chem. Phys., 2002, 4, 1832–1838
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The fact that a peak remains at 1145 cm�1 when water is
added to the cell suggests that even in the presence of water,
some SO2 continues to interact with the surface in a manner
similar to the dry case, in addition to dissolved sulfur oxide
species being formed in the water film. A question arises as
to whether the 1330 and 1145 cm�1 bands observed in the pre-
sence of water could be assigned to an SO2 complex of water at
the interface. This seems unlikely since the shift of �30 cm�1

from 1361 to 1330 cm�1 appears to be characteristic of con-
densed phases or clusters where the SO2 is surrounded by other
SO2 or water molecules. At the interface, SO2 will not be sur-
rounded in such 3D structures and hence, as our calculations
and the matrix isolation experiments44,45 show, such a large
shift is not expected for the surface complex.
With a water film of thickness 2.8� 10�6 cm, the volume of

water over a 1 cm2 area of the crystal surface is 2.8� 10�9 L.
Given a concentration of SO2(aq) of 1.05 M, there are 2� 1015

SO2 molecules per cm2 dissolved in the water film and these
give the increase in absorbance of 0.0046. Our detection limit
of 0.001 (based on three times the peak-to-peak noise in this
region) therefore corresponds to �4� 1014 cm�2 for SO2(aq).
A second set of similar experiments gave a detection limit of
3� 1014 cm�2. If the surface complex of SO2 has a similar
absorption coefficient, then it therefore should be detectable
at levels q4� 1014 cm�2 in these experiments. We believe that
this is a conservative estimate, in that the 1152 cm�1 peak due
to SO2(aq) in Fig. 4c has a peak absorbance above the baseline
of 0.001, equivalent to our stated detection limit, but is very
clearly visible in the spectrum.
A careful examination of ATR spectra such as those in Fig.

4 revealed no new bands that were not attributable to SO2(aq)
or physisorbed SO2 . There are no new bands between 1361
cm�1 where gas phase SO2 absorbs and 1350 cm�1, the region
where the combination of calculations and matrix experiments
suggest a 1:1 surface complex of SO2 :H2O should be observa-
ble. (The small peaks seen in the spectra in the 1400 to 1360
cm�1 region are due to incomplete subtraction of gas phase
water due to changes in the purging of the sample compart-
ment of the spectrometer.) Thus, this surface complex of
SO2 , if it exists, must be present at less than 4� 1014 cm�2.
It is reasonable to expect that if it interacted with several water
molecules, it might be further red-shifted below 1350 cm�1; for
example, the low temperature matrix studies44,45 suggest that
the interaction with two water molecules would red-shift the

band by 12 cm�1. Because of the tail of the SO2(aq) band at
1330 cm�1, this would be more difficult to observe but again,
no detectable peaks are observed in this region.
Experiments were also carried out using the 10-reflection

Tunnel cell1 designed for use with liquid solutions. The results
were essentially identical. That is, peaks at 1330 and 1145 cm�1

were observed with SO2 in the absence of water, with the 1330
cm�1 peak being enhanced in the presence of water by an
amount consistent with the formation of SO2(aq) in the thin
water film. In this case, the water film was only 18 monolayers
thick so that the amount of SO2(aq) on the crystal surface was
significantly less than for the experiment shown in Fig. 3 using
the needle probe, and the 1152 cm�1 peak was not observable.
Analysis similar to that described above gives an upper limit to
the 1:1 SO2 :H2O surface complex of 2� 1014 cm�2, but this is
considered to be less reliable because of the need to subtract a
contribution from small amounts of gas phase SO2 present in
the light path in the sampling compartment due to leakage
from the cell. However, it is noteworthy that in all respects
the results were the same when a different ATR crystal and
experimental system was used, ruling out unrecognized arti-
facts from a particular crystal surface.
Boniface et al.56 observed a one-time uptake of SO2 onto

aqueous solutions at pH< 2, which based on the data of Jayne
et al.,2 corresponds to a saturation concentration of surface
sites of �1014 cm�2; a surface complex at this concentration
would not have been observable in our experiments. Donald-
son et al.3 estimated a saturation surface coverage of 5� 1014

SO2 per cm2 in their SHG and surface tension measurements
of gases evolving from NaHSO3 solutions, and proposed that
this was due to an uncharged SO2 surface complex. While this
is only slightly larger than our detection limit, it seems likely
from Fig. 4 that if an uncharged 1:1 SO2 surface complex were
present in our experiments at this concentration, it would have
been observable.
Several groups2,10,51 have proposed that the uptake of SO2

into water or ice occurs by the formation of a surface SO2 com-
plex that then dissociates into surface ionic species (eqns. (1)
and (2) above). The expected absorption bands for such an
ionic complex are not known but one might expect that they
would be in the region of the HSO3

� absorption bands. The
weak, broad peak around 1028 cm�1 in Fig. 2d is due to
HSO3

�.48,49 From this spectrum, the molar extinction coeffi-
cient at 1028 cm�1 is estimated to be 2.8� 102 M�1 cm�1,
about half that for the 1330 cm�1 band of SO2(aq). If a surface
HSO3

� exists and has an absorption coefficient similar to that
for HSO3

�(aq), our detection limit for the surface species
would be about twice that for SO2(aq), or �8� 1014 cm�2.
In summary, no new peaks or significant shifts in sulfur

dioxide peaks normally found in aqueous solutions were
observed in any of the experiments, from which an upper limit
to the concentration of a 1:1 SO2–water or similar complex at
the air–water interface of 4� 1014 cm�2 can be estimated.

Conclusions

Attenuated total reflectance Fourier transform spectrometry
provides a powerful means of searching for surface complexes
using well-developed and readily available spectroscopic meth-
ods. The inorganic species for which there is the greatest evi-
dence from previous studies for the formation of a surface
complex at the air–water interface is SO2 , which is hypothe-
sized to convert to an ionic form at the surface. A search for
a 1:1 or similar neutral complex of SO2 with water at the sur-
face of aqueous solutions using this approach did not reveal
any absorption bands attributable to such an interfacial spe-
cies, from which concentrations higher than 4� 1014 com-
plexes cm�2 can be excluded with some confidence.
Understanding the molecular form of this complex, if it exists,

Fig. 4 Expanded region for experiment described in Fig. 3. (a) Spec-
trum in Fig. 3b after subtraction of the spectrum of water alone before
the addition of gaseous SO2 ; (b) spectrum of SO2 alone as shown in
Fig. 3a; (c) difference spectrum 4a � 4b. The broad feature between
the two SO2 peaks at 1330 and 1152 cm�1 is likely to be due to small
baseline shifts which are also manifested as similar broad features in
other regions of the spectrum.
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is important for elucidating its role in the physical and chemi-
cal properties of the interface of aqueous solutions in the pre-
sence of SO2 , such as the reported reduction in surface tension.
Future searches to elucidate the nature of this surface species
need to be capable of detecting surface concentrations of the
order of 1014 cm�2 or less.
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