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ABSTRACT: Aqueous surfaces act as a gateway to absorption
and aqueous-phase reaction of gases in the atmosphere. The
composition of aerosols varies greatly and is expected to
influence the structure of the interface. For example, aldehydes
comprise a significant fraction of atmospheric organics and are
likely to accumulate at aqueous surfaces. But it is difficult to
anticipate their effect on the migration of gaseous species
through the interfacial region. Surface organics may act as a
barrier to absorption, or they may facilitate uptake via
cooperative interactions with absorbing compounds. The
surface spectroscopic studies presented here examine the nature of the vapor/water interface during uptake of SO2 to aqueous
formaldehyde solutions, elucidating the role of surface species in a multicomponent interfacial system. The results show that the
product of the reaction between SO2 and formaldehyde, hydroxymethanesulfonate, shows a surface affinity that is enhanced in
the presence of SO2.

■ INTRODUCTION
Formaldehyde (CH2O) and sulfur dioxide (SO2) are gaseous
pollutants with both natural and industrial sources. These
primary pollutants can accumulate in fogwater and cloud
droplets, and they play an important role in the formation of
secondary pollutants such as sulfates, organosulfates, and
organic aerosols in the atmosphere.1−8 Aerosol particles in
urban environments decrease air quality, which can lead to
health problems, and persistent organic aerosols are predicted
to have important implications for both global and regional
climate change.9−28 As scientists continue to learn about the
behavior of pollutant species in the atmosphere, persistent
questions remain about the role of the interface in determining
the lifetime of aqueous aerosol particles. It is often difficult to
extract information about interfacial behavior, as many
techniques cannot distinguish surface contributions from
those of the bulk. Thus, many of the gaps in our understanding
of aerosol surface chemistry are related to the behavior and
influence of organic constituents on interfacial behavior.29−34

For example, how do organic solutes influence interfacial
adsorption probabilities and reactivity at aqueous surfaces?
In the work presented here, the surface specificity of

vibrational sum frequency spectroscopy (VSFS) is utilized to
illuminate the details of surface interactions in the uptake of
SO2 to aqueous CH2O solutions. This work aims to understand
the role that interfacial formaldehyde plays on the uptake, and
subsequent reaction, of SO2 gas at aqueous surfaces. In addition
to its environmental relevance, SO2 displays distinctive surface
behavior upon adsorption to water. Previous work in this
laboratory showed that SO2 gas binds to water, forming a
surface complex whose formation is enhanced at lower
temperatures.35−37

Formaldehyde (CH2O), a commonly used industrial
chemical, is the most abundant carbonyl compound in the

atmosphere.38 Formaldehyde is highly soluble in water, where it
reacts to form methylene glycol (MG):

+ ⇌H C O H O HOCH OH2 2 2 (1)

At CH2O concentrations above 5 mol %, MG can also react to
form longer oligomers.39 For the ensuing discussion, form-
aldehyde (aq) or CH2O (aq) will be used to refer to all solvated
forms of formaldehyde, including MG and other oligomers that
may be present. IR and Raman spectroscopy are commonly
applied to probe the aqueous chemistry of formaldehyde,40−44

while uptake studies, coupled with theoretical models, have also
examined the probability of formaldehyde partitioning to water
and ice surfaces.3,4,6,38,45−50

In addition to its reaction with water, formaldehyde reacts
with aqueous SO2 to form relatively stable sulfonic acid
products in the following manner:51,52
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This reaction has important environmental implications,
particularly with the recognition that organosulfate species are
an important component of secondary organic aerosols.8

Measurements of hydroxymethanesulfonate (HMS) in the
fogwater and cloudwater of polluted areas indicate a correlation
between high HMS concentration and high levels of form-
aldehyde and S(IV) species in the atmosphere.53,54 In the
absence of aldehydes, uptake of SO2 to aqueous aerosol
particles in the atmosphere often results in the formation of
sulfuric acid, a major component of acid rain. Aqueous sulfuric
acid forms after SO2 reacts with water to form bisulfite
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(HSO3
−) and sulfite (SO3

2−) ions (S(IV)), which are readily
oxidized by peroxides and ozone to form sulfates (S(VI)).
In contrast to HSO3

− and SO3
2−, HMS is stable against

oxidation by hydrogen peroxide, a primary oxidant in aqueous
aerosols.52 It has been suggested that the formation of
aldehyde−sulfite adducts in cloudwater and fogwater particles
could account for up to a 2-fold increase in wet deposition of
SO2,

55 and that such particles may act as a vehicle for long-
range transport of S(IV) species in the atmosphere, reducing
the rates of S(VI) formation.52,54,56−58

Previous mass accommodation studies have examined the
uptake of CH2O gas onto aqueous particles as a function of pH
and sulfite content.45,46,49 The results indicated that surface
complexation between formaldehyde and water may occur at
low pH,45 but uptake rates for aqueous SO3

2− solutions found
no indication of surface complexation.49 These studies mainly
focussed on the uptake of CH2O to aqueous surfaces at neutral
or alkaline pH and did not examine the reverse interaction, the
uptake of SO2 to aqueous formaldehyde.
In the vibrational studies presented in this work, we observe

that aqueous formaldehyde accumulates at the surface, and that
the surface population increases with bulk concentration.
Building on this observation, we examine how the presence
of this reactive organic compound influences the uptake
behavior of SO2 gas. The effects of formaldehyde on the
structure of the neat vapor/water interface are presented first.
This is followed by an examination of the effects of SO2 uptake
on surface formaldehyde at room temperature and colder.
Upon reaction, HMS is found to migrate to the surface.
Examinations of HMS surface behavior and its interactions with
gas phase SO2 provide new insights into gas−surface
interactions in the presence of organics at the vapor/water
interface.

■ BACKGROUND
Vibrational sum frequency spectroscopy is well suited to the
study of aqueous interfaces. As a selective vibrational technique,
VSFS provides insight into bond strength, orientation, and
intermolecular interactions at surfaces, and there are many
resources available on the general aspects of the technique.59−82

The sum-frequency intensity is proportional to the square of
the second-order susceptibility, χ(2), which has both resonant
and nonresonant components (eq 3). Spectra are fit to
deconvolve the individual resonant modes, a nontrivial task.
Employing a fitting routine proposed by Bain83 allows us to
account for both the homogeneous and inhomogeneous line
widths of the vibrational modes.

∫∑χ χ
ω ω

ω= +
− + Γ

ψ

ν

ν
ϕ ω ω

−∞

+∞ − − Γν ν νA
i

e
e e

di
i

(2)
NR
(2)

[ / ]

L IR L
L

L
2

(3)

The first term, χNR
(2), in eq 3 is the nonresonant second-order

susceptibilty. The second term, the resonant susceptibility, is a
sum over all resonant vibrational modes and is represented
χR(ν)
(2) . The resonant susceptibility, χR(ν)

(2) , is proportional to N, the
number of molecules contributing to the sum frequency
response, and ⟨βν⟩, the orientationaly averaged molecular
susceptibility:

χ
ε

β= ⟨ ⟩ν ν
N

R( )
(2)

0 (4)

The resonant susceptibility (eq 4) is fit as a convolution of
the homogeneous line widths of the individual molecular

transitions (half width at half-maximum, ΓL) with inhomoge-
neous broadening (full width at half-maximum, (2 ln 2Γν)

1/2),
as in the second term in eq 3. The transition strength Aν is
proportional to the product of the number of contributing
molecules and their orientationally averaged IR and Raman
transition probabilities. The frequencies of the IR, the
Lorentzian, and the resonant modes are ωIR, ωL, and ων,
respectively. The phase of each resonant mode is φν. Sum
frequency spectral intensities are complex, and changes can
arise from changes in the number of contributing molecules,
changes in orientation, and/or changes in bond energies.

■ EXPERIMENTAL DETAILS
Laser System. The laser system used in these experiments has

been described extensively in previous publications and will not be
detailed here.84−86 Briefly, sum frequency light is generated by
overlapping 800 nm (∼2.6 ps, 1 kHz repetition rate) and tunable
(2700−4000 cm−1) infrared light in a co-propagating geometry at 56°
and 67° from the surface normal, respectively. After filtering any
reflected 800 nm light, the resultant sum frequency light is collected
with a thermoelectrically cooled CCD camera (Princeton Instru-
ments) in 3 cm−1 increments over the tunable range. All of the spectra
presented and discussed here were taken using either the ssp- or sps-
polarization schemes, in which the three letters denote the sum-
frequency, visible, and infrared polarizations. Changing the polar-
ization scheme from ssp to sps allows us to compare vibrational
contributions resulting from a component of the dipole that is
perpendicular or parallel to the interface, respectively, giving us insight
into how specific molecules are oriented at the surface.

To minimize contamination, samples are poured into scrupulously
clean glass dishes contained in a nitrogen-purged Kel-f cell fitted with
CaF2 windows. The Kel-f cell has three gas ports, two of which are
used for gases, and the remaining port is vented via Teflon tubing to a
fume hood. There is an additional port to accommodate the Teflon-
coated Type T thermocouple probe used to monitor sample
temperature. Data collection is facilitated using a Lab View program
that selects the IR wavelength, records CCD intensity, and monitors
the sample temperature for each data point.

Sample Preparation and Analysis. Gases were purchased from
AirGas (nitrogen cylinder) and Air Liquide (SO2, lecture bottle,
99.99%). Ten-milliliter ampules of 16% w/v (16 g of CH2O/100 mL
of H2O) methanol-free formaldehyde were purchased from Fisher and
diluted with high-purity water from a Barnstead E-pure system (18
MΩ) when necessary. Sum frequency intensities were measured using
a thermoelectrically cooled CCD camera with a 2 s exposure time.
Intensities were recorded in 3 cm−1 steps over a range from 2700 to
3900 cm−1. Gas flow experiments were conducted at atmospheric
pressure with a constant SO2 gas flow rate of ∼10 sccm.

Sum frequency data are normalized to account for spatial variation
between the visible and IR while scanning the IR frequency, temporal
lengthening of IR pulses by water vapor, absorption of IR energy by
SO2 and/or water vapor, and the frequency dependence of the optics
used for filtering the SF light. In these experiments, all SF spectra were
divided by the nonresonant response from an uncoated gold surface.
Spectra presented are averages of 3−12 spectra taken over multiple
days to ensure reproducibility and to reduce the signal-to-noise ratio.
Spectra of the neat vapor/water interface are taken at the beginning of
each experiment, and spectral intensities are compared daily to ensure
that the sum frequency response is comparable for each sample.

The parameters used to fit the neat vapor/water interface in ssp-
polarization were established in previous isotopic dilution experi-
ments.87−89 Each resonant peak contains five variables (amplitude,
vibrational frequency, Lorentzian and Gaussian widths, and phase (eq
3)); thus, there may be nonunique fitting solutions. To reduce the
number of variables associated with the fits: The phases are fixed at
either π (for peaks between 3200 and 3600 cm−1) or 0 (for peaks
below 3200 or above 3600 cm−1); Lorentzian widths are fixed at either
12 cm−1 (for the free OH) or 5 cm−1 for the remaining OH stretches;
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and with the exception of the free OH, Gaussian widths are broad
(100−135 cm−1). To constrain parameters, a global fitting routine is
employed to iteratively fit the data while constraining peak positions
and widths such that the only variables for different samples are the
peak amplitudes, lending higher confidence to the results. Additional
resonant peaks are added when they are both phenomenologically
logical and necessary to achieve agreement between the data and the
fits.
Spectral Analysis: The Neat Vapor/Water Interface. Water in

the interfacial region occupies a wide range of molecular environments
depending on orientation, hydrogen bonding and coordination to
other molecules, and solvation of other species such as ions, and the
sum frequency response from the OH stretching region is
correspondingly broad. The lack of discrete spectral features can
lead to ambiguity regarding the interpretation of VSFS data, and with
continued research interpretations of interfacial water structure
continue to evolve.72,87,88,90−105 However, valuable information
regarding interfacial behavior can still be inferred from examining
spectral changes that occur when the aqueous surface is perturbed. To
this end, a number of parameters have been defined to describe the
spectroscopic response from the vapor/water interface. Support for
this description of the VSFS data comes from previous isotopic
dilution studies,87,88,92 as well as from MD simulations90,91 conducted
in our laboratory, and supported by the work of others.102−104

Figure 1 shows a typical VSF response from vapor/water interface
(black crosses) using the ssp-polarization scheme. The fitting

parameters that will be applied in this study are as follows: (1) The
sharp peak at ∼3700 cm−1 (the free OH) is attributed to unbound OH
oscillators with an average orientation away from the bulk. This mode
is highly sensitive to weakly bound species at the surface. (2) The
mode opposite the free OH mode (the companion OH) points into
the bulk and gives rise to broad spectral intensity at ∼3460 cm−1

consistent with measurements of the OH vibrations from uncoupled
HOD in liquid water.102 MD calculations supporting this assignment
also indicate that such highly oriented water molecules interact weakly
with neighboring molecules via hydrogen bonds through both the
hydrogen and oxygen.90,91,103 Loosely coupled water molecules in the
more coordinated region of the interface also contribute to the
intensity of this peak. (3) Much of the interfacial region is comprised
of loosely bound water molecules nearly parallel to the interface, which
are observed at ∼3580 cm−1 and contribute to the sps-polarization
spectra.91,103 (4) More coordinated water molecules, sometimes
referred to as tetrahedrally bound water, reside deeper in the
interfacial region and give rise to two modes at ∼3330 and ∼3200
cm−1. While the molecular origins of the broad intensity in this region
are not well understood, the consensus from isotopic dilution studies
of the OD99,100 and OH87,88,92 stretching regions and recent MD
simulations91,93,101 is that the intensity increases with stronger
hydrogen bonding and increased intermolecular coupling. With the

exception of the peak at 3580 cm−1, the ssp- and sps-polarization
spectra are fit using the same peak parameters. Recent phase-sensitive
experiments detect a phase shift below 3200 cm−1, which is not
accounted for in this description.72,94−97 However, the signal
amplitude from water in this frequency region is very low; thus, the
use of an additional peak would be inconsequential for the overall
interpretation.

Exposure to SO2 (red circles) causes two primary changes to the
spectral region, as shown in Figure 1: broadening of the free OH peak
at 3700 cm−1, and an increase in the region below 3500 cm−1 due to
solvated ions and SO2, as has been described in previous
publications.35−37 The broadening of the free OH peak is indicative
of surface complexation between SO2 and water and will be referred to
frequently in the subsequent discussion.

■ RESULTS AND DISCUSSION
Formaldehyde at the Vapor/Water Interface. At 3.2%

w/v formaldehyde, the bulk solution contains primarily
methylene glycol (CH2(OH)2, or MG), but it is unknown
whether the surface composition matches that of the bulk. In
this work, the term formaldehyde(aq) will be used to refer to
both MG and CH2O. Figure 2 shows the ssp-polarization VSF

spectral response, which probes vibrations with components
normal to the surface, when the bulk concentration increases
from 1.6 to 16% w/v formaldehyde. Figure 3 shows VSF
spectra of 3.2% w/v formaldehyde (green plusses) at 23 (a,b)
and 0 °C (c,d) using the (a,c) ssp- and (b,d) sps-polarization
schemes. For reference, the neat vapor/water interface is shown
as gray crosses. Notably, spectra obtained at ∼0 °C are nearly
indistinguishable from those taken at room temperature. In the

Figure 1. ssp-polarization spectrum of the vapor/water interface
before (black crosses) and during (red circles) exposure to SO2 at 23
°C. Solid lines are fits to the data.

Figure 2. Global fits to ssp-polarization spectra of the vapor/
CH2O(aq) interface taken as a function of concentration. Solid lines
are fits to the data.
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sps-polarization scheme (Figure 3d), the CH2 peaks in the
2800−3000 cm−1 region are slightly more defined at 0 °C, but
both solutions are fit using the same peak parameters. Adding
formaldehyde to water results in two main spectral changes: in
the water OH stretching region, contributions from loosely
coordinated water molecules in the topmost surface region
decrease, lowering the intensity of the peaks from the free and
companion OH modes; new peaks, which are attributed to
CH2O(aq), appear in the CH stretching region below 3000
cm−1.
Visual inspection of the data in Figures 2 and 3 indicates that

formaldehyde(aq) is present at the aqueous surface, and that

the surface concentration increases with increasing bulk
concentration. Fits to the data in Figure 3 were obtained by
initially allowing amplitudes and widths of the peak parameters
for the neat vapor/water interface to vary to achieve a rough fit.
Additional peaks were added as necessary to achieve agreement
between the fits and the data. For added confidence in the
fitting parameters, a global fit was performed for ssp-
polarization spectra taken over a range of concentrations
between 1.6 and 16% w/v formaldehyde (Figure 2). For
formaldehyde, the best fits were achieved by incorporating two
main peaks in addition to the standard four water modes: a
broad peak at 3050 cm−1 and a sharp peak at 2910 cm−1. In

Figure 3. VSF spectra of 3.2% w/v formaldehyde (green pluses) at 23 (a,b) and 0 °C (c,d). Spectra were obtained in the (a,c) ssp- and (b,d) sps-
polarization schemes. Water is shown as gray crosses for comparison. Solid lines are fits to the data.

Figure 4. 3.2% w/v formaldehyde with SO2 flowing (red) at 23 (a,b) and 0 °C (c,d). Spectra were taken using the (a,c) ssp- and (b,d) sps-
polarization schemes. The vapor/formaldehyde interface is shown in green for reference. Solid lines are fits to data.
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addition, lower intensity peaks are seen at 2785, 2870, and 2995
cm−1. The resultant fits to the ssp-polarization spectra of CH2O
are shown as solid lines in Figures 2 and 3.
We attribute the small, broad peak at 3050 cm−1 to either the

MG−OH stretching mode or an enhancement in the overall
water binding environment. The main feature in the CH stretch
region, a relatively sharp peak at 2910 cm−1, is assigned to the
MG CH2 symmetric stretch mode, consistent with aqueous
Raman measurements.39,41 The remaining weak modes are
attributed to nonfundamental modes of MG and contributions
from other longer chain oligomers. Approximate assignments
for these peaks are based on previous spectral assignments from
bulk and surface studies of similar compounds; more specific
spectral assignments are notoriously difficult due to the
complex nature of their behavior in aqueous systems.39,43,106

The sps-polarization spectra, which reflect vibrational
components in the plane of the surface (Figure 3b,d), closely
resemble that of the neat vapor/water interface, except for the
low-intensity peaks below 3000 cm−1. We attribute the intensity
in this spectral region to CH stretch modes. More specific
assignments are unreasonable due to the low signal level and
the inconsistency of previous assignments for formaldehyde in
bulk solution.39−44,106 Nonetheless, the peak parameters
determined through these fits provide a baseline for assessing
the changes to the spectral region when SO2 is flowing over the
surface. The perturbations due to exposure to SO2 will be the
focus of the following discussion.
Uptake of SO2 to CH2O(aq). A Preview of the Results.

Figure 4 shows the VSF response from the formaldehyde-
containing solution in the presence (red circles) and absence
(green crosses) of flowing SO2. Lowering the temperature from
23 (a,b) to 0 °C (c,d) has a significant impact in both the sps-
and ssp-polarization schemes. Visual inspection suggests that
the presence of SO2 results in changes to the surface properties,
but further spectral analysis is necessary to better understand
these effects.

Similar to the analysis for CH2O in Figure 3, a fit to eq 3 was
used to determine parameters to understand the nature of the
spectral perturbations due to SO2. There are two primary
differences between these spectra (Figure 4a−d) and those
observed for the pre-exposed formaldehyde solution (Figure 3):
(1) broadening of the free OH peak, which indicates that
surface complexes are forming with water while SO2 is
flowing,35−37 and (2) a change in the shape of the CH
stretching region that is enhanced at 0 °C. Notably, the CH
stretch region can no longer be fit using the parameters for the
unexposed formaldehyde solution, suggesting that new species
may be forming in the interfacial region.
There are several plausible explanations for the changes to

the CH region: SO2 may be complexing to CH2O(aq) at the
surface; the new peaks may be due to the reaction product,
HMS; or a new surface complex may be forming between SO2
and the HMS formed in solution (eq 2). To understand the
nature of these changes, it is necessary to examine the surface
spectroscopic response after removal of SO2, as well as to
measure the VSF response from a solution of HMS.
Figure 5 shows VSF spectra taken after exposing the

formaldehyde-containing solution in Figure 3 to SO2 (blue
triangles). The spectra of the CH2O containing surface before
(green crosses) and during (red circles) exposure are shown for
comparison. Consistent with the spectra in Figures 3 and 4,
these spectra were acquired at room temperature (a,b) and 0
°C (c,d) using the (a,c) ssp- and (b,d) sps-polarization from
spectra of unexposed formaldehyde surfaces (Figure 3) or those
taken while flowing SO2 (Figure 4). For example, in the sps-
polarization, strong signal from the C−H modes is observed
during exposure, but these peaks are greatly diminished after
the removal of SO2. As was seen for the formaldehyde-free
solution, a surface complex between H2O and SO2 clearly
forms, as indicated by the broadened free OH peak, with a
return to a narrow free OH peak in the absence of SO2. The
similarity of the spectral response in these two spectral regions
in the presence of SO2 leads us to conclude that SO2 also forms

Figure 5. 3.2% w/v formaldehyde after exposure to SO2 (blue triangles). Spectra were obtained at 23 (a,b) and 0 °C (c,d) in the (a,c) ssp- and (b,d)
sps-polarization schemes. For reference, spectra of the CH2O(aq) solution are shown before (green crosses) and during (red circles) exposure to
SO2.
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a surface complex with an organic species at the surface. What
that organic is, and its potential to form a surface SO2 complex,
are discussed in the next two sections.
Spectral Analysis of Aqueous HMS. As discussed earlier,

HMS is a reaction product of H2CO and SO2. The surface
spectroscopic response of an HMS solution demonstrates its
presence at the surface, where it can further interact with SO2.
Figure 6 shows the VSF response of an aqueous HMS solution

(purple diamonds) prepared by diluting a 16% w/v form-
aldehyde solution to 3.2% w/v in concentrated sulfurous acid
(H2SO3); water is shown in gray for comparison. The
equilibrium for this solution lies far to the right (eq 2);
hence, we expect the primary components to be HMS and
hydronium ions. The spectral response of the prepared HMS
solution is very similar to that obtained after flowing SO2 over a
formaldehyde solution (Figure 5a). In fact, the prepared HMS
solution and the solution that forms after flowing SO2 gas over
formaldehyde are fit using the same peak parameters,
confirming that HMS is being produced by the uptake of
SO2 gas to aqueous formaldehyde. For both surfaces, the
primary feature in the CH stretching region is a peak at ∼2930
cm−1, which we attribute to the CH2 modes on HMS. The
strong intensity in the coordinated water region observed for
this HMS solution is consistent with the accumulation of
hydronium and HMS ions in the interfacial region, as seen in
previous sum frequency studies.92,107,108

Surface Complexation of SO2 to HMS. The HMS solution
has a pH of ∼1, and is saturated in HSO3

−. Therefore,
additional SO2 is unlikely to absorb and react in the bulk. As
shown previously, flowing SO2 over an acidic surface allows us
to isolate spectral changes due to surface complexation from
changes due to absorption and subsequent reaction.37 The VSF
spectra in Figure 7 show temporal changes to the surface
response of the prepared HMS solution during (a,b) and after
(c) the flow of SO2. Spectra obtained while SO2 is flowing (red
circles) are compared to spectra obtained before (purple
diamonds) and after (blue triangles) exposure to SO2.

While SO2 is flowing, two CH peaks are observed in the ssp-
polarization scheme: the HMS peak at 2930 cm−1 and a peak at
2880 cm−1. Notably, these same peaks are observed during the
flow of SO2 over the 3.2% w/v CH2O solutions (Figure 4a,c).
Thus, the peak at 2880 cm−1 is attributed to surface
complexation between SO2 and HMS and labeled
(SO2:HMS) in Figure 7. Both peaks grow in intensity with
longer exposure to SO2 (Figure 7b), suggesting that longer
exposure to SO2 causes more HMS to migrate to the interfacial
region. Upon removal of SO2, the interface returns to its initial
state, and spectra obtained before and after exposure of HMS
to SO2 are nearly identical (Figure 7c), indicating that the
surface changes in the presence of SO2 are reversible and
require the flow of SO2. As with the free OH peak,
complexation of SO2 to HMS causes a red shift in the HMS
peak at 2930 cm−1. VSF spectra of a more concentrated CH2O
solution support this picture and confirm that the observed
changes are primarily due to surface interactions between SO2
and HMS, not CH2O.

Exposure of CH2O to SO2: Time Evolution. Now that the
spectral features indicative of the SO2:HMS surface complex-
ation have been established, we return to studies of the
exposure of a CH2O solution to SO2. Figure 8 shows how the
VSF response from a 16% w/v CH2O solution evolves with

Figure 6. ssp-polarization spectrum of HMS (purple diamonds)
compared to that of the vapor/water interface (gray). The thin solid
line is the fit to the HMS spectrum. HMS was prepared by diluting
formaldehyde to 3.2% w/v in saturated H2SO3(aq).

Figure 7. Surface spectrum of HMS during (red circles) and after
(blue triangles) exposure to SO2: (a) first 20 min of exposure; (b) 20−
90 min of exposure; and (c) after removal of SO2. The unexposed
HMS surface (purple diamonds) is shown for comparison.
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increased time of exposure to SO2. As shown via the fits to the
concentration series in Figure 2, the VSF response for the 16%
w/v CH2O solution can be fit to the same peaks as for the 3.2%
w/v solution, indicating that the surface species are the same at
both concentrations. However, at this higher concentration, the
evolution of the CH stretch region can be observed as a
function of SO2 exposure time, because it takes longer to reach
equilibrium. Each spectrum takes approximately 18 min to
acquire. The broadening observed in the free OH region occurs
almost immediately upon exposure to SO2. Thus, only the CH
stretch regions are shown Figure 8.
Prior to SO2 exposure (Figure 8a), the primary feature is the

formaldehyde CH stretch peak labeled as MG at 2910 cm−1.
Figure 8b shows the first hour of SO2 exposure, during which
the main MG CH peak loses intensity but does not shift
position. The decrease in the intensity at 2910 cm−1 without a
shift in frequency is consistent with a reduction in the amount
of CH2O at the surface due to the reaction between CH2O and
HSO3

−. The possibility of a surface reaction to produce HMS
cannot be ruled out, but there are no new spectral features to
show evidence of a unique surface interaction. Figure 8c is an
average of spectra taken during the second hour of exposure,
showing that the CH peaks shift, and remain shifted, during

subsequent exposure to SO2. Two peaks appear as the
formaldehyde reacts: the HMS−CH2 stretch at ∼2930 cm−1

and a new peak at ∼2880 cm−1. That the peak at ∼2880 cm−1 is
only observed after prolonged SO2 exposure is consistent with
the previous assignment to a complex between SO2 and HMS.
After the removal of SO2, the dominant feature in this region is
the peak at ∼2930 cm−1, which, as discussed previously, is
attributed to the CH2 mode of HMS that partitions to the
interface. The surface spectra evolve over a relatively long time
period, and in a two-step process, implying that the formation
of HMS through the reaction between formaldehyde and SO2
occurs primarily in the bulk.

Exposure of CH2O to SO2: Temperature Effects. As shown
in Figure 4c,d, when the cold solutions are exposed to SO2 gas
(red circles), the spectral perturbations are much more
dramatic than those observed at room temperature. Both the
ssp- and sps-polarization spectra show significant changes in
comparison to the unexposed CH2O(aq) surfaces, as well as in
comparison to spectra obtained at room temperature (Figure
4a,b). A significantly larger response is observed in the CH
stretching region for both HMS and HMS−SO2, as is a much
broader peak in the free OH region.
Figure 9 highlights the CH stretching region from Figure

4c,d at this lower temperature, providing an overlay of spectra

taken in the ssp- (triangles) and sps-polarization (circles)
schemes. The solid lines are fits to the data. The spectra shown
here represent the interfacial region after 30−90 min of SO2
exposure. At the colder temperature, the intensities of the CH
peaks for HMS and HMS−SO2 increase with time. Notably, the
frequencies of the CH peaks change within the first 15 min of
exposure, whereas the changes observed for the 16% w/v
CH2O solutions required over 60 min of SO2 exposure.
The larger intensity changes at lower temperature help to

clarify the spectral assignments. Both the ssp- and sps-
polarization spectra give rise to two main peaks in the CH-
stretching region. Consistent with experiments conducted at
room temperature, the peaks at ∼2930 (ssp) and ∼2970 cm−1

(sps) are assigned to the CH2 stretching modes from HMS.

Figure 8. ssp-polarization spectra of 16% w/v formaldehyde: (a)
formaldehyde (no SO2); (b) up to 60 min of SO2 exposure; (c) 60−
150 min SO2 exposure; and (d) after SO2 exposure.

Figure 9. Comparison of spectra taken in the ssp- and sps-polarization
schemes while SO2 is flowing at 0 °C. Solid lines are fits.
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The peaks at 2910 (ssp) and 2980 cm−1 (sps) are assigned to
surface-adsorbed HMS complexing to SO2, which red-shifts the
HMS-CH2 stretching frequencies in a manner analogous to the
red-shifting of the free OH upon complexation of water to
SO2.

37 Similar peak parameters can be applied to fit spectra at
both room temperature and 0 °C, but the intensities at the
lower temperature are much higher. This intensity change is
attributed to an increase in the HMS concentration at the
surface caused by complexation with SO2 and water in the
interfacial region.
In both polarizations, lowering the temperature causes the

magnitude and breadth of the complexed free OH peak to
increase in a manner similar to what is observed for SO2 at the
vapor/water interface.37 Analysis of the spectral changes in the
free OH peak upon SO2 bonding at the vapor/water interface
shows that, although at room temperature only a fraction of the
free OH bonds at the surface form a surface complex with
flowing SO2, at 0 °C nearly all free OH modes are involved in
SO2 surface complexation.37 Computational studies suggest
that the surface complex is comprised of SO2 bound to several
surface water molecules, largely through the sulfur atom of
SO2.

109 For the formaldehyde solution at 0 °C, the increased
breadth and magnitude of the free OH peak in the presence of
SO2 is even larger than observed at the vapor/water interface.
For the formaldehyde solution at 0 °C, in the ssp-polarization
scheme the high-energy region can be fit either using a single
broad peak at 3630 cm−1 or with two peaks, a narrower peak at
3660 cm−1 and a broad peak at 3580 cm−1, similar to what has
been discussed previously for SO2 at the vapor/water
interface.37 Given the high concentration of surface SO2 at
cold temperatures and its ability to induce more HMS to the
surface, it is likely that the two effects act in concert to form a

mixture of ions and HMS−SO2−H2O surface complexes in the
interfacial region.
Accompanying the two large spectral changes at the low and

high regions of the spectra in Figure 4c,d at 0 °C is a
corresponding drop in signal from in the intensity in the 3000−
3500 cm−1 region, attributed to interfacial water molecules with
strong to moderately strong hydrogen bonds. This is very
different from what is observed for SO2 at the neat vapor/water
interface, where such a drop is absent. These changes are
consistent with a reduced electric field due to the accumulation
of HMS and associated ions at the surface while the SO2 is
flowing.
As has been seen in previous VSF studies,35,89,92,110−114 with

a decreased electric field the net orientation of these H-bonded
interfacial water molecules is reduced, with a consequential
reduction of the VSF signal in the signature 3000−3500 cm−1

region. This reduction in the more strongly bonded water
molecules results from an increase in the number of loosely
coordinated waters and those involved in solvating ions, whose
spectral signatures generally lie in the 3600−3700 cm−1

region.35,89 Hence, we attribute the increase in intensity that
we see in this region during SO2 flow, and in the presence of
surface HMS, to solvating water molecules involved in the
HMS−SO2 surface complexes within the topmost interfacial
layers. As a relatively large, polarizable compound, HMS has the
potential to hydrogen-bond with water or sulfite molecules in
many different configurations in solution. However, at the
interface these binding possibilities are much more limited, an
interpretation supported by the narrowing of the CH peaks of
HMS observed, relative to those measured after removing SO2,
when the ions are once again more solvated.

Figure 10. Cartoon depiction of the evolution of aqueous formaldehyde with SO2 exposure over time: (1) Vapor/CH2O(aq) interface. (2) Exposure
to SO2 results in surface complexes with water, and bulk reaction to form HMS. (3) Extended exposure to SO2 results in surface complexes between
SO2 and HMS. (4) Surface complexes are reversible, but the ions formed during SO2 exposure remain in solution.
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The picture that has emerged from these results is as follows.
SO2 adsorbs to the vapor/CH2O(aq) interface and forms a
surface complex with water molecules in the topmost interfacial
region. This is followed by absorption of the SO2 into the bulk
to form HSO3

−. The resultant HSO3
− ions react with

CH2O(aq) to form HMS. HMS migrates to the surface,
where it bonds to surface-adsorbed SO2, facilitating the
reversible accumulation of HMS at the surface (Figure 7a).
With increased SO2 exposure time, the concentration of HMS
complexed to SO2 at the surface increases, as manifested by an
increase in the intensity of the peaks in the CH region (Figure
7b). Lowering the temperature causes even further SO2−HMS
complex formation and subsequent enhancement of these
changes. When the flow of SO2 is stopped, the surface
complexes between SO2 and HMS fall apart, and the resulting
spectra are indistinguishable from those of an unexposed HMS
solution.

■ CONCLUSIONS
These surface spectroscopic studies highlight the influence of
surface-adsorbed SO2 on the behavior of solutions containing
both SO2 and CH2O. The cartoon in Figure 10 provides a
simple illustration of the interfacial behavior observed in these
experiments. The aqueous formaldehyde solution shows
evidence of surface-bound organic species, largely in the
methylene glycol form, depicted as green ovals in Figure 10.
Upon exposure to SO2, the surface water molecules
immediately form complexes with surface-bound SO2, facilitat-
ing absorption and reaction with water to form HSO3

−. The
subsequent reaction between CH2O and HSO3

− to form HMS
occurs primarily in the bulk solution, depleting surface-
adsorbed formaldehyde concentrations. HMS migrates toward
the interfacial region, where it forms surface complexes with
SO2; possibly facilitated by the SO2−H2O complex found at the
vapor/water interface.35−37,115 Notably, exposure to SO2 results
in an increase in the HMS concentration at the surface. Similar
to the complexes between water and SO2, the HMS−SO2
complexes are reversible, and are only observed while the SO2
gas is flowing over the surface. But these surface species,
particularly at lower temperatures, have a profound influence
on water structure and appear to decrease the level of overall
coordination and orientation in the interfacial region.
Cooling the formaldehyde solution to an atmospherically

relevant temperature results in a significant enhancement in the
adsorption of SO2 to surface water and HMS. This leads to a
structurally more congested interface where the orientations of
the surface complexes between SO2 and HMS are more
constrained. This is consistent with the increased contribution
from loosely coordinated water molecules in the topmost
surface region. The main spectral contributions from water are
from either water molecules that are involved in complexes to
SO2 or those with weak hydrogen-bonding interactions with
other waters. This points to an interface that is mainly
populated by surface-bound organics, ions, and other species
that are loosely solvated by water. These surface species are
short-lived, and the ions return to solution when the SO2 is
removed from the system. The resultant solution exhibits
enhanced interfacial coordination consistent with spectra of
other low-pH, ion-containing solutions.
These results highlight the significance of interfacial

chemistry in the atmosphere, particularly as it pertains to the
uptake of gaseous pollutants such as SO2 onto organic
containing water surfaces. It has long been recognized that

organic pollutants persist in the atmosphere, where they can
adsorb on particle surfaces, playing an important role in
aqueous surface chemistry. However, few studies have been
able to directly probe the nature of these interactions. Organic
species have the potential to act as a barrier to gas uptake, but
this study shows that some organics can act as magnets for gas
adsorption. In addition, these experiments demonstrate that the
low temperature conditions of the lower atmosphere are likely
to further enhance the formation of such surface complexes in
the presence and absence of organics. Evidence that water-
soluble organic species can complex to atmospheric gases
during the uptake process has important implications for
atmospheric chemistry. Once surface complexes are formed
they are ideally positioned for photochemical processing or
reaction with other species in the gas phase, increasing the
number of available reaction pathways in comparison to those
available in the bulk. From these experiments, it is clear that gas
uptake is a multifaceted process in which the surface plays an
essential role.
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(81) Löbau, J.; Wolfrum, K. J. Opt. Soc. Am. B 1997, 14, 2505−2512.
(82) McGall, S. J.; Davies, P. B.; Neivandt, D. J. J. Phys. Chem. B
2004, 108, 16030−16039.
(83) Bain, C. D.; Davies, P. B.; Ong, T. H.; Ward, R. N.; Brown, M.
A. Langmuir 1991, 7, 1563−1566.
(84) Gragson, D.; McCarty, B.; Richmond, G. L.; Alavi, D. S. J. Opt.
Soc. Am. B 1996, 13, 1075−2083.
(85) Gragson, D.; Alavi, D.; Richmond, G. L. Opt. Lett. 1995, 20,
1991−1993.
(86) Allen, H. C.; Raymond, E. A.; Richmond, G. L. J. Phys. Chem. A
2001, 105, 1649−1655.
(87) Raymond, E. A.; Tarbuck, T. L.; Brown, M. G.; Richmond, G. L.
J. Phys. Chem. B 2003, 107, 546−556.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja211632r | J. Am. Chem. Soc. 2012, 134, 9967−99779976



(88) Raymond, E. A.; Tarbuck, T. L.; Richmond, G. L. J. Phys. Chem.
B 2002, 106, 2817−2820.
(89) Raymond, E. A.; Richmond, G. L. J. Phys. Chem. B 2004, 108,
5051−5059.
(90) Walker, D. S.; Hore, D. K.; Richmond, G. L. J. Phys. Chem. B
2006, 110, 20451−20459.
(91) Walker, D. S.; Richmond, G. L. J. Phys. Chem. C 2007, 111,
8321−8330.
(92) Tarbuck, T. L.; Ota, S. T.; Richmond, G. L. J. Am. Chem. Soc.
2006, 128, 14519−14527.
(93) Auer, B. M.; Skinner, J. L. J. Chem. Phys. 2008, 129, 214705/1−
214705/14.
(94) Tian, C.-S.; Shen, Y. R. J. Am. Chem. Soc. 2009, 131, 2790−
2791.
(95) Tian, C. S.; Shen, Y. R. Chem. Phys. Lett. 2009, 470, 1−6.
(96) Fan, Y.; Chen, X.; Yang, L.; Cremer, P. S.; Gao, Y. Q. J. Phys.
Chem. B 2009, 113, 11672−11679.
(97) Sovago, M.; Vartiainen, E. M.; Bonn, M. J. Phys. Chem. C 2009,
113, 6100−6106.
(98) Auer, B. M.; Skinner, J. L. J. Phys. Chem. B 2009, 113, 4125−
4130.
(99) Sovago, M.; Campen, R. K.; Bakker, H. J.; Bonn, M. Chem. Phys.
Lett. 2009, 470, 7−12.
(100) Sovago, M.; Campen, R. K.; Wurpel, G. W. H.; Müller, M.;
Bakker, H. J.; Bonn, M. Phys. Rev. Lett. 2008, 100, 173901/1−173901/
4.
(101) Auer, B. M.; Skinner, J. L. Chem. Phys. Lett. 2009, 470, 13−20.
(102) Bakker, H. J.; Skinner, J. L. Chem. Rev. 2010, 110, 1498−1517.
(103) Buch, V. J. Phys. Chem. B 2005, 109, 17771−17774.
(104) Dang, L. X.; Chang, T.-M. J. Chem. Phys. 1997, 106, 8149−
8159.
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