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ABSTRACT: The structure and organization of ions at vapor/solution interfaces have
great implications for the reactivity and growth of atmospheric aerosols. Considering the
ionic components of aqueous aerosols, sulfate species are one of the most prevalent due to
high levels of SO2(g) emission to the atmosphere from biofuel burning and volcanic
eruptions. Atmospheric SO2(g) can undergo direct gas phase oxidation or experience
dissolution and subsequent oxidation to sulfate species within aqueous aerosols, where,
depending on the pH level, sulfate may exist as SO4

2−, HSO4
−, or H2SO4. Here we probe

the molecular environment experienced by the bisulfate anion (HSO4
−) at vapor/solution

interfaces for H2SO4, Na2SO4, and MgSO4 solutions via vibrational sum frequency
generation (VSFG) spectroscopy. VSFG is an inherently interface specific nonlinear
optical spectroscopy and is a powerful tool for the study of interfacial structure and
organization. Our VSFG results are compared to bisulfate behavior in bulk aqueous
solution observed using Raman and infrared spectroscopies. The presence of Na+ and Mg2+ is observed to perturb HSO4

− anion
hydration compared to H+ which manifests as a blue shift in the observed SO3 symmetric stretching mode frequency of HSO4

−.
This perturbation is greatly exaggerated for interfacial HSO4

− anions residing within vapor/solution interfaces relative to bulk
solution. Mg2+ ions are found to disrupt the net bisulfate population hydration within the vapor/solution interfaces tested, while
Na+ ions only influence a subpopulation of the interfacial bisulfate distribution. This difference is attributed to the much greater
propensity for aqueous solvation that Mg2+ exhibits compared to Na+. Our results are interpreted with a perspective toward
understanding interfacial acid dissociation for the bisulfate anion and the role that this may play for tropospheric acidic aerosols.

■ INTRODUCTION
The structure and reactivity of simple inorganic ions at vapor/
solution interfaces has been an intense area of study the past
decade1−12 following the pioneering work of Jungwirth and
Tobias,13 who challenged the long-held belief that ions are
depleted from vapor/solution interfaces based on surface
tension measurements.14,15 Ion behavior at vapor/solution
interfaces has important implications for atmospheric aerosols
as the interface between the gas phase atmosphere and the
liquid phase aerosol plays host to reactions which control the
growth and uptake of the aerosol.4,16−19 Aerosol reactivity and
growth are vital to understand as the climate forcing effects of
aerosols on Earth’s total albedo is poorly understood today.20

Sulfate (SO4
2−) is a major ionic component of tropospheric

aerosols, which may exist as SO4
2−, bisulfate (HSO4

−), or
molecular sulfuric acid (H2SO4) depending on solution pH.
High aerosol SO4

2− content is mainly due to SO2(g) uptake and
subsequent oxidation within the solution phase of aqueous
aerosols.11,16−19,21 Sulfate species (SO4

2−, HSO4
−, H2SO4, and

organosulfates) are also very prevalent in marine aerosols due
to sulfate being the third most abundant ionic species in
seawater by weight and the large atmospheric release of sulfur
compounds from algal metabolic processes.17,19,22−25 Aerosol
sulfate content is directly related to the growth potential of the
associated aerosol due to sulfate ion’s large propensity for
hydration.4,26−28 Sulfate content and acidity of aqueous

aerosols has also been linked to important atmospheric
processes such as catalytic production of chlorine radical and
secondary organic aerosol formation.18,29−31

Despite the relative importance in understanding interfacial
processes to explain the physical and chemical phenomena that
aqueous aerosols partake in, the vapor/solution interface
remains very difficult to experimentally probe. The application
of optical nonlinear spectroscopies such as second harmonic
generation (SHG) and vibrational sum frequency generation
(VSFG) spectroscopies, which are inherently interface specific,
along with accompanying theoretical studies, have provided
insight into the underlying driving forces for many interfacial
processes.1−5,9,32−44 Generally these studies have focused on
the elucidation of interfacial water structure as a probe of the
molecular environment at the vapor/solution inter-
face.1,3,7,9−11,32,33,38,39,43−50 However, there have been several
recent studies demonstrating the suitability of SHG and VSFG
to directly interrogate interfacial ions.34,35,37,51−54

In a recent series of papers, Morita and co-workers have
revealed the power of combining the VSFG method with
theoretical modeling to probe acid dissociation within the
vapor/solution interface for a series of H2SO4 solutions with a
perspective toward tropospheric acidic aerosols.34,53,54 These
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studies investigate both the interfacial water structure and the
sulfate species’ vibrational modes at vapor/solution interfaces.
Their findings indicate that the first acid dissociation of H2SO4
(eq 1) in vapor/solution interfaces is bulklike for both
concentrated and dilute solutions but that the second acid
dissociation (eq 2) is suppressed for high concentrations,
[H2SO4] > 0.2 mole fraction (x), within the interface.34,53,54

+ ↔ + ≪+ − KH SO H O H O HSO p 02 4 2 3 4 a1 (1)

+ ↔ + =− + − KHSO H O H O SO p 24 2 3 4
2

a2 (2)

While these studies provide critical insight into the behavior of
sulfate species at vapor/solution interfaces, they do not address
the role that cation identity may play for the interfacial behavior
of sulfate species, such as HSO4

−.
Here we report on the effect that cation (Na+ or Mg2+)

identity has on HSO4
− anions within vapor/solution interfaces

probed via conventional VSFG spectroscopy. H2SO4 solutions
were studied as a comparison to the findings of Morita and co-
workers34,53,54 as well as providing a basis from which to judge
cation effects on bisulfate’s molecular environment. Na+ and
Mg2+ cations were chosen as they represent the most prevalent
cation species within seawater by weight and thus should be the
most prevalent cations in marine aqueous aerosols.22,23 Our
VSFG findings show that both Na+ and Mg2+ cations perturb
the hydration of interfacial HSO4

−, analogous to a dehydration
effect, with the Mg2+ ions exhibiting a larger influence than Na+.
These VSFG findings are compared to bulk solution studies on
HSO4

− behavior completed using conventional Raman and
infrared spectroscopies.

■ EXPERIMENTAL METHODS
VSFG spectroscopy is a nonlinear optical spectroscopy based
on the detection of coherent light generated by the second-
order induced polarization of molecules subjected to incident
high intensity electric fields.55 The detected VSFG signal
intensity, IVSFG, is proportional to the square modulus of the
effective second-order nonlinear susceptibility, χeff

(2), as well as
the intensity of the two input beams, IVis and IIR (eq 3). The

effective second-order nonlinear susceptibility is proportional to
the molecular hyperpolarizability, βlmn (eq 4), which demon-

strates the dependence of VSFG activity on the Raman,
⟨g|αlm|ν⟩, and infrared, ⟨ν|μn|g⟩, transitions for the molecular
vibration of interest. This dependence gives rise to the VSFG
selection rule which states that a molecular vibration must be
both Raman and infrared active to be VSFG active.3

Details of the VSFG spectrometer used for this study have
been previously published.51 Briefly, the fundamental output
(1064 nm) from an Nd:YAG laser (26 ps pulse duration, 20 Hz
repetition rate, EKSPLA, PL2143A/20/SS) is frequency-
doubled (second harmonic) to produce a fixed frequency
visible beam (532.1 nm) and used to pump an optical
parametric generator (OPG) (EKSPLA, PG401/DFG2-16P)
which produces tunable infrared light (8−12 μm) via difference

frequency mixing within a GaSe crystal. The visible and infrared
beams were overlapped spatially and temporally on the sample
surface at an x−y−z sample stage with input angles of 60 and
55°, respectively, relative to the surface normal of the sample
solution. Intensities of the input beams at the sample stage were
generally 300 μJ/pulse for the visible beam and 50 μJ/pulse for
the infrared beam. The energy profiles of the input visible and
infrared beams were monitored in real time during spectral
acquisition, and all VSFG spectra have been normalized to
these profiles to remove shot-to-shot noise. All VSFG spectra
were collected using the SSP polarization combination, where
the letter refers to the polarization state of each beam in
decreasing order of frequency (VSFG, visible, infrared). The
generated VSFG beam was collected in the reflection geometry
and sent to an electron multiplying charge-coupled device
(EMCCD) (Andor Technology, Newton, DU97ON-BV) for
detection. The resolution of the collected VSFG spectra is 6
cm−1 full width at half-maximum (fwhm). All spectra were
collected with 30 s acquisition times per infrared wavelength
with 150× electron multiplying gain. All VSFG spectra shown
are the average of three to four spectra. The VSFG spectra have
been calibrated against the SO3 symmetric stretching peak at
1070 cm−1 of a sodium dodecyl sulfate (SDS) monolayer on
neat water collected with VSFG at the beginning of each day
experiments were run.56

All Raman spectra were collected using 200 mW output from
a 785 nm continuous wave diode laser (Process Instruments,
ECL-785-300-SH) coupled to a fiber optic probe (InPhotonics,
RPS785/12-5) equipped with a 7 mm focal lens. The fiber
optic probe was also used to collect the generated Raman
Stokes scatter in the 0° direction before the collected signal was
sent to a monochromator (Princeton, Pixis 400) equipped with
a thermoelectrically cooled CCD (Princeton, Acton LS785),
calibrated versus the output of a Hg lamp and the Raman
spectrum of crystalline naphthalene (Sigma Aldrich, > 99%
pure), for detection. The Raman spectra are the sum of a 30 s
acquisition. The infrared spectra shown were all taken using a
home-built attenuated total reflection (ATR) apparatus
equipped with a 45° cut ZnSe element to achieve total internal
reflection of the infrared beam. This apparatus was mounted in
a conventional bench-top Fourier transform (FT) infrared
spectrometer (Spectrum 100, Perkin-Elmer). The infrared
spectra shown are the average of 100 scans normalized against
a background spectrum of pH 1 water (0.1 M HCl) for the salt
solutions and the bare ATR element spectrum for the H2SO4
solutions.
All salt solutions were prepared by mixing the appropriate

amount of salt, Na2SO4 (99+% pure, Acros Organics,
crystalline, anhydrous) or MgSO4 (>99.5% pure, Fisher,
powder, anhydrous), with nanopure water (18.3 MΩ, Nano-
Pure, Barnstead/Thermolyne). For pH 1 salt solutions the salt
solution was prepared and then brought to the appropriate pH
using concentrated HCl (37 wt %, Fisher, trace metal grade).
The presence of Cl− in the solutions is not predicted to
substantially affect our results. H2SO4 solutions were prepared
by mixing concentrated H2SO4 (Fisher, Certified ACS Plus)
with nanopure water to the desired concentration. SDS
solutions were prepared using solid SDS powder (99+% pure,
ACS reagent grade, Sigma-Aldrich) and nanopure water.

■ RESULTS AND DISCUSSION
Figure 1 presents three VSFG spectra showing the SO3
symmetric stretching mode (νSS-SO3) of interfacial HSO4

−

χ∝ | |I I IVSFG eff
(2) 2

Vis IR (3)

χ β
α μ

ω ω
∝ =

⟨ | | ⟩⟨ | | ⟩
− + Γν ν

g v v g

ilmn
lm n

eff
(2)

IR (4)
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anions for a 0.4x H2SO4 solution (Figure 1A) and pH 1
solutions of 0.033x Na2SO4 (Figure 1B) and 0.035x MgSO4
(Figure 1C). For the salt solutions, as the solution pH drops
below 2, the protonation of SO4

2− becomes favorable (eq 2)
and HSO4

− is formed in solution. The 0.4x H2SO4 VSFG
spectrum is in good agreement with published literature results
from Miyamae et al.53 A concentration of 0.4x H2SO4 was
chosen as, at this concentration, the predominant ionic species
in sulfuric acid solutions is HSO4

− maximizing the VSFG signal
arising from interfacial HSO4

− anions.53 Approximately 0.03x
was chosen as the representative salt solution concentration,
analogous to ∼2 M, as this concentration approaches the
aqueous solubility limit of Na2SO4 and the VSFG intensity was
much weaker for more dilute salt concentrations tested.23 As
high salt concentrations can be found in aqueous tropospheric
aerosols, the concentration regime of 0.03x seems to be a
reasonable one to use for this study.17,19,45,57,58 The νSS-SO3
VSFG signal intensity for both Na2SO4 (Figure 1B) and
MgSO4 (Figure 1C) solutions at pH 1 is comparable to the
0.4x H2SO4 solution results (Figure 1A). While the νSS-SO3
VSFG signal intensity is comparable among all solutions tested,
the νSS-SO3 peak frequency varies between solutions. The
Na2SO4 and MgSO4 solutions exhibit blue-shifted components
for the νSS-SO3 peak relative to the νSS-SO3 peak position of the
0.4x H2SO4 solution, indicating perturbation to the HSO4

−

interfacial environment.

For Na2SO4 and MgSO4 both neutral, pH 7, and acidic, pH
1, solutions were tested using VSFG. It was not possible to
resolve any spectral features in the S−O stretching region from
980 to 1170 cm−1 for the neutral solutions (see the Supporting
Information for spectra). The absence of any VSFG signal for
the neutral salt solutions does not indicate an absence of SO4

2−

within the vapor/solution interface for these solutions. The lack
of any appreciable SO4

2− signal for the pH 7 salt solutions is
most likely due to a confluence of two factors, including the
preference of SO4

2− to reside near the bottom of the vapor/
solution interface and the low molecular hyperpolarizability of
tetrahedral SO4

2− molecular vibrations (eq 4).4,6,34,46,47,53,54

Regardless, these factors render the direct interrogation of
SO4

2− vibrational modes within the vapor/solution interface
infeasible using a VSFG spectroscopic approach. In contrast,
the HSO4

− vibrational modes are strongly Raman and infrared
active and HSO4

− has been shown to have increased surface
preference versus SO4

2−, most likely due to its decreased
valency.34,54 The HSO4

− anion possesses Cs symmetry but
effectively behaves with C3v symmetry, which has been
demonstrated in many Raman, infrared, and theoretical
studies.59−64 The effective C3v symmetry of HSO4

− results in
the strong molecular hyperpolarizability for the νSS-SO3 mode,
enabling the direct interrogation of HSO4

− anions within
vapor/solution interfaces.
It is clear from Figure 1 that the presence of either Na+ or

Mg2+ cations within the vapor/solution interfaces tested results
in a blue shift for the observed HSO4

− νSS-SO3 peak frequency.
The spectra in Figure 1 have all been fit using a modified
Lorentzian profile, where the solid black lines correspond to the
total fit and the dashed red lines are the corresponding
Lorentzian peak components (see the Supporting Information
for the VSFG fitting profile). Both the H2SO4 and MgSO4

solutions are best fit with one Lorentzian component, centered
at 1050 and 1069 cm−1, respectively. The Na2SO4 solution
features a bimodal distribution with two Lorentzian component
peaks centered at 1048 and 1067 cm−1, suggesting that there
are two distinct populations of HSO4

− at vapor/solution
interfaces for pH 1 Na2SO4 solutions. The VSFG fitting results
for all solutions have been summarized in Table 1.
The VSFG results (Figure 1) can be interpreted by

considering the effects that cation−anion interaction can have
on anion vibrational modes. One type of cation−anion
interaction is the formation of solution ion pairs. Ion pair
formation within salt solutions has been the subject of intense
experimental and theoretical study for decades as the speciation
of ionic solutions has large implications for many areas of
physical and biological sciences.26,28,45,51,52,57,58,62,63,65−88 Vi-
brational spectroscopic techniques such as Raman and infrared
have been successfully applied to study ion pairing effects
between SO4

2− and Na+ or Mg2+ in bulk solution by a number
of groups.28,57,66−70,79,83−87 It is generally accepted that both
Na+ and Mg2+ form ion pairs with SO4

2− in bulk solution79,85

Figure 1. SSP VSFG spectra from (A) 0.4x H2SO4, (B) pH 1 0.033x
Na2SO4, and (C) pH 1 0.035x MgSO4 solutions. Data (symbols), fits
to modified Lorentzian profile (solid black lines), and Lorentzian peak
components (dashed red lines) are shown.

Table 1. Curve-Fitting Results for VSFG Spectra

nonresonant terms peak 1 peak 2

concn B ϕ ων (cm
−1) Aν Γ (cm−1) ων (cm

−1) Aν Γ (cm−1)

H2SO4 0.4x 0.03 0.01 1050 6.9 26.0 N/A N/A N/A
Na2SO4 0.033x 0.05 0.03 1048 1.7 8.6 1067 3.8 19.7
MgSO4 0.035x 0.02 0.00 N/A N/A N/A 1069 7.0 22.4
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following the stepwise association mechanism first proposed by
Eigen and Tamm.65

Ion pairing involving SO4
2− manifests in Raman spectra as a

small shoulder on the blue side of the νSS-SO4
2− peak centered

at 980 cm−1; with increased temperature or decreasing water
content this small shoulder grows into a distinct peak centered
at 993 cm−1.79,85−87 The νSS-SO4

2− blue shift observed for ion
pairs involving SO4

2− is most likely due to the symmetry
lowering experienced by the SO4

2− tetrahedron on ion pair
formation. This relationship between symmetry lowering and a
blue shift for the νSS-SO4

2− peak frequency is also observed in
Raman spectra of solid sulfate salts.86,89 However, an observed
blue shift for anion vibrational modes, as observed for bulk
aqueous SO4

2− ion pair complexes, does not always indicate ion
pair formation. For example, with ion pair formation involving
nitrate (NO3

−) anions, a distinct red shift for the NO3
−

symmetric stretching vibrational mode is observed with
Raman spectroscopy.51,82 While there are fewer studies
investigating the ion pair formation with aqueous HSO4

−

compared to SO4
2−, a distinct red shift for the νSS-SO3 peak

of HSO4
− has also been observed with ion pair formation by

Fung and Tang71 using Raman spectroscopy in a study of
supersaturated droplets of (NH4)HSO4, NaHSO4, and KHSO4.
This trend is similar to the red shift observed for ion pairs
involving nitrate in the NO3

− symmetric stretch vibrations.
From the results of Fung and Tang71 it becomes necessary to

consider effects that cation interactions may have on interfacial
HSO4

− other than ion pair formation in order to rationalize the
observed νSS-SO3 peak blue shifts for the two salt solutions. By
considering effects of hydration on the HSO4

− νSS-SO3 peak
frequency, clear interpretation of the VSFG results presented in
Figure 1 is possible. Hydrogen bonding between waters of
solvation and the aqueous HSO4

− anion effectively lengthen the
SO bonds of HSO4

− by abstracting electron density from the
bond.64 When these solvating hydrogen bonds are weakened,
this abstraction is reduced and the SO bond is strengthened
resulting in a blue shift of the νSS-SO3 peak frequency; this
effect has been directly observed by Walrafen et al. for H2SO4
solutions with increased temperature.64 Dehydrating effects
have also been invoked to explain blue shifts for NO3

−

vibrational mode frequency in studies of NO3
− speciation

within aqueous solutions,51,80,82 as well as the symmetric P−O
stretching mode of phosphate headgroup moieties with film
compression for Langmuir monolayers of the phospholipid
dipalmitoyl phosphatidylcholine.90

Considering the VSFG results in Figure 1, it can be surmised
that the presence of Na+ and Mg2+ within the vapor/solution
interface perturbs interfacial HSO4

− hydration. This results in
the observed blue shift of the VSFG νSS-SO3 peak frequency for
the salt solutions. There is no evidence of ion pair formation
between HSO4

− and Na+ or Mg2+ as this is predicted to result
in a red shift for the νSS-SO3 peak. That the presence of cations
within the vapor/solution would affect the hydration of
interfacial HSO4

− is an intuitive result with the relatively high
concentration of ions in the solutions tested. However, that
Mg2+ would perturb HSO4

− hydration to a greater degree than
Na+ is nonintuitive considering the relative surface preference
and higher number density (∼2 times) of Na+ compared to
Mg2+.58 This result can be interpreted from the high affinity for
solvating water that Mg2+ exhibits compared to Na+ due to the
high charge density of the Mg2+ ion.45,58,76,85,91 Mg2+ affinity for
solvating water makes it highly disruptive to the hydrogen
bonding of other interfacial ion solvation spheres.

Due to the strong solvation properties of Mg2+, bisulfate
anion hydration is highly perturbed by the presence of Mg2+

within the interface. This results in the observed blue shift for
the νSS-SO3 peak of 19 cm−1 versus the peak position for
H2SO4. In contrast, Na+ only affects a subpopulation of the
bisulfate distribution within the interface, most likely due to the
generally weak hydration properties of Na+, resulting in the
bimodal distribution observed for the νSS-SO3 peak in Figure
1B.91 It is also observed in Figure 1B that the bandwidth of the
lower frequency peak component is approximately half that of
the higher frequency peak component. The origin of this
decreased bandwidth is unclear; but the result of interference
effects arising from the near-by higher frequency component
can be neglected as the origin for this spectral feature as fitting
the two peak components with opposite phases did not affect
the bandwidth of the lower frequency peak component. The
excitation lifetimes for the νSS-SO3 modes of unperturbed and
perturbed HSO4

− may vary and this could be the source of the
observed bandwidth discrepancies.
Recent cluster studies by Yacovitch et al. on bisulfate which

indicate that the νSS-SO3 peak frequency of HSO4
− is not

sensitive to hydration should be considered.92 Yacovitch et al.
examined aqueous HSO4

− clusters with up to n = 16 water
molecules and found that the νSS-SO3 peak frequency was
constant at 1049 cm−1 for all cluster sizes. While this frequency
is in excellent agreement with our VSFG results for a 0.4x
H2SO4 solution (Figure 1A), it is substantially higher than the
value of ∼1035 cm−1 observed for bulk aqueous HSO4

−

solutions with infrared spectroscopy, both in the current
study and elsewhere.60 The consistency for the νSS-SO3 peak
frequency with increasing cluster size observed by Yacovitch et
al.92 may reflect the interfacial nature, which is inherently
disruptive to hydrogen bonding, even for the largest clusters
tested (n = 16).
The response of HSO4

− to the presence of cations in bulk
solutions exhibits trends similar to those observed for vapor/
solution interfaces, but to a lesser degree. Shown in Figures
2−4 are bulk solution Raman and infrared spectra for a H2SO4
solution, and pH 1 solutions of Na2SO4 and MgSO4,
respectively. It is clear from Figure 2, corresponding to bulk
solution spectra from a 0.4x H2SO4 solution, that Raman
spectra originating from solutions where both HSO4

− and
SO4

2− exist are generally much easier to unambiguously
interpret compared to infrared spectra of the same solution.
This is due to the strong infrared activity of broad, overlapping
asymmetric stretching vibrations from SO4

2− and HSO4
−

anions. Thus, while the infrared spectra for all solutions tested
are shown for completeness, only the Raman spectra are
considered when discussing cation effects on bulk HSO4

−

solution behavior.
Figures 3 and 4 are the Raman and infrared spectra for pH 1

0.009x, 0.017x, and ∼0.034x solutions of Na2SO4 and MgSO4,
respectively. These spectra exhibit both SO4

2− and HSO4
−

signatures, but the SO4
2− signatures dominate the spectra. This

is because, at pH 1, the solution concentration of HSO4
− is

only ∼0.0017 x (0.1 M) due to the limiting amount of H+

present in solution. This result reinforces the idea that HSO4
−

exhibits slight surface preference since HSO4
− features are

clearly observable in the salt solution VSFG spectra (Figure 1),
even for this concentration of HSO4

−. Examining the νSS-SO3
region in the Raman spectra for the two bulk salt solution series
(Figure 5), it is evident that the pH 1 Na2SO4 solutions exhibit
greater νSS-SO3 intensity than the pH 1 MgSO4 spectra. This
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phenomenon was first observed in 1972 by Daly et al. and was
interpreted as an indication of increased ion association within
MgSO4 solutions versus Na2SO4 solutions.

69 The increased ion
pair formation between Mg2+ and SO4

2− seems to effectively
inhibit the protonation of SO4

2− to HSO4
− in solution. While

this is an interesting result it does not affect the interpretation
of our results and, as such, will not be discussed further.
By fitting the bulk solution Raman spectra (Figures 2 −4), it

is possible to examine the impact that increased solution
concentration and cation identity have on νSS-SO3 peak
frequency for bulk HSO4

− solutions (see the Supporting

Information for complete fitting results). Figure 6 plots the νSS-
SO3 peak frequency with one standard deviation indicated for
the bulk solution Raman spectra as well as the VSFG results
versus the respective solution concentration. It is clear that the
νSS-SO3 peak frequency increases in bulk solution with
increased solution concentration and with cation identity as
H+ < Na+ < Mg2+. Interestingly, the degree of blue shift
observed for the νSS-SO3 peak frequency between the bulk
solution and interface results is very similar to the observed

Figure 2. Infrared (A) and Raman (B) spectra from a 0.4x H2SO4
solution. Data (infrared, green solid line; Raman, blue solid line) and
Lorentzian peak components of Raman fit (red solid lines) are shown.
Spectral assignments, indicated by dashed vertical lines, are given for
the Raman spectrum (B) but not included for infrared spectrum (A)
due to overlapping peaks in infrared spectrum.

Figure 3. Infrared (A) and Raman (B) spectra from a pH 1 Na2SO4
solution series. Legend applies to both spectra sets. Spectral
assignments given for both infrared (A) and Raman (B) spectra,
indicated with dashed vertical lines. Weak νSS-SO3 peak at ∼1050 cm−1

in infrared spectra (A) is difficult to distinguish due to the broad,
strongly absorbing νAS-SO4

2− peak of sulfate at ∼1100 cm−1.

Figure 4. Infrared (A) and Raman (B) spectra from a pH 1 MgSO4
solution series. Legend applies to both spectra sets. Spectral
assignments given for both infrared (A) and Raman (B) spectra,
indicated with dashed vertical lines. νSS-SO3 peak at ∼1050 cm−1 in
(A) and (B) is more difficult to distinguish compared to Na2SO4
results (Figure 3).

Figure 5. Raman spectra zoom in on the νSS-SO3 peak region for pH 1
Na2SO4 (A) and MgSO4 (B) solution series. Data (symbols) and
Lorentzian fits to data (solid lines) shown. Legend applies to spectra in
both (A) and (B), where ∼0.034x (blue triangles), 0.017x (red
squares), and 0.009x solutions (black circles) are indicated. Spectral
assignments are given, indicated with dashed vertical lines. Spectra are
offset for clarity.
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degree of blue shift in the presence of Na+ or Mg2+ ions within
the data sets. Thus, HSO4

− ions at vapor/salt-solution
interfaces should exhibit the highest νSS-SO3 peak frequency,
and indeed this is observed in our VSFG results for pH 1
Na2SO4 and MgSO4 solutions. These results suggest that the
presence of cations within bulk solution is just as disruptive to
HSO4

− hydration as is residing within a vapor/solution
interface free of cations, which is an inherently dehydrating
environment relative to the bulk.

■ CONCLUSIONS
The behavior of HSO4

− at vapor/solution interfaces for H2SO4,
Na2SO4, and MgSO4 solutions was examined as a function of
cation identity via VSFG spectroscopy. The νSS-SO3 vibrational
mode of the HSO4

− anion provides an excellent probe of the
molecular environment experienced by HSO4

− within vapor/
solution interfaces. The presence of Na+ and Mg2+ is found to
perturb the hydration of HSO4

− anions, resulting in an
observed blue shift for the νSS-SO3 peak frequency. Mg2+ is
found to perturb the entire population of interfacial HSO4

− due
to its strong solvation properties while Na+ is less disruptive,
resulting in a bimodal distribution for the νSS-SO3 peak in the
VSFG spectrum.58,91 These results are rationalized by
considering the effect that dehydration, or hydrogen bond
disruption, has on the HSO4

− νSS-SO3 mode, which is to
shorten the SO bond length resulting in a higher frequency
of vibration.58,64,82 No ion pair formation is detected between
interfacial HSO4

− anions and Na+ or Mg2+ cations. The bulk
solution results from Raman spectroscopy reflect trends similar
to those of the interface but with the observed νSS-SO3 peak
frequency blue shifting to a lesser degree than what is observed
with VSFG for interfacial HSO4

−. Infrared spectroscopic results
do not offer any clear indication of bulk bisulfate behavior due
to the HSO4

− νSS-SO3 mode being obscured by the broad,
strong SO4

2− asymmetric stretching modes in the infrared
spectra.

These results may have implications for tropospheric
aqueous sulfate containing aerosols. In acidic aerosols, which
may feature Na+ or Mg2+ cations along with HSO4

− anions
within the aerosol vapor/liquid interface, our results indicate
that the HSO4

− anions will feel some degree of cation induced
disruption to their hydration structure. This perturbation to
HSO4

− hydration may retard the acid dissociation of HSO4
−

beyond what is predicted for H2SO4 solutions at vapor/solution
interfaces.34,53,54 By perturbing interfacial HSO4

− dissociation
to H+, known to prefer the topmost layer of vapor/solution
interfaces,36 and SO4

2−, which will preferentially segregate to
the interior of the aerosol,46,47 cations residing in the vapor/
solution interface may inhibit important acid catalyzed aerosol
processes such as secondary organic aerosol formation.
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