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Water organization at the air/aqueous salt solution interface
is strongly influenced by ions, specifically, ion distributions

that exist in the interfacial region. Revealing the organization of
ions and their relative distributions within the air/aqueous
interface is critically important for the understanding of pro-
cesses occurring in every facet of life, from the environment to
materials to biology. Interfacial organization of environmentally
relevant ions such as those studied in this research has con-
sequences for atmospheric aerosol chemistry,1,2 thundercloud
electrification,3 geochemistry,4�8 and ocean surface processes.9

Particular emphasis in this research is on understanding atmo-
spheric aerosol aging, in which the existence of ions in the aerosol
surface and subsurface regions (the interface) plays a critical role
for reactivity and accessibility by gas phase oxidants.

To understand the distribution of ions in the interfacial region,
we investigate water organization at air/aqueous salt solution
interfaces in the presence of CaCl2, NaCl, Na2SO4, (NH4)2SO4,
and Na2CO3 using heterodyne-detected phase-sensitive sum
frequency generation (PS-SFG). Water organization is directly
influenced by the direction and relative strength of the electric
field generated in the interfacial region by the distribution of ions.
The perturbation of the interfacial water organization by this
electric field can involve both reorientation and restructuring of
the water hydrogen-bond network as well as an increase in
interfacial depth.

PS-SFG is a variant of vibrational sum frequency generation
(VSFG). In 1993, the seminal publication of the water surface
VSFG spectrum was reported,10 several years after the first

published accounts of surface VSFG.11,12 SFG is a second-order
nonlinear optical process that provides interface specificity and
molecular sensitivity. The SFG response is sensitive to orienta-
tion and structuring of interfacial species, although the technique,
including PS-SFG, cannot unambiguously separate spectral con-
tributions from water orientation and structure.2,10,13�18 More-
over, the interface itself is defined by this ordering, and the
macroscopic lack on inversion. In the recent past, VSFG has been
used extensively to characterize air/aqueous interfaces of acidic,
basic, and aqueous salt solutions.15,16,19,20 Yet the organization of
ions at the air/aqueous interface is still not completely understood.

In the past it was accepted that ions were depleted from the
aqueous surface, revealing a negative surface excess based on
surface tension measurement interpretation.21�23 This surface
depletion is contrary to emerging thought for many ions,
specifically halides.24�28 More recently, however, there is evi-
dence for surface depletion of divalent anions and a proposed
reversal of the interfacial electric field for sodium carbonate, as
shown in our recent PS-SFG work,29 for ammonium and sodium
sulfate salts, as suggested by previous VSFG studies (conventional)
and molecular dynamics simulations,30 and by a recent PS-SFG
study.31 This is counter for the halide salts from previous
studies24,26,28,32 including recent PS-SFG results as shown by Ji
et al. and Tian et al.27,31,33 Results from PS-SFG studies have
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ABSTRACT: Phase-sensitive sum frequency generation (PS-SFG) spectroscopy, hetero-
dyne detected, was used to investigate the average direction of the transition dipole moment
of interfacial water molecules that is intrinsically contained in the sign of the second-order
nonlinear susceptibility, χ(2). The organization of water at air/aqueous inorganic salts
interfaces of CaCl2, NaCl, Na2SO4, (NH4)2SO4, andNa2CO3 was inferred.We attribute our
findings to the net charge separation arising from the ion distributions at the air/water
interface assuming similar ion distribution widths for all systems studied. This is most
evident for the aqueous ammonium sulfate solution where the electric field has a greater
magnitude relative to the other salt solutions studied. The magnitude of the electric field in
the interfacial region decreases in the order (NH4)2SO4 > Na2SO4 > Na2CO3 g CaCl2 >
NaCl; the electric field is opposite in direction for the sulfate and carbonate salts relative to
the chloride salts.
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been critical to the understanding of the interfacial organization
of these salt systems although conventional VSFG (|χ(2)|2)
studies have previously inferred this organization indirectly.24,30

Conventional VSFG spectroscopy uses homodyne detection;
its intensity spectrum is proportional to the absolute square of
the second-order nonlinear susceptibility, |χ(2)|2. Equation 1
shows this proportionality where ISFG, Ivis, and IIR are the
intensities of the SFG, incident visible, and infrared beams res-
pectively, and χNR

(2) and χv
(2) are the nonresonant and resonant

second-order nonlinear susceptibilities, respectively.

ISFG � jχð2Þj2IvisIIR � jχNR ð2Þ þ χv
ð2Þj2IvisIIR ð1Þ

The sign of the complex second-order nonlinear susceptibility,
χ(2), contains transition dipole orientation information, but this
information is not directly accessible with conventional VSFG
spectroscopic data. PS-SFG spectra reveal the direction of the net
interfacial water transition dipole. This is shown from eq 2:

χν
ð2Þ ¼

Z
AνFðωνÞ

ωIR �ων þ iΓν
dων;

Im χν
ð2Þ ¼ �

Z
AνΓνFðωνÞ

ðωIR �ωνÞ2 þ Γν
2 dων ð2a; bÞ

where Av is the transition moment strength, ωIR is the incident
infrared frequency, ωv is the frequency of the vibrational tran-
sition, Γv is the line width (half width at half-maximum) of
the vibrational transition, and F(ων) is the density of vibrational
modes with frequency ofων. PS-SFG is based on interference of
the sample SFG response with a phase reference that pro-
vides the imaginary part of the nonlinear susceptibility χ(2),
Im χ(2). Initially, PS-SFG spectroscopy was presented by Shen
and co-workers.27,33�36 Later, Benderskii and co-workers37 and
Tahara and co-workers38,39 developed this technique for broad
bandwidth VSFG systems using heterodyne detection.

Here we probe the net transition dipole orientation of the
interfacial water molecules in the OH stretching region in the
presence of calcium and sodium chloride, ammonium and sod-
ium sulfate, and sodium carbonate salts. In the spectra presented
here, positive Im χ(2) refers to SFG active OH transition dipole
moments with a net polar orientation directed toward the vapor
side of the interface, i.e. hydrogens pointing up. From the PS-
SFG data, the relative average distribution of the cations and
anions in the interfacial region is then inferred. To this end, both
conventional VSFG |χ(2)|2 spectra and the corresponding PS-
SFG Im χ(2) spectra are presented, followed by further analysis
using the Im χ(2) difference spectra.

Conventional VSFG |χ(2)|2 and PS-SFG Im χ(2) spectra of
the air/aqueous solution interfaces of CaCl2, NaCl, Na2SO4,
(NH4)2SO4, and Na2CO3 salts were obtained and are shown
in Figures 1 and 2. The neat water |χ(2)|2 and Im χ(2) spectra
are shown as a gray line in the same figures for reference. The
neat water |χ(2)|2 spectrum reveals the dangling OH bond of
surface water at 3700 cm�1 and the broad continuum of hy-
drogen bond lengths in the lower frequency region from 3000 to
3600 cm�1. In the lowest frequency region shown, it is accepted
that these hydrogen bonds are relatively strong, and as onemoves
to higher frequency, the hydrogen bonding strength is signi-
ficantly weaker. Additional assignments to this broad continuum
continue to be controversial.35,40�43

The |χ(2)|2 spectra of all aqueous salt solutions shown in the
first panel of Figures 1 and 2 are consistent with VSFG spectra
obtained by others,2,24,28,30,31,44�46 although the spectrum of
CaCl2 has not been previously published. Similar to our work on
aqueous MgCl2, the |χ

(2)|2 spectrum in the hydrogen bonding
OH stretch region shown by Figure 1a narrows, and the broad
continuum OH stretch band is centered close to 3300 cm�1.47

This is very different relative to aqueous Ca(NO3)2 (and

Figure 2. Conventional VSFG |χ(2)|2 and PS-SFG Im χ(2) spectra of
water molecules at vapor/aqueous solution interfaces of 1.1 M Na2-
CO3, 1.1 M Na2SO4, and 1.1 M (NH4)2SO4 salt solutions. (a) |χ

(2)|2

spectra of full 3000�3800 cm�1 region (top panel); (b) Im χ(2) spectra
(bottom panel) to 3500 cm�1. Neat water spectra are shown as a
reference (light gray line). Legend shown in bottom panel corresponds
to both panels a and b.

Figure 1. Conventional VSFG |χ(2)|2 and PS-SFG Im χ(2) spectra of
water molecules at vapor/aqueous solution interfaces of 1.8 M CaCl2
and 1.8 M NaCl salt solutions. (a) |χ(2)|2 spectra of full 3000�
3800 cm�1 region (top panel); (b) Im χ(2) spectra (bottom panel).
Neat water spectra are shown as a reference (light gray line). Legend
shown in bottom panel corresponds to both panels a and b.
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Mg(NO3)2) data that showed a dramatic drop in VSFG signal
around 3200 cm�1 and large increases around 3400 cm�1.48 The
3300 cm�1 enhancement was interpreted as a weakening of the
hydrogen bonding environment in the interfacial region for
divalent cation-containing chloride solutions;47 however, the
application of PS-SFG to these systems, e.g., CaCl2 as shown by
Figure 1b, necessitates a rethinking of this previous interpretation.

Upon inspection of the Im χ(2) spectrum of aqueous CaCl2 in
Figure 1b, a significant spectral change, larger positive enhance-
ment from 3200 to 3400 cm�1 and a less negative intensity for
3400�3500 cm�1, is observed relative to the NaCl and the neat
water Im χ(2) spectra. Only the more weakly hydrogen bonded
water molecules have been perturbed by the interfacial electric
field. The overall more positive enhancement may be indicative
of Ca2+ ions being buried further toward the bulk solution so that
there is an enhancement of the electric field perpendicular to the
surface with Cl� ions existing above the Ca2+ ions. This electric
field within the interfacial region reorganizes the interfacial water
molecules to have their net OH transition dipole orientation
pointing toward the solution surface, along with a probable
restructuring of the interfacial water as well as an increasing
number of water molecules probed that then increases the
interfacial depth. To a lesser extent, in the region around
3475 cm�1, the water molecules are oriented opposite relative
to the majority of the hydrogen bonded water molecules.
Furthermore, distinguishable after evaluation of the PS-SFG
data, the observed decrease at 3200 cm�1 and enhancement at
3300 cm�1 in the conventional VSFG shown in Figure 1a is the
result of spectral convolution of the Im χ(2) component with the
Re χ(2) component (Supporting Information Figure S1). The
Re χ(2) component of the calcium chloride salt solution features
significant differences in intensity and the overall shape changes
compared to the Re χ(2) component of neat water. Therefore, the
3300 cm�1 enhancement of the conventional VSFG spectrum is
not a decrease in the overall hydrogen bonding environment as
was previously suggested forMgCl2.

47 This is a powerful example
of the necessity of PS-SFG to study complex systems such as the
hydrogen bonding continuum of interfacial water.

The NaCl Im χ(2) spectrum is slightly more positive for the
more weakly hydrogen bonded water molecules compared to

neat water, consistent with the picture that Cl� has a small
surface propensity. The difference Im χ(2) spectra for the various
solutions with respect to the neat water spectrum are plotted in
Figure 3, and are solely for ease of assessment and as a qualitative
guides for the eyes. The difference spectra reveal that both NaCl
and CaCl2 spectra give rise to a greater degree of reorganization
featuring more OH transition dipole moments pointing toward
the surface of their respective solutions. Clearly, calcium chloride
more strongly reorganizes the interfacial water molecules relative
to sodium chloride for a similar cation concentration.

Figure 2 shows a comparison between the |χ(2)|2 and Im χ(2)

spectra from aqueous Na2CO3, (NH4)2SO4, and Na2SO4. As
previously observed for conventional VSFG, significant enhance-
ment of the hydrogen bonding region is present and was inter-
preted, for the most part, as an increase in the field perpendicular
to the interface caused by the preference of SO4

2� (and CO3
2�)

for increased solvation.30 Recently both interpretations have
been confirmed by PS-SFG data by Tian et al.31 for both sulfate
salts and byHua et al.29 for sodium carbonate where all three salts
produce a net orientation of the OH transition dipole moments
pointing toward the bulk solution. However, after comparison of
the three Im χ(2) spectra, it is clear that (NH4)2SO4 reorganizes
interfacial water hydrogen bonding to a greater degree, which we
attribute to the creation of a significantly larger electric field
perpendicular to the interface relative to Na2CO3 and Na2SO4.
The order of largest to smallest electric fields is (NH4)2SO4 >
Na2SO4 > Na2CO3, corresponding with the degree of water
reorganization. There is a significant difference in the ammonium
versus sodium sulfate data, which is clearly observed in the work
presented here. The Tian et al.31 PS-SFG data does not resolve
this difference.

As described above, Figure 3 shows a qualitative comparison
of the five aqueous salt solutions after subtraction of neat water’s
Im χ(2) spectrum from their respective Im χ(2) spectra. The
aqueous (NH4)2SO4 causes the greatest disparity relative to neat
water (the zero line). Further comparison between salt solution
Im χ(2) spectra reveals the competing preference for hydration of
the ions, which culminates in their relative distributions within
the interface. Figure 4 illustrates the reversal of the electric field
relative to the surface, as is suggested here for chloride and sulfate
containing solutions.

Our results can be explained through understanding the hyd-
ration properties of each ion. The divalent anions, sulfate and
carbonate, exhibit greater propensity for the bulk than the mono-
valent chloride anions, leading to a larger degree of charge
separation between the relative ion distributions. This is con-
sistent with cluster studies showing that divalent anions prefer to
reside within the interior of the cluster, while monovalent anions

Figure 3. Difference PS-SFG Im χ(2) spectra (Im χ(2) salt spectrum
minus Im χ(2) water spectrum) for the indicated salts. These spectra
represent qualitative differences between the Im χ(2) solution spectra
and neat water’s Im χ(2) response. Furthermore, here the influence of the
respective salt solution on the hydrogen bonding network of water
is clear.

Figure 4. Illustration of water orientation at the air/aqueous salt
solution interface of (a) 1.8 M CaCl2 and (b) 1.1 M Na2SO4 solutions.
Calcium and chloride are brown and gray spheres, respectively. Sulfur
and oxygen in sulfate ions are blue-gray and yellow spheres, respectively,
while sodium ions are green.
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can exist on the cluster surface.21,49,50 In addition, the greater
PS-SFG Im χ(2) intensity magnitude observed for (NH4)2SO4

solutions versus the Na2SO4 is attributed to the surface pre-
ference of the ammonium ion.30 Slight differences in Im χ(2)

signal intensity between Na2SO4 and Na2CO3 solutions are
consistent with the similar charge and hydration radius for these
anions. The sulfate ion’s slightly smaller hydration radius,51 and
thus greater charge density, may partially explain the slight
PS-SFG Im χ(2) intensity magnitude increase for Na2SO4 solu-
tions over Na2CO3 solutions, as these factors will influence the
respective ion’s interfacial distribution. Differences observed for
the chloride containing solutions can also be attributed to the
surface charge densities of the two cations and thus the larger
number of water molecules needed to fully solvate Ca2+ versus
Na+ due to the greater valency of calcium. This leads to Ca2+ ions
on average residing deeper within the interface relative to
Na+.21,52

From the PS-SFG data, the Im χ(2) spectra provide highly
informative details: the sign and thus transition dipole orienta-
tion of each mode in addition to resonance information. Here we
have shown that the sulfate and carbonate anion distributions are
well below the surface and that the ammonium and sodium
countercation distributions on average preferentially reside clo-
ser to the surface. Moreover, ammonium sulfate creates the
largest electric field perpendicular to the air/aqueous interface
consistent with the picture of ammonium cations having a greater
surface propensity relative to sodium cations.

Chloride ions, as discussed by others previously, are accom-
modated in the surface region, although these anions are less
surface active relative to the larger and more polarizable bromide
and iodide halides.21,24,31 Consistent with this, the calcium
countercation distributions are shown to exist predominantly
below the chloride anion distributions on average. This is
opposite to the picture of the counter cations (sodium and
ammonium) approaching the surface region for aqueous sulfate
and carbonate solutions.

’EXPERIMENTAL SECTION

The broad bandwidth VSFG spectrometer and the PS-SFG
setup have been described elsewhere,29,53�55 and more details
are provided in the Supporting Information. The polarization
combination used for the VSFG and PS-SFG spectra in this study
was ssp, where this denotes the polarization for the sum fre-
quency, visible, and infrared beams respectively (s denotes the
electric field vector perpendicular to the plane of incidence, and p
is parallel to this plane). Only every fourth data point is shown in
the SFG spectra to reduce spectral clutter. The phase accuracy
with the current optical setup is 20�( 5� (see Supporting Infor-
mation for further details in addition to replicate spectra).

For the solution preparation, sodium and ammonium sulfate
(ACROS organics g99% crystalline anhydrous, and Sigma-
Aldrich g99% ACS reagent grade), sodium carbonate (Fisher
Scientific, ACS certified 99.5�100.5%), and sodium and calcium
chloride (Fisher Scientific ACS certified 99% purity, and USP/
FCC 99%) were further purified. (We note that previous studies
in our group found that higher purity salts (with higher trace
metal purity) proved less pure with respect to organic contam-
ination.) All the salts were heated at 650 �C for 10 h before
dissolving in Nanopure water. Nanopure water (not purged of
CO2) with a resistivity of 18.2 to 18.3 MΩ 3 cm and a measured
pH of 5.5 was from a Barnstead Nanopure system (model

D4741) with additional organic removing cartridges (D5026
Type I ORGANICfree Cartridge Kit; Pretreat Feed).

Stock solutions were prepared by dissolving salts in Nanopure
water and then filtered using a Whatman Carbon-Cap activate
carbon filter usually two to four times to eliminate organic
impurities. Raman spectra were used to generate a calibration
curve, which then was used for further determining the concen-
tration of each carbonate and sulfate salt. The concentrations
of the filtered chloride salt stock solutions were standardized on
the basis of the Mohr titration technique,56 in which silver nit-
rate (Fisher Scientific, reagent grade) and potassium chromate
(E.M. Science, 99.5% purity) were applied as a titrate and an
indicator, respectively. The measured concentrations of Na2SO4,
(NH4)2SO4, and Na2CO3 were 1.1 M, and their respective pHs
were 6.1, 5.4, and 11.7. Concentrations of CaCl2 and NaCl were
1.8 M. All water and salt solutions were proved to be free of
organic impurities as revealed by the VSFG spectra obtained
in the C�H region of 2800 to 3000 cm�1. All solutions were
conditioned at room temperature (23 ( 1 �C) over 24 h
before use.

’ASSOCIATED CONTENT

bS Supporting Information. The PS-SFG Re χ(2) spectra of
water molecules at vapor/aqueous solution interfaces, experi-
mental methods, and data processing procedures. Replicate
PS-SFG spectra illustrating phase accuracy. This material is
available free of charge via the Internet at http://pubs.acs.org.
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