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ABSTRACT: The influence of monovalent cations on the
interfacial water organization of alkali (LiCl, NaCl, and KCl)
and ammonium chloride (NH4Cl) salt solutions was
investigated using surface-sensitive conventional vibrational
sum frequency generation (VSFG) and heterodyne-detected
(HD-)VSFG spectroscopy. It was found in the conventional
VSFG spectra that LiCl and NH4Cl significantly perturb
water’s hydrogen-bonding network. In contrast, NaCl and KCl
had little effect on the interfacial water structure and exhibited
weak concentration dependency. The Im χs

(2)(ωIR) spectra
from HD-VSFG further revealed that, for all chloride solutions, the net transition dipole moments of hydrogen-bonded water
molecules (O → H) are oriented more toward the vapor phase relative to neat water. This suggests the presence of an interfacial
electric field generated from the formation of an ionic double layer in the interfacial region with a distribution of Cl− ions located
above the countercations, in agreement with predictions from MD simulations. The magnitude of this electric field shows a small
but definite cation specificity and follows the order Li+ ≈ Na+ > NH4

+ > K+. The observed trend was found to be in good
agreement with previously published surface potential data.

■ INTRODUCTION

Marine or sea salt aerosols (SSAs) originate mainly from
turbulent wave action at the surface of oceans, more specifically
through the bursting of bubbles formed by breaking waves.1,2

Bubble rupture produces aerosol droplets with a size typically
ranging from about 0.01 to 10 μm in diameter.3−5 Depending
on their size, these aerosols can have various atmospheric
lifetimes and can travel great distances over continental regions
by being entrained in an air mass.6 Aerosols play a key role in
the modification of global climate through their effect on cloud
condensation nuclei, radiative balance, and level of precip-
itation.7 Aerosol composition and size have also been correlated
to thundercloud electrification and thunderstorm severity.8,9

The chemical components of newly formed SSAs reflect that
of seawater enriched with inorganic salts, organic molecules
(lipids, sterols, amino acids, etc.), cellular debris, and even
living microorganisms that exist in the marine boundary layer
(MBL).10−12 However, heterogeneous reactions in the bulk and
at the surface of SSAs modify their chemical composition in the
atmosphere. In general, SSAs contain alkali metals (Na+, K+,
Li+), alkaline earth metals (Mg2+, Ca2+), as well as ammonium
(NH4

+) as the major cationic species, whereas halides (F−, Cl−,
Br−, and I−) and oxidized sulfur and nitrogen ions make up the
majority of anionic species.13

A detailed knowledge of halide anion distributions and of
their countercations at the air/aqueous interface is thus of great
importance for further understanding the chemistry of SSAs.
The prevalent molecular picture of ion distributions at air/
aqueous interfaces predicted by classical molecular dynamics

(MD) simulations using polarizable force fields has the
segregation of anions and cations in the interfacial region
with larger and more polarizable anions (I−, Br−) significantly
enriched in the topmost water layer, while smaller, less
polarizable and/or highly charged anions (e.g., F−) and cations
(e.g., Li+, Na+, Mg2+) are repelled from the surface and reside
deeper below, thus forming in most cases an ionic double layer
structure.14−20 As for the Cl− anion, recent MD simulations
have suggested that it exhibits a somewhat “borderline” surface
propensity, as it is neither depleted nor enhanced at the
surface.14,16,21,22

A variety of experimental techniques have been deployed to
study air/aqueous interfaces of halide salt solutions, including
electrospray ionization-mass spectrometry (ESI-MS),23,24 am-
bient pressure X-ray photoelectron spectroscopy (AP-
XPS),22,25−27 grazing incidence X-ray fluorescence,28 X-ray
reflectivity,29 and surface-sensitive optical spectroscopies such
as resonant and nonresonant second harmonic generation
(SHG)30−32 as well as vibrational sum frequency generation
(VSFG)33−38 and its phase-resolved variants, phase-sensitive
(PS-) and heterodyne-detected (HD-)VSFG spectrosco-
py.39−41 Aside from a few exceptions, most of these studies
have lent support to the predicted physical picture of enhanced
anion concentration in the interfacial region. For example,
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using conventional VSFG spectroscopy on sodium halide
solutions, Liu et al. observed a greater perturbation of interfacial
water organization for NaBr and NaI than for NaCl or NaF
relative to the neat air/water interface, suggesting that the
extent of halide anion surface enhancement in the aqueous salt
solutions increases with increasing anion size and polarizability
(I− > Br− > Cl− > F−).35 Wang and co-workers observed
enhanced SHG signal concomitant with increasing bulk salt
concentrations, indicative of an overall increase in the interfacial
depth following the order NaBr > NaCl ≈ NaF.31 Furthermore,
Ghosal et al. have confirmed a similar anion surface
enhancement at the air/aqueous interface of potassium halide
salt solutions and showed that larger, more polarizable anions
exhibited greater surface enhancement.25 More recently, Shen
and co-workers confirmed the influence of I− anions on the
hydrogen bonding structure of interfacial water of NaI salt
solutions. They further suggested with PS-VSFG spectroscopy
that the distribution of Na+ and I− ions may create an interfacial
electric field that reorients part of the interfacial water
molecules toward the vapor phase.41 Taken together, all of
these results have provided invaluable information concerning
specific anion effects on the interfacial water molecules of halide
salt solutions.42

In comparison to anions, the influence of cations on the
interfacial water organization has been studied less. Typically,
cations are thought to be repelled from the water surface.
Nevertheless, due to the condition of electroneutrality that
must be met, anions and cations would have the same
concentration in the interfacial region, such that cations should
be in the vicinity of the enhanced population of anions. Because
of that, it has been suggested that cations could influence the
surface propensity and stability of halide anions at the air/
aqueous interface, which may, in turn, affect the interfacial
water organization.42

As of now, few experimental studies have focused on the
cation effects on the hydrogen bonding structure of interfacial
water molecules.32,37,39 For instance, it was shown for the series
of NaX and KX (X = F−, Cl−, Br−) salt solutions that, in
addition to halide anion effects, unexpected specific Na+ and K+

cation effects also contributed in increasing the interfacial depth
and in changing the orientational order of interfacial water
molecules of aqueous solutions.32 With the exception of
fluoride salts, these effects were more pronounced for K+ than
for Na+ and found to be due to the sum of the individual anion
and cation contributions. In the case of NaF and KF solutions,
stronger ion pairing effects have been invoked to explain the
reversed behavior. Nevertheless, a cation-specific effect was also
observed in the conventional VSFG spectra of these solutions
which could not be explained on the current predicted
molecular picture.37 It was argued that even though F− anion
and Na+, K+ cation interfacial concentrations are diminished
compared to the bulk concentration, these ions could still have
some influence over the interfacial water molecules. These
effects are not discussed to any extent in MD simulation
studies, which treats F− and both Na+ and K+ cations as small,
rather nonpolarizable ions, and thus repelled from the air/
aqueous interface.
Tian et al. also observed some cation specificity, albeit to a

lesser extent, in the PS-VSFG spectra of NaCl, KCl, and NH4Cl
salt solutions.39 A slightly more positive spectrum for NaCl and
KCl solutions relative to that of neat water revealed the overall
preferential orientation of interfacial water molecules due to the
presence of weak negative electric fields induced by the

formation of a double layer structure with Cl− anions located
above K+ and Na+ cations, respectively, in agreement with MD
simulation predictions.14,21,22,43,44 In contrast, NH4Cl showed a
more negative spectrum relative to neat water and hence a
positive electric field caused by having NH4

+ cations with a
higher surface propensity than Cl− anions, a result at odds with
the predicted picture.36 On the basis of the magnitude of the
interfacial electric field, the combined ion (cation + anion)
effect on the interfacial electric field can be ranked as NH4

+ >
Na+ ≳ K+. More recently, Hemminger and co-workers using
AP-XPS and MD simulations demonstrated the existence of a
cation-specific effect in concentrated NaCl and RbCl salt
solutions where an increasing countercation size caused a
decrease in Cl− anion surface enhancement.22 Interestingly, all
the molecular-level information gathered so far seems to
indicate that ion distributions and ion-specific effects at the air/
aqueous interface of halide salt solutions are far more complex
than expected.
In this work, the influence of monovalent alkali metal (Li+,

Na+, K+) and ammonium (NH4
+) cations on the organization

of interfacial water molecules is investigated with the help of
conventional VSFG and HD-VSFG spectroscopy. According to
our VSFG results, the perturbation of the interfacial water
hydrogen bonding by monovalent cations in the OH stretching
region was found to be more pronounced for LiCl and NH4Cl
solutions. The Im χs

(2)(ωIR) spectra suggest the presence of a
positive electric field for all chloride solutions whose direction
is governed by an ionic double layer structure with Cl− ions
located above the countercations. However, the change in
magnitude of the electric field shows that the orientation of the
water OH transition dipole moments is mostly affected by
monovalent cations in the following order: Li+ ≈ Na+ > NH4

+ >
K+. Furthermore, it was found for NH4Cl salt solution that the
surface propensity of Cl− over NH4

+ inferred in this work is in
good agreement with MD simulation predictions but opposite
to that presented by Tian et al.39

■ EXPERIMENTAL SECTION

Materials. LiCl (Fisher Scientific, 99% colorless crystals,
Fisher BioReagents), NaCl (Fisher Scientific, ACS grade,
>98%), KCl (Fisher Scientific, 99%), and NH4Cl (MP
Biomedicals, ultrapure grade, >99%) salts were pretreated
according to procedures published previously to remove
potential remaining organic contamination.45 Ultrapure water
with a resistivity of 18.2−18.3 MΩ·cm and a measured pH of
∼5.6 (the pH value is slightly acidic due to the dissolution of
gaseous CO2) was obtained from a Barnstead Nanopure system
(model D4741, Thermolyne Corporation) equipped with
additional organic removing cartridges (D5026 Type I
ORGANICfree Cartridge Kit; Pretreat Feed).

Preparation of Salt Solutions. Stock salt solutions were
prepared by dissolving pretreated salts in ultrapure water and
then filtering them twice using activated carbon filters
(Whatman Carbon Cap 75, Fisher Scientific) to completely
eliminate organic impurities.45 Concentrations of the chloride
salt solutions were standardized by Mohr titration.46 The
measured pH of solutions laid in the range 5−7. All salt
solutions were shown to be free of organic impurities, as
revealed by their conventional VSFG spectra obtained in the
surfactant CH stretching region (2800−3000 cm−1) (Figure S1,
Supporting Information). All solutions were thermally equili-
brated to room temperature (23 ± 1 °C) over 24 h before use.
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Methods. Conventional and Heterodyne-Detected
VSFG Spectroscopy. Conventional VSFG and HD-VSFG
spectroscopy measurements were performed on a broad-
bandwidth VSFG spectrometer setup that has been described
in detail elsewhere.47−49 The HD-VSFG measurements differ
from the conventional VSFG only in the optical configuration
of the sample stage area whose design is similar to the one
reported by Tahara and co-workers.50,51 The HD-VSFG setup
and the data processing procedure used have been described
previously.40,43,52,53 Incident angles of visible and infrared
beams were 59/63 ± 1 and 50/60 ± 1° for the conventional
VSFG and HD-VSFG experiments, respectively. The ssp (s for
sum-frequency, s for visible, and p for infrared) polarization
configuration was chosen, and the average incident energy of
the visible (0.8 μm) and infrared (2.6−3.3 μm in the water OH
stretching region) beams impinging on the aqueous surface was
300 and 10 μJ for the VSFG measurements and 260 and 8 μJ
for HD-VSFG. The measured VSFG spectra of the different
air/aqueous interfaces were normalized against a reference
GaAs(110) crystal. In the case of HD-VSFG spectra, the
normalization was done against a reference quartz crystal. Neat
water spectra were used as a reference for salt comparison to
assess reproducibility during the entire experimental period.
The reproducibility for both conventional VSFG and Im
χs
(2)(ωIR) spectra of neat water is demonstrated in the
Supporting Information. All Im χs

(2)(ωIR) spectra of salt
solutions are compared to the one of neat water such that
their interpretation is mainly based on the relative difference

between neat water and the salt solutions. The consistency and
trends of these spectra were checked by comparing the deduced
power |χs

(2)(ωIR)|
2 spectrum of each salt solution to that

measured directly by conventional VSFG spectroscopy (data
not shown). Only every second and fourth data points are
plotted in the conventional VSFG and HD-VSFG spectra,
respectively, to avoid spectral clutter.

■ RESULTS AND DISCUSSION

Cation Effects on the Interfacial Water Hydrogen-
Bonding Network. VSFG spectra of the interfacial region of 1
and 2 M LiCl, NaCl, KCl, and NH4Cl aqueous salt solutions
are shown in Figure 1. The interfacial region refers hereafter to
the region that lacks inversion symmetry, hence is SFG-active.
In the case of neat water, only the topmost layers (∼1−3) are
believed to be responsible for the observed SFG signal, while
the adjacent sublayers make little contribution;41,54 however,
the presence of ions generates an interfacial electric field by
forming an ionic double layer which extends the region of
noncentrosymmetry.55 The VSFG spectrum of the neat air/
water interface is also given as a reference for all salt solution
spectra. The neat water spectrum reveals a broad region
spanning from 3000 to 3600 cm−1 representing coordinated
water molecules with a broad continuum of hydrogen bond
lengths and strengths and a narrow band at 3700 cm−1 assigned
to the distinct dangling OH bond of water molecules located in
the topmost layer. In the lower frequency part of the broad
region, it is accepted that hydrogen bonds are relatively strong,

Figure 1. VSFG spectra of air/aqueous interfaces of 1 and 2 M chloride salt solutions in the water OH stretching region (3000−3800 cm−1): (a)
LiCl, (b) NaCl, (c) KCl, and (d) NH4Cl. The VSFG spectrum of the neat air/water interface is also given as a reference. A close-up of the dangling
OH peak for each solution is also shown in an inset.
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and as one moves to higher frequency, the hydrogen bonding
strength weakens significantly. Other interpretations and
assignments for this broad continuum have also been
proposed.56−64 The presence and distribution of ions in the
interfacial region can affect the VSFG water spectrum either by
changing (i) the number of contributing water molecules, (ii)
their orientation, and/or (iii) their OH transition dipole
strength from ion−water interactions.
As seen in Figure 1, the dissolution of chloride salts affects

the interfacial water hydrogen-bonding network, albeit to
different extents, depending on the cation identity and salt
concentration. For example, the VSFG spectra of LiCl and
NH4Cl solutions display an uneven increase in intensity in the
broad OH-bonded region from 3100 to 3500 cm−1 (Figure
1a,d), while comparatively only weaker changes are observed
for NaCl and KCl solutions (Figure 1b,c). With the exception
of LiCl for which no VSFG data has so far been reported, the
results obtained for the other solutions are somewhat
consistent with those previously published in the same
concentration range.16,33−36,39,40 It was suggested that the
absence of appreciable changes observed for NaCl and KCl
solutions indicates the presence of a weak interfacial field due
to Na+, K+, and Cl− repelled from the surface. Significant
spectral changes in the OH-bonded region have been observed
only for highly concentrated NaCl solutions.55 MD simulations
of low concentration (≤2 M) chloride salt solutions have
predicted that Na+ and K+ cations are depleted in the interfacial
region, while Cl− anions are neither depleted nor
enhanced.15,16,21,22 By comparing the effect of the chloride
salt solutions on the broad OH-bonded region (Figure 2), one
can observe only a weak cation specificity in the perturbation of
interfacial water molecules by monovalent cations following the
order NH4Cl > LiCl > NaCl ≈ KCl.

In contrast, the intensity of the dangling OH peak appears to
not be significantly affected relative to neat water in the
presence of chloride salts in this concentration range (insets of
Figure 1). This is consistent with previously published data that
show no marked decrease in intensity at these concentrations.
It is expected that a decrease in intensity of this peak should
become significant at much higher salt concentrations where

ion pairing effects become important, as was shown by Allen
and co-workers with concentrated (∼5 M) NaCl solution.55

This effect is even more pronounced in the case of divalent
alkaline earth cations such as Mg2+ 38,65 and Ca2+ and will be
addressed in a forthcoming publication.
Bulk IR and Raman spectra were also obtained for the salt

solutions studied here (Figures S4−S7, Supporting Informa-
tion). The trend relative to neat water observed in the
conventional VSFG spectra of the surface of aqueous chloride
salt solutions does not completely correlate with those from the
corresponding bulk IR and Raman spectra. By comparison with
the VSFG results, a similar trend (increased intensity) relative
to water was only observed in the IR and Raman spectra
around 3400 cm−1 for the LiCl, NaCl, and KCl solutions;
however, in these spectra, the intensity increase of the NH4Cl
solution spectrum was the weakest, consistent with less charge
transfer effects66 and the ability for NH4

+ to hydrogen bond
with surrounding water molecules. An enhancement in the low
frequency tail is also observed due to contributions of the NH4

+

asymmetric and symmetric stretching modes as well as the
bending−rocking mode combination.36 A similar enhancement
was also observed in the NH4Cl IR spectrum.36,67 As for the
aqueous alkali chloride salt solutions, the OH stretching region
(3100−3800 cm−1) was mostly affected by the salt addition.
Previous IR and Raman studies on aqueous alkali chloride
solutions at different salt concentrations have shown spectral
differences in the intensity of (1) the two water bands at ∼3200
and ∼3400 cm−1 and, concomitantly, (2) the weak shoulder
near 3650 cm−1.68−72 The former bands have been assigned to
water molecules fully hydrogen-bonded to their nearest
neighbors, whereas the latter has been associated with water
molecules very weakly hydrogen-bonded (sometimes referred
to as quasi-”free OH”). Reported results have shown that bulk
Raman spectra of alkali chloride salt solutions are quite
different from that of pure water; however, no significant cation
effect was detected in the OH stretching and bending (∼1645
cm−1) regions.68,72 The insensitivity of water intramolecular
Raman vibrations to cations has been ascribed to the
predominantly electrostatic interactions between alkali cations
and lone-pair electrons of water’s oxygen.68

Cation Effects on the Interfacial Electric Field. The Im
χs
(2)(ωIR) spectra of the air/aqueous interfaces of LiCl, NaCl,
KCl, and NH4Cl salt solutions are shown in Figure 3. In
comparison to the conventional VSFG spectroscopy, HD-
VSFG directly provides the sign and thus the net orientation of
the water OH transition dipole moment of SFG-active OH
vibrational stretching modes. The Im χs

(2)(ωIR) spectrum of the
neat air/water in the OH stretching region is shown in Figure 3.
The sign of the χs

(2)(ωIR) spectrum of neat water in the 3000−
3200 cm−1 region is positive, suggesting that the OH stretch
net transition dipole moment is oriented toward the surface;
however, the assignment of absolute orientation for this region
has not been fully explained by recent theoretical predic-
tions.59,62,73 In contrast, the Im χs

(2)(ωIR) spectrum from 3200
to 3600 cm−1 reveals a negative band, and this spectral region
interpretation is not contested. Although the orientational
distribution is likely to be broad, the OH stretches in this
frequency range have a net transition dipole moment oriented
on average toward the isotropic bulk solution.
Relative to neat water, a positive increase in signal intensity

can be observed from 3200 to ∼3500 cm−1 for all chloride
solutions but to different extents depending on the cation
identity (Figure 3). Aside from a larger signal intensity relative

Figure 2. Comparison between conventional VSFG spectra of air/
aqueous interfaces of 2 M chloride salt solutions in the water OH
stretching region (3000−3800 cm−1). The conventional VSFG
spectrum of the neat air/water interface is also given as a reference.
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to water, the overall profile and trend of the NaCl and KCl
solution Im χs

(2)(ωIR) spectra presented here are in good
agreement with those previously reported by Tian et al. at the
same concentrations;39 again, up until now, there has been no
published account of an Im χs

(2)(ωIR) spectrum from the air/
aqueous interface of LiCl solutions. The overall positive
enhancement can be interpreted physically by the generation
of a positive (here the E-field direction is defined going from
positive to negative charge distributions) electric field induced
by an ionic double layer formed between Cl− anions located
predominantly above their countercations, closer to the surface.
The presence of this ion-induced electric field, in turn, leads to
a reorganization of the hydrogen-bonding network and to the
reorientation of more interfacial water molecules with their net
OH transition dipole moment now preferentially directed
toward the surface. This molecular picture is consistent with
MD simulations of the air/aqueous interface of alkali chloride
salt solutions which predicts the formation of a double layer
structure with Cl− ion having a greater surface propen-
sity.14,21,22,43,44 The trend seen in Figure 3 in the 3100−3500
cm−1 region definitely reveals the presence of a small cation
effect on the magnitude of the interfacial electric field that
follows the order Li+ ≈ Na+ > NH4

+ > K+. This result agrees
remarkably well with the corresponding small cation effect (but
following the reversed trend because of the relation ΔV =
−∫ E(z) dz) that was previously observed in surface potential
difference measurements of aqueous alkali chloride solutions in
the same concentration range.74−76 Interestingly, the trend
revealed in Figure 3 somewhat differs from the one observed in
Figure 2, especially for NH4

+. This apparent discrepancy could
be the result from complications of the convolution between
the Im χs

(2)(ωIR) and Re χs
(2)(ωIR) contributions as well as

between nonresonant and resonant contributions in the
measured VSFG spectra (Figure S3, Supporting Information).53

The difference in the Im χs
(2)(ωIR) signal intensity for each

salt solution can be attributed to the orientational polarization
effect on the interfacial water OH transition dipole moments
caused by the electrostatic field generated by the ionic double
layer. Generally, the magnitude of this field will depend on the

different ion density profiles, i.e., the accumulation/depletion of
one ionic species relative to the other as well as the spatial
separation between the maxima of anion and cation
distributions. For example, the Im χs

(2)(ωIR) spectra of 2 M
NaCl and KCl solutions suggest that Cl− anions have a greater
surface propensity than Na+ and K+, thus leading to the
formation of an ionic double layer structure with a positive
electric field that orients more effectively water OH transition
dipole moments toward the vapor phase. However, the
magnitude of the E-field must still be relatively weak, since it
remains insufficient to reorient the OH dipole moment of water
species associated with the spectral region beyond ∼3350 cm−1.
This would be qualitatively consistent with previous MD
simulations of NaCl and KCl solutions that predicted similar
and somewhat closely spaced anion and cation density profiles,
both enriched below the Gibbs dividing surface; as expected,
Na+ and K+ are repelled further from the interface than
Cl−.14,21,43,44 The difference in signal enhancement between
NaCl and KCl could originate from different E-field magnitudes
but also from a difference in interfacial depth. However,
because the concentration (accumulation or depletion) of Cl−

anions, the separation of the peak profiles, as well as the extent
of interfacial depth depend to some extent on the polarizable
force field models considered, it remains at present difficult to
unravel the origin(s) of the cation effect simply based on the
comparison of currently available NaCl and KCl profiles. The
case of LiCl solutions is particularly interesting. Even though
Li+ exhibits a greater surface charge density than Na+ and
should be repelled deeper in the interfacial region due to
unfavorable image charge interactions, however, their Im
χs
(2)(ωIR) spectra are practically identical. Surface potential
data for these solutions at similar concentrations are also
indistinguishable.74 Following the previous argument, this
would mean that the Li+/Cl− and Na+/Cl− profiles are similar.
Although to our knowledge no MD simulation of the air/
aqueous interface of LiCl solutions has been performed,
according to an argument proposed by Netz and co-workers,
the peculiar surface propensity of Li+ could be due to the strong
binding of the first solvation shell, making Li+ appear larger and
less repelled from the interface.77 In this case, the lower
electrostatic penalty outweighs the free energy cost associated
with the creation of a larger ionic cavity volume. This is also
supported by double difference IR spectroscopy studies on
alkali perchlorate salts that indicated the presence of two
hydration shells in the case of Li+ cations compared to Na+,
which could more effectively screen the Li+ ion surface
charge.78

Like the other alkali metal chloride solutions, the Im
χs
(2)(ωIR) spectrum of the 2 M NH4Cl also shows a positive
deviation relative to water; this result, however, agrees only
partially with that of Tian et al. which showed a negative
deviation in the spectral region from ∼3275 to 3500 cm−1.39 At
present, it appears difficult to settle this discrepancy. A possible
explanation could come from the different salt grades and
purification procedures used in the treatment of salts and salt
solutions which have been shown to be critical in the
spectroscopic investigations of aqueous interfaces.45 Due to
the NH4Cl salt low melting point, purification of its aqueous
solution can only be done through extensive filtration. In
contrast, better agreement between the two sets of experiments
can be found for alkali chloride salts which can undergo baking
and/or solution filtration. Nevertheless, the average orientation
of the water OH transition dipole moments in the NH4Cl

Figure 3. Comparison between Im χs
(2)(ωIR) spectra of air/aqueous

interfaces of 2 M chloride salt solutions in the water OH stretching
region (3000−3800 cm−1). The Im χs

(2)(ωIR) spectrum of the neat air/
water interface is also given as a reference. The solid curves serve as
eye guides to show the trend in the data.
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solution indicates that, similarly to NaCl, Cl− anions also have a
greater surface propensity than NH4

+. However, the lower
magnitude of the E-field inferred from the present work would
suggest a smaller separation between both peak density profiles.
This picture is supported by available MD simulations which
show that NH4

+ cations move closer by about 1 Å to the surface
than Na+.36 A similar distribution is also predicted for sulfate
salts, even though SO4

2− divalent anions are solvated deeper
than Cl− in the interfacial region.36 Further systematic
theoretical exploration of the interfacial ion distribution of
alkali and alkaline earth salt series is certainly warranted, as it
would give further insight into the molecular factors behind the
cation-specific effects.

■ CONCLUSIONS

The influence of monovalent cations on interfacial water
organization of aqueous chloride (LiCl, NaCl, KCl, and
NH4Cl) solutions was examined using conventional VSFG
and HD-VSFG spectroscopy. To the author’s knowledge, this is
the first time that the spectra of LiCl solutions have been
reported. The conventional VSFG spectra reveal only a weak
cation-specific effect with LiCl and NH4Cl being the only salts
significantly affecting interfacial water organization. However,
and more accurate, the Im χs

(2)(ωIR) obtained from all chloride
salt solutions showed a small cation-specific effect for all cations
measured relative to the neat air/water interface. The positive
enhancement of the Im χs

(2)(ωIR) signal follows the order Li
+ ≈

Na+ > NH4
+ > K+. The trend in the magnitude of the inferred

electric field is in good agreement with that of previously
published surface potential data. In addition, the direction of
the electric field suggests that Cl− ions are always located above
the countercations, even in the case of NH4Cl salt solution, in
contrast with previously reported HD-VSFG data. The
molecular picture of the relative surface propensity of Cl−

and cations is in agreement with predictions of MD
simulations. The influence of divalent cations on the interfacial
water organization will be explored in a forthcoming
publication.
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