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ABSTRACT: Ammonium (NH4
+), magnesium (Mg2+), sodium (Na+), and nitrate (NO3

−) ions are common constituents of
ocean waters and found in abundance in marine atmospheric aerosols. Revealing the surface propensity (surface activity) of
relevant ions provides insight into heterogeneous aerosol processes and potential impact on atmospheric chemistry. However,
there is sparse surface data on NH4

+, Mg2+, and little consensus for nitrate’s surface activity. Phase-resolved vibrational sum
frequency generation (VSFG) experiments are highly well-suited for this task; yet, only aqueous NaNO3 salt has been studied by
this technique to date. Here we investigate NH4

+, Mg2+, and Na+, in addition to lithium (Li+), to fully understand the effect of
countercations on nitrate but also to elucidate the surface propensity of the countercations themselves as this is the first phase-
resolved heterodyne-detected (HD-)VSFG study to address nitrate with countercations beyond sodium. We show the presence
of an interfacial electric field generated by surface-active NO3

− and its counterions, including NH4
+, a cation that is commonly

identified with nitrate in tropospheric aerosol generated in urban regions. We find that NH4
+, Li+, Na+, and Mg2+ are less surface-

active relative to NO3
−, with Mg2+ being the least so. The cation identity and the ion concentration determine the magnitude of

this electric field, which decreases in the order of Mg2+ > Na+ > Li+ > NH4
+ at the ∼2 M NO3

− concentration (highly relevant to
low water content aerosol). Important to note is that the surface charge density does not completely dictate the trend observed as
one might expect.

■ INTRODUCTION

Ions residing at the air/water interface can drive heterogeneous
chemistry of atmospheric aerosols.1−7 Yet, surface propensity, or
surface activity, of ions is not well understood, although this
phenomenon has a major impact on aerosol and ocean surface
processing,8,9 ice/snowpack chemistry,10−13 and thundercloud
electrification,14 in addition to other environmental processes
such as capillary geochemical processes in unsaturated zones of
soils.15−17 Here we focus on understanding the surface
propensity and the interfacial ion distributions of ammonium
(NH4

+), magnesium (Mg2+), sodium (Na+), and lithium (Li+)
with that of the counteranion nitrate (NO3

−). Although there has
been some work on NO3

− with Na+ using phase-sensitive
vibrational sum frequency generation (PS-VSFG),18 there have
been no phase-resolved VSFG studies on the other ions in
combination with NO3

− even though NH4
+ and Mg2+ are key

atmospheric species. It is well-known that NH4
+, Mg2+, and Na+

are pervasive cations in atmospheric aerosols,19,20 while Na+ and

Mg2+ are the most common cations in seawater.21 Yet, relatively
few studies have included explicit discussion of counter-
cations22−30 or the cation itself.25

In addition to the abundance of specific cations in atmospheric
aerosols such as NH4

+, Mg2+, and Na+, NO3
− ions, along with

chloride (Cl−), bromide (Br−), sulfate (SO4
2−), and bisulfate

(HSO4
−) ions, are also abundant in aerosols and terrestrial water

sources.3,21,31 Gaseous ammonia (NH3) reacts with nitric acid
(HNO3) in the atmosphere, a product of the heterogeneous
hydrolysis of NO2, and forms NH4NO3, an important semi-
volatile component in aerosols.32−34 Nitrate-containing aerosols
can also be formed via reactions of mineral dust aerosols with gas
phase nitrogen oxides (NOx).

35 NO3
− ions additionally play a

crucial role in ice and snowpack chemistry by acting as a source of
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NOx and OH radicals via photolysis.36−39 The resulting fluxes of
NOx and OH radicals from ice and snow impact the chemistry of
the atmospheric boundary layer. In marine regions, NO3

− ions
are generated by heterogeneous reactions of sea salt aerosols.
NaCl and MgCl2 react with HNO3, NO3 radicals, N2O5, and
ClONO2,

31,35,40 resulting in the generation of NaNO3 and
Mg(NO3)2 in/on aerosols and the significant Cl− ion depletion
in sea salt aerosols, as well as yielding photochemically active
gaseous halogen products. These reactions are strongly
associated with tropospheric ozone formation through reactions
with volatile organic compounds (VOCs).3,31

In order to gain molecular insight into the interfacial
partitioning of NO3

− ions at the air/aqueous interface, a number
of theoretical studies have been published over the past decade.
Salvador et al. predicted that NO3

− anions prefer interfacial over
bulk solvation,41 while Dang et al. found that the probability of
finding NO3

− anions at the aqueous interface is low.42 This
apparent contradiction has since been attributed to the different
treatment of NO3

− polarizability. Additionally, these simulations
were done without including countercations. More recently, MD
simulations have taken into account the effect of countercations
on the interfacial NO3

− ion distribution. Thomas et al. predicted
that NO3

− anions reside primarily in the bulk, and only a small
concentration exists at the air/aqueous interface of NaNO3
solution.43 Similarly, Minofar et al. also reported for Mg(NO3)2
solution a very weak surface propensity for NO3

− ions.44

Considering the critical role that NO3
− ions play in various

aspects of atmospheric chemistry, it still remains unclear how the
countercation identity affects the surface propensity of NO3

−, or
the relative surface propensity of the countercations themselves,
in particular for relevant ions such as NH4

+ and Mg2+.
Concurrently, several experimental studies using electrospray

ionization-mass spectrometry (ESI-MS),45 depth-resolved X-ray
photoemission spectroscopy (DR-XPS),46 IR photodissociation
spectroscopy,47 and glancing-angle Raman spectroscopy48 have
provided information about the surface propensity of NO3

− ions
at air/aqueous interfaces. In addition, other experiments utilizing
surface-sensitive nonlinear optical techniques such as SHG49 and
VSFG spectroscopy50−53 have investigated the presence of
interfacial NO3

− ions and/or their impact on the water
hydrogen-bonded network. Otten et al. confirmed the existence
of NO3

− ions in the interfacial region of NaNO3 salt solutions but
no strong enhancement in their concentration.49 Using VSFG
spectroscopy, Schnitzer et al. looked at the effect of interfacial
NO3

− ions (of NaNO3) on the water OH stretching region
(3000−3800 cm−1).54 It was found that at low concentrations
(∼0.6 M) the hydrogen-bonded region (3000−3600 cm−1)
remains unaffected by NO3

− ions, but the dangling OH peak
(∼3700 cm−1) of the topmost water molecules is slightly
perturbed relative to neat water (∼25% intensity decrease). This
was interpreted as an indication of the presence of near-surface
contact ion pairs (with the NO3

− anions closer to the surface)
tying up the dangling OH groups. More recently, using PS-VSFG
spectroscopy, Tian et al. obtained a ranking of ion surface
propensity of a series of selected aqueous salt solutions; again,
Na+ was selected as the countercation to NO3

−.18 There have
been no other VSFG studies on nitrate salts other than NaNO3
except that from Allen and co-workers of aqueous Mg(NO3)2,
Ca(NO3)2, and Sr(NO3)2.

27 These nitrate-mode and hydrogen-
bonding studies suggested that NO3

− ions, and their
corresponding ion pairs, approach the aqueous surface and that
interfacial ion pairing between NO3

− and divalent cations (Mg2+,

Ca2+, Sr2+) followed the trend of increasing inversely with the
cation charge density.55

In the work presented here, selected nitrate salt solutions
(LiNO3, NaNO3, NH4NO3, andMg(NO3)2) and their interfacial
ion distributions are investigated using VSFG and HD-VSFG
spectroscopy. From our VSFG results, interfacial water
organization is perturbed for LiNO3, NaNO3, and Mg(NO3)2
solutions, whereas NH4NO3 showed a smaller effect across the
OH stretching region. Mg(NO3)2 showed the strongest effects
including changes to the dangling OH mode associated with
topmost located water molecules with respect to salt
concentration. Moreover, regardless of the nitrate salt solution,
the HD-VSFG Im χs

(2)(ωIR) spectra reveal the presence of a
positive interfacial electric field in which the direction is governed
by the ionic double layer formed by the cation and the NO3

−,
where the cations are consistently observed below the nitrate ion
distribution. The cation specificity dictates the magnitude of this
electric field, with Mg2+ clearly having the strongest effect.
Moreover, the divalency of Mg2+ has a distinct impact on the
nitrate and the surface electric field. Note that no VSFG (|χs

(2)|2)
results have been reported for NH4NO3 and LiNO3, and for
phase-resolved VSFG, no results have been reported for
NH4NO3, LiNO3, or Mg(NO3)2.

■ EXPERIMENTAL SECTION
Materials. LiNO3 (>99%, Fisher Scientific, ACS certified

powder), NaNO3 (Fisher Scientific, ≥99% colorless crystals,
Fisher BioReagents), NH4NO3 (MP Biomedicals, ultrapure
grade, >99%), and Mg(NO3)2·6H2O (Fisher Scientific, ACS
grade, >98%) were used in this study. 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) with additional organic removing
cartridges (D5026 Type I ORGANICfree Cartridge Kit; Pretreat
Feed).

Salt Solution Preparation. Stock solutions for VSFG
measurements were prepared by dissolving salts in ultrapure
water and then by filtering them four to six times using activated
carbon filters (Whatman Carbon Cap 75, Fisher Scientific) to
completely eliminate organic impurities.56 Raman calibration
curves were generated for each nitrate salt solution in order to
determine the concentration following filtration (Supporting
Information). The measured pH of 2.0 M LiNO3, 1.7 MNaNO3,
1.6 M NH4NO3, and 1.0 M Mg(NO3)2 ranged between 5 and 7.
All salt solutions were shown to be free of organic impurities as
revealed by VSFG spectra obtained in the surfactant CH
stretching region (2800−3000 cm−1) (Supporting Information).
All solutions were thermally equilibrated at room temperature
(23 ± 1 °C) over 24 h before use.
Most of the nitrate salts used here were of ACS reagent grade

(>98%). This choice was based on the fact that ultrahigh-purity
salts (on the basis of higher trace metal purity) typically reveal
greater organic contamination and its effect on the VSFG water
spectra in the OH stretching region can vary depending on the
amount present. In addition, previous VSFG spectra from
carbonate, sulfate, and chloride salt solutions demonstrated that
for the same chemical species ultrapure (>99.99%) versus high
purity (∼99%) grade salts display highly similar conventional
VSFG and HD-VSFG spectra in the OH region after appropriate
pretreatment of salts and salt solutions.56

Methods. Conventional and Heterodyne-Detected
VSFG Spectroscopy. Conventional VSFG spectroscopy
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measurements were performed on a broad-bandwidth VSFG
spectrometer setup that has been described elsewhere.57−59 The
HD-VSFG setup adopted here differs from the VSFG one only in
the optical configuration of the sample stage area whose design is
similar to that reported by Tahara and co-workers.60−62 TheHD-
VSFG setup and the data processing procedure used have also
been described previously.63−66 Incident angles for the visible
(0.8 μm) and infrared (2.6−3.3 μm in the water OH stretching
region) were 59/63 ± 1° and 50/60 ± 1° for the 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 and
infrared beams impinging on the aqueous surface was 300/10
and 260/8 μJ for VSFG and HD-VSFG measurements,
respectively. The background-subtracted VSFG spectra of the
different air/aqueous solution interfaces were normalized against
a nonresonant VSFG spectrum from a GaAs(110) crystal
(Lambda Precision Optics) to eliminate the spectral distortion
caused by the uneven infrared beam energy distribution at
different frequency in the spectral region of interest. In the case of
HD-VSFG spectra, the normalization was done against a
reference z-cut quartz crystal (MTI Corporation).
Neat water spectra were used as a reference for salt comparison

to assess reproducibility during the entire experimental period.
The reproducibility for both VSFG and HD-VSFG (Im
χs
(2)(ωIR)) spectra of neat water was tested and can be found in
the Supporting Information. Im χs

(2)(ωIR) spectra of air/aqueous
salt solution interfaces were compared to that of neat water such
that the interpretation given here is based on the relative spectral
difference between neat water and the salt solutions. The
consistency and trend of these spectra were checked against the
deduced VSFG power spectrum (|χeff

(2)(ωIR)|
2) of each nitrate salt

solution (Supporting Information) to those measured directly by
VSFG spectroscopy. Note that a strict comparison would require

taking into account normalization and Fresnel factors correction
procedures.67,68 However, even without these corrections the
general trend between salt solutions observed in the VSFG
spectra is essentially consistent with the reconstructed power
spectra. 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

Influence of Salts on VSFG Spectra. VSFG spectra of the
interfacial region of LiNO3, NaNO3, NH4NO3, and Mg(NO3)2
aqueous salt solutions together with that of the neat air/water
interface are shown in Figure 1. The interfacial region refers
hereafter to the region where concentration gradients exist and
which lacks inversion symmetry, hence SFG-active. Only in the
case of neat water, the observed VSFG signal mainly originates
from the topmost layers (∼1−2), whereas the adjacent sublayers
make little contribution. The VSFG spectrum of the neat air/
water interface consists of a broad region spanning from 3000 to
3600 cm−1 associated with coordinated water molecules with a
broad continuum of hydrogen bond lengths and geometries and
a narrow band at ∼3700 cm−1 assigned to the distinct dangling
OH bond of water molecules located in the topmost layer. It is
generally accepted that the lower frequency part of the broad
region corresponds to water molecules that are highly
coordinated with strong hydrogen bonds, and as one moves to
higher frequency, water molecules become less coordinated and
the hydrogen bonding strength weakens significantly. Other
assignments to this broad region have also been proposed.69−78

The distribution of ions in the interfacial region generates an
interfacial electric field induced by the formation of an ionic
double layer consisting of sublayers of anions and cations, which
extends the region of noncentrosymmetry.53 The presence of
ions can influence the VSFGwater signal either by varying (i) the

Figure 1. VSFG spectra of air/aqueous interfaces of 1 and 2 M (a) LiNO3, (b) NaNO3, (c) NH4NO3, and (d) Mg(NO3)2 salt solutions over the entire
OH stretching region (3000−3800 cm−1). The VSFG spectrum of the neat air/water interface is also shown as reference. The VSFG spectra contain the
contributions from the real (Re χs

(2)(ωIR)) and imaginary (Im χs
(2)(ωIR)) spectra. Colors of data plotted here will be followed in all subsequent figures.
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number of contributing water molecules, or (ii) their orientation,
and/or (iii) the magnitude of their OH transition dipole
moments.
As shown in Figure 1, the addition of nitrate salts to water has a

perturbative effect on the interfacial hydrogen-bonding network,
the extent of which depends on salt concentration and cation
identity. The VSFG spectra of LiNO3, NaNO3, and NH4NO3
solutions show an uneven decrease in intensity in the broad OH-
bonded water region from 3000 to 3600 cm−1 relative to neat
water, particularly below 3200 cm−1 (Figure 1a−c); however,
NH4NO3 has the least effect over the entire water stretching
region. In contrast, Mg(NO3)2 induces marked spectral changes:
in addition to the intensity decrease at lower frequencies, the
broad continuumOH stretching region is enhanced from∼3250
to 3500 cm−1 (Figure 1d). Note here that any pH effect can be
ruled out since the pHs of all nitrate solutions fall in the range of
5−7, such that the concentration of hydronium (H3O

+) ions,
which are known to be disruptive to the hydrogen-bonding
network and dangling OH,79 remains quite low. Therefore, the
pH of nitrate solutions should only play a minor role in the
overall spectral change.
The changes observed in the broad OH stretching continuum

region in the VSFG spectra of all nitrate salt solutions point to a
weakening of the overall hydrogen-bonding network caused by
the interfacial distributions of the countercations and NO3

−.
Note however that the intensity enhancement in the Mg(NO3)2
spectra at 3300 cm−1 could also be due to spectral convolution
effects between real and imaginary χs

(2)(ωIR) components of the
VSFG spectra as was demonstrated for CaCl2 solutions with HD-
VSFG spectroscopy.63 In order to delineate these effects, it
becomes advantageous to utilize HD-VSFG spectroscopy (see
below).
MD simulated density profiles of low concentrated (≤2 M)

NaNO3 solutions showed that NO3
− has only a weak surface

propensity and can mostly be found below the first few water

layers but above their Na+ countercations, which are typically
repelled further from the surface primarily through image charge
effects.43 This electrostatic repulsion becomes the dominant
force for the Na+ cations as the absence of NO3

− surface
enhancement weakens any localized electroneutrality effect that
would bring them closer to the surfacemore so for the case of
Mg(NO3)2 solutions, with highly charged Mg2+ cations being
repelled deeper in the interfacial region.44

In addition to changes in the broad OH region, the intensity of
the dangling OH peak drops significantly relative to neat water in
the presence of Mg(NO3)2, whereas no appreciable differences
are observed for the other monovalent nitrate solutions.
Schnitzer et al. observed a decrease in intensity of the dangling
OH peak for ∼0.6 M NaNO3 solutions which became more
significant as the salt concentration was increased up to
saturation.54 It was suggested that the perturbation of dangling
OH groups on NaNO3 salt solutions is a function of ionic
strength, ion pairing, and anion charge density. Prior studies by
Allen and co-workers using highly concentrated (∼5 M) NaCl
and MgCl2 solutions observed a drop in the dangling OH
intensity.53,80 Yet, in the case of Mg(NO3)2 solution, intensity
decrease was detectable even at the lowest concentration (Figure
1d).
Because the VSFG intensity depends on the number density of

oriented water molecules and/or on the alignment of their dipole
moments along the surface normal, one or both of these factors
could be responsible for the dangling OH peak reduction. For
example, MD simulations of NaNO3 solutions predicted a
decrease in the dangling OH population as well as a reorientation
of subsurface water molecules but only in the high salt
concentration regime (>5 M).43 In contrast, VSFG orientational
analysis considered the 3700 cm−1 peak decrease from
Mg(NO3)2 solutions to be mainly due to a reorientation of the
dangling OH moiety,27 although this interpretation has been
contested on the neat water interface where dangling OH bonds

Figure 2. Im χs
(2)(ωIR) spectra of air/aqueous interfaces of (a) 2 M LiNO3, (b) 2 M NaNO3, (c) 2 M NH4NO3, and (d) 1 MMg(NO3)2 salt solutions

over the 3000−3600 cm−1 spectral region. Im χs
(2)(ωIR) spectrum of the neat air/water interface is also shown as reference.
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are limited to a narrow range of orientational motion.81 Yet here
we show and confirm unique behavior for Mg2+ and additionally
found that NH4

+ does not alter the topmost layer.
Salt-Induced Interfacial Electric Field. The Im χs

(2)(ωIR)
spectra of the air/aqueous interfaces of LiNO3. NaNO3,
NH4NO3, and Mg(NO3)2 salt solutions in the OH stretching
region are shown in Figure 2. A decisive advantage of HD-VSFG
spectroscopy over its conventional counterpart is that it can
directly provide the sign and, in turn, the net orientation of
transition dipole moments of SFG-active OH vibrational
stretching modes; the positive or negative magnitude of the Im
χs
(2)(ωIR) water spectrum reveals the direction of the O → H
dipole moment, i.e., either toward or away from the vapor phase,
respectively. The Im χs

(2)(ωIR) spectrum of the neat air/water
interface in the OH stretching region is also shown in Figure 2
and is consistent with those of Shen and co-workers and Tahara
and co-workers.61,79,82 It consists of a positive band in the 3000−
3200 cm−1 region and a broad negative band from 3200 to 3600
cm−1; although the latter region has been explicitly attributed to
OH stretch net transition dipole moments oriented preferentially
toward the bulk solution, the assignment of the former region
continues to be debated.71,72,75,82 Here we focus on the range
above 3200 cm−1.
Similarly to the perturbation observed in the VSFG spectra

(Figure 1), the partitioning of NO3
− and its countercations in the

interfacial region also leads to significant spectral changes in the
corresponding Im χs

(2)(ωIR) spectra of Figure 2, seen in the form
of a positive signal enhancement relative to neat water over most
of the OH stretching region (up to 3550 cm−1). The Im χs

(2)(ωIR)
spectrum of the NaNO3 solution presented here (Figure 2b) is
consistent with the one previously reported by Tian et al.,18

although shown here for the first time are the Im χs
(2)(ωIR)

spectra of LiNO3, NH4NO3, and Mg(NO3)2 solutions. The
extent of Im χs

(2)(ωIR) spectral intensity is dependent on the
cation identity.
The overall enhancement observed for all nitrate solutions

from 3200 to 3500 cm−1 is related to the reorganization of
interfacial water molecules with their net transition dipole
moment oriented more toward the gas phase, which is attributed
to the generation of a positive interfacial electric field (by
convention, the field lines direction is defined from the positive
to the negative charge distribution) induced by the ionic double
layer formed between NO3

− anions and countercations. The
simplest molecular picture inferred from the Im χs

(2)(ωIR) spectra
have the NO3

− anions located predominantly above their
countercations.43,44 The relative position of the ion distributions
and, in turn, the direction (positive sign) of the electric field are
consistent with the negative surface potential values (because of
the relation ΔV = −∫ E(z) dz) measured on aqueous nitrate
solutions.83,84

By looking closely at Figure 2, one notices that the intensity of
the Im χs

(2)(ωIR) spectra and, consequently, the magnitude of the
interfacial electric field display a weak but definite cation
dependency. (For 1 M nitrate solutions, a cation effect is more
difficult to distinguish withNa+ having only a slightly larger signal
intensity than Li+ and NH4

+, which are comparable (data not
shown).) Such an effect is readily observable with NH4

+ and
Mg2+ having respectively the weakest and strongest impact on
interfacial water organization (Figure 2c,d), consistent with
Figure 1. This cation-specific effect caused by the different
NO3

−/cation distributions can be made more apparent in the Im
χs
(2)(ωIR) difference spectra taken with respect to neat water
(Figure 3). Based on their impact on the reorganization of the

interfacial water network and, subsequently, on the magnitude of
their respective induced electric field, cations can be ranked in the
following order: Mg2+ > Na+ > Li+ > NH4

+.
With the exception of Na+ and Li+ ions, the trend follows the

decrease of the cation surface charge density and is partially in
agreement with available surface potential measurements by
Frumkin (Li+ >Na+ >NH4

+),83 and Jarvis and Scheiman (Mg2+ >
Na+)84 at the same concentration, although such data remain
scarce, insufficiently reproduced, and somewhat dated. Generally
speaking, the magnitude of the interfacial electric field depends
on the different ion density profiles, i.e., on the overall ion
concentration and on the accumulation/depletion and surface
propensity of one ionic species relative to another as well as on
the spatial separation between peak densities of each ion
distribution. NO3

− anions display a greater surface propensity
than its countercation, thereby forming an ionic double layer
structure with a resulting positive electric field. The Im χs

(2)(ωIR)
spectrum in Figure 2b would also suggest that the magnitude of
this field is strong enough to reorient the OH dipole moments of
a majority of water species, with the exception of those
contributing to the spectral region from 3450 to 3550 cm−1.
However, this observation remains difficult to explain with the
MD simulations that predicted quasi-overlapping ion density
profiles for NO3

− and Na+ over most of the interfacial region.
Interestingly, Im χs

(2)(ωIR) spectra of LiNO3 and NaNO3 are very
similar (Figure 2a,b). This is counterintuitive because Li+ cations,
with their higher surface charge density, should in principle be
repelled deeper in the interfacial region relative to Na+ due to
greater image charge interactions. This was recently reported in
the Im χs

(2)(ωIR) spectra of chloride salt solutions.
85

The peculiar surface propensity of Li+ ions could be due to the
presence of two strongly bound hydration shells compared to
Na+ ions,86 which would make them larger and, possibly, more
effective at screening their surface charge. This is consistent with
IR spectroscopy results by Lisy and co-workers which also
showed the reversal of Na+ and Li+ in the frequency shift of the
OH stretching mode observed for a series of alkali ion water
clusters (n = 4, 5).87 MD simulations of the surface tension
increment of air/aqueous interfaces of alkali chloride solutions
have also shown that Li+ ions are less repelled from the interface
than larger Na+ ions.88 This has been rationalized by the strong

Figure 3. Im χs
(2)(ωIR) difference spectra relative to neat water of the∼2

M aqueous nitrate salt solutions. The solid curves serve as eye guides to
show the trend in the data.
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binding of the Li+ first water solvation shell, making Li+ appear
larger. In other words, in the case of Li+ ions with their two
hydration shells, the free energy cost associated with solvating a
larger ionic cavity combined with repulsive electrostatic
interactions could slightly increase their surface propensity
relative to Na+ cations.
As mentioned above, NH4NO3 solutions have an influence on

the orientation of interfacial water molecules. Here, the weakness
of the E-field as shown from the Im χs

(2)(ωIR) spectrum (Figure
2c) suggests that NH4

+ cations reside closer to NO3
− than the

alkali cations. It is well-known that in bulk dilute aqueous
NH4NO3 solutions the perturbation of NH4

+ on nitrates is
negligible because NH4

+ ions form hydrogen bonds with similar
strength as water.89 Even though there is currently no MD
simulations of the air/NH4NO3 solution interface, one can gain
insight from the Im χs

(2)(ωIR) spectra and MD simulations of
NaCl and NH4Cl salt solutions, which showed NH4

+ cations
closer by about 1 Å to the topmost surface layer than Na+.26 The
NH4Cl distribution could not be explained simply in terms of
anion−cation interactions; it was later hypothesized in another
study that the structured layer of Cl− ions may result in an
ordered water layer that would interact directly with NH4

+

through dipolar and hydrogen-bonding interactions.90 A similar
mechanism might be helpful for understanding the NH4

+/NO3
−

distribution. Note that this would also be in line with the surface-
bulk partitioning model of Pegram and Record.91,92 According to
this model, the partitioning of cations, based on the ratio of their
surface to bulk concentrations, is predicted to follow the trend
NH4

+ > Na+ ≈ Li+. Interestingly, the value for the partition
coefficient of Li+, albeit with a large uncertainty, is almost
identical to that of Na+.
In contrast, among all the nitrate salt solutions studied in this

work, the Im χs
(2)(ωIR) spectrum of 1 M Mg(NO3)2 shows the

largest positive enhancement relative to water (Figure 3). The
difference spectrum reveals that Mg(NO3)2 more strongly
reorganizes and orients interfacial water molecules and gives
rise to a larger electric field relative to any other nitrate salts. The
larger electric field enhancement of Mg(NO3)2 compared to
other nitrate solutions (at similar NO3

− concentrations) suggests
that the induced net electric field may originate from a greater
charge separation between the Mg2+ and NO3

− distributions.
Indeed, because of its higher surface charge density, Mg2+ may be
repelled deeper in the interfacial region compared to monovalent
cations to reduce the electrostatic penalty of image charge effects.
Although this scenario is physically sound, it is oversimplified as
MD simulations of air−aqueous salt interface of Mg(NO3)2 have
shown that Mg2+ and NO3

− are distributed in a complex
multilayer-like structure,44 much like the one predicted for
MgCl2 solutions.

93

At present, our interpretation of the observed electric field
enhancement may be oversimplified in that a single ionic double
layer is suggested for the monovalent cation−NO3

− salts. Clearly
multilayers could exist, and there is MD simulation evidence that
Mg2+ gives rise to such behavior, thus strongly suggesting
complexity arises for divalent cations of NO3

− salts. In all cases,
an increase in interfacial depth24,94 is expected, i.e., an increase in
the SFG-active region,95 which can also be explained in a χ(3)

model.96

Implications for Atmospheric Chemistry and Thunder-
cloud Electrification. NH4

+, Mg2+, and Na+ along with NO3
−

are commonly found in atmospheric aerosols, sea ice, and
snowpacks through heterogeneous reactions and direct deposi-
tion.2,97−100 And, it is also known that both the kinetics and

mechanisms of interfacial reactions are different from those in the
isotropic bulk phase.1,101−103 Hence, a reversed and/or increased
surface electric field, in addition to the presence of NO3

− anions
near the surface of aqueous aerosols, will impact interfacial
reactions and thus the associated kinetics. For example, noting
that photolysis rates of NO3

− ions in the polar snowpack in the
absence of bromide and chloride ions are underestimated,11

enhanced photochemistry with production of NOx and OH
radicals will increase the oxidizing capacity of the atmosphere.
Additionally, although NO3

− exists in the interfacial region,
countercations such as NH4

+ are not completely absent from the
interface. They do not show a strong surface preference, but a
small population still likely exists. Moreover, the interfacial
electric field generated from the ionic double layer(s), in all cases
studied here, is larger than that observed on neat water and thus
likely plays a role in the electrostatics of adsorption of molecules
from the gas phase.
Furthermore, the importance of including chemical compo-

sition effects of aerosol in atmospheric models is currently
understated. In current global modeling studies, ammonium and
nitrate are excluded as factors in the direct aerosol radiative
forcing,34,104 even though they have been identified as significant
anthropogenic sources of the aerosol load;105 the rapid increases
in nitrogen emissions may be capable of generating enough
nitrate aerosols to offset the expected decline in sulfate
forcing.105 Thus, a more complete description of aerosol
composition including hygroscopic components like NO3

− and
NH4

+ is warranted in global atmospheric models.
Finally, the surface propensity of all ionic species including

NH4
+, Mg2+, and Na+, and NO3

− sheds light on charge transfer in
thundercloud electrification processes. It is found in a large range
of observations that enhanced positive lightning is associated
with smoke, rich in nitrates and chlorides, yet the origin of this
phenomenon is not fully understood. Ions such as NO3

−,
residing closer to the surface of the larger falling ice particles in
thunderclouds (graupels), could be preferentially transferred to
the quasi-liquid interfacial layer of the small rising ice crystals
during collisions between ice crystals and graupels, resulting in
the positive charging of the falling graupels.14

■ CONCLUSIONS
We show that the cations NH4

+, Na+, Mg2+, and Li+ have a
significant impact on the surface electric field when studied with
NO3

− and that nitrate ions have a distribution that is above its
countercation distribution at the air−aqueous interface. Thus,
NH4

+, Na+, Mg2+, and Li+ along with NO3
− create an ionic

double layer structure that generates a positive electric field
whose magnitude also depends on the cation identity. The
impact of the cations on the magnitude of the induced electric
field can be ranked in the order Mg2+ > Na+ > Li+ > NH4

+,
generally consistent with the order of their respective surface
charge density with the exception of Na+ and Li+ ions. It is
noteworthy that, in comparison to alkali cations, NH4

+ cations
would be located closer to NO3

− in this double layer structure,
even though NH4

+ typically exhibits only weak interactions with
NO3

− in NH4NO3 bulk aqueous solutions. In addition,
depending on the cation, interfacial ion distributions cause a
full reversal in the surface electric field, which in turn causes the
reorientation of the OH transition dipole moments of water
species. This observed phenomenon impacts surface processes
including adsorption, chemistry, and atmospheric aerosol aging
as well as has implications for understanding of thundercloud
electrification.
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