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ABSTRACT: The interfacial properties of NO3
− were investigated using reverse

micelles (RMs) in solution as proxies for sea spray aerosol (SSA) particles. By tuning
the size of bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT) RMs doped with NO3

−

we are able to isolate the vibrational signature of interfacial NO3
− using infrared

spectroscopy. The infrared spectrum of interfacial NO3
− along the asymmetric-stretch

coordinate (υ3) is blue-shifted and possesses smaller peak splitting relative to NO3
− in

aqueous solution. These observations are consistent with the reduced hydrogen-
bonding availability of the interfacial region within the RM aqueous interior. We show
that the partitioning of NO3

− between the interfacial and core regions of the RM
interior can be determined using a linear combination of interfacial and aqueous NO3

−

spectra. By fitting the interfacial partitioning curve of NO3
− we demonstrate a method

of determining quantitative interfacial affinity (χInterface) for ionic species doped within
RMs.

■ INTRODUCTION
Heterogeneous, or mixed-phase, reactions that occur in
atmospheric aerosol particles are of critical importance to the
atmosphere and are a crucial component of chemical reaction
cycles associated with Arctic and Antarctic ozone loss,
tropospheric ozone production, and acid rain.1−27 These
cycles can have serious and deleterious effects on human
health. Despite the importance of heterogeneous reactions, our
knowledge and ability to predict the outcomes of these
reactions is limited by the complexity of the environment in
which these reactions occur. Interfaces, the boundaries
between chemical phases, possess unique chemical rules that
cannot be described by the extension of gas- or liquid-phase
properties.
In few cases are the differences in chemical properties

between the interface and solution phase starker than the
distribution of ions. Unlike in bulk solution, where ions are
evenly distributed, ions possess intrinsic affinities toward the
interfacial region. On the basis of multiple observations,
interfacial affinity is dictated by a combination of charge
identity (cationic vs anionic) and charge-to-size ratio.28−58 For
air−water interfaces, anions generally possess stronger relative
interfacial affinities than cations and relative affinity tends to
increase as charge-to-size ratio decreases. While these trends
provide a framework for identifying which ions reside in the
interfacial region, several studies have observed notable
exceptions, in particular regarding H+ and Mg2+.45,58 Despite
the interfacial preference for anions, cationic H+ has been
observed to possess the strongest relative interfacial affinity of
all ions.45 Recent studies present an even more complex
picture for Mg2+, with interfacial affinity varying depending on
counterion identity.58 Mg2+ is located further from the
interface than Cl− and NO3

−, consistent with interfacial
affinity trends. However, when paired with SO4

2−, Mg2+ forms

solvent-shared ion pairs which orient the Mg2+ closer to the
interface than SO4

2−, an observation outside of the general
interfacial trends. The sequestration of ions, such as H+ and
Mg2+, to the interface over others results in concentration
gradients within the interfacial region. As ions are prevalent in
large concentrations in aerosol particles throughout the
atmosphere,24,25,37,59 the buildup of ions in the interfaces of
aerosols could have a substantial impact on heterogeneous
reactions. While general trends in relative interfacial affinity
have provided new insights into the distribution of ions in the
interfacial region, observed deviations from these trends have
highlighted the need for quantitative descriptions of interfacial
affinity and measures of the partitioning of ions between the
bulk and interfacial regions. However, few quantitative
descriptions of ions in the interface are currently avail-
able,39,41,49,54,55,57 limiting our knowledge of heterogeneous
reactions and ability to predict atmospheric chemistry.
In few cases is the need for quantitative descriptions of ionic

distributions within interfaces more pressing than in the case of
NO3

−. Nitrate is prevalent throughout the atmosphere and is
predicted to comprise up to 30% of the total particulate mass
during winter.2,60 Given the ubiquity of NO3

− within
atmospheric aerosols, numerous studies have been directed
toward understanding the role NO3

− in heterogeneous
reactions cycles. NO3

− has been identified as a product of
multiple heterogeneous reactions involving nitrogen oxides
(NOx)

5,23,24,26,61 as well as a photochemical source of
NO2.

33,35,62−65 Despite these major strides in unraveling the
heterogeneous chemistry of NO3

−, deviations as large as 100%
between predicted and measured wintertime NO3

− concen-
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trations over the eastern United States have been
observed;2−4,66 these deviations are attributed to potentially
inaccurate heterogeneous reaction rates and lack of knowledge
of heterogeneous reactions as a whole. Given the importance
NO3

− in atmospheric interfaces, developing quantitative
descriptions of interfacial NO3

− is critical to reconciling
experimental predictions with field observations.
Here we present an innovative and robust approach for

accessing the interfacial properties of atmospherically relevant
ions, using reverse micelles (RMs) in solution as proxies for
marine or sea spray aerosol (SSA) particles. RMs in solution
possess the same structural morphology as SSAs67,68 as well as
similar ionic conditions. Formation is achieved through the
stabilization of surfactant molecules around a polar phase, in a
surrounding nonpolar phase. Frequently, these structures
consist of an aqueous interior or “water pool” bordered by
the polar headgroups of organic surfactant molecules. The size
of RMs can easily be tuned by varying the molar ratio of water
to surfactant, w0 = [H2O]/[surfactant].

69 Interfacial studies
employing RMs have previously focused on examining the
dynamics and energetics of water within the RM aqueous
interior.70−91 These studies are frequently based on a core−
shell or core−interfacial model to partition the aqueous
interior. For a w0 = 2 RM, all the water molecules contained
within the aqueous interior are considered interfacial water,
allowing for the isolation of the characteristic properties of the
interfacial environment.70−87 Interfacial H2O is distinguished
as having a unique infrared absorption spectrum, a longer
vibrational lifetime, slower orientation dynamics, and a more
rigid hydrogen-bonding network compared to the bulklike core
H2O.

71−85 We use bis(2-ethylhexyl) sulfosuccinate sodium salt
(AOT) RMs doped with NaNO3 as a platform for examining
the structural properties and distribution of interfacial NO3

−.
The use of w0 = 2 RMs allows for the isolation of the infrared
spectrum of interfacial NO3

−, which is distinct from that of
aqueous NO3

−. Vibrational band shape analysis provides
information about the local hydrogen-bonding environment of
the interfacial region and the bonding structure of interfacial
NO3

−. Interfacial and aqueous NO3
− infrared absorption

spectra are used to quantify the partitioning of NO3
− between

the interfacial and core regions of the RM aqueous interior.
From the interfacial partitioning curve we derive a quantitative
expression of interfacial affinity.

■ EXPERIMENTAL METHODS
Materials. AOT (Alfa Aesar, 96%) was purified according

to previously described methods. Briefly, AOT was dissolved in
methanol and stirred overnight with activated charcoal. The
solution was then filtered, and the methanol was removed by
rotary evaporation. NaNO3 (Alfa Aesar, 99.0%), chloroform
(Alfa Aesar, 99.8+%), and isooctane (Alfa Aesar, 99.7%) were
used without additional purification. Deionized water (18
MΩ) was used for aqueous sample preparation.
Reverse Micelle Preparation. The 0.5 M AOT stock

solutions were prepared in 5:1 chloroform/isooctane mixture.
Undoped RMs were prepared by adding the appropriate
amount of water to the AOT solution based on the desired w0
ratio. Nitrate-doped RMs were prepared by adding an
equivalent aqueous volume of 2 M NaNO3 solution to the
AOT stock solutions. Doped and undoped RM samples were
vortexed and sonicated prior to use.
IR Characterization. IR spectroscopy measurements were

conducted using a Varian 800 FT-IR. RM samples were placed

in an adjustable path length cell equipped with 50−100 μm
Teflon spacers and CaF2 windows. Reported spectra were
collected based on 32 scans from 1000 to 2500 cm−1 at a 2
cm−1 resolution. To isolate NO3

− vibrational signatures,
spectral contributions from the water, AOT, and the
chloroform/isooctane solution were removed by subtracting
the undoped RM spectrum from the nitrate-doped spectrum
for equivalent w0 ratios. Isolated NO3

− spectra were then
processed in GRAMS/AI (Thermo Scientific) using a
Savitzky−Golay filter. Interfacial and core NO3

− spectra were
fit to two Gaussian functions. Interfacial−core partitioning
ratios were determined by fitting NO3

− spectra for w0 = 4−30
to a linear combination of interfacial and core NO3

− spectra
and minimizing the residuals.

■ RESULTS AND DISCUSSION
The bonding structure and symmetry of NO3

− are known to
be responsive to changes in local environment. Isolated NO3

−

is planar with three equivalent N−O bonds and D3h symmetry.
In this symmetry the infrared-active asymmetric stretch (υ3) is
composed of two degenerate vibrations. However, interactions
in condensed phases can render the N−O bonds inequivalent
and break the D3h symmetry. The reduction in symmetry also
breaks the degeneracy of (υ3), resulting in two distinct
vibrational bands (υ3′ and υ3″).92 The normalized infrared
spectra of the asymmetric-stretch vibrational mode (υ3) of
NO3

− within w0 = 2 AOT RMs and in aqueous solution are
shown in Figure 1. The infrared spectrum of NO3

− in the w0 =
2 RM is blue-shifted and narrower relative to aqueous NO3

−,

Figure 1. Normalized IR absorption spectrum of the asymmetric
stretch (υ3) of NO3

− in (A) w0 = 2 AOT RM (blue line) and (B)
aqueous solution (red line). Spectral fits (black line) and underlying
Gaussian peaks (dashed lines), corresponding to υ3′ and υ3″.
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indicating the presences of a substantially modified form of
NO3

−, which we identify as interfacial NO3
−. To further

examine the differences between the aqueous and interfacial
forms of NO3

− the asymmetric-stretch vibrational modes (υ3)
of aqueous (core) and w0 = 2 RM (interfacial) NO3

− were fit
to two Gaussian functions. Identification of the individual band
frequencies and quantification of the extent of splitting
between υ3′ and ν3″ provide details about the local environment
and bonding structure of NO3

−. The resulting infrared
absorption band frequencies, full width at half-maxima
(fwhm), and frequency splitting are displayed in Table 1.

For core NO3
− the individual frequency bands (υ3′ and ν3″) are

located at 1348 and 1399 cm−1, respectively, with identical
fwhm of 58 cm−1. The observed band locations and fwhm are
consistent with previous studies of aqueous NO3

−. In the case
of interfacial NO3

−, υ3′ and ν3″ are shifted to 1375 and 1417
cm−1, with corresponding fwhm of 59 and 44 cm−1,
respectively. In addition, the frequency splitting decreases
from 51 cm−1 for core NO3

− to 42 cm−1 for interfacial NO3
−.

The observed differences in infrared absorption spectra
between core and interfacial NO3

− indicate substantially
different local environments and bonding structures between
the two forms of NO3

−. The overall blue shift of the vibrational
mode suggests a reduction in the N−O bond length from core
to interfacial NO3

−. The infrared absorption spectrum of
interfacial HOD in AOT RMs has previously been observed to
blue shift relative to core HOD.76,77,79,81,85,86 The similar blue-
shift responses relative to their core counterparts for interfacial
NO3

− and HOD would suggest comparable local environments
and shortened bond lengths. While the line width of υ3′ remains
relatively unchanged between the core and interfacial environ-
ments, ν3″ shows a 14 cm−1 reduction in line width for
interfacial NO3

−. Reductions in line width are typically
attributed to decreased heterogeneity of the local environment
or an increase in vibrational lifetime. One of the defining
characteristics of the interfacial region in RMs is an increased
vibrational lifetime relative to the core.71−77,79−85 Similar
increases in vibrational lifetime and reorientation dynamics
over the bulk have also been observed for solvation shell waters
in solution.83,93−96 In both cases the changes in solvent
dynamics were interpreted as manifestations of the rigid of the
hydrogen-bonding network. The rigidity of the hydrogen-
bonding network in the interfacial region may in turn limit the
ability of NO3

− to distribute vibrational energy into local
solvent modes.94

In addition to the band frequencies and line widths, the
extent of frequency splitting of the asymmetric stretch provides
several important details about the interfacial environment.
Previous experimental and computational studies have
determined that the frequency splitting (Δυ3) is sensitive to
counterion identity and binding in solids, the strength of
binding to solvents, the number of hydrogen-bonding partners,
and modification N−O bond lengths.47,93,97,98 Thøgersen et al.

examined frequency splitting as a function of ΔG° for the
solvent binding reaction NO3

− + X → [NO3X]
−, noting that

splitting decreased as the strength of the binding to solvent
decreased.93 The observed decrease in frequency splitting for
interfacial NO3

− relative to core NO3
− indicates a reduction in

the strength of solvent binding. As water is the solvent in both
forms of NO3

− this decrease in solvent binding strength may
be indicative of reduced hydrogen-bonding interactions for
interfacial NO3

−. In addition to a decrease in the number of
hydrogen-bonding interactions, the time scale of hydrogen-
bond exchange may also be altered. Previous studies of
aqueous NO3

− have suggested that the solvation shell is labile
and hydrogen bonds with the solvating H2O molecules can be
freely exchanged on a <2 ps time scale.93,94 However, solvent
dynamics of the interfacial region in AOT RMs are notably
slower than bulk solution, occurring on an 18 ps time scale
compared to 2 ps in bulk water.81 The slow solvent dynamics
and rigid hydrogen-bonding network of the interfacial region
are likely to decrease the availability of hydrogen-bonding
partners and increase the time scale between hydrogen-
bonding events. Since frequency splitting is a direct
consequence of symmetry breaking due to hydrogen-bonding
interactions in water, any reduction in frequency splitting
suggests that the symmetry of NO3

− is becoming closer to D3h.
Decreases in frequency splitting have been linked to decreases
in the root-mean-square difference of the three N−O bond
lengths,98 which further supports a reduction in hydrogen-
bonding partners for interfacial NO3

−. Taken together, the
blue-shifted infrared absorption spectrum, reduced vibrational
line width for ν3″, and decreased frequency splitting (Δυ3) for
w0 = 2 NO3

− relative to aqueous NO3
− suggest that w0 = 2

NO3
− is located in an environment where hydrogen-bonding

availability is limited and vibrational relaxation rates are
reduced. These observations mirror the characteristics of the
interfacial region and support the assignment of the infrared
absorption for w0 = 2 NO3

− to interfacial NO3
−. In addition,

the blue-shifted infrared absorption spectrum and decreased
frequency splitting indicate that interfacial NO3

− possess
shorter N−O bond lengths and that the differences in
individual N−O bond lengths are reduced relative to the
bonding structure of NO3

− in bulk water.
Identification of the asymmetric-stretch vibrational mode

frequencies of interfacial and core NO3
− allows for the

quantitative determination of the contributions of each form of
NO3

− to the observed infrared absorption spectra for w0 > 2
RMs. Figure 2 shows the fit of a w0 = 8 RM infrared absorption
spectrum to a linear combination of core and interfacial NO3

−

spectra. The fit is able to reproduce the observed spectrum
using an interfacial−core partitioning of 0.68 interfacial NO3

−

and 0.32 core NO3
−, indicating that both forms of NO3

− are
present in the aqueous interior of the RM. Figure 3 displays
the calculated interfacial−core partitioning of NO3

− over the
RM size progression of w0 = 2−30. The interfacial partitioning
ratio decreases steadily from 1.0 at w0 = 2 to ∼0.25 at w0 = 25,
after which the partitioning remains relatively constant. For
large RMs up to 25% of all NO3

− contained within the water
pool qualifies as interfacial and resides in close proximity to the
sulfonate headgroups of AOT. Interfacial partitioning
(PInterfacial) as a function of w0 is well-characterized by eq 1

= χ −P A w( )Interfacial 0
( 1)Interface (1)

Table 1. IR Absorption Frequencies of the Nitrate
Asymmetric-Stretch Vibrational Mode (υ3), Transition
Widths (fwhm), and Splitting (Δυ3) in the Core and
Interfacial Regions of AOT RMs (in cm−1)

υ3′ fwhm υ3″ fwhm Δυ3

core (NO3
−(aq)) 1348 58 1399 58 51

interfacial (w0 = 2) 1375 59 1417 44 42
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where χInterface is defined as the interfacial affinity and A is a
prefactor. This equation places interfacial affinity on an easily
interpretable scale from 1.0 to 0 with each representing the
highest and lowest possible interfacial affinities, respectively.
For NO3

− in AOT RMs, χInterface = 0.46 ± 0.05 and A = 1.4 ±
0.2. While NO3

− is expect to have a fairly strong interfacial
affinity based on previous studies,33,39,44,56,99 the negative
charge of the AOT sulfonate (R−SO3

−) headgroups that
define the outer edge of the interfacial region is likely to
suppress some NO3

− allocation to the interfacial region.
Previous studies have observed modifications of interfacial
affinity due to presence of surfactant molecules.40,41,54 While
Na+, the cationic counterion to both R−SO3

− and NO3
− in

these experiments, is believed to possess a smaller relative
interfacial affinity compared to NO3

−, electrostatic interactions
likely force some of the Na+ ions to allocate between the R−
SO3

−’s and NO3
− in a multilayered ion distribution within the

interfacial region. Paired charge layering concerns may
therefore lower the interfacial partitioning of NO3

−, relative
to observations in bare air−water interfaces. The blue-shifted
infrared spectrum of interfacial NO3

− relative to core NO3
−

suggests that the Na+ ions located between the R−SO3
−’s and

NO3
− provide incomplete charge screening between the two

anionic species. Electrostatic repulsion between the two
anionic species causes NO3

− to contract, shortening N−O
bonds and resulting in a corresponding blue-shifted infrared
spectrum relative to core NO3

−, which is not subject to these
electrostatic interactions. These observations raise important
questions regarding ionic charge layering within the interfacial
region and interfacial affinity. While previous studies have
observed multilayered ion distributions within mixed ion
systems,33,35,37,45 the role interfacial affinity plays in dictating
the formation of ion layers beyond a standard double layer
arrangement remains unclear.

■ CONCLUSIONS
RMs in solution offer a powerful tool for investigating the
interfacial properties of atmospherically relevant ions. The
ability to isolate the signatures of interfacial species allows for
the determination of interfacial−core partitioning ratios and
the quantitation of interfacial affinities. On the basis of its
infrared absorption spectrum, interfacial NO3

− is more
symmetric and possesses shorter N−O bond lengths compared
to its core NO3

− counterpart. These observations reflect both
the slower dynamics of the local hydrogen-bonding environ-
ment as well as the complex electrostatics of the interfacial
region. The distinctions between interfacial and core NO3

−

ions provided a framework for quantitatively determining the
interfacial affinity. Experiments are currently underway to
quantify interfacial affinity for other ionic species. Overall,
quantitative interfacial affinity represents a new and vital tool
for describing ionic distributions within the interfaces as well as
the forces that direct the formation of ionic layering. This
approach adds a new complement to existing experimental and
computational techniques directed at understanding the
distribution of ions in complex interfacial environments and
furthering our knowledge of heterogeneous chemistry, ionic
distributions, and reactive availabilities.
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