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Strong surface adsorption of aqueous sodium nitrite as an ion pair
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a b s t r a c t

We describe the first detailed experimental characterization of surface adsorption of an aqueous ion pair
and quantify the unusual surface behavior of sodium nitrite, a ubiquitous component of natural waters.
The onset of unusually strong adsorption at concentrations as low as ca. 0.1 M resembles the controver-
sial ‘Jones–Ray Effect,’ wherein 13 salts exhibited surface tension minima in the millimolar region before
resuming the normal linear increase with bulk concentrations. Given the compelling analogy recently
found between adsorption of ions to the air–water interface, and the Hofmeister Effects of biochemistry,
these results have important implications for the mechanism underlying these phenomena.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The study of ion adsorption to aqueous interfaces and its myriad
consequences is currently a very active field that impacts many
areas of science. Motivated by the postulated high concentration
of halide ions at the surface of sea salt aerosol particles [1,2],
simulations first predicted surface enhancement of selected anions
[2–5] and experiments subsequently verified these predictions for
several simple systems [6–9], thus revising standard textbook
descriptions of ion-depleted electrolyte surfaces. The focus of
recent efforts has been on establishing the mechanism of this
selective ion adsorption phenomenon [10–13], which has been
shown to correlate strongly with the famous Hofmeister Effects of
biochemistry, including protein solubility and protein denaturation
[14,15]. Much attention has focused on ion polarizability as an order
parameter for surface activity [5,7,16,17], and the importance of
interfacial fluctuations has recently been demonstrated [17].
However, few studies have addressed the details of interfacial
solvation with explicit consideration of the counterion, mainly
noting that simple cations tend to remain buried under the
outermost liquid surface layers [3,9]. Here we present results of
resonant UV-second harmonic generation experiments on aqueous
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solutions of sodium nitrite, demonstrating that the anion and cation
adsorb strongly to the interface as a correlated ion-pair at
concentrations as low as 0.1 M. The large adsorption free energy
(DG = �17.8 kJ/mol) resembles that for the ‘Jones–Ray salts’ found
to exhibit anomalous surface tension behavior at millimolar
concentrations [18]. These unusual interfacial properties may have
important consequences for nitrite chemistry, considering its
ubiquitous presence in natural environments.

We have developed a general approach to the quantitative study
of interfacial anion adsorption, exploiting the surface-specific
technique of second-harmonic generation (SHG) spectroscopy to
directly probe anions in the interface via strong ultraviolet
resonance features, usually charge-transfer-to-solvent (CTTS)
transitions [19]. The experimental preparations and procedures
used here are similar to those reported for a previous study of
sodium nitrate [20]. Selected concentrations of sodium nitrite
(>99% purity) ranging from 0 to 6 M were prepared by successive
volumetric dilutions of stock 6 or 1 M solutions. The SHG response
of these solutions was observed at 255, 247, and 200 nm, generated
by incident probes of 1 kHz, �100 fs light pulses at 510, 485, and
400 nm. Focusing onto the sample surface resulted in a diffrac-
tion-limited spot diameter of �140 lm, with average power densi-
ties generally ranging from 1 to 30 mJ cm�2 per pulse. Our earlier
experiments were interpreted in terms of an adapted Langmuir
isotherm model, which omitted explicit consideration of the
cation [9,19], primarily because these simple cations are usually
unobservable by SHG owing to their inherent molecular centro-
symmetricity, low polarizability, and predicted deep partitioning
within the interface [5,19]. However, straightforward changes to
the model facilitate their explicit inclusion, as detailed in Section 2.
This yields four different models for the dependence of the surface
ion concentration on bulk electrolyte concentration, as summarized
in Table 1.
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Table 1
Equilibrium expressions for the four Langmuir adsorption models considered in this
work. The variables are described in the text. Surface populations are determined
assuming that the maximum surface concentrations are equivalent for cation and
anion, as is expected by electroneutrality of the interface. Only Model 4 is functionally
distinct from the others, as the number of surface adsorbates is second-order in bulk
electrolyte concentration therein.

Model Equilibrium expression Surface concentration

1 K ¼ ½SX�½W�
½SW�½X� NS ¼ ½X�Smax

½W�K�1þ½X�

2 K ¼ ½SX�½SM�½W�2

½SW�2 ½X�½M� NS ¼ ð½X�½M�Þ
1
2Smax

½W�K�
1
2þ2ð½X�½M�Þ

1
2

3 K ¼ ½SX X�½SM M�½W�2
½SXW�½SM W�½X�½M� NS ¼ ð½X�½M�Þ

1
2 Smax

½W�K�
1
2þð½X�½M�Þ

1
2

4 K ¼ ½SMX�½W�
½SW�½X�½M� NS ¼ ð½X�½M�ÞSmax

½W�K�1þ½X�½M�

Figure 1. SHG responses at 200 nm (red/triangle), 247 nm (green/circle) and
255 nm (blue/square), as a function of bulk electrolyte concentration (error bars
represent one standard deviation). The lines in panel a is the fit of the data to Model
1 (independent NO2

� adsorption) while panel b is the fit of the data to Model 4
(concerted NO2

� and Na+).
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The adapted Langmuir surface adsorption models described in
Section 2 can each be solved for the concentration of adsorbate
(e.g. nitrite anion) present in the interface (NS) as a function of bulk
concentration, as summarized in Table 1. The SHG signal is then
expressed as a function of surface-bound adsorbate as [9]

I2x

I2
x

¼ ðAþ BNSÞ2 þ ðCNSÞ2; ð1Þ

where I2x
I2
x

is the intensity of the second-harmonic response
normalized by the square of the incident laser intensity. The
parameters A, B, and C, are proportional to the wavelength-
dependent molar second-harmonic susceptibility of water, and
the real and imaginary molar susceptibility components of the
anion, respectively. Substitution of the appropriate expressions
from Table 1 results in an equation describing the SHG signal as a
function of bulk concentration, which can be fit to the observed
signal to determine four parameters A, B, C, and the equilibrium
constant K, allowing for the determination of the free energy of
adsorption for the processes described [9,19].

The relative abilities of the models described in Section 2 to
describe our SHG data provide a useful indicator of the probable
mechanism for nitrite adsorption to the interface. In our earlier
resonant SHG studies [9,19], only the solute anion or cation was
the candidate for adsorption to the interface. However, nitrite is
a weak base and in this study, other evolved species were
considered as possible participants in the adsorption process,
assuming a pKa of 3.3 [21]. Water concentration was approximated
as being constant at 55.5 M and measurements taken at bulk con-
centrations over 4 M were excluded because of the noted incipient
decrease in the SHG signal.

Applying any of the models in Table 1 to possible secondary
species present due to the acid–base reactions of nitrite failed to
replicate the data. This included using permutations of Na+, H3O+,
HONO, NO2

�, and OH� concentrations as participating cations
and anions, ion-pairs or unimolecular adsorbates in these models.
In these cases, either the fits failed to converge or were otherwise
unacceptably poor, an example of which is presented in Figure 1b.
Only Model 4, describing concerted ion-pair surface adsorption,
successfully fit the data (Figure 1a), and then only when sodium
and nitrite were the species considered to be explicitly involved
in the pairing. The singular agreement of the ion-pair Model 4
using Na+/NO2

� concentrations indicates that the adsorption of ni-
trite anions to the interface is coupled to the adsorption of sodium
cations in a manner that generates a single ion-paired species,
rather than two translationally independent surface ions.

Thermodynamically (and via our experimental approach), the
net process described by Model 4 of ion-pairing and subsequent
adsorption of the ion-pair to the interface,

Mþ
aq þ X�aq ¢

K2a
MXaq ¢

K2b
MXsurface; ð2Þ
is indistinguishable from independent cation/anion adsorption and
subsequent ion-pairing within the interface:

Mþ
aq þ X�aq ¢

K3a
Mþ

surface þ X�surface ¢
K3b

MXsurface: ð3Þ

The mechanism described by (3), should be highly disfavored
compared to that in (2) due to the large image charge repulsion
engendered in the approach of two independent ions to the lower
interfacial dielectric in the first step of (3), and is therefore dis-
counted. This leaves Eq. (2) to describe the stepwise process of
ion-pair adsorption to the interface given in Model 4. Simonin
et al. [22] have semi-empirically calculated the ion-pair association
constant for sodium nitrite to be 0.209 under the mean spherical
approximation, which can be used as the equilibrium constant
K2a of Eq. (2) to determine ion-pair concentrations as a function
of nominal sodium nitrite concentrations in the regime studied.
The ion-pair concentrations are comparable to free ion concentra-
tions in the studied regime, further justifying the likely dominance
of the mechanism described by (2) over that of (3). The data are
then fit as a function of the calculated bulk ion-pair concentration
using Model 1, wherein the surface adsorbate concentration of
Eq. (1) (NS) is that of the interfacial ion-pair.

This approach is employed for the fit in Figure 2, and reveals
that adsorption of the ion-pair to the interface under such a
mechanism, represented by the second step of Eq. (2), is accompa-
nied by the large free energy change of �17.8 ± 0.3 kJ/mol. This fit



Figure 2. SHG responses at 200 nm (red/triangle), 247 nm (green/circle) and
255 nm (blue/square), as a function of bulk electrolyte concentration (error bars
represent one standard deviation). Lines are the fit using Model 1 as a function of
bulk sodium nitrite ion pairs, assuming an association constant of 0.209. The fit
yields an adsorption free energy of �17.8 ± 0.3 kJ/mol.

Figure 3. Bulk absorption spectrum [21] (line) overlaid with relative SHG suscep-
tibility (dots/error bars) of 6 M aqueous sodium nitrite. Both are normalized to
maximum observed values. The strongly shifted (+35 nm) resonance features of the
surface species indicate a strikingly different chemical environment between bulk
and surface nitrite.
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is equivalent to applying Hess’ law to the two steps of Eq. (2), using
the free energy changes of the overall process and the association
step described by Simonin’s results as the given information. The
similarity between Figures 1a and 2 reflects this equivalence. The
determined value of the adsorption energy of the ion-pair is com-
parable to that for independent anion adsorption extracted from
our earlier study [18] of the 13 salts found by Jones, Ray and others
to exhibit surface tension minima at ca. 1 mM bulk concentrations.
Interestingly, most of these 13 ‘Jones–Ray’ salts would be expected
to be strong formers of ion pairs [23].

It is well-established that in bulk solutions ion-pairing is
generally enhanced by low-dielectric solvents [24]. In a lower-
dielectric medium, such as the air–water interface [25], the effect
of the dielectric reaction field is weakened and oppositely charged
ions are more strongly attracted to each other by Coloumbic forces.
Such interfacial stabilization of ion-pairs has been demonstrated in
simulations of NaCl at the dichloroethane/water and air/water
interfaces [26,27]. While image forces may still result in a repul-
sion of an ion pair from the interface, these forces will be reduced
to those of a single large image dipole. The rapid increase of reso-
nant SHG signal at millimolar bulk concentrations of sodium nitrite
suggests that ion-pair formation dominates interfacial solvation of
these species even at such low concentrations.

The decrease in SHG response at bulk concentrations >4 M sug-
gests the relaxation of interfacial inversion asymmetry. At such
high surface concentrations, the development of higher-order
complexes of ions is probable, and would likely be quadrupolar
in arrangement to maximize (minimize) the proximity of like-
(oppositely-) charged ions. Such arrangements would exhibit local
inversion symmetry, which would effectively quench the SHG sig-
nal as these higher-order complexes are formed. In related surface
SHG studies of sodium thiocyanate, the SHG signal was also ob-
served to deviate from SHG/Langmuir model behavior [28] at
similar high concentrations, and direct anion VSFG measurements
suggest that potassium thiocyanate solutions of �3 M concentra-
tions exhibit surface saturation [29].

While the strong resonant SHG observed from nitrite at molar
bulk concentrations is compelling evidence that this species is
abundant in the interfacial region, whether it partitions to the
xoutermost liquid layer or is buried deeper in the interface cannot
be determined from this measurement alone. Unfortunately, there
is little guidance available in the literature as to the interfacial
behavior of nitrite, except for the study of Brown et al., which
concluded that nitrite and nitrate exhibit similar interfacial distri-
butions, which are depleted relative to bulk concentrations, but
these did not consider the possible effects of counterions [30].
The absorption spectrum of bulk aqueous sodium nitrite is pre-
sented in Figure 3, overlaid with the surface sodium nitrite SHG
measurements at 6 M presented in this Letter. The interfacial
nitrite anions exhibit a strong shift in resonance enhancement
energy from that observed in the bulk CTTS spectra, indicating that
this interfacial species exists in a much different electronic envi-
ronment than it does in the bulk. Although this resonance shift
may be due to direct perturbation by ion-pairing, typically CTTS
energy shifts as a function of increasing salt concentration are
quite small [31], suggesting that interfacial solvation is the domi-
nant reason for the large shift in resonance. Strong CTTS shifts have
been noted for other surface-solvated species [19], and apparently
the surface-bound sodium nitrite moieties are no exception to this
trend.

In summary, analysis of the surface SHG response of aqueous
sodium nitrite as a function of bulk concentration in terms of
several proposed models of adsorption suggests that nitrite ions
reside in the interface predominately as ion-pairs, even at bulk
concentrations as low at 100 mM. These ion-pairs are likely to be
preferentially adsorbed relative to independently solvated ions,
owing to both the zero net charge of the pair and the weaker
dielectric of the interfacial region. This finding suggests that expli-
cit consideration of cations in the general mechanism of anion
adsorption to the aqueous interfaces may be required. This is sup-
ported by the simulation results obtained very recently by Wick
and Cummings [32].

Considering the ubiquitous presence of nitrites in atmospheric
aerosols and terrestrial water bodies, the observed surface
enhancement and probable ion-pair speciation may engender
significant and presently unrecognized interfacial chemistry in
aqueous systems, since surface-active halogens have already been
shown to have dramatic effects on aqueous molecular bromine and
chlorine production rates on aerosol surfaces in the presence of
ozone [2].

2. Methods

In the Langmuir model used to analyze our similar earlier
experiments [9,19,20], anions are attracted or repelled from the
surface with an effective potential characterized by a Gibbs free
energy of adsorption (DGads). The overall adsorption is
characterized by the equilibrium expression
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SWþ X�¢ Wþ SX�; ðModel1Þ

wherein surface sites (S) accommodate either water molecules (W)
or anions (X�). The usual assumptions of non-interacting surface
species and a conserved number of surface sites apply, augmented
by the constraint that surface sites are always occupied. This
model’s underlying assumptions are retained from these previous
experiments to maintain quantitative comparability while conserv-
ing the simplicity of the Langmuir-type model.

The concentration of anions at the liquid surface as a function of
bulk electrolyte concentration asymptotically approaches a maxi-
mum surface coverage (saturation), characterized by Smax. This
describes the incrementally weakening adsorption tendency as a
function of concentration due to the physical effect of crowding,
viz. fewer water-bound surface sites are available for a bulk anion
to occupy as more sites become populated by other anions.

In our earlier studies, this model omitted explicit consideration
of the cation [9,19], primarily because these simple cations are
usually unobservable by SHG owing to their inherent molecular
centro-symmetricity, low polarizability, and predicted deep parti-
tioning within the interface [5,19]. However, a straightforward
change to the model facilitates their explicit inclusion. On the
assumption that cations (M+) and anions partition to the same
set of surface sites, the resulting equilibrium expression is:

2SWþMþ þ X�¢ 2Wþ SX� þ SMþ ðModel2Þ

If the cations and anions partition to distinct interfacial regions,
as suggested by simulations that predict a sublayer of cations
buried beneath a layer of anions, they will occupy separate interfa-
cial sites:

SMWþ SXWþMþ þ X�¢ 2Wþ SXX� þ SMMþ ðModel3Þ

For simplicity, we assume that the two surface site types have the
same maximum surface coverage (Smax).

Finally, we can also allow for the possibility that these ions do
not explore the interfacial region independently once adsorbed,
but instead translate in concert as an ion-pair. In such a scenario,
we can again adopt a Langmuir model, except that we assume an
adsorbate replaces a single interfacial water molecule as an ion-
pair rather than adsorbing as two independent ions, effectively
adsorbing both anion and cation to a single surface site:

SWþMþ þ X�¢ Wþ SMX ðModel4Þ

Table 1 lists the equilibrium expressions for surface anion con-
centrations in each of these scenarios, subject to the constraint of
interfacial electroneutrality ([SX] = [SM]). As a function of bulk
concentrations, Models 2 and 3 yield nearly identical behavior,
and in the case of Model 3, we find that the functional dependence
is identical to that in Model 1, excepting a factor of two difference
in the adsorption free energies (reflected in the exponent of the
equilibrium constant K). We thus have three models that include
a counterion as an explicit interfacial species (Models 2–4), one
of which (Model 4) has a very distinct functional form with respect
to bulk concentration, and a fourth model (Model 1) that considers
the independent adsorption of a solute as a single species to the
interface.

While these simple changes to the model allow for a functional
diagnostic of mechanism, increasingly complicated models and
assumptions can certainly be invoked. The nature and
consequences of altering the assumptions underlying these simple
Langmuir-type models, and their application to SHG studies of this
type, are discussed elsewhere [33]. In this Letter, we describe the
use of these simple models as diagnostics to elucidate the nature
of adsorption of sodium nitrite to the aqueous/air interface, as
observed via resonance-enhanced UV-SHG.
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