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Confirmation of enhanced anion concentration
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Abstract

The textbook view of the liquid electrolyte surfaces as being devoid of ions have recently been challenged by molecular dynamics

simulations, which predict a surface enhancement of highly polarizable anions. Here we present the first direct experimental veri-

fication of this prediction. Enhanced azide ðN�
3 Þ concentrations were measured at the liquid surface by femtosecond second har-

monic generation (SHG) experiments exploiting the charge-transfer-to-solvent (CTTS) resonance of N�
3 , yielding a surface excess

free energy of �9.9 ± 0.3 kJ/mole. Such surface-enhanced concentrations of anions could have important consequences for the

chemical reactions taking place on atmospheric aerosols and at the ocean-air interface.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Theoretical models of electrolyte solutions have until

recently been limited to a description of the solvent as a

continuum dielectric medium and the interface as a dis-

continuous change in dielectric constant. The earliest

model, by Onsager and Samaras [1] described the ions

as point charges and employed image charge repulsion
as the dominant interfacial force, as first suggested by

Wagner [2] Since then, several improvements to the orig-

inal model have been made, taking into account finite

ion size, dispersion forces, hydrophobicity and polariz-

ability, as described in recent review articles [3,4]. These

models extend the agreement with surface tension exper-

iments, but incorporate empirical and even unphysical

parameters, such as a cut-off distance of closest ap-
proach even for ions that are attracted to the surface.

Moreover, they cannot describe the molecular interac-
0009-2614/$ - see front matter � 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2004.08.049

* Corresponding author. Fax: +1 510 642 8566.

E-mail address: saykally@berkeley.edu (R.J. Saykally).
tions between ions and water molecules that account

for the different solvation of negative and positive

charges in water, or the molecular-level structure of

the liquid–vapor interface. An alternative approach is

to use MD simulations that explicitly incorporate

molecular water–ion interactions and molecular surface

structure, at the cost of longer calculation time and loss

of analytical expressions. These simulations are very
sensitive to the potentials used. Those employing non-

polarizable potentials [5, 6] generally predict all ions to

be repelled from the surface, whereas those using polar-

izable potentials [7, 8, 9] predict that large polarizable

anions are actually attracted to the outermost surface

layers, while small unpolarizable ions are repelled from

the surface, as in the early models. This is consistent

with both experiments and theoretical calculations on
aqueous clusters, which show the polarizable anions to

reside at the surface, whereas the cations and non-polar-

izable anions remain in the interior of the clusters

[10,11].

Experimental investigations have similarly been lim-

ited to macroscopic thermodynamic methods such as
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Fig. 1. Spectral response. Data points are the magnitude of the azide

response defined as the norm square of the complex susceptibility,

(B 0)2 + (C 0)2, obtained from the fit in Fig. 2. Error bars are calculated

from the statistical uncertain obtained in the fit. The solid line is the

bulk absorbance of sodium azide, showing the bulk CTTS band.
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surface tension and surface potential measurements. The

surface tension of electrolyte solutions increases linearly

with concentration above 0.01 M [12]. A surface tension

increase is linked to a surface deficit by the Gibbs

adsorption equation [13]. Linear optical methods have

only been applicable for surfactants rigorously confined
to the surface, as light necessarily penetrates at least

wavelength dimensions into the solution, probing hun-

dreds of molecular layers. Indirect experiments have al-

luded to the presence of ions at the interface by

measuring chemical reaction dynamics that could only

be explained by reactions involving surface ions

[14,15]. Recent technological advances have made it pos-

sible to directly and selectively probe the liquid water
surface and soluble surfactants on a molecular level

using nonlinear optical and photoelectron techniques.

Recent studies by the Richmond [16] and Allen [17]

groups have addressed the local water structure of the

interface of halide salt solutions in the 0.5–2 M concen-

tration range by the very similar surface selective

technique of sum-frequency generation (SFG) spectros-

copy. Their results indicate only a minor perturbation of
the water structure at the interface, but reveal an in-

creased interfacial thickness for bromide and iodide

solutions. However, these indirect experiments were

not able to establish or exclude the existence of an en-

hanced ion concentration in the outermost surface lay-

ers. Photoelectron emission experiments have been

able to directly detect iodide at the interface in the pres-

ence of large hydrophobic counter-ions [18] and concen-
trations of sodium iodide solutions higher than 0.1 M

[19]. These results show surface saturation above 2 mo-

les/kg, resembling a traditional Langmuir isotherm,

which indicates an enhanced surface concentration.

However, the authors conclude that the surface is in-

stead depleted of ions, in agreement with the Gibbs

adsorption equation, but they were unable to exclude

an enhancement in the outmost surface layers because
the probing depth of their experiment (several nm), is

much larger than the thickness of a water layer (about

3 Å). The recent theoretic and experimental findings

have received much attention, engendering debate over

possible violation of the Gibbs adsorption equation

[20–22].

In this Letter, we report verification of the predicted

surface anion enhancement in the outermost molecular
layers of aqueous solutions of sodium azide through

the use of surface-specific and molecule-selective reso-

nant second harmonic generation (SHG) spectroscopy.

The measured concentration profiles yield a Langmuir

adsorption isotherm for surface versus bulk azide con-

centrations, from which the corresponding negative

surface free energy (DGads = �9.9 ± 0.3 kJ/mol) is ex-

tracted. The azide anion has previously been investi-
gated both in the gas phase [23] and the bulk liquid,

showing a charge-transfer-to-solvent (CTTS) band
around 200 nm [24]. A recent paper characterizes small
azide-containing water clusters by both photoelectron

spectroscopy and MD simulations as well as azide at

the extended water surface by MD simulations [9]. In

all cases, they find the azide anion strongly adsorbing

to the surface. The extended surface simulation was car-

ried out with 1 azide anion and 556 water molecules,

corresponding to a �0.1 M solution. Using the surface

specific technique of SHG, we directly probe the azide
adsorption through the resonance structure of the sur-

face CTTS band at three different wavelengths: 200,

225 and 250 nm. The bulk CTTS band is shown in

Fig. 1.
2. Experimental

The laser system will be described in detail in a future

publication and only a brief description is presented

here. A homebuilt Ti:sapphire oscillator is used to seed

a regenerative amplifier (Spectra Physics, Spitfire). The

amplifier is used to pump two OPA�s (Light Conversion,
TOPAS). The three probing wavelengths used in this

Letter are generated by doubling the 800 nm directly

(400 nm), by fourth harmonic generation of the idler
from the TOPAS (450 nm) and by sum-frequency of

the 800 nm with the signal beam from the TOPAS

(500 nm).

All glassware in contact with the solutions are soaked

in hot chromic acid and rinsed thoroughly with 18 MX
water (Millipore, Milli-Q) before use. The sodium azide

solutions were prepared with 18 MX water and 99.99%

pure sodium azide obtained from Aldrich and used with-
out further purification.
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3. Results and discussion

Like other even-order nonlinear processes, SHG is

forbidden in bulk centro-symmetric media within the di-

pole approximation [25]. Bulk liquid water exhibits

inversion symmetry due to the randomized orientation
of the water molecules, but at the liquid–air interface,

the symmetry is necessarily broken and the top few

molecular layers exhibit a net orientation due to the

interface and generate a weak SHG response. For the

pure air–water interface, the majority of the SHG signal

is generated in the top liquid layer with a small contribu-

tion from the second layer, according to MD simula-

tions [26]. SHG, as well as the similar technique of
SFG, have become a widely used surface-selective probe

for liquid surfaces [27].

The SHG intensity is expressed by the second order

susceptibility v(2), that in turn is the sum of the contribu-

tions from the water background and the azide anions:

ISHG /j vð2Þj2 � I2Fundamental; ð1Þ

vð2Þ ¼ vð2Þwater þ vð2Þazide: ð2Þ
The susceptibilities are in general complex quantities

but non-resonant contributions, such as the water back-

ground, are real. The norm square of the total suscepti-

bility in Eq. (1) leads to interference between the

different contributions. Both constructive and destruc-

tive interference with the water background have previ-

ously been observed [28]. The azide susceptibility is

proportional to the surface concentration, NS, and the

orientationally averaged molecular susceptibility (hyper-
polarizability, b)

vð2Þazide ¼ NS � hbiOrientation: ð3Þ
Assuming the orientation of the azide molecules does

not change significantly over the concentration range,

the change in the azide response is from surface concen-
tration changes.

The surface adsorption is modeled by the standard

Langmuir adsorption model

NS ¼
Nmax

S � x
xþ 55:5 moles=liter� expðDGAds=RTÞ : ð4Þ

Here x is the bulk electrolyte concentration, Nmax
S is

the maximum surface concentration and DGAds is the

Gibbs free energy of adsorption. The Langmuir model
Table 1

Parameters obtained in the fit of the SHG data to the Langmuir model in F

Wavelength (nm) A B0

200 0.988 ± 0.006 0.30

225 0.982 ± 0.006 �0.82

250 0.991 ± 0.006 �0.58

The constant D is fitted globally to yield the value 0.92 ± 0.12.
is incorporated in the expression for the SHG intensity

assuming the water background to be constant and the

orientation of the azide ions stay constant

ISHG /jAþ ðBþ iCÞ � NSj2

¼ ðAþ B� NSÞ2 þ ðC � N SÞ2

¼ Aþ B0 � x
xþ D

� �2

þ C0 � x
xþ D

� �2

: ð5Þ

Here A is the real water background, B and C are

the real and imaginary component of the azide suscep-

tibility and D is the Langmuir constant 55.5
M · exp(DGAds/RT). The constants A, B 0 and C 0 are al-

lowed to change with the wavelength but the constant

D is fitted simultaneously to all three wavelengths.

The magnitude of the azide susceptibility (B 0)2 + (C 0)2,

for the different wavelengths are shown in Fig. 1. The

Gibbs free energy of adsorption is extracted from the

constant D. The obtained fit parameters are shown in

Table 1.
The SHG intensity measured as a function of concen-

tration for the three selected wavelengths is shown in

Fig. 2. The SHG intensity is observed to increase mono-

tonically with azide concentration at the resonant wave-

length 200 nm. At the near-resonant wavelengths, 225

and 250 nm, the SHG intensity shows a small initial de-

crease due to the partly destructive interference between

the azide resonance and background water response
[28]. The concentration dependence at the three wave-

lengths is fit simultaneously to the standard Langmuir

adsorption equation, as described in the methods sec-

tion. The fit yields a Gibbs free energy of adsorption

of �9.9 ± 0.3 kJ/mole, corresponding roughly to the en-

ergy of half a water hydrogen bond. The rest of the fit-

ting parameters are shown in Table 1. The negative

value of the free energy is in accord with surface
enhancement of the azide anion at the air–water inter-

face predicted by Joungwirth [9]. However, their theo-

retical prediction does not include the Gibbs free

energy.

We believe this is the first direct measurement of en-

hanced ion concentration at the liquid water–air inter-

face. It should be noted that due to the very shallow

probing depth of the SHG experiment [26]. the meas-
ured Gibbs free energy is for adsorption to the outer-

most molecular layers of liquid density. Different

surface probes have different probing depths and
ig. 2

C 0 (B 0)2 + (C 0)2

± 0.27 3.66 ± 0.12 13.5 ± 1.9

± 0.12 2.84 ± 0.16 8.7 ± 1.7

± 0.12 1.87 ± 0.14 3.8 ± 1.3



Fig. 2. SHG intensity and the extracted azide surface concentration at

wavelengths 200, 225 and 250 nm. The SHG intensity is normalized to

pure water. Panel A shows the SHG response and Panel B shows the

surface concentration as a function of bulk concentration. The solid

black squares, red circles and green triangles are experimental data at

200, 225 and 250 nm, respectively. Error bars are estimated from the

reproducibility of two data series. The solid lines are fit to a SHG

Langmuir response as described in the text. The data sets are fit

simultaneously to yield a Gibbs excess free energy of adsorption of

�9.9 ± 0.3 kJ/mole. The main panels show concentrations on a

logarithmic scale, where as the insets show the same data on a linear

scale.
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accordingly measure different surface properties. The

distribution of ions at the interface could also be highly

non-monotonic along the surface normal, as predicted

for bromide and iodide, wherein the surface enhance-
ment at the outermost layer is followed by a depletion

in subsequent layers [7]. In these cases, the surface con-

centration integrated through the entire interfacial re-

gion should be lower than the bulk concentration, in

agreement with the Gibbs adsorption equation and

the observed surface tension increase, even though

the top surface layer is enhanced.
4. Conclusion

Using femtosecond second harmonic generation we

have directly measured an enhanced azide ðN�
3 Þ concen-

tration at the liquid water–air interface as predicted by

recent computer simulations [9]. The concentration pro-
file yield a Langmuir isotherm with a Gibbs free energy

of adsorption of �9.9 ± 0.3 kJ/mole.

These recent findings highlight the need for new the-

oretical models of the liquid–vapour interfaces of aque-

ous electrolytes, explicitly incorporating the molecular

structure of the solvent that engenders the specific solva-

tion of negative and positive charges and the local struc-

ture of the water surface, such as those obtained in MD
simulations. For these, the effective potentials used are

of central importance and reliable direct experimental

measurements, such as those presented here, are essen-

tial to develop realistic models.
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