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Abstract

In 1937, Jones and Ray observed a minimum in the surface tension of electrolyte solutions at � 1 mM concentrations. According

to the Gibbs adsorption equation, a decreasing surface tension corresponds to an enhanced ion concentration at the interface, which

is contrary to textbook descriptions based on Onsanger–Samaras theory. The �Jones–Ray Effect� has since been essentially dismissed

as an artifact of the indirect experimental method used, and remains today as a curiosity. Here, we present direct experimental con-

firmation of the enhanced anion concentration around 1 mM of alkali iodide solutions using resonance enhanced femtosecond sec-

ond harmonic generation, and the extraction of a large and negative value for the surface excess free energy (�6.2 ± 0.2 kcal/mol).

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

Surface tension is the excess free energy of the surface

per unit area, and results from the differences in pressure

acting parallel to the surface as a function of distance

along the surface normal. The change in surface tension

of solutions compared to the pure solvent is linked to

the excess or deficit of the solute at the interface com-

pared to the bulk by the Gibbs adsorption equation
[1]. A decreasing surface tension corresponds to a sur-

face enhancement, whereas an increasing surface tension

corresponds to a surface deficit. In 1937, Jones and Ray

[2] observed a minimum in the surface tension of KCl,

CsNO3 and K2SO4 solutions using the capillary rise

method. The following year, Langmuir [4,5] theoreti-

cally refuted the surface tension decrease as an artifact

of the indirect experimental method. However, Dole
[6] was able to explain the effect in terms of the adsorp-

tion of ions to a fixed number of active surface sites that

would saturate around 1 mM; this is essentially equiva-

lent to the familiar Langmuir adsorption model [1].
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Furthermore, in 1940, Dole and Swartout [7] repro-
duced the surface tension minimum with an alternative

experimental method and in 1941, Jones and Ray [3]

reproduced the effect for a total of 11 different electro-

lytes, all showing a minimum in the surface tension

around 1 mM. The theoretical argument of Langmuir

was later criticized as being inadequate to explain the

entire effect [8,9]. The theoretical surface models based

on the Onsager and Samaras theory of describing the
solvent as a continuous dielectric media [10] existing at

the time could not account for an enhanced ion concen-

tration at the interface and the Jones–Ray effect re-

mained as a curiosity that could neither be proven nor

completely refuted.

However, recent advanced continuum models have

been able to model the enhanced anion concentration

of dilute solutions [11,12] and new molecular dynamics
simulations using polarizable potentials predict en-

hanced anion concentration even at molar concentra-

tions of highly polarizable anions such as bromide and

iodide [13]. Furthermore, surface reactions involving

ions have been suggested to greatly influence atmos-

pheric aerosol chemistry [14,15]. These recent findings

have created a renewed impetus for resolving this

long-standing controversy.
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Fig. 1. Spectral dependence. The SHG response of iodide is defined as

the magnitude of the SHG intensity of a dilute iodide solution minus

the SHG intensity of pure water. Squares are experimental data

averaged over four different concentrations of both potassium and

sodium iodide. Error bars are estimated from the reproducibility of the

data. The dashed line is a fit to two Gaussian resonances. The solid line

is the bulk absorption curve. A red-shift is apparent for the surface

(SHG) CTTS resonance, as expected because of the reduced polarity of

the liquid water surface.
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To test the predicted surface enhancement of the ions,

we designed an experiment to selectively measure the
surface concentration of iodide via the surface-selective

second-order non-linear optical response, resonantly en-

hanced by the strong and well-characterized charge-

transfer-to-solvent (CTTS) band of iodide centered at

225 nm [16,17]. CTTS bands are known to exhibit very

high non-linear responses due to the large polarization

associated with the photo-induced charge transfer. The

bulk CTTS band is shown in Fig. 1.
Second harmonic generation (SHG), being an even-

order non-linear process, is dipole forbidden in bulk

centro-symmetric media, such as water and air [18]. At

the water–air interface, however, the inversion symme-

try is necessarily broken and a weak SHG response is

generated in the thin interfacial layer that exhibits a

net orientation due to the asymmetry. This constitutes

the precise definition of the interface and SHG is thus
a surface-specific technique for the water–air interface.

SHG has become a common method for measuring sur-

face adsorption of large molecules via the Langmuir iso-

therm behavior [19].
2. Experimental

The laser system consists of a homebuilt Ti:Sapphire

oscillator and a commercial regenerative amplifier

(Spectra Physics Spitfire). The output of the amplifier

(2.2 mJ/pulse, 1 kHz, 90 fs) is split to pump two com-

mercial OPAs (Light Conversion, TOPAS) one for the
UV, Visible and NIR range (285–2600 nm) and one

for the NIR to IR range (1.3–10 lm). The output of

the visible OPA is passed through a continuously varia-

ble neutral density (ND) filter for adjusting the laser

power. Dichroic mirrors and filters are used for purify-

ing the beam. The 480–600 nm range is generated by
sum-frequency generation (SFG) of the near infrared

light with the remaining 800 nm radiation from the

OPA. The 405–470 nm range is generated by fourth har-

monic generation of the idler beam of the OPA. 400 nm

is generated by doubling the 800 nm directly.

All glassware in contact with the sample solution is

washed with hot chromic acid immediately before each

experiment. All sample solutions are prepared with
ultrapure water (18 MX) from a Millipore system and

chemicals of reagent grade (99+%) or better. The water

was purged thoroughly with pure nitrogen for at least

1 h before making the solutions. Since the iodide solu-

tions can degrade when exposed to oxygen or light, it

was deemed essential to use newly-prepared solutions

before each experiment, and steps were taken to avoid

excessive ambient air exposure during the course of
the experiment.
3. Results and discussion

The SHG response is expressed in terms of the sec-

ond-order susceptibility

I2x / jvð2Þj2 � I2x; ð1Þ

vð2Þ ¼ vð2Þwater þ vð2Þiodide; ð2Þ

vð2Þiodide ¼ NS � hbi: ð3Þ
Here, Ix and I2x are the incident (fundamental) and

SHG intensity, respectively, v(2) is the second-order sus-
ceptibility, NS is the number of molecules probed at the

surface, and Æbæ is the orientationally averaged first-

order hyperpolarizability (molecular second-order sus-

ceptibility). As a coherent optical process, the SHG

intensity depends on the square of the source terms.

When either the fundamental or the SHG wavelengths

are resonant with a molecular/atomic transition, the
non-linear susceptibilities are greatly enhanced. Further-

more, the non-linear susceptibilities are, in general, com-

plex quantities, and will either interfere constructively or

destructively, depending on the phase of the respective

constituents. Non-resonant susceptibilities, e.g. that of

the pure water background, are real, but resonant (e.g.

CTTS band) susceptibilities contain an imaginary com-

ponent. Both constructive and destructive interference
with the non-resonant background have been observed

as a shift of the SHG spectrum with respect to the linear

absorption spectrum [20,21] and an initial decrease in a

Langmuir adsorption isotherm [22].
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The 225 nm SHG response of sodium iodide solu-

tions with molarities up to 5 M is shown in Fig. 2. This

concentration range can be divided up into three distinct

regions. At low concentrations (< 0.1 M), the SHG

intensity decreases due to the destructive interference be-

tween the non-resonant background signal from water
and the resonant response from individual iodide ions

adsorbing to the surface. In the intermediate range (be-

tween 0.1 and 2 M), the non-resonant water background

signal increases strongly due to the presence of the ions.

This effect is observed at all wavelengths. At high con-

centrations (> 2 M), the SHG intensity increases rapidly

due to the formation of an ionic double layer at the

interface. The present article addresses the low concen-
tration range, whereas the properties of the higher con-

centration ranges will be described in a future

publication.

The magnitude of the initial SHG decrease relative to

pure water is shown in Fig. 1, along with the bulk CTTS

absorption spectrum. The resonance behavior of the io-

dide SHG signal is apparent. It is not currently possible

to determine the exact shape of the surface CTTS band,
but it is clearly red-shifted with respect to the bulk

spectrum, consistent with the reduced polarity of the

water–air interface [23]. In any case, the main focus of

this article is the concentration dependence of the

SHG response, as this is the means of sampling the sur-

face concentration of the anion.
Fig. 2. SHG intensity near the peak of the CTTS resonance (225 nm)

of sodium iodide up to 5 M. The SHG intensity is normalized to pure

water. Error bars are estimated from the reproducibility of the data.

The SHG response of the iodide salt solutions can be divided into three

concentration regions. In the low concentration range (< 0.1 M), the

SHG intensity decreases due to destructive interference from free anion

adsorption to the interface. The intermediate range (concentrations

range 0.1–2 M) is dominated by an increase in the non-resonant water

background and is observed for all wavelengths. At high concentra-

tions (> 2 M), the SHG intensity increases dramatically due to ionic

double layer formation. The high concentration range exhibits strong

wavelength and cation dependence.
The initial SHG decrease is understood by consider-

ing the vector sum of the non-resonant background

and the resonant signal from iodide in the complex

plane, as shown in Fig. 3. Depending on the complex

phase of the iodide response, it may interfere either

destructively or constructively with the non-resonant
water background. In our experiment, we observe

destructive interference. As the iodide response increases

with increasing ion adsorption, the total SHG signal de-

creases. Depending on the wavelength, the signal is ob-

served either to further decrease (on-resonance) or

weakly increase again (near-resonance) before ulti-

mately leveling out at millimolar concentrations corre-

sponding to a saturated surface. This behavior
characterizes the low concentration regime, to 0.1 M.

The initial SHG decrease in the low concentration

range has been examined in detail for six fundamental

wavelengths in the range 425–550 nm (Fig. 4), wherein

the observed SHG response is 2-photon resonant with

the red-shifted CTTS band of surface iodide ions. At

these low concentrations, the solutions can be assumed

to be ideal (negligible ion–ion interactions) and the ions
adsorb independently to the interface. This is supported

by the identical behavior of solutions with sodium and
Fig. 3. Vector sum of the complex second-order susceptibility. The

total non-linear susceptibility is the vector sum of the real non-

resonant water response and the complex contribution from iodide.

The SHG intensity is proportional to the square of the length of the

total complex susceptibility vector. The iodide susceptibility increases

with the iodide concentration, whereas the water background is

assumed to be constant. Due to the destructive interference between

the two components, the total SHG response is observed to initially

decrease as the iodide concentration increases, and to exhibit a

minimum before increasing again at higher concentrations. For clarity,

this sketch shows the iodide response to increase linearly, so the SHG

intensity at concentrated solutions would increase again and become

greater than for pure water. In the low concentration range (below

0.1 M) presented here, the surface coverage saturates before the signal

reaches the minimum for most wavelengths. At concentrations above

0.1 M, beyond the single ion adsorption range, SHG intensities are

observed to increase to multiples of the water background as shown in

Fig. 2.



Fig. 4. SHG intensity and surface concentration of dilute sodium and potassium iodide solutions at the water–air interface at several wavelengths.

The SHG intensity is normalized to pure water. Panels (a) and (b) show the measured SHG intensity and panels (c) and (d) show the extracted surface

concentration for sodium and potassium iodide, respectively. The legends in (a) and (b) show the color code for the wavelengths used. Representative

error bars are estimated from reproducibility of the data. For the resonant wavelengths, the total SHG intensity decreases with increasing iodide

concentration below 0.1 M. The points are experimental data obtained at the wavelengths indicated in the legend. The curves result from a

simultaneous fit to the SHG response of a constant water background and an iodide response that follow the Langmuir adsorption isotherm. The fits

result in a Gibbs excess free energy of adsorption of �6.1 ± 0.2 and �6.3 ± 0.2 kcal/mol for sodium and potassium iodide, respectively.
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potassium as the counterions. At higher concentrations,

an ionic double layer is formed at the interface and the

SHG response shows a strong cation dependence.

Assuming non-interacting particles and sub-monolayer

coverage, we employ the traditional Langmuir isotherm

[1] to describe the ion adsorption to the surface in the di-
lute region. The Langmuir model is the simplest surface

adsorption model, represented as

NS ¼
Nmax

S � x
xþ 55:5 mol=l� expðDGAds=RT Þ

; ð4Þ

where NS is the surface concentration, Nmax
S is the satu-

rated surface concentration, x is the bulk concentration
and DGAds is the Gibbs excess free energy of adsorption.

The SHG intensity is fitted to the response from a

constant (non-resonant) real water background interfer-
ing with a complex iodide signal, which increases

according to the Langmuir model, as described by

Eqs. (1)–(3). The isotherms measured at different wave-

lengths are fitted simultaneously to yield a common

Gibbs free energy of adsorption. The fitted curves are

shown along with the data in Fig. 4. The fits are quite
good, considering that the independent particle model

is adapted to charged particles, wherein one might ex-

pect strong inter-particle interactions. From the fit, we

extract a Gibbs excess free energy of adsorption of io-

dide anions at the water–air interface of �6.1 ± 0.2

and �6.3 ± 0.2 kcal/mol for sodium and potassium io-

dide, respectively. The energies are identical, within the

error, for the two iodide salts, indicating that the ob-
served effect is indeed independent ion adsorption to

the interface with negligible ion–ion interaction.
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4. Conclusion

We have directly measured an enhanced surface con-

centration of iodide anions in millimolar salt solutions,

thereby directly verifying the Jones–Ray [2,3] effect with

a method not affected by the possible artifacts invoked
by Langmuir [4,5]. The observed concentration profile

saturates around 1 mM and follows a Langmuir iso-

therm with a Gibbs free energy of adsorption of

6.2 ± 0.2 kcal/mol. The physical nature of the surface

sites to which the anions bind is not revealed in these

experiments, but is an interesting subject for future

study. Recent continuum models are able to model the

Jones–Ray effect by postulating a surface layer of
hydroxide anions on the pure water surface which can

be replaced by the other anions [11,12]. With a different

approach of using polarizable molecular dynamics simu-

lations, Jungwirth and Tobias [24] and Dang and Chang

[25] predict an enhanced anion concentration of bro-

mide and iodide in the outermost surface layer of the

water surface at molar concentrations. In that case,

the total surface concentration, integrated through in
entire interfacial region, must be depleted of ions in

accordance with surface tension experiments. In any

case, the chemical consequences of having reactive ani-

ons at the surfaces of aqueous solutions will be most

interesting to explore.
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