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Specific Ion Adsorption and Short-Range Interactions at the Air Aqueous Solution Interface
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We have investigated the surface composition of alkali-halide aqueous solutions using grazing
incidence x-ray fluorescence. Using mixtures of salts as a means to enhance the short-range effects,
small differences in concentration over a few angstrom could be resolved, with, for example I~ or Br~ >
CI™. In order to explain our data, we need to include an effective potential accounting for the short-range
(A) solvent mediated couplings, responsible for specific effects together with dispersion forces. This
attractive potential (few k3T for halides) leads to concentration profiles which are in good agreement with

recent numerical simulations.
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There is a broad range of phenomena in biology, envi-
ronmental, and physical sciences where ions of the same
valency like CI™ and Br~ have a dramatically different
effect [1,2]. Since the seminal work of Hofmeister on
protein stability in 1888 [3], such ‘““ion specific” effects
have been illustrated by many examples ranging from
enzymatic activity [4] and amyloidosis [5] to humics
stability [6] and halide heterogeneous chemistry in the
atmosphere [7,8]. Ion specific effects generally follow
direct or reverse order of the so-called Hofmeister series,
which for anions is SCN™ > CIO, =1~ >Br~ >Cl” >
F~. For example, the surface tension and the surface
potential of aqueous solutions (decreased by HCIl and
increased by NaCl) follow the series in reverse order [9].

In many of these examples interfacial effects appear to
play a key role. However, there is presently no first-
principles theory or general agreement on the mechanisms
involved even for the apparently simple case of surface
tension and surface potential at the air solution interface.
Contrary to acids, inorganic salts and bases are found to
increase the surface tension of pure water [9] which, based
on Gibbs equation implies depletion. The original descrip-
tion of the surface tension of dilute (Debye-Hiickel) elec-
trolytes by Onsager and Samaras [10] took into account the
repulsive image force experienced by any ion at the surface
and predicted an increase in the surface tension [dy/dc¢ ~
1.2 (mN/m)/(mol/L)], smaller than generally observed.
Since then, different ideas have been used for refining the
theory and introducing ion specificity. The simplest phe-
nomenological approach consists in including an ion-free
layer [11], but ion hydration [12] and solvation [13] have
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also been incorporated in modified Poisson-Boltzmann
equations. In 1997, Ninham and Yaminsky suggested that
dispersion forces should play an important role and would
introduce specificity [14]. Further extension on this idea
was carried out using hypernetted chain (HNC) integral
equation approximation at the primitive model level of
description (ionic spheres immersed in a continuous di-
electric solvent). This proved to be extremely successful in
describing the osmotic coefficients in the bulk [15] but
failed to predict the surface tension, pointing out the need
for molecular level description of the solvent structure and
the ions at the interface. Molecular dynamics simulation
incorporating polarizable potentials have also been re-
cently performed [16]. They predict a nonmonotonic dis-
tribution of ions with surface enhancement of anions and
depletion of cations. The simplified picture emerging from
the simulations is that the polarization of ion and solvent in
the asymmetric surface environment can compensate for
the partial loss of solvation in sufficiently large and polar-
izable ions, leading in the end to a surface affinity [17].
The presence of ions in the surface layer could be
demonstrated by sum frequency generation [18,19] and
second harmonic generation, but these techniques are lim-
ited by the knowledge of the interfacial depth. Electron
spectroscopies have in principle the required depth (1 nm
or less) and have been used on liquid jets [20] and deli-
quesced halide salts [21], where surface enhancement in
the halide anion was observed. Finally, using x-ray reflec-
tivity, no clear surface enhancement could be evidenced
[22]. In order to overcome these limitations, we have
performed grazing incidence x-ray fluorescence (GIXF)
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experiments and we have determined the surface compo-
sition for different ionic solutions and mixtures at various
concentrations directly on air-aqueous solution interface.
Salts of high purity ( > 99.9%-99.999%) purchased from
Sigma-Aldrich were roasted overnight at 0.5 atm. Fresh
stock solutions of 1 M concentration were prepared in
Millipore® water (> 18 MQ cm™!, <10 ppb of organic
contents) which is further diluted in steps of 0.1 M. Surface
tension measurements for each concentration were carried
out in a cleaned Teflon® dish using du-Nouy ring method
(Kriiss tensiometer) at 25 °C. For GIXF experiments, nitro-
gen was bubbled before preparing the solution to reduce
the content of dissolved oxygen in water, and for the
photosensitive iodide salts, surface tension measurements
were carried out in a light protected chamber. The x-ray
measurements were carried out in helium filled enclosure
to avoid interference of argon from the atmosphere. For
hygroscopic salts, the concentration was determined using
capillary ion analysis.

GIXF is a direct element specific, surface sensitive, and
nondestructive technique in which the fluorescence from
the ions (chemical sensitivity) is recorded as a function of
the grazing angle of incidence (depth sensitivity). Below a
critical angle for total external reflection, 6, ~ 2.5 mrad at
8026 eV, an evanescent wave propagates at the surface with
a penetration depth 1/2 Im(k,) = 4.6 nm, where k, is the
normal component of the incident wave vector in the
solution. Beyond the critical angle, the penetration depth
increases to microns, providing a reference for bulk con-
centration. The experiments were performed at the ESRF
beam line ID10B at energies of 8026 or 13 800 eV depend-
ing on the nature of the ion which needed to be excited. A
full spectrum including fluorescence and elastic scattering
from the bulk was recorded for each value of the grazing
angle of incidence 6. K and L fluorescence lines in be-
tween Cl K, (2622 eV) and Br K, (11924 eV) were
recorded using a Rontec XFlash 1000 detector (Peltier
cooled drift diode) giving access in these experiments to
Cl-, Cl0;, Br~, 17, K", and Cs™.

After energy calibration, the fluorescence spectra were
analyzed following Ref. [23], using a Gaussian peak for
each line with an energy dependent width, a shelf, and a tail
accounting for detector related phenomena. The fluores-
cence of each element was determined by linear fitting,
whereas the parameters of the width, tail, and shelf fraction
were determined using a nonlinear Levenberg-Marquardt
algorithm. The result of the fitting procedure is the fluo-
rescence intensity of each element i as a function of §: I; «
[& dzci(z)e”“%. ¢;(2) is the concentration of ion i at depth
z. a; = 2Im(k,) + u;, with w; the linear absorption coef-
ficient at the fluorescence energy of the ion i, which takes
into account the reabsorption corrections. We then normal-
ized the fluorescence intensities to the elastic scattering
intensity /., in order to get rid of any dependency of the
geometrical factor related to the experimental configura-
tion. We finally note that the penetration length is larger

than the expected characteristic lengths in the distribution
and expand

I; I; 1. 2 oo
( l)/( ’) =1+&—&f dzz[ci(z) = Cjoo]
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where I'; = [ dz(c;(2) — ¢;o) is the Gibbs surface ex-
cess, which is negative for depletion, with c;,, the concen-
tration of ion i in the bulk. Equation (1) provides direct
access to the surface composition through T';.

To demonstrate the validity of our approach, we have
compared directly the fluorescence intensities from chlor-
ide (in HCI) and perchlorate (in HC1O,) anions where all
the correction factors are similar since the fluorescence
from chlorine only is considered. One can notice clearly in
Fig. 1(a) that, below 6., the fluorescence from ClO, is
indeed more intense than that of C1~, agreeing well with
the expectation that HC1O, adsorbs more strongly at the
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FIG. 1. (a) Ratio of the CIO, (in 0.1 M HCIO,) and CI™ (in
0.1 M HCI) fluorescence intensities. (b) Normalized K™ and CI1~
intensities for 0.1 M KClI solution. Calculation considering the
Coulombic image charge interactions only (dashed line) and an
additional ion-free layer of 3.77 A as expected from surface
tension measurements (solid line) [11]. Here, I, refers to
[(Iﬂuo/Ielas)/(lﬂuo/]elas)bulk] for the ion i. [Inorm - 1]/(1[ as a
function of «; yielding T';/c;s for 0.1 M KCI solution (c) and
a mixture of 0.1 M KCl and 0.1 M KI solution (d).
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interface than HCI. Quantitative analysis using Eq. (1) for
0.1 M potassium chloride (KCI) solution shows that the
normalized fluorescence intensity is smaller below 6. than
above [Fig. 1(b)], implying a depletion of ions at the
interface. Comparison to a model calculation shows that
the depletion is stronger than what is predicted from image
forces only [Fig. 1(b)]. Fitting the model of Ref. [11]
against our data, a better agreement is obtained by incor-
porating an additional ion-free layer of 3.77 A in good
agreement with the surface tension data [11]. This value
can be directly recovered using Eq. (1) by plotting
[(Ii/Ielas)/(li/lelas)bulk - 1]/“:’ = (Inorm - 1)/ai as a
function of «; [Fig. 1(c)] yielding I';/c,.. Quantitatively,
we obtain (I'/ce)o- = —3.54 £ 0.16 A and (I'/coo)+ =
—3.69 + 0.14 A for KClI solution. The fit provided a zero
slope in agreement with the extremely small surface po-
tential of KCI [related to the second term in Eq. (1)].
Incorporating these values into Gibbs equation, yielded
dy/dc = 1.77 (mN/m)/(mol/L) which is in good agree-
ment with the surface tension measurements. This corre-
sponds to a negative surface excess of = —2.2 X
10'7 ions/m? which is equivalent to 1 ion lacking per
4.5 nm? or 30 nm?. As reliable data could be obtained
with 0.01 M solutions, the resolution of the experiment is
at least 1 ion in 300 nm?>.

The very small difference, if any, which we obtain
between the K and Cl~ adsorptions is clearly related to
electroneutrality as the penetration depth is larger than the
Debye length (9.6 A) in this experiment. We envisaged a
strategy to overcome this constraint and enhance the sen-
sitivity to very short-range interfacial interactions by turn-
ing towards mixtures. Indeed, in a mixture of, for example,
KClI and KI, electroneutrality can be achieved either by
Cl™ or by I, and the short-range interactions are brought
into play more effectively which can influence the inter-
facial equilibria significantly. The resulting outcome is
shown in Fig. 1(d) where it is evident that I™ is attracted
more to the interface than Cl1~, K™ ensuring electroneu-
trality. This is, to our knowledge, the first direct evidence of
the larger propensity of I compared to CI™ at the interface
of liquid aqueous electrolytes under ambient conditions.
The surface compositions of different alkali-halide solu-
tions and mixtures are given in Table I.

The accuracy of these data proved to be good enough to
allow for a detailed analysis in terms of ion-surface inter-
action potential. In the absence of a first-principles theory

to predict the surface properties and to capture the specific
interactions, we extend the approach of Ref. [15]. In a first
step, the ion-ion correlations in the bulk electrolyte are
calculated with the Ornstein-Zernike equation and the
HNC closure for the required ionic densities. The radii
and polarizabilities take the adjusted values of Ref. [15]
which reproduce the thermodynamical properties of the
electrolyte up to a few molar. In a second step, the elec-
trolyte is put in contact with a single big sphere (extra
component at infinite dilution). As long as the radius R of
this sphere is large compared to the characteristic distances
in the electrolyte, its precise value is irrelevant and the
sphere-electrolyte interface mimics a flat air-water inter-
face. R = 50 A is sufficient in practice. The HNC equation
is solved for the pair distribution functions between the big
sphere and the ions and gives the local ionic profiles
¢i(z) = ¢ingi(z). The interface-ion pair potential u;(z)
contains the hard-sphere contribution, the generic screened
image force contribution, the dispersion contribution, and
an extra specific, adjustable, short-range potential, needed
to quantitatively understand the experimental data, u$*"™ =
K;exp(—z/d) (exact shape is not important) with fixed
range d = 1 A and adjustable strength K;. As cations,
except H*, are known to have a smaller effect on the
surface tension, we decided to use a nonzero u$*"* for
anions and H" only. Using a strength of the effective
potential of —4.0kgT at contact for CI~, —4.7kgT for
Br~, —4.4kgT for 1=, and —3.15kzT for HT, excellent
agreement is obtained with the measured I'; values
(Table I), except for lithium salts, possibly indicating that
a slightly repulsive short-range potential is needed for this
cation. It is quite remarkable that we are able to reproduce
about 20 independent measurements with only 4 adjustable
parameters, supporting the idea that specific effects are
indeed short-range couplings. In this respect, it is interest-
ing to note that this simple model gives a quantitative
description of the concentration dependence of the surface
excess. In the case of HCI, we are able to reproduce even
the sign reversal of the surface excess which is slightly
negative for 0.1 M and positive with higher screening at
1 M concentration. Further, our work emphasizes the fact
that the surface equilibria mainly result from a subtle
balance between the dispersion interaction u%" and the
short-range potential u®", while the image charge force
u'™2ge plays a less significant role [Fig. 2(a)]. In the case of
CI™ and I, for example, the dispersion forces are almost

TABLE I. Measured and calculated surface excess (I'/c) for different alkali-halide solutions. For Na in 0.1 M NaCl + Nal, I',./c is
—2.98 A/(mol/L).

NaCl NaCl HClI HCI KCl LiCl  NaCl + Nal KCI1 + KI CsCl + Csl LiCl + LiBr
¢ (mol/L) 001 0.1 0.1 1.0 0.1 1.0 0.1 0.1 0.1

ClI- CI” Cl™ Cl™ ClI™ K* Cl™ Cl™ I~ Cl™ I~ K* Cl™ I~ Cs* Cl™ Br™

Fmeas (A) —-6.3 —4.02 —05
*1.5 *£0.15 *=0.2

| —6.0 —3.8

*0.15 *0.16 *=0.13 *0.1 *0.3
—-0.51 +0.56 —3.65 —3.65 —2.85 —3.83

+.55 —3.54 —3.69 —335 —495 —190 —4.05 —2.00 —3.10 —4.30 —1.90 —3.10 —4.25 —-2.60
*0.15 *0.15 =0.1 =01 =*=0.1 =01 =0.1

212 =372 —-199 —-285 —-3.69 —202 —2.85 —322 —2.56

*0.35 *0.15
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FIG. 2. Interface-ion pair potential u;(z) and concentration
profiles g(z) of ions obtained by fitting the effective strength
of the short-range exponential potential as described in the text.
(a) Interface-ion potential for C17, I™, and K* in KC10.1 M +
KI 0.1 M mixture (black lines). The gray dotted line represents
the dispersion interaction for C1~ u%P, almost equal to that for
I". The gray short-dashed line represents the image charge
potential ™2 which is the same for all ions. The solid gray
lines and long-dashed gray lines represent the additional short-
range exponential potential u®*"* for C1~ and I, respectively.
(b) Concentration profiles in KC10.1 M + KI 0.1 M mixture.
(c) CI™ concentration profile in NaCl 0.1 M and NaCl 0.01 M.

equal, and the difference in the top 5 Ais mainly due to
u*" The effective potential values at contact for CI~ and
I™ being close to each other, the potential is more attractive
for the biggest I~ ion. However, the minimum in the
potential is reduced by a factor of 4 due to the dispersion
interaction. More generally, as the ionic radii range as
Cl=(1.81 A) <Br (1.96 A) <17(2.2 A), we recover the
Hofmeister series I'I7) > I'(Br™) > I'(C17).

Knowing the effective short-range potential, the inter-
facial distribution of ions can be calculated. Figure 2 shows
the result of such calculation for NaCl at two different
concentrations and for the mixture of KCl and KI. As
expected, the main effect of an increase in salt concentra-
tion is to reduce the repulsion of the image charge, and
beyond that to wash out the profile. In the mixture, ™ is
more strongly attracted to the surface than Cl~. Inter-
estingly, these profiles are in excellent agreement with
the numerical simulations [16] for C1~ and I™.
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