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The existence of polarizable anions at the outermost layer of electrolyte solutions has received much recent
attention from both theory and experiment, but remains controversial. Anions can be probed directly in the
UV via their strong charge-transfer-to-solvent (CTTS) transitions. We have recently described experimental
characterizations of enhanced concentrations of several anions at the air-water interface, using the surface-
specific technique of second harmonic generation. Here we present a detailed description of the experimental
design and methodology used in these experiments, as well as a proof of principle experiment with the known
surfactant tetrabutylammonium iodide (TBAI), yielding surface enhancements in excellent agreement with
surface tension measurements. Furthermore, we analyze the observed increase in the nonresonant contribution
to the SHG response from the water background of alkali halide solutions. The observed change in the water
structure of alkali halide (except iodide) solutions is linear in concentration and correlates with the fractional
saturation concentration of the salt and with the ionic volume fraction. Finally, the surface adsorption of
iodide at high bulk concentrations is analyzed, but it is not possible to differentiate between a Gibbs free
energy of adsorption of zero (surface concentration proportional to the bulk) or-0.8 kcal/mol, as predicted
by recent molecular dynamics simulations.

1. Introduction

Our understanding of the interfacial structure of aqueous
electrolyte solutions is evolving rapidly. Traditional experimental
methods, e.g., surface tension and surface electric potential
measurements, indicate that the ions exhibit a net depletion at
the surface, but are layered so that anions approach closer to
the surface than do cations.1,2 However, these macroscopic
measurements assess only the respective properties integrated
over the entire interfacial region and cannot reveal any
microscopic structure. The traditional interpretation of these
experimental findings has been that the ions exhibit a monotoni-
cally increasing concentration toward the bulk, leaving the
outermost liquid layer essentially devoid of ions, i.e., the ions
retain their first solvation shells.3-5

This traditional picture is being challenged,6 first by chemical
reaction dynamics,7-10 then by theoretical molecular dynamics
simulations,11-19 and most recently by surface sensitive-
experimental techniques.20-23 These recent findings suggest a
more refined picture, in which salts comprising “hard” (non-
polarizable) ions behave classically, viz. with the outermost
liquid layer essentially devoid of ions and a monotonically
increasing concentration toward the bulk. However, salts
comprising “soft” (polarizable) anions exhibit a non-monotonic
surface distribution with the anions enhanced at the outermost
liquid layer but depleted in the adjacent sublayer, where the
cations, in turn, are enhanced. Thus, both anions and cations

exhibit distinct concentration maxima in the interfacial region,
corresponding to minima in the Gibbs free energy, but exhibit
a net depletion when integrated through the entire interfacial
region.

Other surface-sensitive experimental investigations have
focused primarily on the sum-frequency generation (SFG)
response in the OH-stretch region of salt solutions. These
experiments measure the perturbation of the ions on the surface
water structure and are thus an indirect probe of the ions. The
first SFG experiments of aqueous electrolyte solutions was
performed by the Shen24,25and Shultz26-28 groups. More recent
experiments have been performed by the Richmond20 and
Allen21 groups. However, the interpretation of these experiments
remains controversial. Recent experiments using photoemission
spectroscopy have clearly demonstrated surface enhancement
of iodide and bromide over potassium on saturated aqueous films
in salt crystals above the deliquescence point.23 Photoemission
experiments on aqueous solutions22 remain controversial, as
described later.

The surface specific technique of second harmonic generation
(SHG) can by used to directly probe the surface concentration
of chromophores. Due to the nonuniform SHG response over
the interfacial layer, the measured surface concentration will
depend on the specific surface distribution of the given species
and can thus offer greater detail than traditional surface tension
methods. Traditional organic surfactants are confined to the
outermost liquid layer with negligible bulk concentrations. This
means that the surface excess measured in surface tension
experiments will be directly comparable to the surface concen-
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tration measured in a SHG experiment. Such is not the case for
electrolytes that show highly non-monotonic surface distribu-
tions and significant bulk concentrations. Here, an SHG experi-
ment can show enhanced anion concentration at the outermost
liquid layer, even though the total surface concentration is
depleted with respect to the bulk. SHG is resonantly enhanced
by molecular transitions, and this resonance dependence can
by used to separate the total SHG response into various
molecular contributions. Thus, details of both the position and
resonant behavior of the sample have to be taken into account
when analyzing the SHG response of a given system.

We use femtosecond UV-SHG resonantly enhanced via the
CTTS transitions of anions to probe their concentration at the
liquid water surface. Our studies have included iodide29 and
ferrocyanide30 at dilute (millimolar) bulk concentrations and
azide31 and thiocyanate19 at high (molar) bulk concentrations,
as well as a comparison of the iodide surface concentration for
hydroiodic acid and alkali iodides, which evidences positive
hydronium ion adsorption at the interface.32 The subject has
recently been reviewed.33 For these experiments, strong resonant
enhancement is observed due to the anions. A concentration-
dependent nonresonant background can also be produced from
the change in the interfacial water structure, with negligible
contribution from the ions themselves. An exception to this is
the TBAI experiment presented here, where a large nonresonant
contribution results from the large hydrophobic chains of the
cation.

Here we present a detailed description of the experimental
and theoretical details for these experiments and provide a proof

of principle experiment with a known surfactant (TBAI), for
which the measured surface concentration is in excellent
agreement with surface tension measurements from the litera-
ture. Furthermore, the variation in SHG response at intermediate
bulk concentrations of sodium and potassium halide solutions
that results from changes in the nonresonant water background
is analyzed. Finally, high concentration solutions of sodium and
potassium iodide are studied, and the Gibbs free energy of
adsorption is determined to be more positive than-1 kcal/mol.

2. Experimental Details

To measure the weak second-order nonlinear optical signal
from the aqueous surface, we have constructed an amplified
femtosecond (fs) laser system and an associated SHG spec-
trometer for the UV in order to directly probe anion concentra-
tions at the interface.

2.1. Laser System.The laser system is a sub-100 fs amplified
Ti:sapphire laser system with a repetition rate of 1 kHz. The
lasing is initiated by a home-built Ti:sapphire oscillator inspired
by the Kaptain and Mernane design.34 The oscillator is pumped
by ∼3 W from a 5 WNdYVO4 laser (Spectra Physics Millennia
V) and emits 300 mW of 30 fs pulses at 793 nm at an 88 MHz
repetition rate. The oscillator seeds a commercial regenerative
amplifier (Spectra Physics Spitfire) pumped by two 10 W diode-
pumped Nd:YLF lasers (Spectra Physics Evolution X). The
output of the amplifier (2 W, 1 kHz, 70 fs) is shifted slightly to
the red with respect to the oscillator, centered at 800 nm. A
fraction of the 800 nm beam (150 mW) is separated and used
as a pump beam or for nonlinear processes at the sample (SFG,
CARS). The main amplified beam is split (1110 mW and
740 mW) to pump two OPAs (Light Conversion/Quantronix
TOPAS). Both OPAs generate signal and idler beams in the
near-IR (signal: 1170-1600 nm, idler: 1600-2400 nm) and
are equipped with additional nonlinear crystals for frequency
mixing. One OPA for the UV and visible is capable of
generating sub-100 fs pulses in the range 295-1150 nm and
the other for the IR in the range 3-10 µm. The output power
of the OPAs depends on the specific nonlinear process used to
obtain the wavelength and to a minor degree on the specific
wavelength within a turning curve. Typical laser powers are
∼50 mW in the near-IR,∼20 mW in the visible, and∼5 mW
in both the near-UV and mid-IR. The output of the OPAs can
be used together in multicolor experiments or for separate
experiments running simultaneously. A diagram of the laser
system is shown in Figure 1.

2.2. Experimental Design.The output of the UV-visible
OPA, used as the fundamental beam for the present experiment,
is spectrally filtered by two dichroic mirrors and optical filters.
The fundamental beam is focused by a 10 cm fused silica lens
onto the sample at a 45° angle. After the sample, the reflected
fundamental and SHG beams are collimated by another fused
silica lens. For all the experiments, the fundamental beam is
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Figure 1. Laser system. The laser system consists of a 1 kHz
commercial regenerative fs amplifier (Spectra Physics, Spitfire) seeded
by a home-built Ti:sapphire oscillator. Two OPA’s (Light Conversion
Inc., TOPAS) provide tunability between 295 nm-10µm with pulse
energies of ca. 5-50 µJ.
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kept P-polarized, while the SHG is not polarization selected.
The main difficulty in this experiment is that of separating the
fundamental beam from the generated SHG beam, since the
beams are co-propagating and the fundamental beam is stronger
by a factor of about 1010. In the similar technique of sum-
frequency generation (SFG), the beams are reflected at different
angles and spatial filtering can be used. Furthermore, since the
SHG wavelength is in some cases shorter than 250 nm, optical
filters cannot generally be used. We have found that the
following design efficiently separates the fundamental and SHG
beams.

After the lens, the beams are reflected from two dichroic
mirrors optimized for the SHG wavelength. This reduces the
fundamental intensity by a factor of about 103. A fused silica
prism is then used to spatially separate the beams, and the SHG
response is collected by a solar blind PMT (Hamamatsu
R7154PHA), while residual fundamental is removed by a beam
dump. The solar bind PMT ensures that scattered fundamental
light from the beam dump does not interfere with the SHG
signal. This design effects excellent collection efficiency of the
SHG, with complete rejection of the fundamental beam, and
we observe no background from scattered light at 250 nm and
below. Between 250 and 275 nm, some scattered light is
observed due to continuum generation in the glass sample dish,
but this can be minimized by appropriately placed irises and
does not affect the results significantly. A deeper dish would
help to minimize the continuum generation.

During data acquisition, the sample is kept in a box purged
with pure nitrogen. The nitrogen flow is directed at the surface
at an angle almost parallel to the surface. This ensures that the
surface is gently stirred without deflecting the laser beam.
Depending on the wavelength and generated SHG intensity,
2-10 mW of laser radiation was used for the fundamental.
Above ca. 10 mW incident laser radiation, the water surface
starts to glow due to white light generation from self-phase
modulation, but the quadratic dependence of the SHG intensity
on the fundamental laser power is observed to persist well above
this energy (until about 25 mW) as long as the surface is stirred.
At higher laser intensities, the water starts to sputter or boil at
the laser focus. The experimental design is shown in Figure 2.

2.3. Sample Preparation.All glassware in contact with the
sample was cleaned with hot chromic acid (10% saturated
K2Cr2O7 solution, 90% sulfuric acid) and thoroughly rinsed with
18 MΩ water (Millipore MilliQ). For the more recent experi-
ments, the hot chromic acid has been replaced by No-Chromix,
a chromic acid substitute, which provides that same cleaning
efficiency but which is less toxic. All solutions are freshly made
before each experiment with 18 MΩ water and salts of ACS

regent grade (99+%) or better. Furthermore, a new water
purification system has been installed (Millipore, MilliQ gradi-
ent), providing 18.2 MΩ water with an organic content of less
than 4 ppb.

To further purify the solutions, 25 mL of the sample solution
is made, of which 20 mL is transferred to the sample dish by
pipetting in order to leave potential surface-active contaminants
from the salt on the surface. The concentration profile of the
SHG response is obtained by sequentially diluting the sample
by pipetting out a fraction of the solution, again leaving possible
contaminations on the surface and diluting with pure water.
Some of the solutions are oxygen and light-sensitive, so in order
to limit contact with air, the sample is kept in a protective
nitrogen atmosphere during dilution and data acquisition and
fresh samples are made before each experiment to limit
degradation.

2.4. Second Harmonic Generation.The surface-specific
techniques of second harmonic generation (SHG) and sum-
frequency generation (SFG) have greatly advanced the molec-
ular-level understanding of surfaces.35,36These techniques have
been applied to liquid surfaces with great success, as described
in several review articles.33,37-46 Here we present only a brief
overview and refer the reader to the review papers for further
details.

The surface specific nature of the techniques arises, within
the dipole approximation, from the requirement for broken inver-
sion symmetry. A chromophore in bulk liquids possesses, on
average, a spherically symmetric environment, and the second-
order responses due to the different solutes within the coherence
length of the process cancel out. Moreover, a strictly centrosym-
metric chromophore does not generate an SHG response.
However, when the otherwise centrosymmetric chromophore
is placed at the interface, the broken symmetry of the interface
will cause a non-centrosymmetric perturbation to the chro-
mophore and it will exhibit an induced weak nonlinear response.
This is the case for iodide and azide, which exhibit much weaker
second-order responses, as compared to thiocyanate.

The SHG intensity is given in terms of the effective second-
order susceptibility of the surface,øeff

(2), which, in turn,
comprises contributions from both the anions and the water
background, since the nonlinear response of the cations is
negligible in comparison:

At the wavelengths used in this experiment, the water suscep-
tibility is nonresonant and thus real, whereas the anion response
can contain a resonant contribution and thus a complex phase.
However, the nonresonant water background changes due to
the perturbation of the water structure induced by the ions and
thus depends on the bulk salt concentration. The anion
susceptibility is proportional to the surface concentration of the
anions and the orientationally averaged molecular susceptibility
or hyperpolarizability,âanion

R , which, in turn, exhibits resonant
behavior and is written below for the case of two-photon
resonant enhancement:65

Figure 2. Experimental setup. The selected fundamental wavelength
is purified by dichroic mirrors and optical filters before being focused
onto the sample at 45° and polarization P with respect to the water
surface. A fraction of the beam is split off for power normalization.
After the sample, the co-propagating fundamental and SHG beams are
collimated by a lens and separated by two dichroic mirrors and a prism.
The SHG response is then collected by a solar blind PMT (Hamamatzu,
R7154PHA). The sample is kept in an enclosed container purged with
pure nitrogen.
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Under two-photon resonant conditions, the resonant hyperpo-
larizability is proportional to both the one- and two-photon
absorption transition matrices,〈g| µl |ν〉 and 〈ν| Rmn |g〉,
respectively.65

Measuring the SHG intensity as a function of wavelength
allows the separation of the nonlinear susceptibility into resonant
and nonresonant contributions. In principle, the resonant and
nonresonant contribution to the overall nonlinear susceptibility
cannot be further separated into water and anion contributions
without knowing the resonance structure of the chromophore
at the surface. However, the bulk water resonance around
150 nm, is well below the wavelengths employed here
(200-275 nm), and the water background can herein be con-
sidered nonresonant. A nonresonant contribution from the ions
could exist; however, in that case, the change in the nonresonant
susceptibility should show the same concentration dependence
as the resonant susceptibility. That is indeed what is observed
for TBAI, for which the nonresonant susceptibility of the large
cation dominates the response. Normally, the nonresonant
susceptibility should be significantly smaller than the resonant
part. For iodide solutions, the change in the nonresonant
contribution exhibits a very different concentration behavior and
must originate from the water background. For the smaller
halogens, no resonant behavior is observed and theentireSHG
response is due to the water background.

2.5. The Langmuir Adsorption Model. The simplest and
most commonly used surface adsorption model is that due to
Langmuir. This model is constructed by dividing the system
into a bulk and surface region and postulating chemical
equilibrium for exchange of solvent (A) and solute (B) species
between these two regions. This is schematically shown in
Figure 3. The chemical equilibrium considered is thus

where the subscripts S and B denote surface and bulk solvation,
respectively. The equilibrium constant for the exchange reaction
is given by

The Langmuir model is derived by simply rewriting the
equilibrium constant in terms of mole fractions in the surface
region, with the total (or maximum) surface concentration
denotedNS

max ) [AS] + [BS], and solving for the surface
concentration of the solute. The Langmuir model is often written
in terms of the fractional coverage or surface mole fraction,θ:

If the right-hand side is divided by the total bulk concentration
[AB] + [BB] to obtain the bulk mole fractions,xi, and the surface
mole fraction is denotedyi, a very simple version of the
Langmuir equation is obtained in terms of mole fractions:

We thus note that the Langmuir equation is simply the relation
between the surface and bulk mole fractions of the solute. If no
energetic difference exists between the surface and bulk (∆Gads

) 0, corresponding toK ) 1), the surface mole fraction is the
same as for the bulk.

Often the bulk solvent concentration is assumed constant and
omitted, in which case the new equilibrium constant isK′ )
K/[AB]. Denoting the surface concentration of the solute byNS,
the bulk concentration byC and the bulk solvent concentration
by Cw, we obtain the familiar expression

where∆Gads is the Gibbs free energy of adsorption to the sur-
face of the solute and the solvent is assumed to be waterCw )
55.5 M.

The Langmuir model was originally derived for adsorption
onto solid surfaces and is often expressed in the language of
active surface sites, to which specific molecules can bind. In
this case, the maximum surface coverage is just the number
density of these sites. However, the Langmuir model is more
generally valid for any system that can be divided into two
regions connected with a chemical equilibrium. For the case of
a liquid surface, a “surface site” is just an empty space or volume
in the surface region that can be occupied either by a solute
molecule or group of solvent molecules. The maximum surface
concentration is then simply the maximum number density of
solute molecules that can be accommodated at the surface.

However, the Langmuir model does assume a fixed number
of such equivalent sites, implying a maximum of one monolayer
coverage. At the same time, it assumes that the Gibbs free
energy to go to each site does not depend on or change with
the surface coverage, implying that the interactions between sites
are neglected, or more precisely, that the interactions between
solute-solute, solute-solvent, and solvent-solvent molecules
are identical. When the Langmuir equation is not written in
terms of mole fractions, a further assumption of negligible bulk
depletion is also necessary. More advanced models that account
for multiple layers, interactions between surface sites, and bulk
depletion are available. Despite these potential complications,
the Langmuir model is observed to fit the data presented herein
very well, and is therefore used due to its simplicity.

The assumption of negligible bulk depletion is only question-
able for systems with a relatively large surface area, e.g.,
colloidal suspensions, or for systems that bind very strongly to
the surface and at the same time are only sparingly soluble in

Figure 3. Surface equilibrium. The Langmuir adsorption model is
constructed by postulating equilibrium for exchange of species A and
B between the surface and bulk.

AS + BB h AB + BS (5)
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the bulk. The ionic solutes studied here are not very strongly
adsorbed and are highly soluble in the bulk, so this assumption
is justified. The assumptions of a maximum of one monolayer
coverage (NS

max), or rather what the definition of a monolayer
for our system is, and of negligible surfactant-surfactant
interactions are less rigorous but can arguably be justified.

The distribution of ions in the interfacial layer is at least
somewhat diffuse. However, the simulations11 and continuum
models embodying a smooth surface47 show that the concentra-
tion maximum and the associated minimum in the Gibbs free
energy occur in the outermost liquid layer of a few Å thickness.
Furthermore, SHG exhibits a narrow probing depth, but this is
not fully quantified here. Calculations on the pure water surface,
wherein the 90-10 density thickness is∼5 Å, have shown that
nearly the entire SHG is generated in the outermost liquid
layer.48 Salt solutions do exhibit a broader region of asymmetry
at the interface, but the 90-10 density thickness of the water
stays roughly the same. This implies that the region where the
ions exhibit a high asymmetry in solvation and correspondingly
generate a significant SHG response is about the same as for
the pure water surface and is dominated by the outermost sur-
face layer. The “monolayer” that is probed in the SHG
experiments is thus defined though the overlap of the region
that exhibits surface enhancement with the asymmetric probing
depth.

The assumption of negligible surfactant-surfactant interac-
tions, or at least of similar surfactant-surfactant and surfactant-
solvent interactions, requires some attention due to the ionic
charges involved. The Debye length is a measure of the distance
over which electric fields propagate in solution. At 1 mM and
0.25 M concentrations of 1:1 electrolytes, the Dedye length is
101 and 6 Å, respectively. For the surface enhancements
observed at millimolar concentrations, consistent with the
Jones-Ray effect, the distance between ions is several hundred
Å,30 longer than the Debye length, and electrostatic interactions
are correspondingly weak. The surface enhancements at molar
concentrations imply Debye lengths on molecular length scales.
This implies that, in both cases, short-range interactions are
important and could dominate the behavior. Short-range interac-
tions, e.g., dispersion and polarization, are difficult to evaluate
by theoretical methods.49 However, a recent theoretical calcula-
tion on small clusters has shown that ion-water and water-
water interactions are about the same size for iodide solutions.50

When measuring the surface concentration as a function of
bulk composition, the shape of the curve (reflecting the
concentration range wherein which the surface saturates) gives
the Gibbs free energy of adsorption, and the asymptotic surface
concentration gives the number of active surface sites within
the Langmuir model. Figures 4 and 5 show the calculated surface
concentration dependence on bulk concentration for both strong
and weak surface adsorption, corresponding to surface saturation
at dilute and high concentrations, respectively. Strong surface
adsorption (∆Gads∼ -6 kcal/mol) results in a clear deviation
from a straight line and the Gibbs free energy is easily obtained,
but for weak surface adsorption (∆Gads∼ -1 to 2 kcal/mol)
only a small deviation occurs, which can be difficult to discern
experimentally. As described in section 2.4, the SHG experi-
ments depend quadratically on the surface concentration, and
interference between the resonant and nonresonant nonlinear
susceptibilities can be observed. This means that the deviation
from the straight line, as indicative of surface saturation and
thus enhancement in the surface concentration, translates into
a deviation from a parabola in the raw SHG data. Depending
on the optical phase difference of the nonlinear susceptibility

of the solvent and solute, the SHG intensity may decrease
(partial destructive interference) and even go through zero before
increasing. The modeled concentration dependence on the SHG
intensity is also shown in Figures 4 and 5 for different optical
complex phases of the solute susceptibility.

The Langmuir model described here accounts only for a single
solute. The salts we study obviously comprise both anions and
cations. Due to the requirement of surface neutrality, the inter-
facial concentration of these species must be the same. This
implies that the surface propensity of the anions is linked to
that of the cations. Even though our experiment is directly
sensitive to only the anions (except for TBAI presented later),
the measured Gibbs free energy depends on both ions. However,
the surface properties are mainly determined by the anion, with
the cation playing only a minor role (with the exception of
hydronium). The measured Gibbs free energy is thus primarily
a property of the anion, but depends weakly on the cation as
well. This is certainly the case for the enhancement at high bulk
concentrations.19,31 For the surface enhancement at dilute
concentrations, identical responses for sodium and potassium
iodide solutions are observed,29 indicating that in this concentra-
tion range, independent anion adsorption occurs.

3. Surface Adsorption of Tetrabutylammonium Iodide

As a proof of principle experiment, we consider a known
surfactant, tetrabultylammonium iodide (TBAI). Tetraalkylam-

Figure 4. Langmuir profiles in the dilute concentration range. When
the surface adsorption is strong (∼ -6 kcal/mol), surface saturation
occurs in the millimolar concentration range. Panel a shows the surface
concentration and panel b the SHG intensity for different complex
phases of the nonlinear susceptibility of the solute. The solid, dashed,
and dotted lines correspond to a complex angle of 90, 135, and 180°,
respectively.
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monium salts have been studied for their behavior as phase-
transfer catalysts, facilitating reactions involving ions across
liquid interfaces.51 The large aliphatic chain on the amine makes
the cation strongly adsorb to the outermost liquid water surface
layer, and the counteranion is drawn to this region as well, due
to the electrostatic interaction. At the same time, the strong
binding means that the bulk concentration is negligible compared
to the surface concentration. Hence, the surface excess measured
in a surface tension experiment is proportional to the surface
concentration (this is the fundamental approximation in the
widely used Szyszkowski equation). TBAI thus offers an ideal
test system, wherein the measured surface concentration in the
SHG experiments should be consistent with the traditional
surface tension experiments.

3.1. SHG Measurements.The measured SHG intensity of
TBAI solutions at different wavelengths is shown in Figure 6.
The SHG intensity as a function of concentration exhibits the
same shape for all of these, with minor changes in the intensity.
The fact that the SHG intensity does not vary strongly with
wavelength over the measured wavelength range indicates that
the system must contain a large nonresonant contribution. This
nonresonant contribution could, of course, originate purely from
the water background, as in the case of the simple inorganic
salts presented later, and the change in the SHG intensity could

be due to the changing water hydrogen bonding structure
induced by the presence of the ions. However, in this case, you
would expect the nonresonant contribution from the water
background and the resonant contribution of the anions to have
different functional forms with respect to the bulk concentration.
As all the wavelength traces exhibit the same bulk concentration
dependence, we infer that the nonresonant contribution originates
from the salt. We will show later that the nonresonant contribu-
tion from iodide is negligible and the nonresonant contribution
measured here must originate from the large cation. Furthermore,
there is no sign of destructive interference, and we thus take
the two identical traces at 218 and 240 nm, which exhibit the
lowest SHG intensity, to be a measure of the nonresonant
susceptibility. This will actually prove to be unimportant, as
the imaginary contribution to the total nonlinear susceptibility
is negligible, so we can consider it to be entirely real, as we
will show later.

The nonresonant susceptibility is shown in Figure 7. Also
shown in this figure are the results adapted from the photo-
emission experiments of Winter et al.52 Neither set of experi-
mental data fits the simple Langmuir model (eq 11) satisfac-
torily, as shown by the dotted lines. There is a more gentle
increase at the lowest concentrations, followed by a steeper
increase (more sigmoid or “S” character) as compared to the
Langmuir model. However, a slightly more advanced model
that accounts for lateral interactions between the surfactant
molecules can account for this. Considering the long hydro-
phobic chains on the cations, it is not surprising that significant
interactions between adsorbed ions occur. The interaction is

Figure 5. Langmuir profiles in the high concentration range. When
the surface adsorption is weaker (∼ -1-2 kcal/mol), surface saturation
occurs in the molar concentration range. In this case, the surface
concentration deviates only weakly from a straight line and is thus
difficult to evaluate experimentally. Panel a shows the surface
concentration and panel b the SHG intensity for different complex
phases of the nonlinear susceptibility of the solute. The solid and dashed
lines correspond to a complex angle of 90 and 135°, respectively.

Figure 6. SHG response of TBAI solutions. Shown are the total SHG
intensity (panel a) and the change in the SHG electric field (panel b)
as a function of the concentration at different wavelengths.
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modeled by letting the equilibrium constant depend on the
coverage:

Here θ is the fractional coverage (NS/NS
max), z the number of

interacting partners, andu is the interaction energy between
adsorbed species. Note that in this way of introducing the
interaction parameter (g), a positive energy (zu) corresponds to
attraction and a negative energy to repulsion between surfactant
molecules. This expression is called the Fowler-Guggenheim
equation3 or the Frumkin-Fowler-Guggenheim (FFG) model,
and has recently been used to describe the adsorption of
chromate onto functionalized silica/water interfaces in a recent
SHG study.53 Rewriting eq 7, we obtain

where K′ ) K/55.5 M is the modified Langmuir constant.
Inserting the interaction correction, we obtain the FFG model:

Since the variables do not separate well to solve forθ, the FFG
model is fitted by solving for the bulk concentration as shown
above. The solid lines in Figure 7 are fits to the FFG model,
showing excellent agreement. Table 1 gives the fitting param-
eters of both the simple Langmuir model and the FFG model.

The Gibbs free energy of adsorption obtained from the Langmuir
model is in good agreement with that obtained from the FFG
model, and the improvement in the fit is governed by incorpora-
tion of the interaction parameter. However, the two energies in
the FFG model,∆Gads and zu, are coupled, which makes it
difficult to estimate the uncertainties; care must be taken while
fitting the curves to the FFG model because of this. However,
the presentedg parameters around 2.2 and 2.5 are needed to
incorporate sufficient sigmoid character in the curves. The
uncertainties in the Langmuir models are the statistical uncer-
tainties from the fit.

The Gibbs free energy from our fit is larger than that obtained
from Winter et al., corresponding to a stronger surface enhance-
ment. This is also illustrated in panel b of Figure 7, which shows
the surface coverage obtained from the fit to our experiment
compared to that obtained from the fit to the Winter et al. data
at the same bulk concentration. We believe this is due to the
difference in probing depth of the two experiments. Our SHG
measurements are, in principle, sensitive to the entire region
with broken inversion symmetry, but are dominated by the
outermost liquid layer, where the asymmetry is largest. The
photoemission experiments have an exponentially decaying
sensitivity with a probe depth of a few nm into the condensed
phase. By sampling more of the bulk, the observed surface
enhancement is smaller with the larger probing depth. This is
further justified by the comparison to the surface tension
experiments presented below. The lateral interaction energy of
∼1.3 kcal/mol between the surfactant molecules is the same in
the two experiments, since they are indeed probing the same
interaction. The interaction energy is positive, corresponding
to an attraction in this model, and must thus be due to the
interactions between the hydrophobic chains on the cations.

The remaining measurements at the other wavelengths are
fit to the same functional shape, but with varying magnitudes.
In the fit, the nonlinear susceptibility is allowed to contain both
real and imaginary contributions, but at all wavelengths the
imaginary part converges to zero. Admittedly, this is not the
most accurate way to determine the complex parts of the
nonlinear susceptibility, but it does show that the imaginary
contribution is negligible compared to the real part. Further-
more, this implies that the electric field contribution from the
ions to the SHG intensity is accurately obtained by simply taking
the square root of the total SHG intensity and subtracting the
water background contribution. This is further emphasized by
the fact that the fit to the total SHG intensity and the SHG
electric field obtained by this method are identical. The fit
for the different wavelengths to the total SHG intensity and
the SHG electric field strength are shown in Figure 6, and
the spectral response is shown in Figure 8. The spectral
dependence of TBAI is consistent with the high concentration
spectra of sodium and potassium iodide presented later, with a
maximum at 225 nm, but shows the increased nonresonant
contribution.

3.2. Surface Tension Measurements.There have been three
reported measurements of the surface tension,Γ, of aqueous
TBAI solutions.54-56 These results have been adapted into Figure

Figure 7. Surface adsorption of TBAI. Panel a shows the fractional
coverage (θ) as obtained in both our experiment (black squares) and
in the photoemission experiment of Winter et al.52 (red circles). Panel
b shows the surface coverage obtained in our experiments compared
to that obtained by Winter et al.52 for the same bulk concentration.

K w K(θ) ) K exp(gθ), g ) zu/RT (12)

θ
1 - θ

) K′C (13)

θ
1 - θ

exp(-gθ) ) K′C. (14)

TABLE 1: Fitted Parameters of Both the Langmuir and
FFG Models

Langmuir FFG

K′
∆Gads

kcal/mol K′
∆Gads

kcal/mol g
zu

kcal/mol

this work 112 -5.05( 0.16 52.1 -4.6 2.2 1.3
Winteret al. 22.6 -4.1( 0.3 22.8 -4.1 2.5 1.4
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9. The absolute surface excess (Γ) of TBA+ and I-, which must
be identical due to requirement of surface neutrality, can be
calculated by the Gibbs adsorption equation3

Substituting the expression for the chemical potential (µ ) µ°
+ RT ln a) and assuming that activity coefficient corrections
in the bulk are negligible at these low concentrations (a ) C),
we obtain:

where the 2 in the denominator results from the fact that the
surface excesses of TBA+ and I- are identical. Panel b in Figure
9 shows the calculated surface excesses from the surface tension
data. Also shown are the results from our SHG measurements
and the photoemission experiments of Winter et al.52 Strictly
speaking, the SHG and photoemission experiments measure the
surface concentration, whereas the surface tension experiments
measure the surface excess (the difference between the surface
and bulk concentration). These experiments are thus normally
not directly comparable. However, in the region before the
surface excess starts to decrease (where the surface tension has
a positive curvature), the surface enhancement is very large and
the effect of the bulk concentration can be neglected. This is
not the case if the surface tension exhibits a minimum. Note
that the SHG and photoemission experiments do not measure
the absolute surface concentration and thus need to be scaled
accordingly to match the surface excess. The agreement between
our SHG measurements and the surface tension data is excellent,
which demonstrates that SHG is indeed a viable surface specific
technique for these systems and that SHG can be used to directly
probe the surface concentration. The photoemission data show
the deviations resulting from the larger probing depth, as
discussed above.

4. Intermediate Concentration Range: The Nonresonant
Water Background

We have previously described the changes in the SHG
intensity observed at dilute29,30 and high19,31 concentrations of
aqueous electrolyte solutions. These changes are wavelength
dependent (and thus resonant) and result from anion adsorption
at the outermost surface layer. Alkali halide solutions also
exhibit a change in the SHG intensity at intermediate concentra-
tions. However, here the same change occurs at all wavelengths
and is thus a nonresonant response. The increase in the
nonresonant contribution is mainly due to an increased water
background induced by the presence of the ions in the interfacial
layer, but a nonresonant contribution of the ions cannot be
completely excluded. The asymmetric adsorption of anions and
cations in the interfacial layer causes the larger and more
polarizable anions to approach closer to the surface than the
cations, creating a double layer. This charge separation generates
electric fields that affect the orientation of adjacent water
molecules, as well as inducing a broadening of the interfacial
layer. This altered surface structure of the water molecules is
observed as an increase in the nonresonant contribution to the
SHG intensity and is thus observed at all wavelengths.

For the fundamental wavelengths used in this experiment,
400-550 nm, corresponding to SHG wavelengths of 200-275
nm, only the iodide solutions exhibit resonant behavior. For
the smaller halides, we observe the same SHG signal at 200
and 225 nm. The bulk CTTS transitions for fluoride, chloride,

Figure 8. Spectral response of iodide solutions. The wavelength
dependence of the SHG responses from high concentration sodium and
potassium iodide solutions are averaged over 4 and 5 M and 3 and 4
M, respectively, whereas the TBAI spectrum is obtained from the fit.
Also shown is the spectral response of HI solutions obtained in ref 32.
The NaI, KI, and HI spectra are on the same scale for the same bulk
concentration and display a significant cation dependence and are
analyzed in ref 32. The TBAI spectrum displays the same general
structure but exhibits a much larger nonresonant contribution from the
large cation.

dγ ) -Γ(dµTBA+ + dµI
-) (15)

Γ ) - 1
2RT

dγ
d ln C

(16)

Figure 9. Surface tension measurements of TBAI solutions. Panel a
shows the surface tension data adapted from Tamaki54,55and Okubo.56

Panel b shows the calculated surface excess from the surface tension
data as well as the results from our SHG measurements and the
photoemission experiments of Winter et al.52
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bromide, and iodide are centered at 173, 183, 199, and 225 nm,
respectively.57 Depending on magnitude and direction of the
solvatochromic shift of the surface spectrum, which tends to
be red-shifted for the other examined anions, we should also
be able to observe bromide at the interface. However, bromide
is predicted to be less surface active than iodide due to its lower
polarizability and size. Furthermore, since the second-order
cross-section (hyperpolarizability,â) scales with the polariz-
ability of the ion, the bromide SHG response might also be too
weak relative to the water background to be observed in our
current experiments.

The SHG responses of sodium and potassium iodide solutions
from dilute concentrations to near-saturation are shown in Figure
10 at all the measured probing wavelengths. To extract the
change in water SHG background in the intermediate concentra-
tion range (0.1-2 M), the low concentration offset due to the
Jones-Ray effect29,30 has to be removed at the resonant
wavelengths. This is not trivial, as it involves the optical phase
of the complex nonlinear susceptibility of iodide at the given
wavelength. However, an estimate of the complex phase,θ, can
be inferred from the low concentration data.

Equation 3 describes the vector sum of the susceptibility
components from the water background and the anions that

constitute the total nonlinear susceptibility. A diagram describing
the complex vector addition is shown in Figure 11. The
nonresonant background of pure water is represented by the
blue vector 1B and the low concentration iodide vector byıb. Since
the measured SHG intensity is normalized by the pure non-
resonant water response, the pure water vector (1B) is real with
a length of 1. As the iodide susceptibility increases and
eventually saturates with increasing anion concentration, the
length of the total second-order susceptibility decreases and
reaches a minimum,mb. Upon further increasing the salt con-
centration, the water background increases, as represented by
the susceptibility vector,wb. The total water response is still
nonresonant, keepingwb real. The magnitude of the increased
water response (w) at a given concentration in the intermediate
range can be evaluated from the total SHG response at that
concentration (d), the minimum SHG response (m), and the
angle of the complex iodide response (θ). Givenθ, we can find
the angleφ by the sine relation

and from φ we derive the length of the water background
response using the cosine relation

The signal strength at a given concentration (d) and the
minimum SHG response (m) are known, but the angleφ has to
be estimated.

There are two ways of estimatingφ. If the surface coverage
did not saturate, the iodide response would increase indefinitely
and the total SHG response would exhibit a minimum before
increasing again. The position of the minimum is dependent
on the phase angle of the iodide response (θ), which is
wavelength dependent. However, a minimum is actually only
observed for the weakly resonant wavelengths at 263 and 275
nm. At the strongly resonant wavelengths, the surface saturates
before reaching the theoretical minimum. A limit for the phase
anglesθ and φ can be established by calculating the critical
angles,θc andφc, assuming that the observed minimum is the
absolute minimum by setting the angleψ to 90 °. Since the
same response is observed for sodium and potassium iodide,

Figure 10. SHG intensity of iodide solutions at different probe
wavelengths. Panels a and b show the concentration dependence of
sodium iodide and potassium iodide, respectively. The resonance
behavior of the low and high concentration ranges, due to iodide,
and the change in the nonresonant water background at intermedi-
ate range is observed. To compare the changes in the water back-
ground, the wavelength-dependent initial intensity decrease must be
removed.

Figure 11. Complex addition. The SHG intensity is proportional to
the square of the length of the total nonlinear susceptibility. This, in
turn, is the vector sum of the real water background and the wavelength-
dependent complex iodide response. Depending on the complex phase
of the iodide response, constructive or destructive interference can be
observed.

φ ) 180- θ - ψ ) 180- θ - sin-1(sinθ
m ) (17)

w ) xd2 - m2sin2
φ - m cosφ (18)
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the average values ofmare used in the estimates. The calculated
critical angles for sodium and potassium iodide at the resonant
wavelengths are shown in Table 2.

Furthermore, in the low concentration range, the water
background and the orientationally averaged hyperpolarizability
can be assumed to be constant, and the SHG intensity can be
fit with the expression where 1B and ıb are the pure water

background and the low concentration iodide response, as
defined in Figure 11, andA andB are the real and imaginary
components of the iodide response, respectively. From the
fitted values ofA andB, we directly obtain the complex phase
angles (θF) for each wavelength. However, these fitted angles
are determined with relatively large errors. From the fitted
angles (θF), we calculate the correspondingφF angles through
eq 17, settingψ to 90 °. These are also shown in Table 2. The
angles φc and φF agree well, considering the approximate
methods used.

For angles less than 60°, the value ofw, calculated using eq
18, is relatively insensitive to the value ofφ, and, within
experimental uncertainty, the results obtained usingφc andφF

are indistinguishable. In the following, the angleφF is used to
calculate the magnitude of the water background increase upon
the addition on the salt (w). This magnitude at the various
probing wavelengths is shown in Figure 12. At the off-resonance
wavelengths, where there is no initial offset due to the iodide
response, the magnitude (w) is simply the square root of the
SHG intensity minus one by normalizing to pure water and
subtracting the pure water value. The change in the pure water
background is extracted from the off-resonant wavelengths and
is shown as the solid black line in the figure.

Solutions of potassium fluoride and the sodium and potassium
salts of chloride and bromide show the same SHG intensity at
200 and 225 nm. No resonance enhancement due to the anions
is observed and the change in the SHG response is due to the
change in the water background. The changes in water back-
ground for all the salt solutions examined are shown in Figure
13. The sodium and potassium solutions of chloride and bromide
reach the same magnitude of the water background change, but
they do so at different concentrations due to the different solubil-
ities of the salts. When the bulk concentration is normalized to
the solubility of the salt (defined as the fraction of saturation),
the cation dependence disappears, as shown in Figure 14. The
magnitude of the measured water background increases then
follows the Hofmeister series:49,58-61 Cl- < Br- < I-. Fluoride
does not follow this trend; however, fluoride is known to exhibit
anomalous properties due to the small size of the anion (n.b.
the large solubility of potassium fluoride and low solubility of
sodium fluoride compared to the other halogens).

Another way of analyzing the effects of the changing water
structure is to normalize the SHG response to the fractional

volume occupied by ions out of the total solution volume. This
is done by calculating the apparent ionic volume in the bulk
from the Pitzer interaction model,62 a five-parameter (four for
1:1, 1:2, and 2:1 electrolytes) fit to the density of electrolyte
solutions. From this model, a variety of thermodynamic quanti-
ties can be calculated from the empirical fitting constants. The
ionic volume is given by

where MX denotes the ion pair with cation M and anion X,
and V0

MX, â(0)V
MX, â(1)V

MX, â(2)V
MX, andCV

MX are the fitting
parameters. For a 1:1 electrolyte, the coefficients are given by

In these equations,AV ) 1.875 cm3 kg1/2/mol3/2, ν is the total
number of ions in the salt,νM andνX are the number of cations
and anions in the salt, respectively,zM andzX are the charge of
the cations and anions, respectively,I is the ionic strength (I )
1/2 ∑i mizi

2), andm is the molal concentration of the solution.
After this renormalization, all the smaller halide anions (viz.

all except for iodide) fall approximately on the same line, as
shown in Figure 14. Iodide exhibits a nonlinear increase.
However, the magnitude of the increase is consistent with those
of the smaller halides. It occurs as if, after an approximately
linear increase, the change in the water structure of iodide
solutions reaches a critical point and saturates, after which it
remains constant. It thus appears that the main difference is
that the perturbation of the water molecules by the iodide anion
reaches the saturation point faster than do the smaller halides.

Our results reveal a linear change in SHG response with bulk
concentration for the smaller halides, similar to the results from
surface tension experiments. However, this linear increase is a
result of a change in the surface water hydrogen bonding
structure due to the presence of the ions. It has been suggested
that ions in the bulk mainly affect the hydrogen bonding
structure in the first solvation shell.64 The recent SFG experi-
ments by the Allen group21 of sodium halide solutions at two
different concentrations have also suggested that the change in
the water structure due to the presence of the ions results mainly
from those water molecules directly bounded to the ions at the
outermost surface layer.

In the bulk, the solvation shells are symmetric and do not
engender a SHG (or SFG) response. However, at the surface,
the solvation shells become asymmetric, perhaps even broken
(i.e., with air next to the ion), and thus an SHG response is
generated. The nonresonant SHG increase will then approxi-
mately follow the number of water molecules directly bound
to the surface ions and will thus increase linearly with the surface
ion concentration until the solvent shells begin to overlap. Our
results show a linear dependence of the water structure change
for the smaller halides. Iodide, on the other hand, shows a much
stronger effect, but which changes abruptly and levels off,
perhaps due to a phase transition in the surface layer or to the
completion of a monolayer coverage. The increased SHG

TABLE 2: Estimate of the Phase AngleO

λ/nm m θc θF φc φF

200 1 90 0
210 0.97 90 - 0 -
218 0.78 52 52 38 38
225 0.71 45 46 45 44
240 0.82 56 63 34 27
250 0.77 50 66 40 24
263 1 90 71 0 19
275 1 90 88 0 2

I2ω ∝ |1B + ıb(c)|2 (19)

) (1 + A × NS)
2 + (B × NS)

2 (20)

VMX ) V0
MX + A0 + A1â

(0)V
MX +

A2â
(1)V

MX + A3â
(2)V

MX + A4C
V

MX (21)

A0 ) 0.41667AVν| zMzX| ln(1 + 1.2I1/2) (22)

A1 ) 2RTνMνXm (23)

A2 ) 2RTνMνXm(1/2I)[1 - (1 + 2I1/2)exp(- 2I1/2)] (24)

A3 ) 0 (25)

A4 ) 2RTνM
2νXzMm2 (26)
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response could also be explained as an increase in the probing
depth, as suggested by Allen and co-workers,21 or due to an

increased rotation of the water molecules in the outermost liquid
layer. However, since our SHG experiments probe only the
nonresonant contribution of the water response, a more detailed
analysis is not possible at this time.

5. High Concentration Iodide

At higher salt concentrations (>2 M), the iodide solutions
exhibit a strong increase in the SHG intensity. This increase
appears only at resonant wavelengths and is attributed to the
adsorption of iodide anions to the outermost liquid layer, as
predicted by the MD simulations and observed for azide31 and
thiocyanate.19 In Figure 15, we present the SHG intensity of
high concentration sodium and potassium iodide solutions at
various probing wavelengths.

The high concentration SHG intensity can be fit by including
the initial offset (mb ) 1B + ıb), the change in the water background
(wb), and the real and imaginary parts of the high concentration
iodide response (IB ) (A + iB) × NS):

Figure 12. Water background SHG response of iodide solutions. After
removal of the initial offset, the changes in the SHG electric field of
sodium (panel a) and potassium (panel b) iodide solutions can be com-
pared at different wavelengths. The line is the average of the nonreso-
nant change in the water background. A further increase in the SHG
response at resonant wavelengths is observed at higher concentrations.

Figure 13. Water structure change for all halides. The change in the
SHG electric field of the water background is shown for all sodium
and potassium halide solutions, except for sodium fluoride. The
responses for the smaller halogens are averaged over the 200 and 225
nm responses, and for the iodide the background response as determined
in Figure 12 is used.

Figure 14. Renormalization of the change in the water background.
Panel a is renormalized to the fraction of saturation, defined as the
concentration divided by the solubility of the salt. This renormalization
removed the cation dependence and makes the magnitude of the water
background increase follow the Hofmeister series for the anions (except
for fluoride). Panel b is renormalized to the ionic volume fraction
calculated by the Pitzer model. This renormalization causes all of the
salts (except iodide salts) to fall on the same line.

I2ω ∝ |1B + ıb(ω) + wb(c) + IB(c)|2 (27)

) (m× cos(φ) + w(c) + A × NS)
2 +

(m× sin(φ) + B × NS)
2 (28)
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Recent MD simulations have suggested a rather small Gibbs
free energy of adsorption for iodide of-0.8 kcal/mol (Jungwirth
and Tobias14) and -1.5 kcal/mol (Dang and Chang13). The
surface concentration of iodide (NS) can be modeled equally
well by invoking either a linear increase with bulk concentration
(corresponding to a Gibbs free energy of adsorption of zero) or
a Langmuir adsorption model with a Gibbs free energy of-0.8
kcal/mol. The lines in Figure 15 are fit by incorporating the
two models into the above expression. The presently available
data cannot distinguish between the two models and we can
thus not determine whether iodide anions are positively adsorbed
to the water surface at high bulk concentrations.

Faubel and co-workers22 also used the photoemission tech-
nique to measure the surface concentration of both counterions
of sodium iodide solutions as a function of their bulk concentra-
tion. Their results resemble Langmuir adsorption isotherms, but
they concluded instead that the ions are depleted at the surface.
We have reanalyzed their data by fitting it to the Langmuir
model. Due to the high bulk concentration, the bulk water
concentration cannot be assumed to be constant, and the
Langmuir model written in terms of mole fractions must be used
(eq 8). The molal concentrations are converted to mole fractions
by using the solution densities tabulated in So¨hnel and No-
votný.63 The resulting fit, yielding a Gibbs free energy of∼
-0.8 kcal/mol (Figure 16), is thus consistent with both our SHG
experiment and the theoretical predictions. That the same

behavior is observed for sodium and iodide can be understood
considering the large probing depth of the photoemission
experiment and the requirement of surface neutrality. Surface
neutrality dictates that the surface concentration of sodium and
iodide must be the same when integrated over the entire
interfacial region, a thickness of about 10 Å. This is much
shallower than the probing depth of the photoemission experi-
ment (a few nm), and hence identical concentrations are
measured for the anion and cation. Furthermore, both cations
and anions exhibit a concentration maximum, the anions at the
outermost liquid layer and the cations in the sublayer, with
corresponding minima in the Gibbs free energy in this region.
Both ions should thus exhibit identical Langmuir isotherms.

The spectral dependence of the SHG electric field provides
a measure of the surface spectrum. Figure 8 shows the surface
spectra of iodide in sodium and potassium solutions at high
concentrations. The sodium iodide spectrum is averaged over
the SHG responses at 4 and 5 M bulk concentrations, whereas
the potassium iodide spectrum is averaged over 3 and 4 M, with
the magnitudes corresponding to the response at the same bulk
concentration, 4 M. The high concentration spectra show a clear
cation dependence that is not present at dilute concentrations.
This is taken as an indication of individual ion adsorption at
dilute concentration with negligible ion-ion interactions, and
the formation of an ionic double layer at high concentrations,
exhibiting significant ion-ion interactions. These interactions
are also responsible for the spectral broadening observed at high
concentrations.

Summary

As a proof of principle experiment, the SHG intensity of
TBAI solutions was measured and the surface concentration
evaluated. The measured surface concentration followed a
modified Langmuir model (the FFG model), accounting for the
lateral interaction between the hydrophobic chains on the
cations. The Gibbs free energy of adsorption and the lateral
interaction energy were found to be-4.6 and 1.3 kcal/mol,
respectively. Furthermore, the measured surface concentration
was compared to surface tension results from the literature with
excellent agreement, demonstrating that SHG is an accurate
probe of the surface concentration.

It should be noted that for TBAI, the cation exhibits a large
nonresonant response and the SHG experiment is sensitive to
both the cations and the anions. This behavior contrasts that of

Figure 15. High concentration adsorption of iodide. The high
concentration increase in the resonant SHG intensity is due to iodide
anions at the interface forming a dense ionic double layer with the
cations. Due to the relatively small hyperpolarizability of iodide, it is
not possible to determine whether the iodide anions are enhanced at
the interface or whether the surface mole fraction increases linearly
with the bulk.

Figure 16. Langmuir fit of the photoemission experiments of Faubel
and co-workers.22 The points are the data taken from their paper and
the lines are our fit to the Langmuir model, giving a Gibbs free energy
of ∼-0.8 kcal/mol.
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solutions containing alkali cations, wherein the SHG experiment
is sensitive only to the anion. This implies that both cations
and anions exhibit the measured surface enhancement at the
outermost liquid layer for TBAI solutions. This is not surprising,
as the hydrophobic nature of the cation confines it to the
outermost liquid layer. The alkali salts, on the other hand, exhibit
strongly asymmetric solvation of anions and cations, with anions
enhanced at the outermost liquid later but depleted in the
sublayer, where the cation, in turn, is enhanced.

We have examined the SHG intensity from sodium and
potassium halide solutions ranging from millimolar to near
saturation concentrations. All of the solutions evidence a change
in the water structure induced by the presence of the ions in
the interfacial layer. The smaller halogens (all except iodide)
show a linear increase with bulk concentration, supporting the
notion that the ions mainly affect water molecules directly bound
to them. The changes correlate well with the solubility of the
salts, except for fluoride, with the magnitude of the water
structure change following the Hofmeister series:49,58-61 Cl- <
Br- < I-. For the smaller halides, this increase remain linear
over the entire concentration range, but for iodide, the surface
water structure change levels out around 2 M at amagnitude
approximately consistent with that of the smaller halides. This
could be indicative of the formation of a full monolayer at the
interface, with the further increase indicative of interfacial
widening.

Alternatively, if the change in the nonresonant water back-
ground is renormalized to the ionic volume fraction, the curves
for the smaller halides fall on the same line. This indicates that
the perturbation of the water structure is occurring mainly within
the first solvation shell. The distinct behavior of the iodide
solutions could be indicative of the higher propensity of iodide
anions for the water surface, and the critical concentration could
then correspond to all the outermost water molecules being
within the first solvation shell of an anion.

At dilute concentrations, the iodide concentration is enhanced
with a Gibbs free energy of-6.2 kcal/mol, in accord with the
Jones-Ray effect.29 At high concentrations, iodide is also
predicted to be enhanced,11,14 as we confirmed for azide and
thiocyanate.19,31 However, for iodide at high concentration, it
is not possible to distinguish whether the surface concentration
of the iodide anions increases linearly with bulk concentration,
corresponding to no excess surface energy, or follows a
Langmuir model with a Gibbs free energy of adsorption of-0.8
kcal/mol. This finding is consistent with both the theoretical
predictions14,13 and the photoemission experiments by Winter
et al.22

These new findings support the refined picture of the surface
structure of electrolyte solutions that is emerging from the
combined effort of theory and experiment. However, several
questions remain. First, more salts need to be examined to
determine which do or do not exhibit surface enhancement at
both dilute (due to the Jones-Ray effect) and high (ostensibly,
due to the polarizability) bulk concentrations. Furthermore, the
effect of surface active cations such as hydronium, i.e., pH
effects, and potentially also ammonium on the surface propensi-
ties would be interesting, and it would be most interesting if an
experiment could be devised to directly measure the surface
pH. The effects of the ions on the surface water structure needs
to be further investigated, and direct calculations of the SHG
response of electrolyte solutions would be most welcome.
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