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It is now well established by numerous experimental and computa-
tional studies that the adsorption propensities of inorganic anions
conform to the Hofmeister series. The adsorption propensities of
inorganic cations, such as the alkali metal cations, have received
relatively little attention. Here we use a combination of liquid-jet
X-ray photoelectron experiments and molecular dynamics simula-
tions to investigate the behavior of K+ and Li+ ions near the inter-
faces of their aqueous solutions with halide ions. Both the
experiments and the simulations show that Li+ adsorbs to the aque-
ous solution−vapor interface, while K+ does not. Thus, we provide
experimental validation of the “surfactant-like” behavior of Li+ pre-
dicted by previous simulation studies. Furthermore, we use our sim-
ulations to trace the difference in the adsorption of K+ and Li+ ions
to a difference in the resilience of their hydration shells.

ion adsorption | air−water interface | specific ion effects |
Hofmeister series | aqueous ionic solvation

Myriad chemical and biochemical processes that occur in
aqueous salt solutions exhibit trends that depend system-

atically on the identities of the salt ions. These trends, which are
commonly referred to as specific ion effects, generally follow the
Hofmeister series, a ranking of the ability of salt ions to pre-
cipitate proteins that was developed by Franz Hofmeister (1) in
the late 1800s. The Hofmeister series applies, however, to a wide
range of other seemingly unrelated phenomena, such as colloidal
stability, critical micelle concentrations, chromatographic selec-
tivity, protein denaturation temperatures, and the interfacial
properties of aqueous salt solutions (2, 3). Early attempts to
explain the Hofmeister series relied on the notion that salt ions
have a long-range effect on the structure of water, with ions on
one side of the series acting as “structure makers” and ions on
the other side as “structure breakers” (2, 4). However, more
recently, several experimental and computational studies have
questioned the role of long-range ordering/disordering effects
(4–9), and have provided compelling evidence that ion-specific
behavior at aqueous interfaces must be taken into consideration
when attempting to explain Hofmeister effects (7, 10–13).
Specific anion effects on the interfacial properties of aqueous salt

solutions, such as surface tensions and surface potentials, closely
follow the Hofmeister series for anions (14). For example, surface
tension increments (STIs; differences between the surface tension
of a salt solution and that of neat water) of sodium salts at the same
concentration decrease in the order: SO4

2− > Cl− > Br− > NO3
− >

I− (15, 16). Molecular dynamics (MD) simulations have predicted
that the propensity of anions to adsorb to the solution–vapor in-
terface follows the Hofmeister series in reverse (7, 14, 17), and this
prediction has largely been confirmed experimentally (14, 18–22).
Moreover, MD simulations have shown that, with few exceptions
[e.g., SO4

2− in (NH4)2SO4 (23)], anions adsorb more strongly to the
solution−air interface than their counter cations, and, consequently,
electrical double layers are formed near the interface, with the
anions residing in or near the topmost layer of the solution, and the

cations residing below the anions (14, 24, 25). Surface potentials
(26), phase-sensitive vibrational sum frequency generation (PS-
VSFG) spectra (22, 27, 28), and X-ray photoelectron spectroscopic
(XPS) data (19, 29–32) are consistent with the double layer picture.
Compared with anion-specific effects, cation-specific effects at

the solution−air interface are generally observed to be relatively
weak. For example, the concentration dependence of the STIs of
LiCl, NaCl, and KCl are very similar (33). In one of the few
studies that directly determined cation-specific effects on ion
distributions in the interfacial region, XPS spectra and MD
simulations revealed that Na+ approaches the solution−air interface
more closely than Rb+, and that the interfacial population of Cl− is
greater in NaCl vs. RbCl solutions (31). PS-VSFG measurements,
which provide indirect information on interfacial ion distributions via
surface electric fields inferred from the imaginary part of the non-
linear susceptibility, have provided evidence of cation-specific effects
on the strength of the electric double layer at the solution−air in-
terfaces of nitrate, sulfate, and halide salt solutions (22, 27, 28).
In almost all aqueous salt solutions of salts containing alkali

metal cations, the cations are excluded from the topmost layer of
the solution (14). It has been suggested, based on MD simula-
tions (34–36), that Li+ may be an exception. Presently, Li+ is the
only metal cation that has been observed in MD simulations to
exhibit the “surfactant-like” behavior displayed by certain an-
ions. However, this theoretical prediction has not been con-
firmed experimentally. Here we report liquid-jet XPS (LJ-XPS)
measurements of the interfacial ion distributions in potassium
and lithium halide solutions that provide direct experimental
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evidence that, indeed, Li+ adsorbs to the solution−air interface,
while K+ does not. We also report MD simulations that quali-
tatively reproduce the LJ-XPS results and provide molecular-
level insights into the origin of the differences in the behavior
of Li+ and K+ at the solution−air interface.

Results and Discussion
Depth-Dependent Cation/Water Oxygen Ratios from LJ-XPS Spectra.
LJ-XPS signals originating from the I4d and K2p orbitals in 2.0 M
KI, and I4d and Li1s orbitals in 2.0 M LiI, are shown in Fig. 1 A–C
for both low (probing the surface) and high (probing the bulk)
photoelectron kinetic energy (KE). Comparison of the low
(200 eV) and high (600 eV) KE spectra reveals that the I− signal is
greater at low KE than at high KE for both the KI (Fig. 1A) and
LiI (Fig. 1C) solutions, consistent with the now well-established
notion that the population of I− ions is greater at the surface vs.
the bulk in alkali iodide solutions (14, 19, 25). The K+ signal is
lower at low KE than at high KE (Fig. 1B), indicating a depletion
of K+ ions at the surface relative to the bulk of the KI solution,
which is also consonant with the prevailing picture of ion distri-
butions near the surfaces of aqueous alkali halide solutions (14,
25). In contrast, the Li+ signal at low KE is significantly higher than
that at high KE (Fig. 1C). Thus, the spectra in Fig. 1C and the
integrated area ratios in Fig. 1D provide direct experimental con-
firmation of the prediction, made on the basis of MD simulations
(34–36), that Li+ ions adsorb to the aqueous solution-air interface.
The integrated area under each spectral curve in Fig. 1 A–C pro-

vides a measure of the concentration of each ion at a particular probe
depth of the experiment. To this end, the spectral peaks are first
normalized by their respective photoionization cross-section, photon
flux, detection angle, and the electron transmission of the analyzer, as
described in detail in Materials and Methods (29, 37, 38). To obtain
ion concentrations, the normalized ion spectral peak areas are divided
by the normalized water O1s peak area at the same photoelectron
KE. Fig. 1D compares the ratio of normalized cation/O1s signals from
2.0 M KI and LiI solutions as a function of photoelectron KE
(electron volts) or experimental probe depth. The experimental probe
depth is a function of the attenuation of the photoelectrons as they
escape from the solution. We plot our data (Fig. 1D) as a function
of photoelectron kinetic energy, with the realization that the probe
depth increases with photoelectron kinetic energy. The quantifi-
cation of the probe depth is a subject of some debate, but a rea-
sonable estimate for these aqueous solutions is that it is <10 Å at
a KE of 200 eV, and >20 Å at KE of 600 eV to 800 eV (39).

The cation to oxygen ratios in the bulk (photoelectron KE ≥
600 eV) of both KI and LiI solutions approximately exhibit the
bulk stoichiometry within experimental statistics, thus validating
our approach for obtaining depth profile information using LJ-
XPS. To be more accurate, for the 2.0 M concentrations, the
expected ratio would be 2:55.5 = 0.036, but this does not account
for the water density change upon making the solution. We esti-
mate this effect from the atomic radii of I− (2.25 Å), Li+ (0.71 Å),
and K+ (1.41 Å) (40), and from the van der Waals radius of water
(1.6 Å), which yields slightly larger predicted bulk ratios, 0.039 for
Li+ and 0.040 for K+. Uncertainties in the ionization cross-sections
and the photon flux likely result in the difference between our
measurements and the expected bulk ratios. We also point out that
the signal intensities represent exponentially weighted electron
contributions from different distances from the surface (29). Thus,
there will be signal from the topmost layer, even for the largest KE
of 800 eV measured here.
While the K2p/O1s ratio remains essentially constant at all

depths probed, the Li1s/O1s ratio exceeds the bulk stoichiometric
ratio in the interfacial region (photoelectron KE ≤ 400 eV) and
increases as the probing depth (photoelectron KE) decreases.
Thus, the data in Fig. 1D clearly show that the concentration of Li+

ions near the surface of a 2.0 M LiI solution is greater than in the
bulk, i.e., that Li+ is displaying surfactant-like behavior.
The cation to water oxygen ratios shown in Fig. 1D as a

function of photoelectron KE for 2.0 M KI and LiI solutions are
compared with the corresponding results for other 2.0 M K+ and
Li+ halide salt solutions (KCl, KBr, LiCl, and LiBr) in SI Ap-
pendix, Fig. S1 A and B. In all cases, the K2p/O1s ratios are es-
sentially constant at all depths probed (200 eV to 800 eV) (SI
Appendix, Fig. S1A). As in the case of LiI (Fig. 1D), the Li1s/O1s
ratios also increase with decreasing probe depth in LiCl and LiBr
(SI Appendix, Fig. S1B). At the lowest photoelectron KEs consid-
ered, the Li1s/O1s ratio increases in the order LiCl < LiBr < LiI.
Thus, the extent of Li+ adsorption tracks the reverse Hofmeister
ordering of anion adsorption (Cl− < Br− < I−) observed in previous
XPS experiments (19) and MD simulations (24), as well as the new
anion/O1s ratios measured as a function of photoelectron KE
reported in SI Appendix, Fig. S1 C and D.

Depth-Dependent Anion/Cation Ratios from LJ-XPS Spectra. Anion/
cation ratios were determined from the XPS spectra by following
the same procedure used to obtain the cation/O1s ratios. The
I4d/K2p and I4d/Li1s ratios in the 2.0 M KI and 2.0 M LiI

Fig. 1. Surface (200 eV KE) and bulk (600 eV KE) LJ-XPS spectra for (A and B) 2.0 M KI solutions and (C) LiI solutions. (D) Ratios of normalized cation/O1s signals
plotted vs. photoelectron KE (probe depth). The zero of the vertical axis for the surface spectra in A–C has been offset to clearly display the surface and bulk spectra
on the same plots. The spectral intensities in A–C have been corrected for the photon flux, and the photoionization cross-section so that direct comparisons of the
intensities in these plots are meaningful. Since the I4d and the Li1s peaks occur in the same range of binding energies, the change in the scaling due to the significant
difference in cross-sections is shown clearly (e.g., in C) by the discontinuity in the signal-to-noise as one goes from the I4d region to the Li1s region of the spectrum. The
error bars shown in D include statistical errors in the determination of peak areas from the fitting routine and the precision of multiple experiments.
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solutions, respectively, are plotted vs. photoelectron KE (probing
depth) in Fig. 2. The I−/K+ ratio is greater than unity at the lowest
photoelectron KE (200 eV) measured, indicating an excess of I−

anions over K+ cations near the surface of the KI solution. This
result is qualitatively consistent with previous XPS measurements
(19), but the surface I−/K+ ratio in the present study is lower,
presumably, in part, because the previous measurements were
carried out on a deliquesced solid (saturated solution), whereas the
measurements reported herein were carried out on a 2.0 M solu-
tion. The I−/Li+ ratio in 2.0 M LiI remains essentially constant near
unity over the entire range of photoelectron KE (Fig. 2). This
result is consistent with our observation that both the Li+/water O
(Fig. 1D) and I−/water O (SI Appendix, Fig. S1D) ratios are greater,
to roughly the same extent, at the solution surface than in the bulk.
Thus, the anion/cation ratios confirm that Li+ exhibits surfactant-
like behavior, similar to I−, while K+ does not.
The LJ-XPS data reported in Figs. 1 and 2 were measured at a

20° angle between the polarization vector and the detection axis.
To confirm that our findings are not affected by electron emis-
sion anisotropy, in a separate experiment, we measured the
depth profile of 2.0 M LiI in comparison with 2.0 M NaI solu-
tions at the magic angle (54.7°) where electron emission anisot-
ropy is eliminated. In this case, only the orbital photoionization
cross-sections are needed to obtain the ion concentration ratios
(29, 38). The data measured at the magic angle for 2.0 M NaI and
LiI solutions (SI Appendix, Fig. S2) confirm that the ion concen-
tration ratios are independent of the experimental geometry.
Given that the results are independent of the scattering angle, we
collected the most complete set of data at a 20° scattering angle,
where the signals are stronger.
Anion/cation ratios for 2.0 M KCl, KBr, and KI solutions are

compared in SI Appendix, Fig. S3A, and those for 2.0 M LiCl,
LiBr, and LiI solutions are compared in SI Appendix, Fig. S3B.
The anion/K+ ratio at the lowest photoelectron KE measured
decreases in the order KI > KBr ≈ KCl (SI Appendix, Fig. S3A).
The anion/Li+ ratios at the lowest photoelectron KE are slightly
less than one for the LiCl and LiBr solutions (SI Appendix, Fig.
S3B), indicating that Li+ ions are present with the anions in the
interfacial region of those solutions.

Density Profiles from MD Simulations. Density profiles for ions and
water oxygen atoms, computed fromMD simulations of ∼2 M KI
and ∼2 M LiI solutions and divided by the corresponding bulk

densities (ρ0), are plotted in Fig. 3 vs. the distance from the in-
stantaneous solution−air interface (i.e., depth into the solution).
Referring the density profiles to the instantaneous interface (see
SI Appendix for definition and method of calculation) reveals
structure in the interfacial region that is obscured when mean
density profiles are computed on a static grid (41, 42). The water
density profiles in Fig. 3 each display two peaks, one at ∼2 Å and
the other at ∼5 Å below the interface, and the iodide density
profiles display sharp peaks on the inner side of the topmost
water layer, followed by a depletion zone centered around 5 Å
below the interface, in which the ion density is lower than in the
bulk. To maintain the electroneutrality of the interfacial region,
the density profiles of the cations also contain peaks corre-
sponding to enhanced ion populations in the interfacial region
vs. the bulk. Both the K+ (in KI) and Li+ (in LiI) density profiles
indicate enhanced populations in the zone of I− depletion below
the interfacial peak in the I− density profiles. In addition, the Li+

density profile displays a more prominent peak that is coincident
with I− interfacial peak. Thus, the MD simulation of 2 M LiI re-
capitulates the surfactant-like behavior of Li+ inferred from the
LJ-XPS data (Figs. 1 and 2).
The anion density profiles for K+ and Li+ solutions of all three

halides considered show signal corresponding to surface-adsorbed
anions that decreases in the order I− > Br− > Cl− (SI Appendix,
Fig. S4). As for K+ in the KI solution, the K+ density profiles from
the KBr and KCl solutions do not contain peaks corresponding to
surface-adsorbed K+ ions (SI Appendix, Fig. S4 A–C). On the
other hand, as in the case of Li+ in LiI, the Li+ density profiles
from the LiBr and LiCl solutions display a peak (for LiBr) or
shoulder (for LiCl) corresponding to surface-adsorbed cations (SI
Appendix, Fig. S4 D–F). Thus, the surfactant-like behavior of Li+

Fig. 2. Ratios of normalized XPS signals (I4d/K2p for KI and I4d/Li1s for LiI)
plotted vs. photoelectron KE (probe depth) for 2.0 M KI and 2.0 M LiI solutions.
The error bars include contributions from the statistics of the spectral fit to
obtain peak areas and the precision of replicated experiments. The error bars
do not include any contribution from the unknown uncertainty in the ioniza-
tion cross-sections.
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adsorption observed in the LiI solution is also seen in the LiBr and
LiCl solutions, albeit to a lesser extent, and decreasing in the order
LiI > LiBr > LiCl. The surface enhancement of Li+ ions that we
observed in lithium halide solutions agrees qualitatively with the
results of previously reported MD simulations of 0.2 molal (m)
and 1.0 m LiCl solutions (35), as well as an 8.6 m LiBr solution
(36). We cannot quantitatively compare the extents of adsorption
because of differences in the definition of the interface used to
calculate density profiles.

Origins of the Different Interfacial Propensities of Li+ and K+ Ions.
We can use our MD simulations to address the question of why
Li+ adsorbs to the topmost layer of water but K+ does not. Al-
though the relative importance of the various forces that drive
ions toward or away from aqueous solution−air interfaces is a
subject of ongoing inquiry (42–47), there is broad consensus that
cavity formation promotes ion adsorption, and the loss of dis-
persion and local (hydration shell) electrostatic interactions ac-
companying ion desolvation opposes ion adsorption. In addition,
when the simple point charge/extended (SPC/E) model is used
for water molecules, as in the present study, there is an elec-
trochemical surface potential, arising from broken symmetry in
the water structure at ion−water and air−water interfaces, that
favors the adsorption of anions and opposes the adsorption of
cations (43, 44). In finite concentration solutions, such as those
considered here, it is also possible that ion−ion interactions are
different in bulk solution than in the interfacial region; in this case,
there will be an additional electrostatic contribution to an ion’s
adsorption propensity.
The cavity term clearly does not contribute to the greater ad-

sorption propensity of Li+ vs. K+, because K+ is larger than Li+. As
we shall see in Resilience of the Li+ Solvation Shell, Li+ retains its
full solvation shell even when it is in the topmost water layer, while
K+ sheds part of its solvation shell as it approaches the surface of
the solution. Due to the loss of water molecules in the K+ solvation
shell, the concomitant loss of dispersion interactions opposes K+

adsorption. On the other hand, since Li+ retains its full solvation
shell at the interface, the difference in dispersion interactions be-
tween Li+ at the interface and in the bulk should be negligible.
Thus, dispersion interactions are not expected to play an appre-
ciable role in the adsorption of Li+.
Next we examine the ion−ion and ion−water electrostatic inter-

actions. The total electrostatic potential energy of K+ ions in 2 M KI
and Li+ ions in 2M LiI, as well as the contributions of cation−cation,
cation−anion, and cation−water interactions, are plotted as func-
tions of depth into the solutions in Fig. 4 A and B. Not surprisingly,
the cation−cation electrostatic interaction energies are repulsive
throughout each solution, and the shapes of the energy profiles
resemble the shapes of the cation density profiles (Fig. 4 C and D).
The cation−anion electrostatic interaction energies are attractive
throughout each solution, and the cation−anion interaction energy
profiles are practically mirror images of the cation−cation profiles.
Thus, since these cation interactions mostly balance throughout
the solution (SI Appendix, Fig. S5), the cation−ion electrostatic
interactions do not contribute considerably to the adsorption
propensity of either K+ in 2 M KI or Li+ in 2 M LiI.
The cation−water electrostatic interactions are attractive

throughout each solution, and relatively very weak compared with
the cation−cation and cation−anion electrostatic interactions (Fig. 4
A and B). For K+ in the KI solution, there is a very shallow mini-
mum in the cation−water electrostatic interaction energy profile
(Fig. 4A), spanning roughly the same range of depth (∼4 Å to 9 Å)
as that of the enhanced K+ density corresponding to the subsurface
layer of K+ ions (Fig. 4C). Upon moving closer to the interface, the
K+

–water electrostatic energy rises to zero as the number of water
molecules in the K+ hydration shell drops from its bulk value of six
(Fig. 4E and SI Appendix, Fig. S6A). Thus, desolvation constitutes a
small penalty to the adsorption of K+ ions to the solution surface.

Likewise, the Li+–water electrostatic interaction energy profile
displays minima (Fig. 4B) where the Li+ density profile contains
maxima (Fig. 4D), with the deepest minimum coinciding with the
surface layer of Li+ ions. The Li+ ion is able to maintain attractive
Li+–water interactions all of the way up to the solution surface
because it retains its full hydration shell, consisting of four water
molecules, throughout the solution (Fig. 4F and SI Appendix, Fig.
S6B; see also ref. 34). The snapshot depicted in SI Appendix, Fig.
S6B shows that the Li+ ions that reside in the topmost layer of the
solution can protrude from the solution surface.
More or less the same picture emerges from our MD simula-

tions of potassium and lithium bromide and chloride solutions: In
all cases, attractive cation−anion electrostatic interactions are es-
sentially canceled by repulsive cation−cation electrostatic interac-
tions throughout each solution (SI Appendix, Fig. S5). K+ loses
favorable electrostatic interactions with water due to desolvation as
it approaches the solution surface (SI Appendix, Figs. S7 and S8).
In the LiBr solution, Li+ retains its solvation shell and favorable
electrostatic interactions with water molecules in the topmost layer
of solution (SI Appendix, Fig. S7). In the LiCl solution, Li+ loses
one water molecule from its solvation shell right at the surface
(depth < 2 Å), but retains its full solvation shell and is slightly
stabilized by cation−water interactions in the region of the maxi-
mum of the Li+ density profile (SI Appendix, Fig. S8).

Resilience of the Li+ Solvation Shell. The Li+ solvation shell is re-
markably resilient in a structural sense, i.e., Li+ retains its co-
ordination number of four, on average, throughout the LiCl,
LiBr, and LiI solutions, except right at the surface (depth < 2 Å)
of the LiCl solution. However, this structural resilience does not
mean that water molecules do not move in and out of the Li+

solvation shell, nor does it mean that the lifetime of a water
molecule in the Li+ solvation shell is the same throughout each
solution. To quantify the lifetime of a water molecule in the Li+

solvation shell, we have computed water residence times (see SI
Appendix for definition and method of calculation) for Li+ ions
in the interfacial (depth < 5 Å) and bulk (depth > 5 Å) regions of
the 2 M LiI solution. For comparison, we carried out the same
calculations for K+ ions in the 2 M KI solution, where the in-
terfacial region was defined as depth < 10 Å. We obtained water
residence times of 167 ps and 74 ps for Li+ ions in the bulk and
interfacial regions, respectively, of the LiI solution, and 11 ps and
9 ps for K+ ions in the bulk and interfacial regions, respectively,
of the KI solution. Thus, we find that water molecules have
longer lifetimes in the cation solvation shell in the LiI solution
than in the KI solution, and that the cation solvation shells are
more dynamically labile/short-lived in the interfacial region
compared with the bulk of both solutions.

Ion Pairing. The cation and anion density profiles overlap more in
the topmost layer of the Li+ solutions than in the K+ solutions
(Fig. 3 and SI Appendix, Fig. S4). The greater overlap in the Li+

solutions raises the question: Is the extent of ion pairing corre-
spondingly greater in the Li+ solutions than in the K+ solutions?
To answer this question, we calculated the average number of ion
pairs as a function of depth into the Li+ and K+ solutions. The
results, plotted in SI Appendix, Fig. S9, show that the extent of ion
pairing is actually greater in the K+ solutions. Throughout each K+

solution, except right at the surface (depth < 2 Å) of the KCl and
KBr solutions where the K+ density is negligible, K+ is engaged in
∼0.5 ion pairs (SI Appendix, Fig. S9). In contrast, in the Li+ solu-
tions, the average number of ion pairs throughout each solution is
much lower (∼0.07 in LiCl, ∼0.01 in LiBr, and ∼0.002 in LiI),
except right at the surface (depth < 2 Å) of the LiCl solution.

Conclusions
We used a combination of LJ-XPS experiments and MD simu-
lations to investigate specific cation effects at the aqueous
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solution−air interfaces of potassium and lithium halide solutions.
The cation/oxygen and anion/cation ratios from the LJ-XPS ex-
periments and the density profiles from the MD simulations
show that Li+ ions adsorb to the interface, but K+ does not.
Consistent with previous studies (14, 19, 25), both the LJ-XPS
experiments and MD simulations also show that the iodide anion
exhibits surfactant-like behavior. Moreover, the simulations
predict that the halide anion adsorption propensity decreases
in the order I− > Br− > Cl− in both K+ and Li+ solutions, and
that the extent of anion adsorption does not depend significantly
on the identity of the counter cation in the solutions considered
here. The simulations provide evidence that the primary reason
Li+ ions are able to approach the interface more closely than K+

is that Li+ ions retain their full hydration shell, and the associ-
ated favorable ion−water electrostatic interactions, even in the
topmost layer of the solution. In contrast, while K+ ions retain
their complete hydration shell up to the subsurface layer beneath
the surface anion layer, as they approach the surface more
closely, they shed part of their hydration shell and lose stabilizing
electrostatic interactions with water molecules.

Materials and Methods
LJ-XPS Experiments. Liquid-jet experiments were performed at the Molecular
Environmental Sciences beamline (11.0.2) at the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory (LBNL) (48–52). The details of the ex-
perimental setup and procedures have been described previously (21). Specific
details of the experimental methods are provided in SI Appendix. In summary, a
laminar flowing liquid microjet (Microliquids Inc.) of 21 μm diameter, held at
6 °C, in the presence of 1 Torr water vapor, was irradiated by X-rays from the
synchrotron, resulting in the emission of photoelectrons. Photoelectrons were
collected, energy analyzed, and detected via a four-stage differentially pumped
lens and hemispherical analyzer system (Phoibos 150; Specs). Since the escape
depth of the photoelectrons from the solution is strongly kinetic energy-
dependent, the probe depth of the experiment can be adjusted by changing
the X-ray photon energy, which sets the kinetic energy of the photoelectrons.
Photoelectron KE between 200 eV (probing predominantly the interface) and
800 eV (probing the bulk of the liquid-jet solution) were used. The photo-
electron spectra were normalized for atomic transition cross-sections (37),

photon flux, analyzer transmission function, and transmission of the X-rays
through the background water vapor, as decribed by Ottosson et al. (29).
The X-ray transmission through water vapor was computed using the on-line
program provided by the Center for X-ray Optics at LBNL (53). Salt solutions
were prepared by weighing out each salt and dissolving with highly deminer-
alizedwater (conductivity ∼0.2 μS/cm, 18.2 MΩ, deionized water), up to 100 mL.
Salts were purchased, and included potassium iodide (>99.5%, puriss p.a; Sigma
Aldrich), lithium iodide (99.9% trace metals basis; Sigma Aldrich), and sodium
iodide (Sigma Aldrich).

MD Simulations. MD simulations of ∼2 M aqueous LiCl, LiBr, LiI, KCl, KBr, and
KI solutions consisted of 1,728 water molecules and 68 ion pairs. The di-
mensions of the simulation cell were 30 Å × 30 Å × 140 Å for each system.
Periodic boundary conditions were applied in all three dimensions, resulting
in solution “slabs” ∼70 Å thick with two solution−vacuum interfaces at
z ≈ ±35 Å. The SPC/E model was used for water (54), and the ion force field
parameters were taken from Horinek et al. (34) (see SI Appendix, Table S1
for a full listing of the force field parameters used in this study). The ion
force fields we used were parameterized in conjunction with the SPC/E
water model to reproduce the first peaks in the ion−water radial distribu-
tion functions, as well as ion solvation free energies and entropies (34). The
resulting models were then used to calculate single-ion adsorption poten-
tials of mean force, from which surface tensions were computed using an
extended Poisson−Boltzmann theory (34). The resulting STIs, i.e., difference
between the surface tension of a salt solution and the surface tension of neat
water, agreed well with experimental measurements up to 1 M concentration
(34). In SI Appendix, Table S2, we compare the STIs calculated from our MD
simulations of ∼2 M lithium and potassium halide solutions with experimental
data. Overall, the agreement is very good: The STIs are all positive and increase
in the order MI <MBr <MCl, where M is K+ or Li+, and the STIs for the K+ salts
are mostly greater than those for the corresponding Li+ salts.

TheMD trajectories were generated using the Gromacs simulation suite (55)
for 80 ns each with a timestep of 1 fs; the last 70 ns of each trajectory was used
for analysis. The temperature was held constant at 300 K using a Berendsen
thermostat (56) with velocity rescaling to ensure the correct kinetic energy
distribution (57). Water molecules were held rigid using the SETTLE algorithm
(58). The electrostatic energies and forces were calculated using the particle
mesh Ewald method (59), and a cutoff of 9 Å was used to truncate the Lennard-
Jones interactions and the real-space part of the Ewald sum.
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Fig. 4. Depth dependence of the electrostatic interaction energies of (A) K+ ions in 2 M KI and (B) Li+ ions in 2 M LiI. The green curves are contributions from
cation−cation interactions, the blue curves are from cation−anion interactions, and the magenta curves are from cation−water interactions. The black curves
are the total electrostatic interaction energies. (C) Density profile for K+ ions in 2 M KI. (D) Density profile for Li+ in 2 M LiI. (E) Number of water molecules in
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