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ABSTRACT: Ion-surface scattering experiments can be used to measure elemental depth
profiles on the angstrom scale in complex liquid mixtures. We employ NICISS (neutral
impact collision ion scattering spectroscopy) to measure depth profiles of dissolved ions and
solvent in liquid glycerol containing the cationic surfactant tetrahexylammonium bromide
(THA+/Br−) at 0.013 M and mixtures of NaBr + NaCl at 0.4 M total concentration. The
experiments reveal that Br− outcompetes Cl− in its attraction to surface THA+, and that
THA+ segregates more extensively when more Br− ions are present. Intriguingly, the depths
spanned by THA+, Br−, and Cl− ions generally increase with Br− bulk concentration,
expanding from ∼10 to ∼25 Å for both Br− and Cl− depth profiles. This broadening likely
occurs because of an increasing pileup of THA+ ions in a multilayer region that spreads the
halide ions over a wider depth. The experiments indicate that cationic surfactants enhance
Br− and Cl− concentrations in the surface region far beyond their bulk-phase values, making
solutions coated with these surfactants potentially more reactive toward gases that can
oxidize the halide ions.

■ INTRODUCTION

The segregation of halide ions to the surface of water involves
the interplay of anion polarizability, size, hydration, and
alternation with matching cations over several water layers.1−8

This anion segregation is greatly magnified when a cationic
surfactant such as an alkylammonium ion is added to solution, as
revealed by X-ray,9 neutron,10 sum frequency generation,11,12

and photoelectron13−17 and ion scattering18−20 experiments and
by molecular dynamics simulations.16,21,22 In this case, local
charge attraction drives halide ions to the surface region in
numbers that match the surfactant cations, with similar depth
profiles that suggest significant lateral intermixing of the anions
and cations. This attraction to the surface, for example, underlies
the success of foam fractionation in the selective removal of
halide anions from solution.23 Early surface tension measure-
ments revealed that the identity of the anion itself influences the
joint segregation of surfactant and halide ions.24,25 In particular,
the extent of tetrabutylammonium (TBA+) cation/halide anion
segregation depends systematically on halide identity in the
order of I− > Br− > Cl− by ratios of 1.35 > 1.12 > 1 at maximum
adsorption.24 Further measurements indicate that the addition
of alkali chloride or bromides to longer chain alkylammonium
solutions pushes more surfactant cation to the surface, and that,
along with the surfactant, added Br− ions segregate more than
added Cl− ions.26−30 Similar results are obtained for the

preferential enhancement of iodide when NaBr is added to
TBAI.31

The mutual attraction of halide anion and surfactant cation
near the surface provides a powerful means to enhance gas−
liquid reactions between ambient gases and dissolved Cl−, Br−,
and I− at ion concentrations well above their bulk-phase
concentration. A particularly important reaction in the tropo-
sphere is N2O5 + Cl− → ClNO2 + NO3

−, which converts
dissolved Cl− in aerosol particles into reactive Cl atoms upon
photolysis of gaseous ClNO2.

32−34 Additionally, the reactions
N2O5 + 2Br−, Cl2 + 2Br−, and O3 + 2Br− each generate Br2,
releasing Br atoms upon Br2 photolysis.34−36 The surfactant-
mediated segregation of halide ions may enhance these reactions
in sea spray, which often contain mixtures of water, salt, sugars,
and neutral and ionic surfactants.37 Motivated by this possibility,
we carried out N2O5 and Cl2 scattering experiments with
surfactant-coated glycerol, a solvent which was chosen because
of its low vapor pressure (∼10−4 mbar) and potential for
mimicking organic−water mixtures.38−40 Glycerol is a viscous
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(1500 cP at 20 °C), high-permittivity (ε = 46), hydrogen-
bonded liquid with the structure HOCH2CH(OH)CH2OH.
Our studies indeed show that the addition of tetrahexylammo-
nium bromide (THA+/Br−, Figure 1a) to a NaBr/glycerol

solution accelerates reactions of Cl2 and N2O5 with Br
− by ∼14-

fold over just NaBr alone. In contrast, the addition of the anionic
surfactant sodium dodecyl sulfate lowers Cl2 reactivity by 5-fold,
likely due to charge repulsion between Br− and surface
dodecylsulfate anions. We then verified using the ion scattering
technique described below that Br− is strongly drawn to the
surface of glycerol by THA+ and strongly repelled from the

surface by dodecylsulfate.41 These studies further demonstrate
that the Br− enrichment and depletion layers can span dozens of
angstroms and are not limited to the outermost monolayer,
particularly when NaBr is added to “salt out” THA+ to the
surface region.
In the current study, we explore ion segregation and solvent

depletion in even more complex solutions by adding both NaCl
and NaBr in different amounts to THABr solutions in glycerol at
a constant total ion concentration. The ion scattering probe used
here reveals how the additions of both Cl− and Br− control their
own spatial distributions and those of THA+ and glycerol solvent
over the top 70 Å of each solution.

■ EXPERIMENTAL METHODS

Depth Profiles from Ion Scattering. Neutral impact
collision ion scattering spectroscopy (NICISS) relies on
measurements of the energy loss of high-energy He+ ions that
are neutralized to He atoms upon impact with the
solution.18,42,43 As illustrated in Figure 1b, the neutralized He
atoms backscatter from heavier target atoms with more of their
initial energy intact. The target mass may then be calculated
from the recorded backscattering energy and momentum and
energy conservation. This is not the only energy loss, however,
as shown in Figure 1c: Most incoming He atoms penetrate into
the liquid, undergoing multiple grazing collisions and electronic
excitations that transfer small amounts of energy to solution-
phase atoms. At some depth, a single head-on collision with a
solution-phase atom redirects the He atom backward, which
again undergoes numerous small-angle collisions before
escaping into the vacuum. These cumulative small energy losses
can be calibrated41,44 and converted into the depth of the
solution-phase atom that is struck head-on by the He atom.45 A
single time-of-flight (TOF) spectrum thus reveals both the
identity of atoms in a thick interfacial region and their depth
distributions on the angstrom scale.46,47

Solution Preparation. THABr, NaBr, and NaCl were
purchased from Sigma-Aldrich (purity >99%) and used without
further purification. Five THABr/NaBr/NaCl glycerol solutions

Figure 1. (a) Molecular structure of tetrahexylammonium. Illustration
of different energy loss mechanisms: (b) Head-on collisions cause
backscattering and large energy transfer, and (c) serial grazing collisions
lead to small energy transfers; (d) theNICISS apparatus contains an ion
source for 5000 eV He+ ions, a rotating wheel reservoir containing
glycerol, salt, and surfactant, and a microchannel plate (MCP) for
detecting the neutral backscattered He atoms.

Table 1. Bulk and Surface Properties of NaBr/NaCl/THABr/Glycerol Solutionsa

nominal ratio (Br−:Cl−) no added saltb 1:0 1:1 1:5 1:15 1:30
Br− mole fraction 1 1 0.5 0.17 0.063 0.032
Br− molality/molarity 0.01/0.013 0.31/0.40 0.16/0.206 0.050/0.065 0.020/0.026 0.010/0.013
Cl− molality/molarity 0/0 0/0 0.15/0.19 0.26/0.34 0.30/0.39 0.30/0.39
THA+ molality/molarity 0.01/0.013 0.01/0.013 0.01/0.013 0.01/0.013 0.01/0.013 0.01/0.013

NICISS Measurements of Interfacial Depth Profiles
fwhm O depletion (Å) 18 25 24 10 11 10
fwhm THA+ carbon (Å) 13 25 23 21 19 19
fwhm Br− (Å) 11 26 22 13 10 12
fwhm Cl− (Å) 26 10 14 13
(glycerol depletion/4) × 1013 molecules cm−2 15 41 39 22 18 18
THA+ column conc 1013 ions cm−2 13 42 38 25 20 20
Br− column concc 1013 ions cm−2 13 46 26 7.9 3.3 2.2
Cl− column conc 1013 ions cm−2 12 20 29 31
EF(THA+) 55 165 150 108 84 81
EF(Br−) 55 4.6 5.6 5.9 5.7 6.8
EF(Cl−) 2.1 2.0 2.7 2.9
selectivity coeff: EF(Br−)/EF(Cl−) 2.7 3.0 2.1 2.3

aAll column concentrations are integrated over 70 Å. All enhancement factors (EFs) from eq 1 are integrated over 30 Å. bFrom ref 41. cIn
comparison, the Br− column concentration for a 0.4 M NaBr solution without THABr is 17 × 1013 ions cm−2. There is no detectable segregation,
such that EF(Br−) = 1. See ref 41.
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were prepared with concentrations listed in Table 1, each
containing 0.010 molal (0.013 M) THABr and a total
concentration close to 0.3 molal (0.4 M) cations and 0.3
molal anions. Each solution was degassed and dewatered under
mild heating and 1 mbar vacuum before use.
Ion-Surface Scattering Apparatus. The scattering

machine, depicted in Figure 1d, consists of a He+ ion beam
generator, liquid scattering target, and neutral He backscattering
detector.41,42 The pulsed 5 keVHe+ beamwas created by electric
deflection of the ion beam at 100 kHz with a duty cycle of 0.1%
(10 ns pulse width). These He+ ions then travel 35.0 cm before
striking the liquid. As shown in the figure, a liquid film with a
thickness of a few hundred micrometers was created by a
rotating stainless-steel disk that was half submerged in solution
and continuously scraped by a stainless-steel razor blade. This
newly prepared surface was carried by the disk for 3 s before
being exposed to the ion beam for 0.1 s. We showed previously
that this 3 s delay time is long enough for dissolved THA+ to
adsorb to the surface of the scraped solution.41 The time-
averaged He+ flux is 1 × 1011 ions cm−2 s−1 inside a 1 mm2 beam
spot on the film, which corresponds to only 0.01% of a
monolayer for an 0.3 s exposure time and implies negligible
surface destruction. After neutralization and transmission into
and out of the liquid, the He atoms were detected over a flight
distance L of 135.0 cm by a microchannel plate at a sharp
deflection angle of 165°, which was chosen to suppress
unwanted signal from multiple medium-angle collisions.48

Pressures in the scattering chamber were kept below 10−5

mbar during the experiments using a liquid nitrogen trap and
a 550 L s−1 turbomolecular pump.

■ RESULTS AND DISCUSSION
NICISS experiments were performed using five solutions of
NaBr and NaCl mixed with 0.010 molal (0.013 M) THABr in
glycerol at 293 K. As listed in Table 1, the Br−:Cl− mole ratios
were nominally chosen to be 1:0, 1:1, 1:5, 1:15, and 1:30 at a
total concentration close to 0.30 molal (0.40 M). In this way,
each solution had a halide ion concentration in a 30-fold excess
of the THA+ concentration.
Qualitative Analysis of Interfacial Composition. Figure

2 displays time-of-flight (TOF) spectra for the Br−:Cl− = 1:0 and
Br−:Cl− = 1:30 solutions. These mixtures are just THABr mixed
with a single salt, NaBr (blue) or NaCl (red), respectively. Each
spectrum is a plot of the backscattered He signal versus He
arrival time at the detector situated 135.0 cm from the liquid
sample. The peak with the shortest arrival time near 0 μs arises
from immediate photon emission upon collision of a He+ ion
with surface atoms. This light pulse is used to determine the zero
arrival time for the TOF spectra. Because He atoms back-
scattering from heavier atoms will lose less energy and thus
arrive at the detector over shorter arrival times, the features of
the spectra in Figure 2 can be assigned to different elements in
solution. The second peak near 3 μs corresponds to He
backscattered from the heaviest atom, Br−, followed by Cl− and
then O atoms (from glycerol) and C atoms (from glycerol and
THA+). Each onset is predicted from the kinematics of isolated
He−atom collisions,41,42 indicating that the edge of each peak or
step arises from single collisions with atoms at the outermost
surface of the solution. The magnitudes of the signals reflect
both the abundance of each atom in the near-interfacial region
(up to ∼70 Å) and their He scattering cross sections (Br− > Cl−

> Na+ > O >N > C). Note that Na+ and the N atom from THA+

are not visible in the spectrum because their interfacial densities

are too low to be detected. Each spectrum also contains a large
rising background from H atoms belonging to surface molecules
that are sputtered by high-energy He atoms. This background is
fitted and subtracted before the spectrum is analyzed.49

The sloping downward or upward feature at longer arrival
times of the edge of each element in Figure 2 contains essential
information about their depth profiles. The slight lag in arrival
time arises from grazing He−atom collisions in the liquid
(Figure 1c) that cause small, semicontinuous energy losses
slowing the He atoms and lengthening their arrival time. It is this
depth information encoded in the arrival time delay that we wish
to extract for each species in solution. Figure 2 already yields
qualitative differences between the THABr + NaBr and THABr
+ NaCl solutions. First, the lower oxygen signal in the bromide-
only spectrum (blue) reveals that the glycerol solvent is more
depleted near the surface with added NaBr than with added
NaCl. As indicated by the higher carbon signal in the bromide-
only solution, this solvent depletion is likely caused by the
buildup of extra THA+ ions near the surface. Thus, THA+

segregates more strongly with added Br− than with added Cl−.
Moreover, the sharp (large) Br− and (small) Cl− signals at 3.0
and 3.5 μs tell us that each of these ions segregates to the surface
region along with THA+. The absence of signal corresponding to
Na+ indicates that the cation is not surface-active (in contrast to
the distinct Na+ signal from a solution of sodium dodecyl
sulfate41). We proceed below to analyze these spectra
quantitatively and extract concentration depth profiles for
glycerol, THA+, Br−, and Cl− for each solution.

Deconvolution of Elemental Depth Profiles for
Quantitative Analyses. A depth profile is a plot of molar
concentration versus depth for a certain species. Because the
high kinetic energyHe atoms recoil identically from target atoms
of different oxidation states, only the nuclear masses of the
elements are distinguished by NICISS. The conversion of He
arrival times t to He backscattering energy E (where
E = 1/2mHe(L/t)

2) and then to depth z for each element is

Figure 2. Time-of-flight spectra of 0.013 M THABr−glycerol solutions
with added 0.39 M NaCl (red) and added 0.39 M NaBr (blue). The
arrival times are calibrated by setting the photon emission to 4.5 ns (the
time for a photon to travel from liquid to detector). The dark blue
dashed line is a fit to the hydrogen sputtering signal.
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described in refs 18, 41, and 44. The key calibration from E to z is
determined from measurements of the energy loss of He atoms
penetrating through self-assembled monolayers of precisely
varying lengths.41,44 This “stopping power” has been determined
to be 4.0 ± 0.7 eV Å−1 at the initial 5 keV He collision energy
when He atoms pass through self-assembled alkanethiolate
monolayers, whose composition is almost all carbon.44 As
described in ref 50, the experimental stopping power can also
adequately model the energy loss of He atoms passing through
organic materials such as THA+ and glycerol. The ±0.7 eV Å−1

uncertainty is equivalent to a uniform compression or expansion
of the depth scale up to ∼20%. Thus, comparisons of different
elemental profiles within a single solution are not affected by this
uncertainty in depth. In parallel, the molar concentration
(vertical axis) for each depth profile is obtained by scaling the
signal at depth z to the signal from 70 Å or deeper in solution,
where each element attains its known bulk-phase concentration
(see eq 1 of ref 41).
Multiple factors cause the spectrum to broaden and deviate

from the actual elemental profiles: the width of the kinetic
energy distribution of the incident He+ beam, the temporal
width of the beam pulse, the distribution of electronic and
nuclear energy losses during the head-on backscattering
collision, and the broadening of the helium kinetic energy as
the He atoms move through the solution (∼0.4 eV Å−1).51

Except for the last one, these broadening factors are measured
collectively as the temporal widths (fwhm) of the NICISS
spectra following collisions of 5000 eV He+ ions with Br, Cl, and
O atoms in gas-phase CHBr3 (39 ns), CHCl3 (43 ns), and O2
(83 ns), while the width for carbon (108 ns) is obtained by
extrapolation because the gas-phase signal is too low to
measure.41,52

Finally, we use a genetic algorithm to generate a large set of
trial profiles that incorporate the factors listed above into the
trial set to reproduce the measured spectra.18,45 This fitting
routine was chosen because it does not assume a predetermined
shape for the fitted depth profiles.14 The distribution of trial
profiles is represented by the vertical error bars in the figures.
These error bars depict±1 standard deviation of the 10 000 trial
profiles that are averaged to yield the final profile shown in each
graph. Any smooth and area-preserving profile drawn within the
error bars may be considered to be a plausible fit to themeasured
spectrum.
Glycerol Solvent Concentration Depth Profile. Oxygen

atoms appear only in glycerol, so they are the signature element
of the solvent. The deconvoluted profiles of oxygen are shown in
Figure 3 for all five solutions and pure glycerol. In each case, the
smooth undulations are not real but arise from the genetic fitting
routine. The pure glycerol depth profile starts at 41M oxygen (3
× 13.7M glycerol) and drops sharply at zero depth. The absence
of a structured rising edge in this profile is in part due to a finite
depth resolution estimated to be ±2−3 Å, which is roughly the
size of a glycerol molecule. We note that there is no thermal
(capillary wave) broadening of the profile because zero depth
starts at the point of the He−surface atom collision regardless of
the positions of the neighboring molecules. The He atom also
samples a local region in a nearly static configuration: for a
penetration depth of 70 Å, the He atom detected in the 165°
backscattering geometry emerges 20 Å from the point of
collision, traversing 70 Å into solution and 72 Å back out in less
than 100 fs.
The most important feature of the O atom profiles in Figure 3

is the diminishing solvent concentration in the surface region

when the Br− concentration increases 0.013 M (1:30 curve) to
0.40 M (1:0 curve). We show below that these depletions
correlate with the segregation of THA+ to the surface region; the
profiles in this sense reveal how the segregated THA+ ions (∼10
Å wide) bury glycerol solvent molecules (∼5 Å wide).53 The
solvent burial for the 0.40MNaBr solution extends over 40 Å (8
glycerol layers) and is not constrained to a single outermost
layer.41 The substitution of Br− by Cl− reduces the amount of
displaced glycerol. While the [Br−]:[Cl−] = 1:15 and 1:30
solutions are quite similar in composition and therefore have
nearly overlapping glycerol profiles, it is intriguing that the 1:0
and 1:1 glycerol depletions also bunch together. This behavior
can be observed directly as well through changes in the THA+

depth profiles shown in the next section.
THA+ Carbon Concentration Depth Profiles. To explore

how the segregation of THA+ ions varies with Br− concentration,
we first extract the THA+ depth profiles from the carbon signal.
This deconvolution proceeds in two steps because carbon atoms
are present in both THA+ and glycerol (which has equal
numbers of C and O atoms). As illustrated in Figure 4a, we first
extract the total carbon depth profile and then subtract the
oxygen depth profile, which belongs only to glycerol and is
assumed to have a profile identical to that of the glycerol
carbon.54 The resulting carbon depth profile can then be
assigned to THA+ when it is divided by 24 C atoms per
molecule.
Figure 4b shows the resulting THA+ profiles: THA+

increasingly segregates as the Br− mole fraction increases,
qualitatively mirroring the depletion of solvent in Figure 3. The
peak concentration of ∼2.9 M THA+ at 10 Å is slightly higher
than the 2.3 M concentration of THA+/Br− calculated from the
molar volume of ∼0.43 L/mol for the crystal or when dissolved
in organic solvents.55,56 In order to quantitatively match THA+

adsorption in Figure 4 to glycerol depletion in Figure 3, the
volume of the THA+ ion must be ∼4 times larger than that of a
glycerol molecule (as listed in Table 1). This 4:1 ratio is smaller
than the 6:1 ratio that is expected on the basis of the 0.43 L/mol
volume for THABr and 0.073 L/mol for glycerol. These

Figure 3. Deconvoluted oxygen profiles of pure glycerol (dashed) and
0.013MTHA+ solutions. The labels are the approximate Br−:Cl− ratios
in solution: 1:0 = 0.4MBr−/0MCl−, 1:1 = 0.21MBr−/0.19MCl−, 1:5
= 0.065 M Br−/0.34 M Cl−, 1:15 = 0.026 M Br−/0.39 M Cl−, 1:30 =
0.013 M Br−/0.39 M Cl−. Typical error bars are shown for two of the
profiles. These error bars represent±1 standard deviation of the 10 000
trial profiles generated by the genetic fitting routine.
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different ratios may partly arise from some THA+ species
sticking out at the surface, thereby displacing fewer glycerol
molecules, from glycerol molecules intercalating between the
hexyl chains, and from errors in assuming identical stopping
powers for glycerol and THA+. The shapes of the THA+ profiles
themselves are compared with those of Br− and Cl−.
Bromide and Chloride Concentration Depth Profiles.

Figure 5 shows the Br− profiles in panel a and Cl− profiles in
panel b from the surface to a depth of 70 Å. As expected, the
profiles demonstrate that more Br− ions fill the surface region at
a higher bulk Br−mole fraction, with an analogous trend for Cl−.
These concentrations are addressed quantitatively below. We
first focus on the widths of the Br− and Cl− curves in this figure
and THA+ widths in Figure 4, which all generally decrease as Cl−

replaces Br− and the THA+ concentration shrinks. As listed in
Table 1, the widths (fwhm) range from∼25 Å for Br− and THA+

in the THABr + NaBr solution (1:0 curve in Figure 5) to 19 Å
for THA+ and 13 Å for Cl− and Br− in the THABr + NaCl
solution (1:30 curve). The 25 Å width corresponds to ∼2.5
THA+ layers, with colocated Br− ions, while the∼13 Å width for
Cl− and Br− is just over one THA+ layer. The larger 19 Å width
of THA+ may arise from its finite size, as the ion itself spans
roughly 10 Å. The diffuse distribution of the +1 charge over

much of the alkyl chains in tetraalkylammonium ions57 may in
turn cause the Br− and Cl− ions to distribute broadly over the
THA+ layers. Table 1 also shows that the widths of the Cl− and
Br− profiles roughly match those of the glycerol (O atom)
depletion as surfactant and halide ions displace solvent.
One key lesson that emerges from Figures 3, 4, and 5 is the

“salting out” or expulsion of THA+ into multiple surface layers as
extra Br− is substituted for extra Cl−, accompanied by the halide
ions themselves to maintain local electrical neutrality. The
increasingly thick surfactant and halide ion regions emphasize
that expulsion is not limited to a single outermost layer when
[Br−]≥ [Cl−], as shown in Table 1. We hope in future studies to
compare the thickness of this region to depth profiles of the
same ionic surfactant in water and other solvents. One prior
comparison to water is a NICISS study of 0.01 molal
tetrabutylammonium iodide (TBA+/I−) in 2.4 molal LiCl in
ref 20, which reveals that the iodide profile decays over just a few
angstroms, with a falloff that is sharper than for bromide in
Figure 5. These different widths may reflect the smaller size of
TBA+ than THA+ and of water than glycerol, the weaker
surfactant behavior of TBAI than THABr, and the different
dielectric constants and structures of the two solvents.

Integrated Column Concentrations of THA+, Br−, and
Cl−. This section and the next address the quantitative
segregation of ions to a thick interfacial region by integrating

Figure 4. (a) Oxygen depth profiles are subtracted from the total
carbon depth profiles (each deconvoluted) to obtain the surfactant
carbon profiles for the 1:1 and 1:30 solutions. (b) The resulting THA+

carbon profiles obtained from panel a after dividing by 24 carbon atoms
per THA+. The 1:0 to 1:30 labels are the approximate Br−:Cl− ratios in
solution.

Figure 5.Deconvoluted profiles of the five surfactant solutions. The 1:0
to 1:30 labels are the approximate Br−:Cl− ratios in solution. (a) Br−

depth profiles and (b) Cl− depth profiles. See Table 1 for a numerical
analysis of the profiles. The dotted lines indicate the bulk
concentrations of Br− or Cl− in each solution.
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over the depth profiles. The column (integrated) concentrations
of THA+, Br−, and Cl− are computed from Figures 4 and 5 and
plotted against Br− bulk mole fraction in Figure 6. All values are

also listed in Table 1. They are computed from the
concentration depth profile c(z) according to ∫ 0

70 Åc(z)dz,
using integration limits from 0 to 70 Å to include all visible
interfacial features in each profile. This integral is close to the
Gibbs relative adsorption but is more directly interpretable as
the absolute adsorption (see Supporting Information).1,41

Specifically, Figure 6 shows that THA+ (blue line) segregates
more in the presence of Br− than of Cl−. The addition of just
NaCl itself, however, is enough to salt out THA+ over the 70 Å
region, as the integrated THA+ concentration increases from 13
× 1013 cm−2 for just 0.013 M THABr (“no added salt” in Table
1) to 20 × 1013 cm−2 with added 0.4 M NaCl (1:30 solution). It
then rises steadily to 42 × 1013 cm−2 when all of the NaCl is
replaced by NaBr (1:0 solution).
Figure 6 further demonstrates that THA+ is more effective in

attracting Br− than Cl− to the top 70 Å, as expected from
previous studies using other techniques.12,24,31 In particular, the
column concentration of Br− is twice that of Cl−when their bulk
concentrations are equal (0.5 Br− mole fraction). This
preferential Br− segregation, however, does not stop Cl− from
dominating the top 70 Å when the bulk Cl− mole fraction rises
above ∼0.7. Cl− replaces Br− well enough that the Br− column
concentration drops below the value of the pure THABr
solution at ∼0.75 Cl− mole fraction. In all cases, the measured
Br− and Cl− column concentrations (solid lines) are larger than
without any segregation (dashed colored lines), for which the
actual concentration c(z) is replaced by the bulk concentration
cbulk(z). These no-segregation curves likely correspond to
solutions of just NaBr or NaCl in glycerol, as confirmed by
our previous study of 0.3 MNaBr, which showed no evidence of
Br− segregation.41

The sum of the Br− and Cl− column concentrations is
represented by the dashed black line in Figure 6. On the basis of
electroneutrality maintained over 0−70 Å, the difference
between this summed concentration of anions and THA+ cation

should be equal to the Na+ column concentration (highlighted
in shade), which is otherwise undetectable by NICISS. The
inferred Na+ column concentration is largest when there is
mostly Cl− in solution. The sharply higher Cl− column
concentration at the left of the figure surprises us, as it seems
to infer that both Cl− and Na+ are drawn to the surface in the
presence of lower (but not zero) interfacial THA+ concen-
trations. It will be intriguing in future studies to test this
speculation by substituting larger and more polarizable cations
such as Cs+, which might be independently detectable by
NICISS.

Enhancement Factors for THA+, Br−, and Cl−. In order to
quantitatively compare the degree of segregation of THA+, Br−,
and Cl− throughout the surface region, an enhancement factor
(EF) can be explicitly computed as the ratio of integrations:

c z z

c z
EF

( )d

d
NICISS measured column conc

column conc without segregation

z

z
0

0 bulk

cutoff

cutoff

∫
∫

= =

(1)

where the numerator is the measured column concentration by
NICISS and the denominator is the integration in the absence of
any segregation. Both integrals are calculated from 0Å to a cutoff
depth that can be viewed as the boundary of the surface region.
Because most profiles have widths of less than 30 Å, as listed in
Table 1, the cutoff depth is chosen to be 30 Å (rather than 70 Å)
to more cleanly isolate the surface region where interfacial
reactions might be thought to occur. Table 1 lists these EF-30
values for THA+, Br−, andCl−. As expected, the surfactant THA+

ion segregates most strongly, as its bulk concentration is only 1/
30 of the inorganic salt concentration. The THA+ enhancements
span 84 for the 1:30 solution (nearly all Cl−) to 165 for the 1:0
solution (all Br−), and in all cases are larger than the EF value of
55 for THABr without any added salt. Thus, both added NaCl
and NaBr expel THA+ to the surface region, but Br− is roughly
twice as effective as Cl−.
The segregation of THA+ is mirrored in the Br− and Cl− EF-

30 values, which are also listed in Table 1. These numbers show
that both Br− and Cl− interfacial enhancements increase
modestly as NaBr is replaced by NaCl, tracking the THA+

enhancement. The ratio of these enhancements, the selectivity
coefficient in the last line of Table 1, shows that Br− segregates
more than Cl− across the concentration range. The Supporting
Information also tabulates EF values at variable, profile-specific
cutoff depths corresponding to an 80% drop in peak
concentration of each element rather than a uniform 30 Å
cutoff for all elements.

Elemental Snapshot of the NaBr:NaCl = 1:5 Mixture.
Finally, we compiled all of the measured depth profiles for one
solution into a single graph, as shown in Figure 7 for the 1:5
Br−:Cl− solution. This graph reveals that THA+ and its
counterions, Cl− and Br−, are all greatly enriched within 30 Å
from the surface, though with different widths and enhance-
ments. THA+ is itself surface-active and thus rises from a
minimal bulk concentration of 0.013 to 2.0 M, a value near that
for crystalline THABr packing (2.3 M). Br− and Cl− are both
attracted to the surface by THA+ to balance its charge, but Br−

segregates more strongly, as demonstrated by a Br−:Cl− ratio
that starts at 1:5 in the bulk and reaches 1:2 over a 30 Å depth.
The profiles also suggest that Cl− is slightly more restricted
toward the surface than is Br−, with fwhm’s of 10 and 13 Å,
respectively. This observation, however, must be viewed
cautiously because of the high noise level of the chlorine spectra.

Figure 6. Column concentrations (integrated from 0 to 70 Å) of Br−

(red), Cl− (green), and THA+ (blue) in units of 1013 cm−2. The red and
green dashed curves show the Br− and Cl− column concentrations with
no segregation. The black dashed curve is the sum of Br− and Cl−

column concentrations, while the gray area is the difference between
this curve and the THA+ cation concentration, attributable to Na+ ions.
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Perhaps most importantly, the profiles in Figure 7 reveal that
the uppermost 10 Å section is rich in ions that deplete solvent
glycerol; they imply a drastic change in composition and
structure from a fully solvated environment in the bulk to a
solvent-poor, even ionic-liquid-like environment near the
surface, where electric charge is not well-screened and the ions
must be tightly coordinated. Figures 3, 4, and 5 indicate that this
solvent depletion and ion enrichment increase with the Br−mole
fraction, becoming even greater for the 1:0 and 1:1 solutions
while slightly diminishing for the 1:15 and 1:30 solution. The
Supporting Information includes graphs analogous to Figure 7
for all mixtures in order to provide direct comparisons among
the species as the Br− and Cl− concentrations are varied.

■ CONCLUDING REMARKS
The NICISS technique has been applied to a surfactant−mixed
salt solution to determine the ways in which both the surfactant
cation and competing halide counterions segregate to the
surface region. We started with a THABr + NaBr mixture and
gradually replaced Br− with Cl− until the solution composition
became THABr + NaCl. As revealed in both the solvent and
THA+ depth profiles, the adsorbed THA+ ions occupy a region
that is 2−3 layers thick (26 Å) for THABr +NaBr. Although this
cation layer becomes thinner when Cl− dominates the
composition, the adsorption layer thickness stops decreasing
at 1.5−2 layers (19 Å). This thickness is in contrast to the
THABr solution without added salt, whose 13 Å width is closer
to a single monolayer. In parallel, the Cl− and Br− anions
respond differently to the segregating THA+ cations. They both
act as counterions and are thus both pulled to the surface to
balance charge; THA+ makes both halide ions surface-active.
However, Br− is more effective than Cl− in the coupled sense
that the THA+ column concentration over 70 Å is twice as high
with Br− as with Cl−, and that there are 2−3 times as many
interfacial Br− as Cl− ions with respect to their bulk
concentrations. This preferential selectivity for Br− may arise
from the larger size and higher polarizability of Br−,1,3−5,7,8

which reduce the penalty for dragging the ion to the mixed
glycerol−charged hydrocarbon surface region.
The findings described above provide insights into the

interfacial chemistry of Br− and Cl− in the presence of a cationic

surfactant. In every case, we find that the addition of 0.01−0.03
M THABr to 0.3−0.5 M NaBr−glycerol solutions accelerates
Br2 production by reaction of Cl2 or N2O5 with Br−.38−40 This
enhanced reactivity is accompanied by a displacement of
interfacial glycerol molecules by THA+ and Br− ions, implying
that the charged hydrophobic environment facilitates halide
reactions.38 However, the addition of NaBr or NaCl in 17- to 30-
fold ratios to pure THABr−glycerol solutions always decreases
Br2 production, regardless of whether interfacial Br

− concen-
trations increase (for added NaBr) or decrease (for added
NaCl). Specifically, Br2 production by N2O5 drops to 75% upon
adding 0.5MNaBr and 37% upon adding 0.5MNaCl to 0.03M
THABr.39 We suspect that there are two distinct reasons for
these observations. In the case of added NaBr, the interfacial
THA+ concentration increases enough for the closely packed
alkyl chains to physically block N2O5 molecules from reaching
neighboring Br− ions.58−60 Conversely, the dilution of Br− by
Cl− generates a thinner THA+ interface but also reduces the Br−

concentration, as shown in Table 1. Reactivity thus depends on
the interfacial halide concentration and ion environment as well
as on gas transport between close-packed surface alkyl chains to
bring the gas molecule and halide ion together.
The implications of this work for reactions of oxidizing gases

with Br− and Cl− in seawater and sea spray come from an
extreme extrapolation of our data, as sea-derived mixtures
typically have molar Br−:Cl− ratios of ∼1:650.61 If our
measurements apply as well to aqueous/organic marine
environments, they point to selective enhancements of Br−

over Cl− of only 3-fold or so, as listed in Table 1. Incoming gases
will then overwhelming initially encounter Cl− ions in seawater
and sea spray in the absence or presence of cationic surfactants.
The conversion of N2O5 into ClNO2, a neutral molecule that
rapidly evaporates, would then be highly favored over BrNO2 or
Br2 production even in the presence of cationic surfactants,
except in bromide-rich ices found in the Arctic62 or even in river
beds.63
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