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ABSTRACT: Neutral impact ion scattering spectroscopy (NICISS) is used to measure the
depth profiles of ionic surfactants, counterions, and solvent molecules on the angstrom scale.
The chosen surfactants are 0.010 m tetrahexylammonium bromide (THA*/Br~) and 0.0050
m sodium dodecyl sulfate (Na*/DS™) in the absence and presence of 0.30 m NaBr in liquid
glycerol. NICISS determines the depth profiles of the elements C, O, Na, S, and Br through
the loss in energy of 5 keV He atoms that travel into and out of the liquid, which is then
converted into depth. In the absence of NaBr, we find that THA" and its Br~ counterion
segregate together because of charge attraction, forming a narrow double layer that is 10 A
wide and 150 times more concentrated than in the bulk. With the addition of NaBr, THA" is
“salted out” to the surface, increasing the interfacial Br~ concentration by 3-fold and
spreading the anions over a ~30 A depth. Added NaBr similarly increases the interfacial
concentration of DS™ ions and broadens their positions. Conversely, the dissolved Br™ ions
are significantly depleted over a depth of 0—40 A from the surface because of charge
repulsion from DS ions within the interfacial region. These different interfacial Br~
propensities correlate with previously measured gas—liquid reactivities: gaseous Cl, readily reacts with Br™ ions in the presence of
THA" but drops 70-fold in the presence of DS™, demonstrating that surfactant headgroup charge controls the reactivity of Br~
through changes in its depth profile.
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B INTRODUCTION adsorption equation.””"" This powerful method reveals how
organic—inorganic ion pairs generate a positive or negative
relative surface excess, equal to their concentrations integrated
over the depth of the inhomogeneous interfacial region with
respect to their bulk-phase concentrations. Surface tension
measurements do not, however, yield the surfactant and
counterion concentrations as a function of depth. Such depth

Soluble ionic surfactants are often composed of a charged
organic group and an oppositely charged inorganic counterion.
Two prominent examples are alkylammonium cations paired
with halide anions and alkyl sulfate anions paired with alkali
metal cations. These ionic compounds display a remarkable

roperty when dissolved in water: the surface-active organic ions 1
property 5 profiles on the atomic scale can be explored by X-ray

segregate to the surface, dragging with them their nominall _
gresate fo e ) Cragsing . : Ay photoelectron spectroscopy,”'*~"* neutron and X-ray reflectiv-
surface inactive inorganic counterions. This interfacial enrich- s 10
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A .. . . 1 ion scattering spectroscopies sum-frequenc en-
ment in inorganic ions is expected on the basis of local charge R & 5P pies, quency g

. ; . eration,”" and molecular simulations.””'*#**** The technique
attraction between the two fons, and it has been confirmed by applied here, neutral impact-collision ion scattering spectrosco
experiments and simulations.'~® We ask in this study how both PP : P &SP

surfactant and inorganic ions distribute themselves in the py (NICISS), enables measurements of elemental depth profiles
. . ) beyond 100 A with an uncertainty (in the compression or
interfacial region on the angstrom scale and how these depth extension of the depth axis) of less than +20% 20,2425 It has also
0.
distributions are altered when the surfactant ion pair is “salted P - L
» . . . o, . been used to roughly resolve the nonmonotonic iodide
out” toward the interfacial region by addition of an alkali
halide.”® The chosen systems are the cationic surfactant
tetrahexylammonium bromide (THA'/Br~) and the anionic Received: December 18, 2019
surfactant sodium dodecyl sulfate (Na*/DS”) in the absence Re"‘fed: February 14, 2020
and presence of Na*/Br™ salt in liquid glycerol (Figure la). Published: February 19, 2020
Historically, the primary tool for investigating surface
enrichment of soluble ionic surfactants is the decrease in surface
tension upon adding solute and its analysis via the Gibbs
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Figure 1. (a) Space-filling pictures of tetrahexylammonium (THA")
and dodecyl sulfate (DS™). (b) Ilustration of NICISS (neutral impact
collision ion scattering spectroscopy). He* ions strike a mixture of light
(blue) and heavy (red) atoms and are neutralized upon impact. Left
side: He atoms transfer more energy to lighter atoms and scatter
backward at lower speeds than when they collide with heavier atoms.
Right side: most He atoms penetrate between the top surface molecules
and undergo grazing collisions (small angle scattering) with molecules
deeper in the liquid. This extra energy loss can be correlated with atom
depth in solution.

distribution in a Lil/formamide solution over 15 A, as predicted
by molecular dynamics simulations for alkali bromide and iodide
solutions in formamide®® and in water.”*’ ™ Such oscillations
have also been reported for Er'* in ErCly (aq) by X-ray
reflectivity.'® Most pertinent to this study, NICISS has revealed
the concentration degth };‘Zroﬁles for numerous surfactants and
their counterions.”***'~** Because NICISS relies on collisions
of He" ions with liquids in vacuum, it has mostly been applied to
low vapor pressure solvents such as formamide and glycerol.
This limitation is not essential: by carefully subtracting collisions
in the vapor, NICISS has been used to map the enrichment of I
in a solution of tetrabutylammonium iodide and LiCl in water at
260 K.** However, measurements with high vapor pressure
solvents such as water require additional calibration procedures
that make the measurements more complicated.”***

The NICISS technique is illustrated in Figure 1b, which
depicts collisions of He" ions with a liquid mixture of light and
heavy species.”’ These incoming ions are almost completely
neutralized by electron transfer from solute or solvent molecules
upon impact at the surface. The resulting He atoms either
backscatter directly from the outermost atoms of the solvent or
continue moving into solution. The final kinetic energy of the
He atom depends on the mass of the target atom (the atom from
which the He projectile backscatters): He atoms lose less energy
when the surface atom is heavier and more energy when the
atom is lighter. Thus, the backscattered He atoms report on the
mass and identity of these surface atoms.

Importantly, most high-energy He atoms pass between the
surface and subsurface atoms (Figure 1c) through grazing angle
collisions, losing a small fraction of their energy (a few
electronvolts per collision) as they penetrate into solution. He
atoms that collide head-on with an atom deeper in the liquid will
bounce backward and again undergo grazing collisions before
emerging into the vacuum. The energy loss per Angstrom
through small angle scattering (called the “stopping power”) is
calibrated using alkanethiol monolayers of known variable
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thickness and is used to convert the measured He backscattering
energy into depth of the target atom.*® This analysis is carried
out in detail in the Supporting Information. Additional model
calculations predict that this energy loss increases by ~15%
when the hydrocarbon chains are replaced by liquid
glycerol.*”** We emphasize that NICISS is sensitive only to
the identity of individual atoms and not to their charge state or
the structure of the molecule.

We also remark that the NICISS depth distributions are not
broadened by the undulating interfacial step heights §enerated
by thermal roughening (capillary wave broadening).” This is
because zero depth starts when the He atom collides with the
outermost atom, regardless of this atom’s position with respect
to neighboring atoms, and because the He atoms travel fast
enough that they only sample a static distribution. In this sense,
the depth profiles produced by NICISS should share features
with the instantaneous or intrinsic interfacial profiles calculated
theoretically,”*** but averaged over the experimental uncer-
tainty.

We chose glycerol, HOCH,CH (OH)CH,OH, for these
studies because it is a low vapor pressure (10™* Torr), protic
liquid with a high dielectric constant of 44 in which salts such as
NaBr dissolve substantially (at least 3 M in glycerol versus 9 M in
water). It differs chiefly from water in its large viscosity (1200 cP
versus 1 cP in water) due to extensive hydrogen bonding. The
surface tension of glycerol of 63 mN m™" is just slightly lower
than the 72 mN m™! value for water, although SFG
measurements’' and simulations*”** show that the dangling
hydrogen bonds at the surface of water are all capped at the
surface of glycerol.

The NICISS experiments were originally motivated to
interpret reactive scattering studies involving collisions of
gaseous Cl, with dissolved 0.3 m Br™ ions in liquid glycerol via
the reaction Cl,(g) + 2Br~ — Bry(g) + 2C1~.** The addition of
just 0.01 m THA"/Br~ was found to enhance production of Br,
by 14-fold, while the substitution of 0.005 m Na*/DS~
suppressed reactivity by 5-fold. Each surfactant is pictured in
Figure la: THA" is composed of four hexyl chains tethered to a
central N atom, while DS™ links a single dodecyl chain to a
sulfate headgroup. The remarkable ability of these surfactants to
control interfacial reactions of Br™ by 70-fold are reflected in the
concentrations measured by NICISS in this study. The
experiments reveal significant changes in the depth distributions
of THA", DS™, and Br™ upon addition of NaBr. In particular,
they show that dense surfactant and counterion layers form close
to the outermost surface, followed by a more dilute region that
extends up to 70 A into solution. These distributions provide a
microscopic picture of the “salting out” of the two surfactants to
the surface by added NaBr, and especially of the propensity of
Br™ to be enriched near the surface by cationic surfactants and
repelled by anionic ones. The depth profiles further show how
enhanced solute concentrations are balanced by significant
depletion of the glycerol solvent itself, creating an interfacial
region rich in alkyl chains and inorganic ions.

B EXPERIMENTAL METHODS

The NICISS apparatus, pictured in Figure 2, consists of three
regions with different functions: He" ion generation, production
of continuously renewed liquid films, and time-of-flight (TOF)
detection of the backscattered neutral He atoms. Each
component is described briefly below.”*

lon Beam Generation and Time-of-flight Detection. A
continuous 5000 eV helium ion beam was produced by electron

https://dx.doi.org/10.1021/acs.jpcb.9b 11686
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Figure 2. NICISS apparatus. (a) 5000 eV He" ions strike the surface of
a surfactant-salt-glycerol solution that coats a rotating wheel. A fraction
of the neutralized He atoms scatter at a deflection angle of 165° and are
detected by a microchannel plate within a 0.3 ns time window. (b) Gas-
phase spectra are measured over a 1 mm diameter spot from gas
emanating from a 1 mm hole.

impact of the He gas. Ion pulses were then created by electric
deflection at a frequency of 100 kHz with a pulse width of less
than 10 ns (duty cycle <0.1%), resulting in a current of 0.2 nA.
This chopped He* beam was directed at the liquid sample
located 35.0 cm from the deflector, projecting a 1 mm diameter
spot on the surface. Neutralized He atoms were collected at a
backscattering angle of 165° in order to minimize the signal from
multiple medium-angle collisions.”**> After traveling 135.0 cm
in a time-of-flight (TOF) tube, the He atoms were detected by a
chevron microchannel plate with typically close to 100%
detection at He backscattering energies greater than 1000 eV.
Liquids and Rotating Coated Wheel Assembly. NaBr,
THABr, and SDS were purchased from Sigma-Aldrich (purity
>99%) and used without further purification. Salty glycerol
solutions were prepared by dissolving a surfactant into pure
glycerol or 0.3 m NaBr with mild heating (<313 K) and stirring
under vacuum to accelerate surfactant dissolution and remove
dissolved gas and water.”® After degassing, the liquid was
transferred to a stainless-steel reservoir as shown in Figure 2a
and then loaded into the vacuum chamber. A rotating stainless-
steel wheel 30 mm in diameter was half-immersed in solution to
produce a continuously renewed, <0.3 mm thick liquid film after
passing by a stainless-steel scraper. The time from scraping to
ion beam exposure was set to 3 s for most experiments, which
also corresponds to the time for the dissolved surfactant to
segregate to the surface. Experiments using THABr + NaBr at
two rotations speeds corresponding to film formation times of 1
and 3 s revealed identical He TOF spectra, indicating that 3 s is
sufficient for bulk-phase THA*/Br~ to reach the surface.”” The
He" flux was low enough that fewer than 0.01% of the surface
molecules were exposed to He" ions as the film rotates through
the ion beam. In all experiments, a cooling panel attached to the
reservoir maintained the temperature at 293 K. The scattering
chamber was kept below 2 X 107> mbar during experiments
using a liquid nitrogen trap and a 550 L s~ turbomolecular

pump.
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Gas-Phase Calibration Experiments. Bromoform, thio-
phene, and air were used for determining the backscattering
energy loss from isolated bromine, sulfur, and oxygen atoms,
respectively."® Gas-phase samples were introduced through a 1
mm diameter pinhole located 1 mm above the scattering region,
as shown in Figure 2b. Example spectra can be found later in
Figures 4 and 10 for Br and S. Three factors contribute to the
tens of electronvolt width of the gas-phase spectra: the ~1 mm
spatial dimension of the gas beam, the 10 ns width in time of the
ion gas pulse, and most importantly, energy transfer from the
high-energy He atom to numerous excitations of core electrons
of the target atom.”” The resulting gas-phase spectra are then
modeled by Gaussian distributions, which are used to
deconvolute the observed liquid-phase spectra presented
below. In particular, we estimate an uncertainty of +1.5 A in
the assignment of zero depth for Br™ ions, which arises from a
+12 eV uncertainty in the peak energy of the gas-phase CHBr;
spectrum.

Molar Concentration Calculations. The elemental
concentrations c(z) as a function of depth z are calculated
from the He backscattering signal S(z), after converting from the
arrival time in the TOF spectrum to He kinetic energy to liquid
depth, as outlined in refs 24 and 31 and in the Supporting
Information. The conversion from a relative to absolute
concentration on a molarity scale is accomplished by noting
that S(z) = ¢(z)-do(z)/dw-a, where do(z) /dw is the normalized
differential He-target collision cross section into the 165°
backscattering direction, and a is a machine-dependent
sensitivity factor. Absolute concentrations are obtained by
scaling the signal at z to the signal at large depths near 70 A
where the bulk concentration is known. In all solutions
investigated here, the glycerol oxygen atoms deep in the bulk
generate the strongest NICISS signal. This signal is used as a
reference, correlated with an O atom concentration of ¢ (bulk)
= 41 M = 3-[glycerol molarity of 13.7 M]. The resulting
expression for the Br~ depth profile is*

$,.(z) (do(bulk)/do),, (
Sy (bull)  (do(2)/dw),

cp(z) = bulk)

(1)

Analogous equations are used to determine the O, C, S, and Na*
molar depth profiles.

Electrical Neutrality. The requirement of equal numbers of
cations and anions in the interfacial region is a strict test of the
NICISS technique.’’ Appendix I shows that the THA*, Na®,
Br~, and DS concentrations extracted from the TOF spectra
satisfy charge balance within 5—22%.

B RESULTS, ANALYSIS, AND DISCUSSION

We prepared six glycerol solutions, including four containing
Br™ ions. In each case, our objective is to measure and interpret
the Br~, surfactant ion, and glycerol depth profiles. These
solutions are (1) pure glycerol, (2) added salt 0.30 molal (0.38
Molar) NaBr, (3) added cationic surfactant 0.010 # (0.013 M)
THABr, (4) added cationic surfactant + salt 0.010 m THABr +
0.30 m NaBr (0.013 M THABr + 0.38 M NaBr), (5) added
anionic surfactant 0.0050 m (0.0064 M) SDS, and (6) added
anionic surfactant + salt 0.0050 m SDS + 0.30 m NaBr (0.0064
M SDS + 0.38 M NaBr).

Photon Emission and Zero Arrival Time. The TOF
spectrum of He atoms backscattering from the THABr + NaBr
solution is shown in Figure 3 in order to demonstrate its key
features. The leftmost peak is produced by photon emission
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Figure 3. Time-of-flight (TOF) spectrum of He atoms backscattering
from a 0.01 m THABr + 0.3 m NaBr glycerol solution. The Br, O, and C
elements are labeled, along with the photon emitted as He" is
neutralized. The red color highlights He atoms scattering from Br™ ions
at positions at the surface (sharp peak) and below the surface (longer
arrival times). The CHBr; gas-phase spectrum (purple) overlaps in
arrival time with the liquid-phase photon and Br peaks.

upon He* impact at the surface.’® Because the photon is emitted
at the instant that He* reaches the surface, its arrival at the
detector serves as a time stamp of the He backscattering
collision. This photon arrives 4.5 ns after traveling the 1.35 m
flight distance, and therefore time zero in the TOF spectrum is
shifted by this time before the center of photon peak.

Identifying Individual Atoms in Solution. All of the
teatures related to surface composition and structure are found
after 2000 ns in Figure 3. These signals correspond to He atoms
backscattered from atoms in the liquid over a depth of ~100 A.
Helium atoms backscatter from heavier elements with less
energy loss and therefore higher velocities and shorter arrival
times. These arrival times can be gauged by the kinematics of
elastic collisions:

2
cos 0 + A — sin* 0

1+A

E

Fo @
where E is the backscattered energy of the He atom, E, = 5000
eV is the He primary beam energy, 8 = 165° is the angle of
deflection, and A = g,/ myy is the mass ratio of target and He
atoms. As an example, a 5.0 keV He atom will retain 4.1 keV after
backscattering from a Br~ ion, the heaviest element in the
THABr + NaBr solution. This signal appears at 3000 ns in the
TOF spectrum. Each feature in the spectrum is attributed to an
element by aligning the onset of the signal with the kinematic
prediction, which typically match within 100 ns. For the THABr
+ NaBr spectrum in Figure 3, we can identify Br, O, and C, while
N and Na are too weak to be observed.

Fine Structure: Surface versus Subsurface Br~ Atoms.
The spread in arrival times of He atoms backscattering from
each element reflects their depths in solution. As shown in
Figure 3, the sharp gas-phase CHBr; peak at 3000 ns, which
corresponds to single backward collisions between He and Br,
overlaps well with the onset of the solution-phase Br peak. This
signal corresponds to He atoms backscattering from Br™ jons in
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the outermost surface layer without any intervening atoms that
would cause extra energy loss through grazing collisions. This
high-energy onset is therefore assigned to zero depth at the start
of the liquid phase. The signal at longer arrival times (greater
energy loss) in the region of the Br peak corresponds to He
atoms that scatter from subsurface O and C atoms of glycerol
and THA', strike a deeper Br™ ion head-on, and then emerge at
the 165° backscattering angle of the detector. We will analyze
this lower energy component of the spectrum below in order to
determine the Br~ depth profile. We note that the Br signal
appears as a sharp peak because it is the counterion to THA",
which segregates to a narrow surface region and drags Br~ with it
to maintain charge neutrality.

The O and C assignments in Figure 3 will also be analyzed
later in terms of contributions from glycerol and THA". High-
energy He atoms do not backscatter from H atoms, which are
less massive than He, but some H atoms in the collision zone are
sputtered from molecules near the surface and broadly scatter
over a range of speeds and energies. These high-energy H atoms
trigger the detector and form the rising background in Figure 3.
As described in ref 11, this background is subtracted by fitting it
to a smooth polynomial.

Qualitative Analysis of Br~ lon Interfacial Depth
Profiles. Figure 4 collects the He TOF spectra from all

He Backscattering Energy (keV)
482 420 3.69 3.27

bulk

vacuum interface

THABr+NaBr

Normalized Helium Signal

- i 3 CHBrygas

. . ~ s
TR R UL T IO
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Figure 4. He TOF spectra of salt—surfactant solutions in the region of
Br~ detection: 0.01 m THABr + 0.3 m NaBr (red), 0.01 m THABr
(black), pure 0.3 m NaBr (gray), and 0.005 m SDS + 0.3 m NaBr
(green). The gas-phase spectra for He backscattered from gas-phase
CHBr; (purple) and from pure glycerol (dotted) are shown for
comparison. The solution spectra are normalized to the constant
glycerol O atom signal at large depths.

solutions in the 3000 ns neighborhood of He atoms back-
scattering from Br™ ions. The six spectra span pure glycerol and
solutions of NaBr, THABr, THABr + NaBr, and SDS + NaBr,
along with gas-phase CHBr;. Several features stand out. Both
THABr solutions generate a sharp Br~ peak, reflecting the
segregation of Br~ to a narrow interfacial region as the
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counterion of the THA" surfactant. It is evident that the Br~
signal increases substantially when NaBr is added to THABr,
implying that NaBr “salts out” THA" cations and pushes them
toward the surface, dragging even more Br™ anions with them.
The Br™ signal for NaBr/glycerol appears just as a step function
with a sloping edge, indicating that Br™ ions are present in the
interfacial region but do not preferentially collect there in the
absence of a surfactant. In sharp contrast, the Br™ signal from the
SDS + NaBr solution is depleted in the interfacial region because
of charge repulsion between the Br~ and surface dodecyl sulfate
(DS™) anions. Pure glycerol lacks any atoms with the mass of Br
and is flat in this region. As mentioned above, the sloping shape
of the Br signal from pure NaBr/glycerol does not arise from
thermal broadening of the interfacial region but instead reflects
the finite spatial resolution of the experiments.

Deconvolution of the He TOF Spectra and Quantita-
tive Depth Profiles for Br~ in TBABr. The He TOF spectra
are convolutions of the true distributions of He atom energy
losses and the experimental broadening factors discussed above
that are present in the gas-phase spectra as well. We use a genetic
algorithm to carry out the deconvolution because it does not
assume a predetermined shape for the depth profile, as described
in refs 31 and 48. On the basis of experiments measurin§ the
penetration of He atoms into alkanethiolate monolayers,” we
deduce an energy loss of 4.0 + 0.7 eV A™" for 5000 eV He atoms,
which becomes smaller as the He atom loses energy through
small angle scattering. We assume that this energy loss applies to
both oxygen and carbon atoms of the solvent and surfactants,
while less frequent grazing collisions with Br™, Na*, and S atoms
are ignored in this analysis (where Br™ accounts for 1 in 26 heavy
atoms in THABr and Na" and S accounts for 1 in 17 heavy atoms
in SDS). The effect of the +0.7 eV A™" uncertainty is to expand
or compress the depth scale by 17% for each spectrum while
leaving all comparisons unchanged. See the Supporting
Information for a detailed procedure to convert He atom arrival
time to depth of the target atom.

Figure § illustrates the effect of deconvoluting the spread in
He energies measured for gas-phase CHBr; from the spread in
energies of He backscattering from Br™ ions in the 0.013 M
THABr solution. The two depth profiles are plots of Br~
concentration in molar units versus depth in Angstroms. The
raw, undeconvoluted curve in Figure $ is just the TOF spectrum
in arrival time converted to backscattering energy according to E
="'/,my.(L/t)* and then converted from energy to depth. The
spillover at negative depths is due to the finite energy resolution
of the experiment. In contrast, the deconvoluted spectrum is
forced to zero concentration at zero depth because Br™ ions do
not exist in vacuum.

The deconvoluted Br™ depth profile in Figure S indicates that
the full-width at half-maximum (fwhm) is 10 + 2 A, which
roughly corresponds to the size of two glycerol molecules or one
THA" ion. This spread is the range of Br™ ion depths due to their
attraction to surface THA" ions at 283 K. Similarly narrow
widths starting at zero depth have been observed in prior studies
of tetrabutylammonium and phosphonium salts in forma-
mide.*"" The error bars represent + one standard deviation
of 10000 trial profiles generated by the genetic algorithm. Their
large size arises from the sharpness of the Br~ peak (shown in
Figure 4), which is nearly the same width as the gas-phase Br
signal from CHBr; used for deconvolution. The maximum Br~
concentration is near 2 M, or ~150 times larger than the 0.013
M bulk THABr concentration. We note that any curve drawn
between the error bars that preserves the overall area of the
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Figure S. Raw (red) and deconvoluted (blue) depth profiles of Br™ in
the 0.013 M (0.010 m) THABr/glycerol solution. The blue curve is
calculated by the genetic algorithm, which generates error bars that
represent + one standard deviation of 10000 trial fits. The 2 M peak Br™
concentration of is 150 times greater than the 0.013 M bulk THABr
concentration. The dotted curve tests the reliability of the genetic
algorithm: it is the convolution of the blue curve with the experimental
broadening factors used in the original deconvolution.

distribution is a possible depth profile. The blue curve in Figure
S is the average of all trials and represents the best overall fit. As
shown by the dashed line, the convolution of this best fit with the
gas-phase Br profile matches well with the raw profile. This
overlap reflects the ability of the genetic algorithm to generate
depth profiles that reproduce the original data.

The ~10 A width of the Br™ depth profile in Figure S must
reflect the charge and dispersion attractions between the THA"
and Br~ ions, their solvation by glycerol, and their thermal
motions. Perhaps the simplest prediction comes from the
Bjerrum critical distance, which balances charge attraction and
thermal energy in a solvent of dielectric constant &. This
balancing leads to a minimum in the number of ions in a shell
around the central ion at a separation distance d = e*/(2&,ks T) ~
7 A using €, = 44 for pure glycerol at 293 K, which can be
considered the maximum separation for THA'/Br~ ion
pairing.”” Such a continuum prediction for isolated ions may
not apply in the interfacial region, where alkyl chains, ion
charges, and glycerol solvent are closely packed, but it appears to
roughly gauge the fluctuating distribution of Br™ ions tethered to
THA" in Figure S.

Surfactant Salting-Out Interpreted through Br~ Depth
Profiles. Figure 6 compares the deconvoluted depth profiles of
Br~ for pure THABr, pure NaBr, THABr + NaBr, and SDS +
NaBr. They confirm the qualitative description above and
provide an angstrom-scale picture of what charge attraction and
repulsion and salting-out look like for the Br™ ion. Perhaps the
most striking feature is that the addition of NaBr to THABr
significantly increases the number and spread of Br™ ions,
extending the fwhm of the depth profiles from 10 to 30 A. This
30 + 6 A width is equal to the size of ~3 THA" ions or six
glycerol molecules, thus penetrating far beyond the top surface
layer. As shown later in Figure 10, this width is roughly matched
by the distribution of THA" itself, suggesting tight Br~/THA"
ion pairing persists below the surface as well. We do not know
whether the shoulder at 35 A is statistically meaningful, as it is
possible to draw a smooth curve within the error bars.
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Figure 6. Deconvoluted depth profiles for Br™ ions in 0.013 M THABr
(black), 0.013 M THABr + 0.38 M NaBr (red), 0.38 M NaBr (gray),
and 0.0064 M SDS + 0.38 M NaBr (green). The addition of THABr to
NaBr (gray — red profiles) attracts significant Br™ ions to the surface
region, while the addition of SDS to NaBr (gray — green profiles)
repels Br™ into the bulk.

Figure 6 also reveals that the peak Br™ concentration does not
rise significantly from its 2 M value in THABr alone. This
surprising result may arise because the surface of 0.013 M
THABE is already so packed with THA" and Br™ ions that it is
more favorable for additional ions to collect below the
outermost layers than to squeeze into the outermost layer.
Using an additive (McGowan) volume of ~650 A* for THA"/
Br™ from refs 53 and 54, the maximum possible concentration is
2.6 M (devoid of solvent), a value that is just 30% larger than the
deconvoluted 2 M peak concentration in Figure 6. In this
picture, most “salted out” Br™ ions are not driven to occupy only
empty surface sites but instead span positions up to 60 A deep.

Finally, Figure 6 also highlights the severe depletion of Br~
ions in the presence of dodecyl sulfate ions of the same charge,
with a midway point of ~20 A. This depleted region extends
over the distribution of sulfate headgroups (shown later in
Figure 13), which also penetrate deeply into glycerol. The pure
NaBr solution shows neither segregation nor depletion, but a
sharp drop near zero depth. As mentioned in the Introduction,
we do not have high enough resolution to judge whether a
nonmonotonic Br~ density profile exists within the top few
monolayers of solution.

These analyses are summarized by plotting the integrated Br™
concentration cg,(z) as a function of depth z. This column
concentration, cg, (z) = [§cg,(2') d2’, is graphed in Figure 7.
The curves highlight how dodecyl sulfate depletes the interfacial
region of Br™ ions while tetrahexylammonium enhances them
with respect to pure 0.38 M NaBr. The steady parallel slopes at
large depths for the three solutions containing NaBr result from
integrating the 0.38 M bulk Br~ concentration, but the sharp
increase in Br™ for the THABr + NaBr solution arises from the
pileup of subsurface Br~ ions. Over the full 70 A depth
encompassing the THABr depth profiles, the Br~ column
concentration is 3.3 times larger when NaBr is added. At a
narrower selected depth z of 10 A, the column concentrations
are (in units of 10'* cm™): 0.32 (SDS + NaBr), 1.9 (NaBr) 8.9
(THABr), and 9.9 (THABr + NaBr). These values yield a 31-
fold Br™ ratio for THABr/NaBr to SDS/NaBr, again reflecting
the ability of THA" to attract Br™ ions to the surface and of DS™
to repel them. This ratio is not as high as the measured 70-fold
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Figure 7. Br~ column (depth integrated) concentrations at depths z
from 0 to 80 A, obtained from cg, (2) = / scpe(2’) dz’ and the data in
Figure 6. Both THABr solutions contain segregated Br™ ions in the
interfacial region, while the DS™ interface is depleted in Br™. The curves
for THABr + NaBr (red), NaBr (gray), and SDS + NaBr (green)
become parallel at large depths because they are integrals of the same
0.38 M NaBr bulk concentration. The curve for THABr alone (black) is
nearly flat at large depths because of its low 0.013 M bulk concentration.

increase in Br, produced upon reaction of Br~ with Cl,*
suggesting that this halogen-exchange reaction may occur in a
region even narrower than 10 A.

Oxygen Depth Profiles and Interfacial Depletion of
Glycerol Solvent. The O and C regions of the different He
TOF spectra are shown in Figure 8 between 4400 and 6000 ns.
Oxygen is found only in glycerol in the THABr + NaBr system,
so that its depth profile corresponds to the solvent depth profile
as well. The most prominent feature is the depletion of the
oxygen edge for THABr + NaBr versus THABr. This lower
signal implies that there are fewer solvent molecules in the

He Backscattering energy (keV)
236 195 164 1.40 1.21 1.05

et carbon
SDS+NaBr

Helium Signal

4000 4400 4800 5200 5600 6000
He Arrival Time (ns)

Figure 8. TOF spectra of He atoms backscattered from each solution in
the He arrival time range for O and C atoms. Oxygen represents the
glycerol solvent; notice its reduction as surface THA® pushes the
solvent to lower depths.
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interfacial region. Figure 9 displays the deconvoluted oxygen
(glycerol) concentration depth profiles for each solution, based

— a0} glycerol
S 40 8¥°C
= .
ie;
® 301
c
8
g 20r HABr+NaBr
)
o
c:(>g 10
@) - f“ Glycerol Depth Profiles
0 1 1 1 1
0 20 40 60 80
Depth (A)

Figure 9. Deconvoluted oxygen depth profiles for each solution, where
3 O atoms = 1 glycerol molecule (roughly 41 M O atoms = 13.7 M
glycerol). The wiggles are artifacts of the genetic algorithm. For the
THABr + NaBr solution, glycerol solvent is severely depleted in the
interfacial region because of pileup of THA" as the surfactant is salted
out by added NaBr. The SDS profiles appear less depleted in part
because of the four extra O atoms per sulfate group that fill in the
interfacial region, and because DS is smaller than THA".

on Figure 8. The wiggles in the spectra are artifacts of the genetic
algorithm, but the deconvoluted profiles still enable us to
quantitatively determine the depletion of solvent in the
outermost 70 A of the solution. In particular, for THABr +
NaBr, the glycerol concentration drops by 75% from 13.7 M (41
M oxygen atoms) in pure glycerol to just ~3.5 M. These spectra
reflect the buildup of surface and subsurface THA" and Br™ ions
that push glycerol molecules into the bulk. The maximum 75%
difference corresponds to ~10 M glycerol or 60 M oxygen and
carbon atoms. This gap is filled by THA" and Br~, which at the 2
M maximum concentration in Figure 6 is crudely matched by
~52 M carbon and nitrogen atoms of THA" and Br~ ions.
Together, Figures 6 and 9 indicate that the THABr + NaBr
solution generates a solvent-poor interfacial region composed of
THA" and Br™ ions that becomes increasingly diluted by solvent
glycerol over 70 A.

Surfactant Depth Profiles of C and S atoms of THA*
and DS™. NICISS is also capable of determining the
distributions of the THA" and DS™ surfactants themselves.
Unfortunately, nitrogen, the signature element of THA, is too
difficult to detect because of its relatively low concentration and
small collision cross section. However, we can detect THA" at
least approximately because its buildup at the surface creates a
dense carbon layer. Figure 10a shows the C and O signals in the
THABr + NaBr solution, where the O signal represents just the
glycerol solvent (and its C atoms) ;'! the difference between
them is the He scattering signal from C atoms in THA" (see the
Supporting Information for determining the depth scale of the
carbon density profile). The deconvoluted difference spectra are
graphed in Figure 10b for both 0.013 M THA" and for 0.013 M
THA" + 0.38 M NaBr. They are plotted along with the
corresponding Br™ spectra, which is nearly identical for 0.013 M
THABE, corresponding to a fwhm of ~10 A. This is just the size
ofa THA" ion and suggests that the associated Br™ ions in Figure
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Figure 10. (a) Isolating the carbon signal of THA" from glycerol in the
THABr + NaBr solution. The carbon spectrum is the sum of THA* and
glycerol C atoms, while the oxygen spectrum arises just from glycerol.
(b) Deconvoluted depth profiles of carbon (solid) and of bromine
(dotted) in the THABr (black) and THABr + NaBr (red) solutions,
obtained by dividing the carbon concentration by 24 carbon atoms per
THA" ion.

S may locate themselves along the span of the surface THA*
ions. Intriguingly, this observation is in accord with electronic
structure calculations, which suggest that the charge on
tetraalkyl ions is not localized on the N atom but is instead
distributed over the CH, groups, smearing the charge attracting
the Br™ over part of the hexyl chains.”® The overlapping THA"
and Br~ depth profiles of pure THABr in Figure 10b are also in
accord with previous studies of similar tetrabutylphosphonium
and halide ion depth profiles in formamide.’

Figure 10b further demonstrates that the integrated number
of THA" ions increases by 2.2-fold and are spread over 20 A
(fwhm) upon adding NaBr, equal to at least two THA"
diameters. This profile is just slightly narrower than the
corresponding Br™ profile shown in the figure and corroborates
the inference that the salting out of the surfactant is more than
just one layer thick. The displacement of organic ions to the
surface by added salt has been observed in numerous surface
tension,g’m’56_60 neutron reﬂectivity,(’l’62 spectroscopic,63 and
simulations studies before. It is often attributed to a
reduction in charge repulsion between the ionic surfactant
headgroups by counterions from the salt that intersperse

64,65
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between the headgroups.®®®® Together, Figures 6 and 10 give a 2.5 Sulfur
multilayer length scale to this surfactant exclusion.'” A reviewer T
pointed out to us a fascinating parallel to the Jones—Ray effect (a s
decrease in surface tension at millimolar salt concentrations), ‘EZ-O F SDS+NaBr
which has been explained by the presence of submicromolar 2
concentrations of ionic surfactants that accumulate at the surface ©15 |
because of a similar screening by added salt.*>’ :,C-,. 1
The large collision cross section of the sulfur atom enables =2 0
interfacial DS™ ions to be detected directly by NICISS, as shown ST
in Figure 11. This plot reveals that Na" jons are visible as a 5 05
2
>
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Figure 11. TOF spectra of He atoms backscattering from SDS and SDS
+ NaBr solutions in the region of S and Na atoms. The gas-phase
thiophene spectrum is also shown, along with a Gaussian fit used for
deconvolution.

shoulder. Figure 11 also contains the spectrum of gas-phase
thiophene, which is unexpectedly broad. We speculate that the
tail at longer arrival times arises primarily from He" ions striking
thiophene on the end opposite the sulfur atom, thus losing extra
energy in collisions with carbon atoms before scattering from the
sulfur atom. As indicated in the figure, we use only the high-
energy component for deconvolution. Note that the sulfur peak
is delayed with respect to the gas-phase peak; this reflects the S
atom position at the end of the dodecyl chain, which must be
traversed by the He atom before colliding with the S atom itself.

The deeper positions of the S atom are evident in the
deconvoluted spectra in Figure 12, which compare the sulfur
depth profiles for pure 0.0065 M SDS and with added 0.38 M
NaBr. A significant difference from the THABr solutions is that
the addition of 0.38 M NaBr increases the peak surfactant
concentration as well as its depth into solution. The single-chain
dodecyl sulfate ion packs more tightly than does the bulkier
tetrahexylammonium ion, and at close packing occupies roughly
20 A% area per molecule over a length of 18 A."> These
parameters correspond to a maximum surface concentration of 5
X 10" cm™ and a volume of 360 A® per chain or a volume
concentration of 4.6 M. This maximum packing is not achieved
in water because of micelle formation, which limits surface
concentrations to 3 X 10" cm™ or 2.8 M.*' Figure 12 reveals
that the addition of NaBr increases the DS™ surface
concentration from 1.2 to 2.2 M, well below maximum possible

packing.
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Figure 12. Sulfur deconvoluted depth profiles for 0.0064 M SDS and
0.0064 M SDS + 0.38 M NaBr. The error bars represent + one standard
deviation of 10000 trials generated by the genetic algorithm. In contrast
to Figure 10, the addition of NaBr increases both the peak
concentration of DS™ ions as well as their range of depths in solution.

The depth axis for the uppermost ~20 A in Figure 12 is
uncertain because the incomplete DS™ layer has a lower density
than a bulk liquid and therefore the He atoms lose less energy
per angstrom (lower stopping power) as they travel through the
surfactant layer.’”® This in turn implies that the depth scale
should be stretched and the concentration axis shrunk in the
interfacial region to maintain constant area. This scaling is
currently unknown but could be determined if the average DS™
chain length was measured for example, by neutron scalttering.6l
Applying the current stopping power to Figure 12, the average S
atom is submersed by about 12 A, smaller than the maximum 18
A extension of the dodecyl chain, suggesting that the chains are
not in all trans positions. These bent configurations and
headgroup distributions are also observed in simulations,>**
suggesting that the depth scale may be approximately correct.

The ability to detect C, O, S, Na*, and Br™ in the SDS + NaBr
solution provides the opportunity to map out in detail the
behavior of each species in a solution combining surfactant and
salt. These depth profiles are collected in Figure 13, subject to
the uncertainty in the stopping power near the outermost
surface region, with particularly poor knowledge of the
positioning of the Na* profile of +8 A (as calculated in the
Supporting Information). As anticipated, the carbon chain
appears first, followed in order by sulfur, sodium,” oxygen, and
then bromide, which is repelled from the interfacial region. The
broad distribution of S atoms implies that the sulfate charge is
also spread over at least 35 A, matching the depletion of Br™ ions.
The associated chain immersion into the glycerol subphase has
been previously observed in water by neutron reflectivity"> and
computer simulations.”***

Lastly, we note that the depth profiles in Figures 6, 10, 12, and
13 may be used to extract the Gibbs relative surface excesses for
each element. Comparisons with excesses calculated from
surface tensions are made in Appendix II; they agree within 35%
for pure THABr and SDS solutions but substantially under-
estimate the integrated NICISS profiles when NaBr is added.
Two possible explanations include incomplete wetting of the Pt
plate for surface tension measurements and i%norance of
accurate activity coeficients for the Gibbs analysis.”’

Concluding Remarks: Surfactant Salting Out and
Control of Interfacial Br~ Depth Profiles. The two chief
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Figure 13. Complete map of species in the 0.0064 M SDS + 0.38 M
NaBr solution. The ordering of the elements C (black), S (green), Na*
(blue), and Br~ (red) follow expectations for the positions of the
dodecyl chains in the outermost region and S atoms closer to the
surface, matched with its associated Na* counterions. Bromide ions
(red) are repelled by the segregated DS~ ions, while the glycerol and
sulfate oxygens (dotted line) occupy locations up through the
headgroup position. The oxygen curve is normalized to the bulk Br~
concentration for ease of comparison. See the Supporting Information
for uncertainties in the positioning of the Na" profile.

results in this study involve the “salting out” of ionic surfactants
to the surface and the correlation between interfacial Br~
composition and interfacial reactivity. Figure 6 demonstrates
that the addition of 0.30 m NaBr to 0.010 m THABr increases
the Br~ and THA" concentrations by roughly 3-fold and
broadens the widths of these ion regions from ~10 to ~30 A.
This segregation of THA" from the bulk primarily causes THA"
and its Br~ counterions to “pile” up in a multilayer region
spanning about three THA® jons or six glycerol solvent
molecules. Figure 13 also reveals bunching up of Na* and DS~
ions, which collect in a similarly broad interfacial region upon
adding NaBr. As implied by Figures 6, 7, and 9, this bunching
creates regions that are composed more of surfactant and
inorganic ions than of solvent molecules. It will be intriguing to
learn in future studies how this ion bunching and their depth
profiles can be tuned by varying the identity and concentration
of added salt, and if they can be predicted by electrostatic models
that invoke counterions localized within the surfactant ion
region, 103260666771

A second key outcome of the density profiles is the remarkable
change in Br~ concentrations with cationic and anionic
surfactants. Integrated over a 10 A depth in Figure 7, the Br~
concentration ratio drops by 30-fold from THABr + NaBr to
SDS + NaBr, likely because THA™ attracts Br~ ions and DS™
repels them. This large ratio is close to the measured change in
reactivity of Cl, with Br~, which dropped by 70-fold upon
substitution of SDS for THABr. One implication of this abruptly
changing interfacial Br™ concentration is that the headgroup,
rather than the alkyl chain, primarily controls access to the halide
ion in porous surfactant films.**”* In particular, the depth
profiles indicate that the Cl, + 2 Br™ = Br, + 2CI™ reaction most
likely takes place within the outermost 1—2 monolayers of the
THABr/NaBr and SDS/NaBr solutions in order to access such a
wide range of Br~ concentrations. This region of enhanced
reactivity is not like bulk glycerol but is a mixture of ~3 M
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glycerol molecules and ~2 M THA" and Br~ ions in the
THABr/NaBr solution. If similar results hold for Cl™ ions, these
studies imply a fascinating role for cationic surfactants in other
aerosol-mediated reactions in the atmosphere, such as N,O4(g)
+ Cl™ - CINO,(g) + NO;™. Our preliminary studies of THABr
in NaCl/NaBr mixtures in glycerol suggest that Cl™ ions indeed
segregate to the surface, although not to the extent that Br™ ions

do.

B APPENDIX I: TESTS AND IMPLICATIONS OF NA®,
BR™, AND SURFACTANT ION
ELECTRONEUTRALITY

The Br~, Na*, THA", and DS~ depth profiles can be used to
verify electroneutrality in the interfacial region.’" Figures 6, 9,
and 13 indicate that the depth profiles converge to their bulk
concentrations at a cutoff depth of 70 A. Table A.1 summarizes

Table A.1. Electroneutrality in the Interfacial Region
(Column Concentrations” from 0 to 70 A in Units of 1 X 10"3
molecules cm™?)

co-ion surfactant counterion
12 mM THABr
¢(THAY) = c(Br7)
1/24 X ¢( Curtactant) = c(Br)
12.6 = 132
12 mM THABr + 0.3 M NaBr
¢(Na*) + ¢(THAY) = c(Br)
¢(Na*) + 1/24 X ¢(Curfactant) = (Br7)
? + 28 ~ 44
6 mM SDS
c«(DS) = ¢(Na"*)
<(8) or 1/12 X ¢(Courfactant) = ¢(Na")
8.60r6 5 7.5
6 mM SDS + 0.3 M NaBr
c(Br) + «(DS7) = c(Na*)
¢(Br7) + o(S) or 1/12 X ¢(Cgpactant) = ¢(Na"*)
10.8 + 26 or 23 ~ 35

“Column concentrations = ¢ ;(z=70A) = f tc(z ") dz’ obtained from
Figure 7.

these integrals for all species and generally validates the NICISS
technique. For 0.13 M THABr, the column concentrations of
the ions THA"' and Br~ are equal within 5%. For DS~, the
column concentrations may be calculated directly using the
sulfur or carbon atom spectra: the average value of the DS™
column concentrations equals the Na* concentration within 3%.
Similarly, in the SDS + NaBr system, the positive and negative
ion concentrations agree within 1%.

The 0.013 M THABr + 0.38 M NaBr solution could
unfortunately not be tested for electroneutrality because Na*
could not be discerned in the NICISS spectra. However, to
achieve neutrality, the Na* column concentration must be close
to 16 X 10" cm™2, which is similar to Na* concentration in 0.35
M NaBr alone. This surprising result implies that the addition of
NaBr to THABr forces extra THA" and Br~ to the interfacial
region but does not reduce the Na* concentration, in contrast to
the mirror situation in which Br™ is strongly depleted by the
addition of NaBr to SDS. One possible explanation is that Br~
ions specifically bind to surface THA™ within the hydrophobic
pocket created by the hexyl chains; " this tight ion pairing may in
turn reduce charge repulsion between Na* and THA', allowing
Na" to remain in the interfacial region.
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B APPENDIX Il: SURFACE TENSION AND NICISS
DETERMINATIONS OF SURFACE ADSORPTIONS

The Gibbs relative surface excess obtained from measurements
of surface tension y versus solute activity f, ¢, may also be
calculated from NICISS experiments according to

Fglycerol - _ 1 67/
solute RT| 91
m nficsolute T
70A Cbulk
_ solute
- A Csolute(z) T Thulk Cglycerol(z) dz

Cglycerol

where m = 1 + ¢(THABr or SDS)/(c(THABr or SDS) +
¢(NaBr)).® We have previously reported surface tension
measurements of the systems studied here using the Wilhelmy
method and a Pt plate.**”*”> They are summarized in Table A.2,
along with the NICISS integrations. The upper limit of 70 A was
chosen because all profiles converge to their bulk concentrations
at this depth.

Table A.2. Relative Surface Excess I'&<™! in Units of 103
)

cm
NICISS NICISS NICISS co-
solution/ THA? or counterion Br™ ion Na* or surface
technique DS~ or Na* Br~ tension
0.0050 m SDS 6/8.6 (S) 7.5 no co-ion 6“
0.0050 m SDS +  23/26(S) 31 —38Br~ 12°
0.30 m NaBr
0.010 m THABr 12.6 (C) 13 no co-ion 9°
0.010 m THABr 28 (C) 33 Na* not 107
+ 0.30 m NaBr detected

“Reference 75. YReference 44. “Reference 74.

Table A.2 shows that the surface tension and NICISS
measurements agree within 35% for 0.010 m THABr and 0.0050
m SDS, but they substantially underestimate the NICISS values
when 0.30 m NaBr is added. We do not have an explanation for
this disagreement but suspect that the surface tension
measurements were not carried out correctly. Three reasons
include erroneously measured detachment forces of the Pt plate,
incomplete wetting of the plate, and strongly changing activity
coeflicients due to bulk-phase aggregation. The latter two effects
and others are described by Li, Thomas, and Penfold, who have
been especially critical of plate-based surface tension measure-
ments at high surfactant concentrations.”’ We hope that further
measurements, such as neutron reflectivity or non-plate surface
tension measurements, will provide an independent test of the
NICISS technique in salt-surfactant solutions.
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