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ABSTRACT: The reaction of ozone with sea-salt derived bromide
is relevant for marine boundary layer atmospheric chemistry. The
oxidation of bromide by ozone is enhanced at aqueous interfaces.
Ocean surface water and sea spray aerosol are enriched in organic
compounds, which may also have a significant effect on this
reaction at the interface. Here, we assess the surface propensity of
cationic tetrabutylammonium at the aqueous liquid−vapor inter-
face by liquid microjet X-ray photoelectron spectroscopy (XPS)
and the effect of this surfactant on ozone uptake to aqueous
bromide solutions. The results clearly indicate that the positively
charged nitrogen group in tetrabutylammonium (TBA), along with
its surface activity, leads to an enhanced interfacial concentration
of both bromide and the bromide ozonide reaction intermediate.
In parallel, off-line kinetic experiments for the same system demonstrate a strongly enhanced ozone loss rate in the presence of TBA,
which is attributed to an enhanced surface reaction rate. We used liquid jet XPS to obtain detailed chemical composition information
from the aqueous-solution−vapor interface of mixed aqueous solutions containing bromide or bromide and chloride with and
without TBA surfactant. Core level spectra of Br 3d, C 1s, Cl 2p, N 1s, and O 1s were used for this comparison. A model was
developed to account for the attenuation of photoelectrons by the carbon-rich layer established by the TBA surfactant. We observed
that the interfacial density of bromide is increased by an order of magnitude in solutions with TBA. The salting-out of TBA in the
presence of 0.55 M sodium chloride is apparent. The increased interfacial bromide density can be rationalized by the association
constants for bromide and chloride to form ion-pairs with TBA. Still, the interfacial reactivity is not increasing simply proportionally
with the increasing interfacial bromide concentration in response to the presence of TBA. The steady state concentration of the
bromide ozonide intermediate increases by a smaller degree, and the lifetime of the intermediate is 1 order of magnitude longer in
the presence of TBA. Thus, the influence of cationic surfactants on the reactivity of bromide depends on the details of the complex
environment at the interface.

KEYWORDS: tetrabutylammonium, bromide, ozone, surface propensity, ion-pairs, X-ray photoelectron spectroscopy, liquid jet,
halogen chemistry

■ INTRODUCTION

In atmospheric science, halogen chemistry and its impact on
the ozone budget remains a hot topic.1−3 The halide-solution−
air interfaces associated with seawater and sea spray aerosol are
especially important, because about 71% of the Earth’s surface
is covered by seawater, which represents a substantial reservoir
for chloride, bromide, and iodide. Multiphase reactions
between gas-phase species and halides in seawater are centrally
important, because they lead to activation of halogen species to
the gas phase.4,5 Cycling of these halogen species exerts a
powerful influence on the chemical composition of the
troposphere. It has been estimated that halogen chemistry
contributes 50% of the chemical sink for tropospheric ozone
globally.6 It may affect the global oxidation capacity, the fate of
pollutants and tropospheric ozone (including its radiative

impact), and the production of particles.4,5 Particle phase
halogen species also contribute to ozone loss in the
stratosphere.7

The multiphase oxidation of bromide (Br−) by O3 is a
significant dark source of hypobromic acid (HOBr) when
shorter-lived photochemically produced radicals and oxidants
are not abundant.6,8 These initial bromide oxidation processes
are the starting point of the multiphase cycling reactions that
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lead to the release of bromine, thus bromine activation. Under
the special circumstances of the spring-time polar marine
boundary layer, bromine activation is a strong component of
local and episodic O3 depletion.

9

Ocean surface water and sea spray aerosol often contain
complex mixtures of organics derived from marine biota with
variable surface affinity and functionalities, such as proteins,
carbohydrates, phospholipids, and fatty acids.10−12 Surface
active organics may affect multiphase chemical reactions by
changing the interfacial activity of the halide ions or of reaction
intermediates13,14 or actively engage in chemistry and photo-
chemistry.15,16 Such effects have not been sufficiently
elucidated, mostly because of the lack of studies selectively
probing the interfacial region and processes thereon.
The kinetics of multiphase reactions initiated by gas phase

oxidants are described by the uptake coefficient, γ, defined as
the ratio of the net flux of molecules from the gas phase to the
condensed phase divided by the gas-kinetic collision flux of the
molecules to the surface of the condensed phase.17 The
multiphase reaction of O3 with Br− ions to HOBr has been
studied for two decades and suggested to be enhanced at the
aqueous solution−air interface.18−26 In aqueous solution, Liu
et al.27 suggested that the mechanism involves a bromide
ozonide as an intermediate (R1), which then decomposes into
molecular oxygen (R2 and R3) and HOBr in an acid assisted
step. HOBr then reacts further with Br−, again in an acid
catalyzed reaction, to form Br2 (R4). Nevertheless, the reason
for the surface enhanced reactivity had remained elusive.

+ ↔ [ · ]− −Br O Br OOO(aq) 3(g) (aq) (R1)

[ · ] + ↔ +− +Br OOO H HOBr O(aq) (aq) (aq) 2(g) (R2)

[ · ] + ↔ + +− −Br OOO H O HOBr O OH(aq) 2 (l) (aq) 2(g) (aq)

(R3)

+ + ↔ +− +HOBr Br H Br H O(aq) (aq) (aq) 2(g) 2 (l) (R4)

The traditional approach to study the chemical composition
at the aqueous solution−air interface through the contribution
of constituents to the surface free energy is via recording the
surface tension as a function of solute concentration.28

However, this is not straightforward for complex solutions,
because the synergistic effects and their composition depend-
ence make it extremely difficult to assign concentration
dependent contributions to the surface tension for individual
components in solution. Both chemical composition and
processes at interfaces can be characterized by X-ray
photoelectron spectroscopy (XPS), which provides both
chemical selectivity and surface sensitivity.29 Liquid jet XPS
directly provides the composition of inorganic and organic
compounds at the aqueous solution−vapor interface within the
topmost molecular layers of the liquid.30−33 Using this
technique, supporting theoretical calculation and additional
kinetic experiments, Artiglia et al.20 reported direct exper-
imental evidence for the ozonide in R1 and found it to exhibit
a high propensity for the liquid−vapor interface. This surface
active intermediate turned out to be the cause of the surface
enhanced reaction rate, rather than the debated abundance of
bromide itself at the interface.34

In an attempt to address the impact of organics on the
oxidation of bromide by O3, Lee et al.35 recently studied the
reaction of bromide with ozone in the presence and absence of
citric acid, a proxy for highly functionalized organic

compounds in the atmosphere, under ambient conditions.
With citric acid, the uptake kinetics of O3 was faster than that
predicted by bulk reaction-limited uptake and also faster than
expected on the basis of an acid-catalyzed mechanism. Parallel
liquid jet XPS revealed that bromide became depleted by
around 30% within the probe depth of the experiment of
around 1 nm. In 2019, Lee et al.33 found an opposing effect of
butanol and butyric acid on the abundance of bromide and
iodide at the liquid−vapor interface. In comparison to the pure
aqueous halide solution, 1-butanol increased the interfacial
density of bromide by 25%, while butyric acid reduced it by
40%, respectively, which is probably controlled by a subtle
interplay of electrostatic, dipole, and hydrogen bonding
interactions. Therefore, looking at the effects of surfactant
cosolutes with different properties is an important task for
better constraining the interfacial reactivity of halides under
environmental conditions.
Tetrabutylammonium (TBA) may be considered as a proxy

for atmospherically relevant organic amines and other cationic
surfactants derived from biogenic oceanic material.12,36 Its
amphiphilic character with aliphatic side chains makes it
strongly surface-active in aqueous solution. On the basis of
surface tension measurements, TBA bromide is expected to
exhibit a surface excess of ∼3.0 × 1014 molecules per cm2 at 0.1
M.13 TBA exhibits also a strong ion-pairing capacity, which
makes TBA ions important in various areas of chemistry, e.g.,
in phase-transfer catalysis, where relatively hydrophobic
cations are used for precipitating large anions.37 Several
studies have addressed the interfacial properties of TBA
containing iodide solutions (including mixtures with bromide)
with VUV photoemission.38−41 Also molecular beam scattering
experiments of N2O5 interacting with a liquid jet containing
tetraalkylammonium surfactants indicated interactions be-
tween the positively charged surfactant and reactants or
products, also depending on the solvent.42,43 Overall, the
details of how charged surfactant ions affect the halide ions,
their reactivity, and potentially also reaction products have
remained open.
In this work, we used liquid jet XPS to directly assess the

impact of TBA on the abundance of bromide and the bromide
ozonide at the aqueous solution−air interface and to compare
the spectroscopic information with the results of O3 uptake
kinetic experiments performed in parallel.

■ EXPERIMENTAL SECTION
Materials. This study was conducted using sodium

bromide (NaBr, Sigma-Aldrich, > 99.0%), sodium chloride
(NaCl, Sigma-Aldrich, > 99.0%), and tetrabutylammonium
bromide (TBA-Br, Sigma-Aldrich, > 99.0%) without further
purification. Sample solutions were prepared by adding stock
solutions to Milli-Q water (Millipore, 18.2 MΩ cm at 25 °C).
NaBr (0.1 M), 0.1 M NaBr/0.55 M NaCl, 0.1 M TBA-Br, 0.1
M TBA-Br/0.55 M NaCl, and 0.1 M TBA-Br/0.1 M NaBr/
0.55 M NaCl aqueous solutions were prepared for liquid jet
XPS and kinetic experiments.

Liquid Microjet X-ray Photoelectron Spectroscopy
(XPS). XPS experiments using a liquid microjet were
conducted at the Surfaces/Interfaces: Microscopy (SIM)
beamline of the Swiss Light Source (SLS)44 using the near
ambient pressure photoemission (NAPP) endstation.44,45 The
electron analyzer uses a three-stage differentially pumped
electrostatic lens system (Scienta HiPP-2) and a hemispherical
analyzer (Scienta R4000) to collect photoelectrons from
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samples in chamber pressures up to a few millibar. For the
present experiments, a quartz nozzle (MicroLiquids), forming
a liquid microjet with a diameter of 25 μm, was used to deliver
a liquid sample into the analysis chamber.
The liquid jet was operated with a flow rate of 0.5 mL/min.

The capillary transporting the liquid was immersed in a cooling
bath set to 277 K upstream of the feedthrough into the
chamber. The characterization of aqueous solutions, without
gas dosing, was performed in a vacuum (1.0 × 10−3−1.0 ×
10−4 mbar). The diameter of the entrance orifice of the
electron sampling aperture into the prelens and the working
distance to the liquid jet were both 500 μm. The electron
analyzer was operated at 20 eV pass energy (photoelectron
kinetic energy at 155 eV) and 50 eV pass energy (photo-
electron kinetic energy at 370 eV) with a 0.1 eV step size. The
liquid filament position was adjusted to spatially overlap with
the 100 μm (vertical) by 60 μm (horizontal) synchrotron light
beam.44 Optimum alignment was achieved by monitoring the
condensed phase O 1s at 900 eV photon energy.
For experiments, in which the liquid jet was exposed to gas

phase O3, we used a gas delivery system, which has been
described in our previous work.20 In brief, a second gas nozzle
was fixed concentrically around the quartz nozzle delivering the
liquid. The second gas nozzle reaches about 0.1 mm beyond
the liquid jet nozzle. The gas starts to interact with the liquid
wire from the end of the quartz nozzle delivering the liquid jet
before expansion into the vacuum chamber at the end of the
second nozzle. The admitted gas was either pure oxygen or a
mixture of up to a few percents of ozone in oxygen. Before
dosing the gas, the pressure in the experimental chamber was
raised to 1 × 10−3 mbar (with the turbo molecular pump
stopped and a SiNx window mounted between the X-ray
beamline and the liquid jet chamber). While dosing the gas,
the pressure was set to 0.25 mbar by means of a leak valve
connected to the gas nozzle via a 1/16″ PEEK tube, leading to
a gas flow rate of around 15 sccm/min. Ozone was generated
online by means of a home-built corona discharge ozone
generator. We varied the ozone concentration by changing the
flow rate of O2 through the corona discharge unit in the range
2−12 mL/min. The corresponding change in the dilution ratio
(around 1:7000) was taken into account for the ozone
concentration calibration. The mixing ratio of O3 in O2 in the
gas admitted to the experimental chamber was in the range
1%−3%. The efficiency of O2 to O3 conversion in the ozone
generator was checked in separate experiments by means of the
same ozone analyzer, as described further below for the
kinetics experiments. The gas composition in the analysis
chamber with respect to the major components N2, O2, H2O,
and CO2 was checked by means of a quadrupole mass
spectrometer installed in the second differential pumping stage
of the electron analyzer.
Core level spectra of Br 3d, N 1s, C 1s, Cl 2p, and O 1s were

acquired at photon energies allowing for photoelectron kinetic
energies at 155 and 370 eV. Due to the high photon flux at the
SIM beamline, using first order light to ionize the O 1s orbital
of solutions would lead to potentially damaging count rates at
the detector. We therefore made use of the around 10% of
photon flux associated with second order light, which
simultaneously passes the monochromator, to ionize the O
1s orbital. Thus, the monochromator was set to 348 and 450
eV to obtain O 1s spectra with excitation energies of 696 and
900 eV for KE values of 155 and 370 eV, respectively. Spectra
were acquired by a sequence of sweeps over the regions of each

element, and sequences were repeated until sufficient signal-to-
noise ratios were obtained. Signal intensity ratios within one
experiment thus take into account varying jet positions that
would lead to intensity changes between sequences.
Reported binding energies are relative to the vacuum level

and calibrated to the O 1b1 orbital of liquid water at 11.31
eV.46 Exemplary valence spectra are shown in the Supporting
Information (SI), Figure S1. The total photoionization cross
section (σtot) was calculated by considering cross sections (σ)
and asymmetry parameters (β) as follows:47,48

σ σ
π

β= +
4

(1 )tot (1)

Core level spectra were fit using pure Gaussian functions
following standard linear background subtraction, except for
the Br 3d spectra related to the experiments with O3, where a
Shirley background was subtracted. For C 1s, the full width at
half-maximum (fwhm) of the peaks was constrained to the
same value for the peaks contributed by the carbon atoms
attached to the ammonium ion and by the butyl chain carbons.
The spin−orbit split (SOS) for Br 3d was fixed at 1.03 eV for
both bromide in pure NaBr solutions and the bromide ozonide
also present when dosing O3.

20 We forced the fwhm at the
same value for the spin−orbit split peaks of Br 3d (3d3/2,
3d5/2) of bromide and of Cl 2p (2p1/2, 2p3/2) of chloride,
respectively, at 1.03 eV. The fwhm of the Br 3d peaks of
bromide ozonide was 1.05 eV. The chemical shift between
bromide and bromide ozonide was +0.70 eV.20

Flow Reactor. Kinetic experiments were conducted in a
flow reactor setup previously described by Lee et al.35 and
Artiglia et al.20 Briefly, the setup comprises a temperature
regulated Teflon trough (surface area = 102 cm2) on which 15
mL of the reactive solution is loaded uniformly. The trough
was kept at 4 °C for all experiments. Ozone was generated by
185 nm photolysis of O2 at different light intensities in a quartz
cell at a flow rate of 400 mL/min O2 and then mixed with 2000
mL/min N2 (all flow rates given for 1 atm and 0 °C). Part of
this gas flow (980 mL/min) was humidified to the saturation
water vapor pressure at the temperature of the trough before
admission to the trough. The gas flow was alternated between
a bypass to measure the initial O3 concentration and the
trough to measure the O3 concentration remaining after
reactive uptake by the solution. The O3 concentration was
measured using a commercial ozone monitor (Teledyne API
model 400).
After about 1 h of stabilizing the background O3

concentration measured while the gas flow was bypassing the
flow reactor, the gas flow was switched to the trough reactor,
which led to exposure of the film to O3 allowing the multiphase
reactions to take place. Finally, the concentration after the
reactor was measured in bypass mode again to confirm that the
background did not change during the experiment. The uptake
coefficient of O3, γ, is equal to the rate of O3 loss to the
aqueous phase divided by the gas kinetic collision rate (eq 2).
The fractional loss of O3 was obtained from the average ozone
concentration through the bypass ([O3]bypass) line measured
before and after exposing the trough and that while the gas
passed through the flow tube ([O3]flow tube) for each cycle.35

γ
φ

ω
=

×

×

[ ]
[ ]( )4 ln

SA

O

O

O

3 bypass

3 flow tube

3

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

(2)
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ω
π

= RT
M

8
O

O
3

3 (3)

where φ is the flow rate of O3 through the flow tube (980 mL/
min); ωO3

is the mean thermal velocity of O3 in the gaseous
phase (cm/s); SA is the exposed internal surface area of the
tube; and MO3

is the molecular weight of O3.
The average O3 uptake coefficient of the three cycles

between the bypass and the flow tube per replicate was taken
as the mean uptake coefficient for the experiment. We note
that, for the low uptake rates observed in this work, gas phase
diffusion was not limiting O3 loss, and the observed γ was used
without further correction. The uptake coefficient was
measured as a function of the partial pressure of O3 in the
gas phase. This allows for disentangling the contributions by
the bulk aqueous phase reaction in the reacto-diffusive regime
and the surface reaction,19,35 as described in more detail in the
SI.

■ RESULTS AND DISCUSSION
Parts a and b of Figure 1 show O 1s and Br 3d photoelectron
spectra, respectively, of 0.1 M NaBr, and 0.1 M TBA-Br
aqueous solutions at photon energies of 900 eV (2nd order
light) and 450 eV, respectively. The O 1s region in Figure 1a is
fitted by two components that are assigned to gas phase water
at ca. 541 eV binding energy and liquid water at ca. 539 eV
binding energy. The chemical shift between O 1s of liquid and
gas phase water is different for NaBr and TBA-Br solutions.
This is also apparent in the valence spectra shown in Figure S1,
which were used to align the binding energy scale with the O
1b1 level of liquid water. This shift may be due to different
surface potentials, and a similar effect was observed for
different solutions in our previous work.33 The substantial
photoemission intensity from gas phase water is related to the
fact that the beam width of 60 μm is larger than the liquid
filament diameter of 25 μm, so that photoelectrons from
excitations in the gas phase surrounding the liquid are also
collected. The Br 3d spectrum (Figure 1b) exhibits a double-

peak structure due to spin−orbit splitting into 3d5/2 and 3d3/2.
TBA-Br is expected to exhibit a surface excess of ∼3 × 1014

molecule per cm2 at 0.1 M.13

It becomes already apparent from the spectra shown in
Figure 1b that the Br 3d signal intensity, when referenced to
the condensed O 1s signal, is substantially larger in TBA
bromide solutions than in pure NaBr solutions. This is likely
related to the positive surface excess of TBA and to either ion
pairing or longer range electrostatic interaction with the
positively charged TBA. This way more Br− ions are attracted
into the liquid−vapor interface than in the neat NaBr solution
with the same bromide bulk concentration. The surface activity
of TBA, resulting in a carbon-rich layer at the interface, leads
to attenuation of both Br 3d and O 1s photoemission signals,
which is directly apparent for the O 1s signal of liquid water
and will be quantitatively analyzed together with the C 1s
spectra further below. Note that the y-axis in terms of the
count-rate is the same for the spectra within each panel;
however, the intensity may also vary due to changes in the jet
position from experiment to experiment. Therefore, it is not
clear whether the different gas phase signals in Figure 1a
indicate an effect of TBA on the evaporation of H2O from the
liquid.
The same O 1s (Figure 1c) and Br 3d (Figure 1d) spectra

were taken in the presence of O3/O2 to probe the bromide
ozonide (intermediate in the reaction to hypobromite) at the
same information depth. The relatively larger contribution of
gas phase water compared to the experiments without gas
dosing is due to the presence of gas phase oxygen (0.25 mbar),
which leads to a higher local water vapor concentration around
the liquid filament due to diffusion limitation. The higher
pressure also leads to more attenuation of the O 1s signal from
condensed phase water. Note that the O 1s peak related to gas
phase oxygen is at a binding energy about 7 eV higher than
that of gas phase water (see Figure S2), thus outside the
binding energy range shown in Figure 1c.
In Figure 1d, both Br species show two spin orbit split

doublets, which are assigned to Br− and the [Br·OOO]−

Figure 1. (a) O 1s and (b) Br 3d photoelectron spectra of 0.1 M TBA-Br and 0.1 M NaBr aqueous solutions at photon energies of 900 and 450 eV,
respectively. (c) O 1s and (d) Br 3d photoelectron spectra of 0.1 M TBA-Br and 0.1 M NaBr aqueous solutions in the presence of O3, at photon
energies of 900 and 450 eV, respectively. The spectra within each panel share the y-axis scale.
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intermediate. The doublet assigned to the [Br·OOO]−

intermediate is positively shifted by 0.7 eV with respect to
Br−, in line with the previous study by Artiglia et al.,20 which
also provides a more detailed explanation for the fitting
procedure. In support of the presence of this second Br species,
we added the spectra of Figure 1d to Figure S2, using a fit with
just one bromine species, bromide, but using width and spin−
orbit split constrained by the measurement in absence of O3.
The residuals clearly show the need to add this second species
to properly fit the spectra. In a vacuum, the Br 3d signal
intensity was clearly larger in TBA bromide containing
solutions than that in pure NaBr solutions. In the presence
of O2/O3, the ratio between the two is even larger. Note that
even though the ratio of the signal intensity contributed by the
[Br·OOO]− intermediate to that contributed by the Br−

species is rather similar in the presence and absence of TBA-
Br, at 0.21 ± 0.04 and 0.15 ± 0.03, respectively, the
concentration and stability of the intermediate are clearly
different in the presence of TBA, as discussed in detail in the
second part.
In parallel, we performed kinetic experiments of the

reactivity of O3 with the same solutions. The uptake kinetics
is expressed by the uptake coefficient, representing the rate of
O3 loss from the gas phase normalized to the gas-kinetic
collision rate, defined in eq 2. Figure 2a shows the measured
and parametrized uptake coefficients of O3 as a function of gas
phase O3 concentration for aqueous solutions containing 0.1
M NaBr (black), 0.1 M NaBr/0.55 M NaCl (gray), 0.1 M
TBA-Br (red), and 0.1 M TBA-Br/0.55 M NaCl (dark-blue),
which directly demonstrate the obvious enhancement of
reactivity for the TBA containing solutions at low O3 mixing
ratios. Lines are fits with a kinetic model consisting of a
combination of a Langmuir−Hinshelwood type surface
reaction and a reaction-diffusion mechanism in the bulk
phase based on our previous study20 and as described in the
Supporting Information, Section VIII. At high ozone
concentrations (above 200 ppb), the uptake coefficients are
constant, whereas the uptake coefficients are increasing toward
the lower atmospherically relevant ozone mixing ratios
(between 100 and 30 ppb). In previous studies,19,20 this

behavior has been attributed to a surface reaction dominating
at a low ozone concentration. It results from the fact that the
surface coverage of O3 is saturating at a higher concentration,
which leads to the surface reaction rate saturating with a higher
ozone concentration, as described by eq S21 in the SI. In
contrast, the bulk phase concentration of O3 scales linearly
with the gas phase partial pressure (Henry’s law) in the
relevant concentration range, which leads to the bulk reaction
rate remaining independent of the ozone concentration in the
gas phase (eq S22 in the SI). In a recent study with a similar
reactor of comparable geometry, it has been suggested that
liquid phase diffusion may limit the uptake coefficient.49 As
also explained in the SI, the bulk diffusion limitation of
bromide can be excluded under the present conditions. The
measured ozone uptake coefficients in the absence of TBA are
consistent with previous studies from our group20 and the
work by Oldridge and Abbatt.19 The small difference between
the pure NaBr and the mixed NaBr/NaCl solutions at a high
ozone concentration is explained by the 10% lower solubility of
O3 due to salting out by the 0.55 M NaCl and the small
difference in diffusivity caused by a small change in viscosity.
Both are included in the parametrization for the uptake
coefficient (see the Supporting Information, section VIII). In
the presence of TBA, the ozone uptake coefficient is higher
than those on the pure NaBr and NaBr/NaCl mixed solutions
at low ozone concentrations, whereas they tend to be similar to
the systems without TBA at higher ozone concentrations,
indicating that the surface reaction contribution is more
strongly affected by the presence of TBA than the bulk
reaction. The rather small difference between ozone uptake in
solutions with and without TBA at a high ozone concentration
could be explained by 11.5% larger viscosity and 1.5% larger
solubility of O3 in TBA-Br solutions compared with those of
pure NaBr. In the presence of TBA, the effect of 0.55 M NaCl
is also seen, especially at a high ozone concentration, which is
due to both the higher viscosity (11.5% higher) and the lower
solubility of O3 (7.8% lower) compared with those of pure
NaBr. For the bulk reaction, the parametrization for the uptake
coefficient is based solely on known parameters (solubility, rate
coefficient, diffusivity) without any additional adjustable

Figure 2. (a)nMeasured and parametrized uptake coefficients of O3 as a function of gas phase O3 concentration for 0.1 M NaBr (black), 0.1 M
NaBr/0.55 M NaCl (gray), 0.1 M TBA-Br (red), and 0.1 M TBA-Br/0.55 M NaCl (dark-blue) in the aqueous solutions. (b) Uptake coefficient of
O3 at 36 ppb compared with the measured [Br·OOO]−/O intensity ratio for three different aqueous solutions.
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parameters. For the loss rate on the surface, as described in the
Supporting Information (section VIII), the essential parame-
ters are the equilibrium constant for the formation of the
intermediate (KLang in eq S21), the maximum surface coverage
of the intermediate (Nmax), and the first-order decay rate
coefficient (ks) for the formation of the product BrO−.
Whereas the value for KLang was taken from Artiglia et al.,20

which was also consistent with Oldridge and Abbatt,19 the
maximum surface coverage was constrained by the XPS data
(as described further below), and the rate coefficient was the
only adjustable parameter used to fit the data, leading to very
good fits for each solution, as shown in Figure 2a.
The strikingly parallel behavior of the enhancement of the

surface contribution of the uptake coefficient in the presence of
TBA and that of the increased presence of both bromide and
the reaction intermediate, as determined by XPS, supports the
hypothesis that the positively charged ammonium group in
TBA helps to attract Br− ions to the interface and establishes
an enhanced surface concentration of the [Br·OOO]−

intermediate limiting the reaction rate. Sobyra et al.42 studied
the production of Br2 from the reaction of N2O5 with Br− in
TBA-Br solutions. They found a reduction of Br2 formation in
the presence of TBA and attributed that to ion-pairing of TBA+

with Br3
− at the liquid−vapor interface. Since our experiments

are not sensitive to the products, neither in the kinetics nor in
the spectroscopy experiment, we cannot assess the fate of
BrO− in our case. Similarly, a possibly enhanced loss rate of
N2O5 to a bromide enriched interface would have remained
undetected in the experiments by Sobyra et al. To make the
rate-limiting role of the [Br·OOO]− intermediate directly
apparent, Figure 2b shows the linear correlation between the
uptake coefficient of O3 at 36 ppb and the measured ratio of
the Br 3d photoemission intensity from the [Br·OOO]−

intermediate to the O 1s intensity of liquid water for three
different aqueous solutions. Note that it was not possible to
reliably fit the Br 3d spectrum in terms of the intermediate in
the case of the mixed solution of 0.1 M TBA-Br and 0.55 M
NaCl. Note that, in the XPS experiment, we cannot quantify
the local O3 pressure near the liquid surface but assume that it
is higher than in the kinetic experiments. This leads to
saturating surface concentrations of the intermediate. In the
kinetic experiments, at such a high concentration, the bulk
reaction is dominating the loss of O3, even though the loss rate
at the surface remains the same as at the lowest partial
pressures of O3. As already discussed in Artiglia et al.,34 the
BrO− product produced in the bulk or at the surface is not
detected by XPS due to fast diffusional exchange in the liquid
phase beyond the probe depth of XPS.
In an attempt to link the enhanced reactivity more

quantitatively to the local interfacial concentration of bromide,
we developed an attenuation model to account for the
attenuation of photoelectrons by the “layer” formed by the
aliphatic carbon chains of the TBA surfactant that are residing
at the interface (Figure 3). This model is then constrained by
the available photoemission data. The attenuation model used
in the present work is following the one developed by Lee et
al.33 Its setup, depicted in Figure 3, assumes that the interfacial
region contains TBA, the concentration of which is constrained
by surface tension measurements. In more detail, we assume
that the cationic N and its surrounding C atoms reside on the
bulk side of the interface, with three of the remaining aliphatic
chains above it, within a layer of thickness d1, and one aliphatic
chain pointing toward the bulk, extending to a depth d2,

inspired by molecular dynamics simulations presented by
Winter et al.39 for TBA iodide. We further consider a region of
thickness Δ within which the bromide concentration differs
from that in the bulk aqueous phase, as in Lee et al.33 Its
thickness Δ is independent of whether TBA is present or not.
The details of the attenuation model and the derivation of the
equations describing the photoemission signals are provided in
the Supporting Information (Section VI). These equations
fully account for the exponentially decaying contribution of
photoelectrons from atoms with depth below the surface. For
each element, these contributions are integrated over the
density profiles as described above. Since the structure of the
bromide ozonide intermediate at the TBA covered interface is
not clear and its coverage on the surface remains small, we
refrain from applying the model in any way to the Br 3d
photoemission intensities of the intermediate.
We first used the C 1s photoemission data shown in Figure

S4 to constrain the thickness, d1, of the top layer (-d1 < z < 0),
which is the basis for the attenuation of all photoemission
signals originating from the bulk. As shown in Figure 4a, the
aliphatic group C 1s photoemission intensity for the TBA-Br
solutions measured at 660 eV photon energy as a function of
the concentration from 0.01 to 0.2 M (see individual spectra in
the Supporting Information, Section IV and Figure S4), which
essentially tracks the evolution of the surface excess as derived
from surface tension data (Supporting Information, Section
VII and Figures S6 and S7).13

Meanwhile, the correlation between C 1s photoemission
intensity and the surface excess has been demonstrated for
many surface active organic species.32,33,50−53 The surface
excess formed the basis for the retrieval of the effective
thickness of the layer formed by the aliphatic carbons from the
calculated C 1s signal fitted to the data (eq S6). The purpose
was to replace detailed electron scattering calculations by

Figure 3. Scheme of the TBA covered interface used for the
attenuation model. The reference level 0 for the depth scale (z)
denotes the position where the water density drops to zero and is put
just above the N-group of TBA, such that the aliphatic carbons of
three of the butyl chains reside at − d1 < z < 0 (on the vacuum side).
The aliphatic carbons of the fourth chain are within z < d2. The layer
0 < z < Δ is representing the layer in which the concentration of
bromide is deviating from its bulk value, nb,Br, by the factor f. Red,
blue, and dark and light gray spheres denote bromide, nitrogen,
carbon, and hydrogen atoms, respectively.
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assuming a homogeneous layer consisting of liquid butane, for
which we could approximate the inelastic mean free path by
that of liquid water (see the Supporting Information, Section
VII). In Figure 4b, we show the concomitant decrease of the
condensed phase O 1s signal of H2O. We note that the
decrease is less pronounced than expected from the
attenuation of photoelectrons by the increasing effective
thickness of the aliphatic carbon layer as calculated by the
model (eq S7), possibly because water molecules hydrating the
central cation are filling a larger fraction of the carbon chain
than assumed in the model. The ratio of the two signals is
shown in Figure 4c exhibiting the typical feature for surfactant
behavior.29,51 Note that the calculated lines were scaled with a
factor, since the absolute detection efficiency is not known. For
the ratio in Figure 4c, this provides the calibration factor for
the C 1s to O 1s photoemission intensity ratio, A/B, in eq S10.
The calculated effective layer thickness, d1, as a function of the
TBA bulk concentration led to good agreement with the data.
This thickness was then used for the quantitative analysis of
the bromine signals further below. Apart from providing
surface composition data, the ratio of photoemission intensities
contributed by the aliphatic carbons to that by the amine

coupled carbons contains information about the orientation of
the surfactants.31,51,54 For simple monocarboxylic acids, the
headgroup is solvated while the aliphatic chains are residing
above the surface. Therefore, photoelectrons from the aliphatic
carbons are less attenuated than those from the headgroup
carbon, leading to enhanced photoemission signal intensity
ratios. However, in the case of TBA, this effect is rather weak
(Figure S5), because only one of the butyl chains is pointing
upward, while two are lying flat on the surface and one is
pointing into the solution,38 as schematically depicted in
Figure 3. In the bulk phase, the complete hydration of TBA
with around 20 water molecules as well as counterions between
the hydrocarbon arms of TBA was derived from molecular
dynamics simulations.55 No aggregation was apparent. At the
surface, our results of the C/O intensity ratio indicate that at
least part of the aliphatic carbon chains is not hydrated. This
might be part of the driving force for residing at the surface. In
addition, the large polarizability and size of TBA ions also
contribute to their surface propensity.38

Figure 5 shows the photoemission spectra of the Br 3d (a),
O 1s (b), C 1s (c), N 1s (d), and Cl 2p (e) core level regions
for 0.1 M TBA-Br (red), 0.1 M TBA-Br/0.55 M NaCl (dark
blue), 0.1 M TBA-Br/0.1 M NaBr (pink), and 0.1 M TBA-Br/
0.1 M NaBr/0.55 M NaCl (light blue) aqueous solutions. We
used photon energies of 229 eV for Br 3d, 696 eV for O 1s
(2nd order light component of the 348 eV photon energy
adjusted at the monochromator), 448 eV for C 1s, and 560 eV
for N 1s to obtain the same kinetic energy of around 155 eV.
Thus, the data in Figure 5 was obtained at a smaller kinetic
energy than those in Figure 1 to achieve a higher surface
sensitivity. We measured the [Br·OOO]− intermediate at a
kinetic energy of 370 eV to have better signal-to-noise ratio for
quantitative analysis and for comparison with our previous
work.20 The shapes of O 1s and Br 3d have already been
discussed above in relation to Figure 1. The lower kinetic
energy leads to a higher ratio of gas phase to condensed phase
water signal for the O 1s level. C 1s (Figure 5c) exhibits, as
also seen in Figure S4, two features representing aliphatic chain
carbon (−C3H7) and the ammonium coupled carbon (−CH2−
N) at binding energies of 290.6 and 291.9 eV, respectively. The
N 1s spectrum (Figure 5d) shows a single peak at a binding
energy of 408.0 eV.
The first step toward the quantification of the surface

composition is to consider the signal intensity ratioed to that of
O 1s, since then several uncertainty factors, such as the
transmission function of the analyzer, or a variable jet position
are canceling out. Table 1 summarizes the ratios of Br 3d, C 1s,
N 1s, and Cl 2p intensities to that of O 1s. Each signal intensity
has also been normalized to the total photoionization cross
section and photon flux. Since for the O 1s measurement we
used second order light, for which we have not quantified the
photon flux precisely, these ratios are not absolute elemental
ratios but should be considered relative with respect to the
different solutions. For the C 1s to O 1s signal intensity ratio,
we note that, on the basis of the calibration factor obtained
from fitting the TBA concentration dependent data (Figure 4),
we can use the TBA-Br solution with its known surface excess
to derive the TBA surface excess of the other solutions, as C 1s
signal intensity ratios scale linearly with the surface excess for
different solutions.33,51,53

Qualitatively, and in extension to the data presented in
Figure 1, the Br spectra in Figure 5 and Br/O ratios presented
in the first column of Table 1 show the dramatic enhancement

Figure 4. (a) Normalized methyl carbon C 1s and (b) liquid water O
1s photoemission intensity as a function of TBA-Br concentration for
four different TBA-Br concentrations, measured at photon energies of
660 and 900 eV, respectively. (c) Normalized C/O intensity ratio as a
function of TBA-Br concentration from the data in (a) and (b).
Normalization as described in the text. Symbols present the
experimental data, and the lines are the calculated quantities returned
by the attenuation model described in the text.
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of the Br signal in the presence of TBA, as well as a partial
suppression of this enhancement by 0.5 M NaCl. In addition,
salting out of bromide to the surface by NaCl is apparent in
absence of TBA. Furthermore, the C 1s and N 1s data in
Figure 5 and Table 1 indicate a salting out of TBA in the
presence of NaCl, meaning that more TBA is pushed to the
interface in the presence of NaCl. These features will be
discussed one by one below.
For a quantitative interpretation of the Br data and its link

with the reactivity discussed above, we have used the observed
Br/O signal intensity ratios to obtain the interfacial
concentration of bromide, nBr,Δ, within the layer of thickness
Δ (see the conceptual model of the interface, Figure 3). This is
described by the factor, f, representing the enhancement ( f >
1) or depletion ( f < 1) in comparison to the bromide
concentration in the bulk, nBr,b (Figure 3), nBr,Δ = fnBr,b. The
results are listed in Table 1 both in terms of nBr,Δ in units of M
and as effective surface coverage, nBr,ΔΔ, in units of molecules
cm−2. For the pure NaBr solution, we used the same approach
as in Lee et al.33 to link the Br/O signal intensity ratio to the
surface excess (Supporting Information, Section VI, eqs S11
and S14). Note that the choice of Δ = 1 nm is somewhat
arbitrary. But, this depth seems reasonable to represent the
interfacial region in view of a number of molecular dynamics
simulations on such systems.34,38,39,42 We note that all other
surface concentrations discussed below are depending on this
choice, leading to systematic uncertainty. f 0 = 0.5 (for pure 0.1
M NaBr) was obtained from the surface excess of −3 × 1012

molecules per cm−2 (eq S11), which is consistent with surface
tension data at 0.1 M concentration.56 This means that, within
this surface layer, the average concentration of bromide is
about 50% of its bulk value, thus 0.05 M or an effective surface
concentration of 3 × 1012 ions cm−2 (see Table 1). The
depleted character at the surface of halide solutions is thus in
agreement with surface tension data and also other liquid jet

photoemission studies and the most recent molecular
dynamics simulations with revised force fields.34,57,58

In the presence of TBA, the deviation of f from f 0 is
described as a linear function of the surface coverage of TBA,
with the parameter a describing the maximum enhancement at
saturating coverage (SI, eq S13). The parameter f was obtained
from eq S13 and using the calibration factor for the Br/O
signal intensity ratio determined from the pure NaBr solution
(Supporting Information, eq S15). Using f, we obtained the
interfacial bromide concentration, which is enhanced by a
factor of 20 in comparison to that of the pure NaBr solution.
This takes into account the attenuation by TBA on the surface,
which leads nearly to a doubling of the relative enhancement in
comparison to that apparent from the Br 3d signal. This
enhancement is likely due to electrostatic interactions between
bromide and the positively charged TBA, including the
formation of ion pairs. Such interactions have been found
earlier for other surfactant systems30 and specifically also for
solutions containing TBA iodide.38,39,59−61 Using He back-
scattering, Zhao et al.62 determined that bromide is distributed
within a width of around one nanometer at the interface for
tetrahexylammonium (THA) bromide in glycerol as a solvent.
Note that this is compatible with our choice of Δ used to
calculate local concentrations. In turn, the probe depth of our
experiment, typically defined as three times the mean escape
depth (around 1 nm, see the Supporting Information, Section
VI for details), is larger. Nevertheless, while 95% of the signal
originates from around 3 nm, still about 80% comes from the
first nanometer. However, all of this is embodied in the
integrations to calculate the signal intensities on the basis of
the attenuation model. The TBA surface coverage given in the
table for TBA-Br is the same as that used for the fits in Figure 4
and is based on surface tension measurements at 0.1 M.13 In
turn, the effective surface coverage of bromide is a factor of 5
lower, meaning that not all TBA ions have formed pairs with
bromide. Bhowmik et al.55 suggested that, in solutions with

Figure 5. (a) Br 3d, (b) O 1s, (c) C 1s, (d) N 1s, and (e) Cl 2p photoemission spectra of aqueous solutions taken at a kinetic energy of 155 eV for
0.1 M TBA-Br (red), 0.1 M TBA-Br/0.55 M NaCl (dark blue), 0.1 M TBA-Br/0.1 M NaBr (pink), and 0.1 M TBA-Br/0.1 M NaBr/0.55 M NaCl
(light blue), normalized to the the number of sweeps. Lines with symbols represent the measured data, and the shaded areas represent the fitted
contributions of the corresponding core levels.
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higher bulk concentrations, bromide resides in the spaces
between the butyl chains in fully hydrated form. Therefore,
even if at the interface part of these chains are avoiding the
aqueous phase, there would be sufficient room for equimolar
amounts of bromide to approach the cations. Also, on the basis
of the C/O and Br/O ratios and the concentrations derived,
the substantial amounts of water52,63 (in terms of mole
fraction) at the interface should not be a limiting factor for
bromide approaching the interfacial region. The question
remains whether OH− is competing with bromide or whether
neutral TBAOH (TBA hydroxide) is stabilized at the interface.
In the presence of additional 0.1 M NaBr, thus doubling the
amount of bromide in the bulk, the interfacial bromide
concentration increases by 60%, thus less than a factor of 2.
This nonlinear response to additional bromide is also
consistent with the presence of such competing processes.
Note that, in the calculation of the surface concentrations from
recorded XPS intensities, the contribution by the increasing
bulk concentration is taken into account (Supporting
Information, eq S12), although it remains very small due to
the predominant contribution of bromide at the interface. The
surface excess of TBA, calculated by linear scaling on the basis
of the C/O ratios and using the 0.1 M TBA-Br solution as
reference, did not change significantly in the presence of
additional 0.1 M NaBr added to TBA-Br (the calculated value
is actually below that of TBA-Br but is considered remaining
within the error bounds of the 0.1 M TBA-Br solution).
When 0.55 M NaCl (representing roughly ocean water

chloride concentration) is present together with 0.1 M NaBr,
but in absence of TBA, the interfacial concentration of Br−

calculated from the Br/O photoemission intensity ratio is 0.30
M, which is a factor of 6 higher than in the case of the pure
NaBr solution. This apparent salting out of bromide, or, in
other words, enhanced Br/Cl ratio at the interface due to the
higher polarizability of bromide versus that of chloride, has
been reported and discussed before.64 Exploring it further was
not the scope of the present study.
In the presence of both NaCl and TBA bromide, several

effects come together. Apart from the higher surface propensity
of bromide in the presence of chloride, TBA experiences
salting out, too, and chloride may compete with bromide for
ion-pairing with TBA at the interface. Taking the calibration
for the aliphatic C 1s to water O 1s photoemission ratio for the
TBA-Br solution, the 20% increase of the C/O ratio leads to a
surface excess of 3.3 × 1014 cm−2 of TBA in the presence of
0.55 M NaCl, thus an increase by about 10% compared to the
0.1 M TBA-Br solution. Salting effects of organics in the
presence of inorganic electrolytes, with salting out being the
more common case, are a well-described phenomenon, but
predictive tools remain poorly constrained.65,66 Salting out has
been substantiated also by XPS for butanol in the presence of
iodide67 or by scattering for THA bromide in the presence of
0.3 M NaBr.62 In the latter case, though in glycerol, a widening
of the depth profile of THA has been observed, possibly
beyond the thickness of a monolayer. In the present work, the
photoemission signals of the carbons directly attached at the
amine nitrogen changed in accordance with the aliphatic
carbons, meaning that no substantial change in average
orientation is apparent. On the contrary, the N 1s to O 1s
signal intensity ratio changed by more than a factor of 2. It
could indicate that the amine group of a fraction of the TBA
ions has moved toward the vacuum side of the interface, which
would also point toward a more complex structure than theT
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simple ideal monolayer assumed in our attenuation model.
More detailed kinetic energy dependent XPS experiments
would be required to explore this further. The analysis of the
Br/O ratios and the estimation of the interfacial bromide
concentration within 0 < z < Δ would not be affected by such a
potentially thicker overlayer at z < 0, as Br and O
photoemission signals would experience the same degree of
attenuation.
While the amount of TBA at the surface increases in the

presence of chloride, a 3-fold decrease of the Br/O signal
intensity ratio was observed, corresponding to a decrease of the
interfacial concentration within 0 < z < Δ by about 60% in
comparison to that of the 0.1 M TBA-Br solution in the
absence of NaCl. The decrease in the bromide concentration
can be rationalized by the competition between Cl− and Br−

for ion-pairing with TBA. The association constant of TBA
with Br− is about 1 order of magnitude higher than that with
Cl−.68 This explains why in spite of a factor of 5 excess of Cl−

still 40% of the Br− concentration determined for the case of
0.1 M TBA-Br remains at the interface. A similar difference in
association constants for Br− and Cl− exists with NH4

+.69 For
alkylammonium cations, the association constants decrease
with anion size and polarizability, e.g., for the pairs of TBA-I
and TBA-ClO4

70 or for TBA-I and TBA-Br.71 For the latter
pair, Winter et al.39 found only a small decrease of the iodine
photoemission signal when adding NaBr to TBA-I, comparable
to our observations. When looking at the chlorine signal in our
experiments, the Cl/O ratio (see Table 1) increased by nearly
a factor of 3 from the 0.1 M NaBr/0.55 M NaCl solution to
that with 0.1 M TBA-Br/0.55 M NaCl. In turn, when adding
another 0.1 M NaBr, the Cl/O ratio again decreases by about
one-third due to the more competitive association of Br− with
TBA. For the latter solution, the interfacial Br− concentration
reaches nearly 60% (0.9 M) of the corresponding solution
without NaCl (1.6 M).
In Figure 2b, we observed a clear correlation between the

uptake coefficient of O3 with the photoemission signal from
the bromide ozonide intermediate. With the estimated
interfacial bromide concentrations, we can assess the relation-
ship between the uptake coefficient at 36 ppb (where it is
dominated by the surface reaction) and the interfacial bromide
concentration (Figure 6). In the absence of NaCl, the uptake
coefficient, thus the overall turnover of O3 at the surface,
increases by about 60%. This is paralleled by a 20-fold increase
of the interfacial bromide concentration (red dotted arrow in
Figure 6). In turn only a 3-fold increase of the intermediate
signal (Figure 2b) was observed. Even if taking into account a
similar ratio between signal and concentration as for bromide,
the steady state concentration of the intermediate increases by
much less than that of bromide itself but still considerably
more than the uptake coefficient. Therefore, limitations seem
to be at work that prevent interfacial bromide from being more
efficiently reacted in the presence of TBA. This could be
related to limitations imposed by the high density of alkyl
chains at the interface. However, a previous study has shown
that even strongly ordered monolayers of fatty acids have
permeabilities sufficiently large to allow uptake coefficients of
O3 2 orders of magnitude larger than in the present work.72

Therefore, it is more likely that the stability of TBA-Br ion
pairs lowers the reactivity with O3 to form the bromide
ozonide intermediate. In addition, on the basis of the first
order rate coefficients of the intermediate, ks (last column of
Table 1), which were retrieved from the fits to the kinetic data,

the presence of TBA affects the lifetime of the intermediate by
about 1 order of magnitude when comparing 0.1 M NaBr and
0.1 M TBA-Br. In the presence of NaCl, but in the absence of
TBA, in spite of the substantially increased interfacial bromide
concentration, the uptake coefficient is 60% lower than that for
pure NaBr, which is more in line with the reduced abundance
of the intermediate. Thus, even for this inorganic mixture, the
abundances of bromide and of the bromide ozonide
intermediate are not in accord with each other, which justifies
further work. In the presence of TBA and NaCl combined, the
uptake coefficient of O3 was nearly as high as that in the
absence of NaCl, even though the interfacial bromide
concentration was almost 60% lower. This again indicates
that the interfacial abundance of bromide is not the sole
indicator for reactivity but rather that the details of how O3
may accommodate to the surface in the presence of TBA and
the way the ozonide intermediate may be stabilized are
important.

■ CONCLUSION
In this study, we measured the surface propensity of cationic
tetrabutylammonium at the aqueous liquid−vapor interface by
liquid microjet X-ray photoelectron spectroscopy and the effect
of this surfactant on ozone uptake to aqueous bromide
solutions. The positively charged nitrogen group in TBA, along
with its surface activity, is leading to enhanced interfacial
concentration of bromide and the [Br·OOO]− intermediate
due to electrostatic interactions. In parallel, in kinetic
experiments for the same system, a strongly enhanced ozone
loss rate in the presence of TBA on the surface of bromide
solutions was observed. An attenuation model was developed
to account for the attenuation of photoelectrons by the carbon-
rich layer of the TBA surfactant. The more quantitative
analysis demonstrates that TBA-Br increases the local density
of bromide ions by a factor of 20 above that of neat aqueous
bromide solutions at the same bulk concentration. Similarly,
mixing TBA-Br with NaCl at seawater concentration led to an
interfacial bromide ion density enhanced by about 43%

Figure 6. Uptake coefficient of O3 at 36 ppb compared with the
measured Br−/O intensity ratio (lower x-axis, green) and calculated
Br− interfacial concentration (upper x-axis, pink) for four different
aqueous solutions.
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compared to the corresponding mixture of just NaBr and
NaCl. Still, the reaction rates of O3 with these solutions were
not simply proportional to the interfacial bromide concen-
trations, as other effects, such as the different interfacial
structure, or the stabilization of the reaction intermediate are
additional factors influencing reactivity.
Aliphatic amines and amino acids are important positively

charged surfactants at the sea surface microlayer (the topmost
organic-rich layer), with average concentrations in the range
50−1500 ng L−1.12,36,73 This work shows that they may exert
strong effects on halogen activation processes and their
presence should be considered when it comes to assess the
impact of halogen chemistry on the atmospheric oxidation
capacity and the climate.
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