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ARTICLE

A surface-stabilized ozonide triggers bromide
oxidation at the aqueous solution-vapour interface
Luca Artiglia1,2, Jacinta Edebeli1,3, Fabrizio Orlando1, Shuzhen Chen1,3, Ming-Tao Lee1,4, Pablo Corral Arroyo1,5,

Anina Gilgen1,3, Thorsten Bartels-Rausch1, Armin Kleibert 6, Mario Vazdar 7, Marcelo Andres Carignano8,

Joseph S. Francisco9, Paul B. Shepson10, Ivan Gladich 8 & Markus Ammann 1

Oxidation of bromide in aqueous environments initiates the formation of molecular halogen

compounds, which is important for the global tropospheric ozone budget. In the aqueous

bulk, oxidation of bromide by ozone involves a [Br•OOO−] complex as intermediate. Here we

report liquid jet X-ray photoelectron spectroscopy measurements that provide direct

experimental evidence for the ozonide and establish its propensity for the solution-vapour

interface. Theoretical calculations support these findings, showing that water stabilizes the

ozonide and lowers the energy of the transition state at neutral pH. Kinetic experiments

confirm the dominance of the heterogeneous oxidation route established by this precursor at

low, atmospherically relevant ozone concentrations. Taken together, our results provide a

strong case of different reaction kinetics and mechanisms of reactions occurring at the

aqueous phase-vapour interface compared with the bulk aqueous phase.
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In atmospheric chemistry, halogen atoms resulting from pho-
tolysis of both organic and inorganic halogen compounds1, 2

are important catalysts for ozone depletion both in the stra-
tosphere and the troposphere, with varying relative roles of
chlorine, bromine and iodine in these compartments3. Halogen
atoms are also oxidants themselves towards organic compounds
and are implicated in the deposition of mercury4, 5. Furthermore,
halogen atoms are intermediates in waste water treatment, where
halogenated organic secondary products are of concern6.

For tropospheric chemistry, the main inorganic route is initi-
ated by the oxidation of aqueous phase bromide to either bromine
atom or hypobromous acid (HOBr), which combine with other
halide ions to form molecular halogen compounds that are
released into the gas phase. Bromide is abundant and sometimes
enriched7 in sea water and thus at the ocean surface, in sea spray
particles, in brines associated with sea ice, frost flowers or snow,
in artificial or natural salt pans, and in volcanic emissions.

Many radical oxidants such as •OH or excited triplets of
organic chromophores require UV or at least near UV light to
drive bromide oxidation. Therefore, both in the (dark) polar
marine boundary layer and the upper troposphere, ozone (O3) is
one of the most important oxidants5, 8. The product HOBr (pKa

= 8.65) reacts further in an acid-catalyzed mechanism with
chloride, bromide or iodide to form bromine (Br2), BrCl or BrI.
The initial formation of HOBr limits the release of halogens to the
gas phase, while a complex suite of gas phase and multiphase pro-
cesses controls the halogen chemistry and the O3 budget later on.

The bulk aqueous phase, acid-catalyzed oxidation of bromide
by O3 to HOBr has been studied for a long time due to its
relevance in the debromination of waste water6, 9–14.

Br� þ O3 ! Br�OOO�½ � ð1Þ

Br�OOO�½ � þHþ ! HOBrþ O2 ð2Þ

Br�OOO�½ � þH2O ! HOBrþO2 þOH� ð3Þ

Net: Br� þ O3 þH2O ! HOBrþ O2 þ OH� ð4Þ

To explain discrepancies in the apparent kinetics among dif-
ferent experimental observations, Liu et al.12 proposed there must
be an ozone adduct (a steady-state intermediate formed in Eq. 1)
with the nucleophile, bromide, prior to oxygen atom transfer with
release of molecular oxygen Eqs. 2, 3. The structure of the
[Br•OOO−] adduct (which we refer to as an “ozonide”), involves
a weak bond between the bromide and the oxygen of ozone12.
The aqueous solvation sphere has a large effect on the stability
and reactivity of [Br•OOO−]. The kinetic data indicated forma-
tion of [Br•OOO−] as a steady-state intermediate with an acid-
assisted step to form HOBr and molecular oxygen12. Further
calculations, performed for the gas phase, confirmed the stability
of the [Br•OOO−] intermediate, showing intricate details of its
reactivity during the oxygen atom transfer process13.

So far, it is often assumed that [Br•OOO−] is stabilized by
solvation, and that the reaction occurs in the bulk. Furthermore,
the rate coefficient for the overall reaction12 and the low solubility
of ozone (0.025M atm−1 at 273 K)15 suggests that the formation
of HOBr through the bulk aqueous phase route is rather ineffi-
cient and would not seem important as a source of gas phase
bromine in the environment. In turn, heterogeneous oxidation
experiments have consistently shown that oxidation at the aqu-
eous solution-air interface may dominate in environments with
high aqueous surface to volume ratios1, 16–22. Oldridge and
Abbatt19 used the inverse ozone concentration dependence of the
uptake coefficient, γ, to suggest a Langmuir-Hinshelwood type

process occurring on the surface in parallel to the bulk aqueous
phase oxidation (see Supplementary Note 1 for a detailed
description of the concept of heterogeneous kinetics of this
system)19, where γ is the oxidation rate normalized by the gas
collision rate of ozone with the surface.

Linked to a single composition and single temperature, the
nature of the surface reaction, the identity of the potential pre-
cursor and its preference for the surface have never been tracked
down. Similar behaviour of other heterogeneous oxidation pro-
cesses suggest a general type of ozone intermediate formed on
electron rich surfaces of widely differing chemical composition
and phase23–26.

Finally, the idea of efficient surface oxidation of bromide had
originally been related to the preference of the larger, more
polarizable halide ions for the aqueous solution-vapour interface,
as observed in molecular dynamics (MD) simulations27, 28 and X-
ray photoelectron spectroscopy (XPS) experiments on static
deliquesced crystals29. Recent MD simulations predicting the
photoemission signal intensity by means of photoelectron scat-
tering calculations and previous liquid jet XPS data indicate a less
pronounced surface enhancement, which is in better agreement
with the overall positive surface tension change (and thus nega-
tive surface excess) of bromide solutions30, 31. Therefore, the
surface precursor limited bromide oxidation is likely unrelated to
the amount of bromide ions directly at the interface of a neat salt
solution.

In this work we use liquid jet XPS, a powerful tool to directly
assess the structure of the interfacial region with high chemical
selectivity and high selectivity for the interface due to the probe
(or information) depth of just a few nanometres32. The con-
tinuously renewed surface of the flowing liquid jet avoids radia-
tion damage effects but still allows probing a surface that is locally
in equilibrium with the first few tens of nanometres of bulk
aqueous phase33, 34 (as explained further in Supplementary
Note 4). We combine classical heterogeneous kinetics experi-
ments, which reconfirm the characteristics of the surface reaction,
with theoretical investigations (including both the ab initio elec-
tronic structure and MD method) and with liquid jet XPS. The
results provide strong evidence for the [Br•OOO−] intermediate,
its preference for the liquid-vapour interface, the effect of water
on its stabilization, and the reaction path to products.

Results
Kinetic results. Figure 1 shows the measured ozone uptake
coefficients (γobs) at 274 K and pH 1 as a function of the square
root of the bromide activity (plot a) and as a function of the
ozone concentration (plot b). This data set confirms that γ
decreases with increasing ozone concentration, which cannot be
explained by aqueous phase bulk kinetics (more data available in
Supplementary Fig. 1). Reactivity in the bulk depends on the
solubility of ozone, ionic strength of the solution, and diffusivity
of ozone (Supplementary Note 1). Figure 1 is in line with the
involvement of a precursor on the surface, whose surface coverage
saturates at higher ozone concentrations in the gas phase. These
data confirm the findings of Oldridge and Abbatt19. At high
ozone concentrations, the reactivity is dominated by the bulk
aqueous phase reaction, which scales with the square root of
bromide activity (Supplementary Note 1, Eq. 4). At lower gas
phase ozone concentrations, the surface component becomes
relatively higher. Figure 1 also contains fits to the measured
uptake coefficients that take into account both components (as
explained in Supplementary Note 1 and further below). Notably,
the data indicate that this surface component is relatively higher
also at lower bromide concentration, which will be discussed
further below.
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Ab initio calculations of [Br•OOO−] stability in water. Pre-
vious electronic structure calculations for the oxidation of bro-
mide by ozone in the gas phase showed that the reaction is
activated by the formation of a stable 1[Br•OOO−] pre-complex
likely followed by a spin crossing to the triplet potential energy
surface due to the different spin state of the products13. Herein,
additional electronic structure calculations were performed to
address the influence of water on the stability of the 1[Br•OOO−]
pre-complex. Water can profoundly affect the reaction rates and
the nature of different atmospheric (and non-) reactions by
coordinating (hydrogen) bonds to the reagents, products, and the
different reaction pre-complexes35. Reaction profiles in solvated
environment are often remarkably different from the ones
obtained in the gas phase36, 37. The water cluster approach has
been successfully used to model reactions in aqueous solutions
and at the surface of water, ice and aerosols36–42. If a sufficient
number of water molecules are included in the electronic struc-
ture calculations, the water cluster approach has been proven to
describe the solvation environment of different reaction systems
reasonably well43–45. In our case, Supplementary Fig. 5 shows
how the energy difference between reaction complexes converge
within the chemical accuracy of the method46 for a cluster of four
water molecules. The water cluster approach has the advantage of
keeping the system size small, allowing the use of high-level
theory electronic structure calculations. Figure 2 shows the
reaction profile with four water molecules, using the singlet

ground state of the reactants as an initial and reference level for
the energetics. Comparing this reaction profile with previous gas
phase results, we conclude that water further stabilizes the pre-
complex with respect to the reactants and the other reaction
complexes.

This stabilization effect is also visible in the optimized
geometries of 1[Br•OOO−] with water (Supplementary Note 3).
The larger the number of water molecules, the closer the distance
between bromine and the nearest oxygen atom. Moreover, the
energy differences between 1[Br•OOO−] and the transition states
on the singlet and triplet surfaces are remarkably high.
Conventional transition state theory provides a qualitative
estimation of the rate constant along the singlet surface of the
order of 10−28 s−1. In conclusion, water stabilizes the
1[Br•OOO−] pre-complex, while the heights of the transition
barriers and the spin-crossing nature of the reaction suggest a
slow kinetics, favouring a longer lifetime of the 1[Br•OOO−]
complex at the liquid water surface than in the gas phase. Next we
address the extent to which we can detect this species
experimentally.

Liquid jet XPS experiments. Figure 3 shows the photoemission
signal of the Br 3d core level region, a double-peak structure due
to the spin orbit splitting. After normalization to the maximum,
the spectra acquired before and during in-situ dosing of oxygen at
a pressure of 0.25 mbar are identical. The signal collected while
dosing a mixture of oxygen and ozone (~1.0 % ozone, same
pressure) displays clear changes both in the 3d5/2 and 3d3/2
region. This suggests the presence of a second doublet, which is
highlighted in purple in Fig. 3c, positively shifted by 0.7 eV
with respect to the main peaks assigned to bromide (72.10 and
73.15 eV).

To identify the new spectral feature, we acquired the Br 3d
spectra of two reference aqueous solutions of possible oxidation
products, i.e., 0.08M hypobromite and 0.125M bromate (Fig. 3d).
As expected, the higher the oxidation state of bromine, the larger
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Fig. 1 Heterogeneous kinetics results. Measured uptake coefficients of
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aqueous solution surface. In plot a, data from experiments performed with
solutions of varying bromide content are shown for four different ozone
concentrations in the gas phase, while in plot b, data result from
experiments, in which the ozone concentration was varied, for two different
bromide concentrations in the aqueous phase. Error bars represent s.d. of
measured values

3TS

Reaction coordinate

3[Br–• OOO • 4H2O]

1[Br–• OOO • 4H2O] 3[BrO–• OO • 4H2O]

1[BrO–• OO • 4H2O]

1TS

31.1

–203.1

–144.8–158.6

–126.7

–292.0

129.8

0.0

1Br–+3O3
+41H2O

1Br–+1O3
+41H2O

1BrO–+3O2
+41H2O

1BrO–+1O2 +41H2O

79.9

–45.3

1O3 +1[Br–• 4H2O]

–197.4

Fig. 2 Energetic profile for the bromide-ozone reaction with water
molecules. The figure reports the energetic profile for the reaction of
bromide with ozone in a cluster consisting of four water along the singlet
(blue) and triplet (red) surface. Electronic structure calculations were
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the positive shift of the binding energy. A chemical shift of + 2.1
eV is observed for hypobromite, and of + 7.0 eV for bromate.
None of them corresponds to that of the new doublet. It is well
known that X-rays can induce the radiolysis of water47, leading to
the production of reactive hydroxyl radicals that may react with
bromide ions. All the Br 3d spectra were recorded under the same
experimental conditions (excitation energy, photon flux), and the
high speed of the liquid filament ensures that the concentration
of photo-generated hydroxyl radicals remains below 1.0 × 10−6

mol l−1. Therefore beam damage can be excluded. In parallel to
the XPS data, we calculated the core electron binding energy
(CEBE) at MP2/aug--cc---pvtz theory level of both the structure
obtained at MP2/6---311++(df,p) geometric optimization and
from first-principle MD (Table 1). It is important to highlight
that the CEBEs are calculated for the species solvated in small

water clusters. This reproduces quite well an interfacial environ-
ment but may not reproduce well species that are fully solvated in
the bulk. Compared with the CEBEs of gas phase species the Δ
between the bromide and the [Br•OOO−] decreases when water
is added, whereas that between the [Br•OOO−] and the
hypobromite increases. This suggests that the solvation sphere
has a fundamental role. At the same time, theoretical calculations
reproduce the same sequence of CEBE observed by XPS, i.e.,
CEBE (Br−)< CEBE([Br•OOO−])< CEBE(BrO−). In summary,
the combination of in situ XPS and theoretical calculations
provides strong indications for the formation of an ozonide
complex.

Surface propensity of the intermediate. First-principle MD
simulations, which are a particularly suitable tool to study the
dynamics and stability of non-standard compounds, were used to
address the bulk vs. surface propensity of the different reaction
intermediates48. Figure 4a shows a snapshot (corresponding to
8.5 ps) of the MD trajectory of the pre-complex on the surface of
a water slab at 300 K. The inset shows the distance between
bromine and each of the oxygen atoms of 1[Br•OOO−] along the
MD trajectory. This distance fluctuates around the average value
of 2.7 Å, which is consistent with that obtained for the optimized
geometries by electronic structure calculations (see ref. 9 and
Supplementary Note 3). This further supports the scenario of a
pre-complex stabilized on the surface of liquid water. Moreover,
Fig. 4b shows the density profile of the Br and OOO groups in the
1[Br•OOO−] intermediate position along the coordinate per-
pendicular to the water interface, confirming that 1[Br•OOO−]
remains at the interface during the whole trajectory, with the Br
group close to the OOO group.

In parallel to the MD simulations, we acquired the Br 3d
photoemission peak at increasing excitation energies, hence, at
increasing photoelectron kinetic energy or information depth, as
shown in Fig. 4c. A decrease of the relative intensity of the peaks
associated to the [Br•OOO−] complex is observed at the highest
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Fig. 3 Photoemission spectra of the Br 3d peak acquired in situ. a Picture of the liquid microjet assembly, equipped with the gas dosing system, during
operation; b Superimposition of the Br 3d photoemission spectra, normalized to the maximum, acquired before dosing (red), while dosing oxygen (blue),
and while dosing a mixture of 1% ozone in oxygen; c deconvolution of the raw spectra in plot b, performed using Gaussian peaks after subtraction of a
Shirley background; d comparison of the Br 3d photoemission spectra acquired while dosing a mixture of 1% ozone in oxygen with two reference spectra of
hypobromite and bromate

Table 1 Theoretical evaluation of the core electron binding
energies (CEBE) of the bromide ions, the [Br•OOO−]
complex, the hypobromite ion in the gas phase, and all ions
with three and five water molecules

CEBE(Br−3d), eV Δ(CEBE� CEBEBr� ), eV
1Br− 70.01(a) 0.00
1[Br•OOO−] 72.79(a) 2.78
1BrO− 73.10(a) 3.09
1Br− + 3 H2O 71.73(a) 0.00
1[Br•OOO−] + 3 H2O 74.33(a) 2.60
1BrO− + 3 H2O 75.33(a) 3.60
1Br− + 5 H2O(b) 72.02(b) 0.00
1[Br•OOO−] + 5 H2O(b) 73.83(b) 1.81
1BrO− + 5 H2O(b) 74.69(b) 2.67

Δ(CEBE� CEBEBr� ) is the energy difference (in eV) between the species and the bromide,
taken as a reference. CEBE marked with (a) are calculated on the top of MP2 optimized
geometries. CEBE marked with (b) are averaged over the values obtained from five different
snapshots extracted from the first-principles MD trajectory
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excitation energy. We acquired the O 1s signal at the same
photoelectron kinetic energies (Supplementary Fig. 6a) and used
the area of the peak corresponding to the condensed phase to
normalize the area of the [Br•OOO−] doublet. Figure 4d shows
that this ratio, normalized to the cross sections of the elements,
decreases considerably at a kinetic energy of 576 eV, i.e., with
greater depth sampled. This indicates that the [Br•OOO−]
complex has a propensity for the surface, in good agreement
with the theoretical calculations discussed above. The photo-
emission intensity ratio between the complex and the bromide in
the bulk (IBrOOO−/IBr−) shows a similar behaviour as a function of
the photoelectron kinetic energy (Supplementary Fig. 7). An
estimate of the surface coverage of the [Br•OOO−] complex at the
ozone concentration used in this study (2.5×10−8 mol l−1),
obtained employing different models, yields ~2.0×1012 complexes
per cm2 (Supplementary Note 4 and Supplementary Fig. 7 for
more details). In conclusion, both MD results and XPS data
confirm that [Br•OOO−] resides at the interface, where it is
stabilized by interfacial water molecules.

Discussion
As previously mentioned, the reaction of ozone with bromide in
the bulk aqueous phase is fairly slow, with a rate coefficient of
around 163M−1 s−1 at 293 K and neutral pH[11], and 38M−1 s−1

at 273 K and neutral pH[12]. Therefore, when ozone is dosed, we
would not expect the formation of HOBr or hypobromite within
the ~ 100 µs exposure between the gas dosing system and the
detection point of XPS. In turn, the actual collision rate of ozone
molecules with the surface at about 6.0 × 1017 molecules per cm2 s
−1 is sufficient to build up a high surface coverage of the complex
with bromide, if the association kinetics are fast

(Supplementary Note 4). This of course also requires that the
availability of bromide at the surface is sufficient. In the absence
of any pre-existing enhanced concentration on the surface, for-
mation of an even maximum conceivable complex surface cov-
erage of around 1012 molecules per cm2 (as estimated from the
XPS data) would deplete roughly the topmost few nanometres of
a 0.1 M solution. Replenishing this by diffusion from the deeper
bulk requires a few microseconds (Supplementary Note 4)21, 32,
fast enough to ensure equilibration between the surface and the
bulk under the present experimental conditions. Due to the
substantial transition state barrier towards products, the steady-
state surface coverage establishes quickly, and is determined by
the rapid association and dissociation of ozone and bromide.

Combining the theoretical and spectroscopic results, we have
extended the bulk phase kinetic mechanism by adding a simple
scheme for the surface reaction. The [Br•OOO−] replaces the
adsorbed precursor of the Langmuir-Hinshelwood mechanism
(Supplementary Note 1), which remains in equilibrium with the
gas phase. The temperature dependence of the equilibrium
constant is driven by the energy difference, as in Fig. 2.
Furthermore, we assumed that the energy difference to the
transition state on the triplet energy surface (and thus including
spin-crossing, which is more likely to occur with heavy elements
as bromine) would determine the decomposition kinetics on the
surface and the temperature dependence for the formation of
products.

As Fig. 1 and Supplementary Fig. 2 show, this parameterization
allows reconciling the data presented in this study and those of
Oldridge and Abbatt19 within less than a factor of two, both with
respect to the absolute value of the uptake coefficient and the
concentration range where the surface reaction dominates. The
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[Br•OOO−] complex is in fast equilibrium with gas phase ozone.
Its surface coverage is saturated above 1011 molecule per cm3,
thus both at the lowest ozone concentration of the present study
and at all atmospheric levels, and depends very weakly on the
temperature. As apparent from Fig. 1, the extent of the surface
reaction, manifesting itself in the positive deviation from the bulk
phase reactivity with decreasing gas phase concentration, gets
relatively larger at lower bromide concentration. This is nicely
reproduced by the surface reaction model constructed here. The
measured kinetic data do not allow constraining the magnitude of
the saturating surface coverage (to compare with that derived
from XPS), since no data are available at low enough ozone
concentrations to escape the saturating regime. For the present
data, the rate of the surface reaction is only constrained by the
product of the coverage and the surface reaction rate coefficient.
The first order rate coefficient for the decomposition of the
complex into hypobromite on the surface as derived from the
kinetic data is about 10−3 s−1.

Under atmospheric conditions, the relative importance of bulk
and surface reactivity needs a more careful analysis. In the
environment, salt brine may occur in various forms and spanning
a large size range in snow, on sea ice, on frost flowers, in salt pans,
or as sea spray aerosol particles. Figure 5 shows the bulk reactivity
(in absence of surface reaction) and the surface reactivity
according to the mechanism in this study, for a hypothetic
spherical sea salt brine droplet or aerosol particle as a function of
the diameter, for both a bromide concentration as in sea water
and a tenfold enhanced bromide concentration. Based on the data
in Fig. 1 and the surface coverage estimated from the XPS data, a
constant ozonide complex coverage on the surface of 1012 com-
plexes per cm2 is assumed, so that the surface reactivity is the
same for both scenarios. The size dependence of the bulk reac-
tivity comes from the fact that the oxidation rate scales with the
volume of the particle for smaller particles, whereas the uptake
coefficient is the oxidation rate normalized to the surface area
(Supplementary Note 1, Eq. 4a). Therefore, for environmental
conditions, the surface reactivity may largely dominate over the
bulk reactivity by two orders of magnitude, especially for brine

pockets of smaller dimensions or aerosol particles. Since the
global distribution of BrO responds notably to the oxidation of
bromide by ozone5, and since our results here provide a sig-
nificantly larger contribution by the surface reaction than the
previously recommended parameterization24, we expect notable
changes to the relative importance of this reaction among the
multiphase halogen chemical cycling reactions.

In summary, by combining kinetic studies with theoretical
calculations and spectroscopy, we have demonstrated that the
reactivity at the interface between bromide aqueous solutions and
ozone from the gas phase is higher than in the bulk. While the
kinetic experiments indirectly reconfirm and refine the picture of
a precursor mediated process at the surface of aqueous solutions,
the XPS results provide a clear spectroscopic evidence of this
intermediate, the [Br•OOO−] pre-complex. Furthermore, a rough
estimate of the surface coverage from the photoemission spectra
of the Br 3d at increasing information depths shows that the new
species has a preference for the interface, in good agreement with
first-principle MD simulations. This multi-method approach
investigates an elusive reaction intermediate that has been pre-
dicted from theory and interpretation of kinetic data but never
directly observed in experiments, to the best of our knowledge. In
addition, this work shows its preference for the liquid–gas
interface, and sheds light on mechanistic and structural aspects of
the reaction. The results provide evidence for a stronger con-
tribution of the surface oxidation of bromide than previously
thought, which will require re-assessment of the impacts on the
global ozone budget and mercury deposition5. In turn, the for-
mation of ozonides on surfaces may be a widespread phenom-
enon and a key step of important oxidation processes relevant not
only for atmospheric chemistry but also for the effects of atmo-
spheric particles on human health23, 25, 49.

Methods
Kinetic experiments. Kinetic experiments were conducted in a flow reactor setup
previously described by Lee et al.21. Briefly, the setup comprises of a temperature
regulated Teflon trough (surface area= 102 cm2) on which 10 ml–45 ml of the
reactive solution (NaBr (Sigma Aldrich) in deionized water) is loaded uniformly.
Ozone is generated by UV light at different intensities from a mixture of 400 ml
min−1 O2 and 600 ml min−1 N2. This gas flow is cooled and humidified to the water
vapour pressure in the trough at the set temperature before delivery to the trough.
Gas flow is alternated between a bypass to measure the maximum (initial) O3

concentration and the trough to measure the O3 left after reactive uptake by the
solution. O3 concentration was measured using a commercial ozone monitor
(Teledyne API model 400).

Theory. Geometric optimization of the reaction intermediates were performed at
MP2/6-311++g(df,p) level50 while, to improve the energetic, single point energy
calculations were employed at CCSD(T)/6-311++g(df,p) level51 on the top of the
optimized structures obtained with MP2. Electronic structure calculations were
performed using Gaussian0952.

First-Principle MD simulations were done as implemented in the CP2K code to
study the stability and dynamics of the 1[Br•OOO−] on the surface of liquid
water53. The optimized geometry for 1[Br•OOO−] obtained at MP2 level was
placed on the top of an equilibrated water slab of 216 water molecules. The
simulation was done under NVT conditions, at 300 K, using BLYP54, 55 and
Grimme dispersion correction56, Goedecker-Teter-Hutter pseudopotentials57 and
DZVP basis set was employed in combination with plane wave representation for
the valence electrons.

CEBE were calculated on top of MP2/6-311++g(df,p) geometries using
GAMESS suite of codes58. For the CEBE in 5 water molecules cluster (Table 1),
configurations were extracted from first-principle MD simulations. The core-hole
state geometries were assumed to be identical to the corresponding ground states.
The effect of relaxation was described by the ΔMP2 approach59, 60 with the
electron correlation described at MP2/aug-cc-pVTZ level of theory. The CEBE was
defined as the difference between the ground state energy and the cation core-hole
state formed by ejection of a 3d electron from the Br-. Freezing the molecular
orbitals during the SCF procedure prevented the collapse of the core-hole state to
the more stable energetic state.

Liquid jet XPS. In-situ XPS was acquired at the near-ambient pressure photo-
emission endstation (NAPP), equipped with the liquid microjet setup.
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Fig. 5 Implications for ozone uptake under atmospheric conditions.
Predicted uptake coefficient for bulk reaction only (blue lines) and uptake
coefficient due to surface reaction only (brown lines) for deliquesced sea
salt solution equilibrated at 80% relative humidity (4.0M Cl−) and a
chloride to bromide ratio of 50 (light blue and light brown lines) and 500
(dark blue and dark brown)), as a function of the diameter of a spherical
brine droplet or aerosol particle. The brown lines overlap, because the
surface coverage of the bromide ozonide complex, and thus also the
surface reaction rate, does not depend on the bromide concentration in the
aqueous phase within the relevant range. This plot emphasizes the
predominance of a surface process, especially for smaller particle sizes
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Measurements were performed at the Surfaces/Interfaces: Microscopy (SIM)
beamline of the Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI). The
electron analyzer uses a three-stage differentially pumped electrostatic lens system
and a hemispherical analyzer to collect photoelectrons from samples in chamber
pressures up to the mbar range61. For the present experiments, a quartz nozzle,
forming a liquid microjet with a diameter of 24 μm, was used to deliver a 0.125 M
aqueous solution of Br- into the chamber at a flow rate of 0.35 ml min−1. The liquid
was cooled to 277 K in a pre-cooling coil located immediately before entry into the
experimental chamber. Based on these parameters, and considering the working
distance of the quartz nozzle with respect to the detection point, a 100 μs time can
be estimated between the injection of the liquid and the detection point. Further
technical details about the procedures adopted during the experiments can be
found in the Supplementary Note 4.

During the experiment we made use of linearly polarized light at 0°, and set the
photon energy for the detection of Br 3d to 350, 450 and 650 eV, resulting in
photoelectron kinetic energies of 276, 376 and 576 eV, respectively. The binding
energy scale of the spectra was calibrated using the O 1s gas phase peak of water
(539.9 eV) as a reference32. The streaming potential of a 0.125 mol l−1 bromide
aqueous solution should be between 0.1 and 0.2 eV62. The binding energy of the O
1s peak corresponding to the condensed phase is in good agreement with the values
reported in literature32, 63 and did not change during the whole measurements.
Other technical details about the experimental setup and the processing of the
photoemission spectra can be found in the Supplementary Note 4.

Data availability. The data that support the findings of this study are available
from the corresponding authors upon reasonable request.

Received: 5 April 2017 Accepted: 26 July 2017

References
1. Oum, K. W., Lakin, M. J. & Finlayson-Pitts, B. J. Bromine activation in the

troposphere by the dark reaction of O-3 with seawater ice. Geophys. Res. Lett.
25, 3923–3926 (1998).

2. De Haan, D. O. et al. Heterogeneous chemistry in the troposphere:
experimental approaches and applications to the chemistry of sea salt particles.
Int. Rev. Phys. Chem. 18, 343–385 (1999).

3. Raso, A. R. W. et al. Active molecular iodine photochemistry in the Arctic. Proc.
Natl Acad. Sci. USA, doi: 10.1073/pnas.1702803114.

4. Parrella, J. P. et al. Tropospheric bromine chemistry: implications for present
and pre-industrial ozone and mercury. Atmos. Chem. Phys. 12, 6723–6740
(2012).

5. Schmidt, J. A. et al. Modeling the observed tropospheric BrO background:
Importance of multiphase chemistry and implications for ozone, OH, and
mercury. J. Geophys. Res. 121, 11819–11835 (2016).

6. Heeb, M. B., Criquet, J., Zimmermann-Steffens, S. G. & von Gunten, U.
Oxidative treatment of bromide-containing waters: Formation of bromine and
its reactions with inorganic and organic compounds - A critical review. Water
Res. 48, 15–42 (2014).

7. Sander, R. et al. Inorganic bromine in the marine boundary layer: a critical
review. Atmos. Chem. Phys. 3, 1301–1336 (2003).

8. Cao, L., Wang, C. G., Mao, M., Grosshans, H. & Cao, N. W. Derivation of the
reduced reaction mechanisms of ozone depletion events in the Arctic spring by
using concentration sensitivity analysis and principal component analysis.
Atmos. Chem. Phys. 16, 14853–14873 (2016).

9. Haag, W. R. & Hoigne, J. Ozonation of bromide-containing waters - kinetics of
formation of hypobromous acid and bromate. Environ. Sci. Technol. 17,
261–267 (1983).

10. Gunten, U.v. Ozonation of drinking water: Part II. Disinfection and by-product
formation in presence of bromide, iodide or chlorine.Water Res. 37, 1469–1487
(2003).

11. Haruta, K. & Takeyama, T. Kinetics of oxidation of aqueous bromide ion by
ozone. J. Phys. Chem. 85, 2383–2388 (1981).

12. Liu, Q. et al. Kinetics and mechanisms of aqueous ozone reactions with
bromide, sulfite, hydrogen sulfite, iodide, and nitrite ions. Inorg. Chem. 40,
4436–4442 (2001).

13. Gladich, I. et al. Ab initio study of the reaction of ozone with bromide ion. J.
Phys. Chem. A 119, 4482–4488 (2015).

14. Haag, W. R., Hoigne, J. & Bader, H. Improved ammonia oxidation by ozone in
the presence of bromide ion during water-treatment. Water Res. 18, 1125–1128
(1984).

15. Chameides, W. L. & Davis, D. D. The free-radical chemistry of cloud droplets
and its impact upon the composition of rain. J. Geophys. Res. 87, 4863–4877
(1982).

16. Nissenson, P., Wingen, L. M., Hunt, S. W., Finlayson-Pitts, B. J. & Dabdub, D.
Rapid formation of molecular bromine from deliquesced NaBr aerosol in the
presence of ozone and UV light. Atmos. Environ. 89, 491–506 (2014).

17. Clifford, D. & Donaldson, D. J. Direct experimental evidence for a
heterogeneous reaction of ozone with bromide at the air-aqueous interface. J.
Phys. Chem. A 111, 9809–9814 (2007).

18. Abbatt, J. et al. Release of gas-phase halogens by photolytic generation of OH in
frozen halide-nitrate solutions: An active halogen formation mechanism? J.
Phys. Chem. A 114, 6527–6533 (2010).

19. Oldridge, N. W. & Abbatt, J. P. D. Formation of gas-phase bromine from
interaction of ozone with frozen and liquid NaCl/NaBr solutions: Quantitative
separation of surficial chemistry from bulk-phase reaction. J. Phys. Chem. A
115, 2590–2598 (2011).

20. Wren, S. N., Kahan, T. F., Jumaa, K. B. & Donaldson, D. J. Spectroscopic
studies of the heterogeneous reaction between O-3(g) and halides at the surface
of frozen salt solutions. J. Geophys. Res. 115, D16309 (2010).

21. Lee, M. T. et al. Competition between organics and bromide at the aqueous
solution-air interface as seen from ozone uptake kinetics and X-ray
photoelectron spectroscopy. J. Phys. Chem. A 119, 4600–4608 (2015).

22. Hunt, S. W. et al. Formation of molecular bromine from the reaction of ozone
with deliquesced NaBr aerosol: Evidence for interface chemistry. J. Phys. Chem.
A 108, 11559–11572 (2004).

23. Shiraiwa, M. et al. The role of long-lived reactive oxygen intermediates in the
reaction of ozone with aerosol particles. Nat. Chem. 3, 291–295 (2011).

24. Lampimaki, M. et al. Ozone-induced band bending on metal-oxide surfaces
studied under environmental Conditions. Chem. Phys. Chem. 14, 2419–2425
(2013).

25. Berkemeier, T. et al. Ozone uptake on glassy, semi-solid and liquid organic
matter and the role of reactive oxygen intermediates in atmospheric aerosol
chemistry. Phys. Chem. Chem. Phys. 18, 12662–12674 (2016).

26. McCabe, J. & Abbatt, J. P. D. Heterogeneous loss of gas-phase ozone on
n-hexane soot surfaces: Similar kinetics to loss on other chemically unsaturated
solid surfaces. J. Phys. Chem. C 113, 2120–2127 (2009).

27. Jungwirth, P. & Tobias, D. J. Molecular structure of salt solutions: A new view
of the interface with implications for heterogeneous atmospheric chemistry. J.
Phys. Chem. B 105, 10468–10472 (2001).

28. Hofft, O. et al. Surface segregation of dissolved salt ions. J. Phys. Chem. B 110,
11971–11976 (2006).

29. Ghosal, S., Shbeeb, A. & Hemminger, J. C. Surface segregation of bromine in
bromide doped NaCl: Implications for the seasonal variations in Arctic ozone.
Geophys. Res. Lett. 27, 1879–1882 (2000).

30. Olivieri, G., Parry, K. M., Powell, C. J., Tobias, D. J. & Brown, M. A.
Quantitative interpretation of molecular dynamics simulations for X-ray
photoelectron spectroscopy of aqueous solutions. J. Chem. Phys. 144, 154704
(2016).

31. Weber, R. et al. Photoemission from aqueous alkali-metal-iodide salt solutions
using EUV synchrotron radiation. J. Phys. Chem. B 108, 4729–4736 (2004).

32. Winter, B. & Faubel, M. Photoemission from liquid aqueous solutions. Chem.
Rev. 106, 1176–1211 (2006).

33. Thurmer, S. et al. On the nature and origin of dicationic, charge-separated
species formed in liquid water on X-ray irradiation. Nat. Chem. 5, 590–596
(2013).

34. Slavicek, P., Kryzhevoi, N. V., Aziz, E. F. & Winter, B. Relaxation processes in
aqueous systems upon X-ray Ionization: Entanglement of electronic and
nuclear dynamics. J. Phys. Chem. Lett. 7, 234–243 (2016).

35. Vaida, V. Perspective: Water cluster mediated atmospheric chemistry. J. Chem.
Phys. 135, 020901 (2011).

36. Li, L. et al. Near-barrierless ammonium bisulfate formation via a loop-structure
promoted proton-transfer mechanism on the surface of water. J. Am. Chem.
Soc. 138, 1816–1819 (2016).

37. Zhu, C. Q. et al. New mechanistic pathways for Criegee-water chemistry at the
air/water interface. J. Am. Chem. Soc. 138, 11164–11169 (2016).

38. Hammerich, A. D. & Buch, V. An alternative near-neighbor definition of
hydrogen bonding in water. J. Chem. Phys. 128, 111101 (2008).

39. Xantheas, S. S. & Voth, G. A. Aqueous solutions and their Interfaces. J. Phys.
Chem. B 113, 3997–3999 (2009).

40. Miller, Y. et al. Structure of large nitrate-water clusters at ambient
temperatures: Simulations with effective fragment potentials and force fields
with implications for atmospheric chemistry. J. Phys. Chem. A 113,
12805–12814 (2009).

41. Krepelova, A., Newberg, J. T., Huthwelker, T., Bluhm, H. & Ammann, M. The
nature of nitrate at the ice surface studied by XPS and NEXAFS. Phys. Chem.
Chem. Phys. 12, 8870–8880 (2010).

42. Bertram, T. H. et al. Direct observations of N2O5 reactivity on ambient aerosol
particles. Geophys. Res. Lett. 36, L19803 (2009).

43. Inaba, S. Theoretical study of water cluster catalyzed decomposition of formic
acid. J. Phys. Chem. A 118, 3026–3038 (2014).

44. Inaba, S. & Sameera, W. M. C. Dehydration of methanediol in aqueous
Solution: An ONIOM(QM/MM) Study. J. Phys. Chem. A 120, 6670–6676 (2016).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00823-x ARTICLE

NATURE COMMUNICATIONS |8:  700 |DOI: 10.1038/s41467-017-00823-x |www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


45. Gerber, R. B. et al. Computational studies of atmospherically-relevant chemical
reactions in water clusters and on liquid water and ice Surfaces. Acc. Chem. Res.
48, 399–406 (2015).

46. Ramabhadran, R. O. & Raghavachari, K. Extrapolation to the gold-gtandard in
quantum chemistry: computationally efficient and accurate CCSD(T) energies
for large molecules using an automated thermochemical hierarchy. J. Chem.
Theory Comp 9, 3986–3994 (2013).

47. George, G. N. et al. X-ray-induced photo-chemistry and X-ray absorption
spectroscopy of biological samples. J. Synchr. Radiat 19, 875–886 (2012).

48. Marx, D. & Hutter, J. Ab initio molecular dynamics (Cambridge University
Press, 2009).

49. Lakey, P. S. J. et al. Chemical exposure-response relationship between air
pollutants and reactive oxygen species in the human respiratory tract. Sci. Rep.
6, 32916 (2016).

50. Moller, C. & Plesset, M. S. Note on an approximation treatment for many-
electron systems. Phys. Rev. 46, 0618–0622 (1934).

51. Raghavachari, K., Trucks, G. W., Pople, J. A. & Replogle, E. Highly correlated
systems: Structure, binding energy and harmonic vibrational frequencies of
ozone. Chem. Phys. Lett. 158, 207–212 (1989).

52. Frisch, M. J. et al. Gaussian 09, Revision E01 (Gaussian Inc., 2017).
53. Hutter, J., Iannuzzi, M., Schiffmann, F. & VandeVondele, J. Wiley

Interdisciplinary Reviews: Computational Molecular Science Vol. 4, 15–25 (John
Wiley & Sons Ltd., 2014).

54. Lee, C., Yang, W. & Parr, R. G. Development of the Colle-Salvetti correlation-
energy formula into a functional of the electron density. Phys. Rev. B 37,
785–789 (1988).

55. Becke, A. D. Density-functional exchange-energy approximation with correct
asymptotic behavior. Phys. Rev. A 38, 3098–3100 (1988).

56. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab
initio parametrization of density functional dispersion correction (DFT-D) for
the 94 elements H-Pu. J. Chem. Phys. 132, 154104 (2010).

57. Goedecker, S., Teter, M. & Hutter, J. Separable dual-space Gaussian
pseudopotentials. Phys. Rev. B 54, 1703–1710 (1996).

58. Schmidt, M. W. et al. General atomic and molecular electronic structure
system. J. Comput. Chem. 14, 1347–1363 (1993).

59. Holme, A., Børve, K. J., Sæthre, L. J. & Thomas, T. D. Accuracy of calculated
chemical shifts in carbon 1s ionization energies from single-reference ab initio
methods and density functional theory. J. Chem. Theory Comp. 7, 4104–4114 (2011).

60. Shim, J., Klobukowski, M., Barysz, M. & Leszczynski, J. Calibration and
applications of the ΔMP2 method for calculating core electron binding
energies. Phys. Chem. Chem. Phys. 13, 5703 (2011).

61. Brown, M. A. et al. A new endstation at the Swiss Light Source for ultraviolet
photoelectron spectroscopy, X-ray photoelectron spectroscopy, and X-ray
absorption spectroscopy measurements of liquid solutions. Rev. Sci. Instrum.
84, 073904 (2013).

62. Kurahashi, N. et al. Photoelectron spectroscopy of aqueous solutions:
Streaming potentials of NaX (X=Cl, Br, and I) solutions and electron binding
energies of liquid water and X-. J. Chem. Phys. 140, 174506 (2014).

63. Winter, B., Aziz, E. F., Hergenhahn, U., Faubel, M. & Hertel, I. V. Hydrogen
bonds in liquid water studied by photoelectron spectroscopy. J. Chem. Phys.
126, 124504 (2007).

Acknowledgements
For computer time, this research used the resources of the Supercomputing Laboratory at
King Abdullah University of Science and Technology (KAUST) in Thuwal, Saudi Arabia.
The engineering work and technical support by Mario Birrer is greatly acknowledged.
J.E. acknowledges the Swiss National Science Foundation (SNF), grant 155999. M.A.,
F.O. and S.C. acknowledge funding by the Swiss National Science Foundation (grants no
149492 and 169176). We thank Michel Rossi for providing the ozone generator.

Author contributions
L.A., P.B.S., I.G. and M.A. conceived the project. L.A. coordinated and participated to
synchrotron beamtimes, processed the XPS data, and drafted the manuscript. J.E. and
A.G. performed the kinetic experiments, processed the data and drafted the section about
kinetic measurements. F.O. contributed to the design of the liquid-jet experiment, par-
ticipated to the synchrotron beamtimes, and contributed to the analysis of the XPS data.
S.C., M.T.L., P.C. A., and A.K. contributed to the synchrotron beamtimes. T.B.R. helped
in the processing of the kinetic measurements output. M.A. helped to process both the
XPS and kinetic measurements data, also drafting the manuscript. M.V. employed the
geometrical optimization and MP2 and CCSD levels. M.V. and I.G. computed the core
electron binding calculations at MP2 level. M.A.C. and I.G. performed the first-principle
MD, analyzing the trajectory results. I.G. and J.S.F. analyzed and drafted the MD and
electronic structure calculations results. All the authors contributed in the discussion
during the preparation of the final manuscript.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-00823-x.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00823-x

8 NATURE COMMUNICATIONS |8:  700 |DOI: 10.1038/s41467-017-00823-x |www.nature.com/naturecommunications

http://dx.doi.org/10.1038/s41467-017-00823-x
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

