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ABSTRACT 

Oxidation of halides at the aqueous solution – air interface initiates the release of gas-phase 

halogen compounds, representing 50% of the chemical sink of ozone in the global 

troposphere. Halide solution-air interfaces are ubiquitously present because about 71% of 

the Earth’s surface is covered by seawater that contains large amounts of chloride and 

bromide. In addition, halides are emitted to the atmosphere in the form of sea spray aerosol 

and are therefore also transported over long distances over the continents. Since recently, 

with the development of differentially pumped electrostatic lens systems, liquid-jet X-ray 

photoelectron spectroscopy (XPS) allows us directly probing the aqueous solution – air 

interface at the molecular level in the presence of trace gases.  In this project, we use liquid-

jet XPS at the Swiss Light Source in conjunction with kinetic experiments to study the 

molecular level details of the surface reaction of aqueous bromide with O3 in the absence and 

presence of organic compounds. The aim is to support assessments of the impact of halogen 

chemistry on atmospheric oxidation capacity and climate. 

The affinity of halide ions in aqueous solution for the liquid-gas interface, which may influence 

their reactivity with gaseous species, has been debated. We use liquid-jet XPS to investigate 

the interfacial depth profile of bromide, hypobromite, hypobromous acid and bromate. We 

compare solutions with different concentrations of bromide, mixtures of bromide and 

chloride, as well as the series of bromide, chloride and fluoride. Bromide ions, with and 

without chloride, tend to be not enhanced at the solution surface. In the halogen series, the 

surface propensity follows the series Br > Cl > F, which agrees with recent theory, classical 

surface tension measurements and recent spectroscopic experiments, suggesting the lightest 

halide ions being most depleted from the surface. Among the bromine species, hypobromous 

acid, a key species in the multiphase cycling of bromine, is the only species showing 

substantial surface propensity, which suggests a more critical role of the interface for this 

species in multiphase bromine chemistry than thought before.     

In the aqueous bulk, oxidation of bromide by ozone involves a [Br•OOO-] complex as 

intermediate. Here, we report liquid jet XPS measurements that provide direct experimental 

evidence for the ozonide and establish its propensity for the solution-vapor interface. In  

experiments at low pH, the signal of the [Br•OOO-] intermediate was small and just at the 

detection limit, which may be due to the faster decay into products, thus release of molecular 

oxygen and formation of OBr-. At neutral pH, the surface concentration of the [Br•OOO-] 
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intermediate increased almost linearly with the bromide concentration. This behavior was 

tightly correlated with that of the the loss rate of ozone determined in kinetic experiments 

over the same bromide concentration range.   

Studying the impact of surface-active organics on the interfacial abundance of halide ions is 

important due to the ubiquitous presence of organic compounds in sea water in biologically 

active oceans. Here, we use liquid-jet XPS to assess the impact of a monofunctional surfactant 

with a positive headgroup (hexylammonium) and one with a negative headgroup 

(propylsulfate) on the abundance of bromide ions at the interface. We use a photoelectron 

attenuation model to retrieve the interfacial concentrations of bromide and sodium in the 

presence of those surfactants. The results show that even in basic solution, where only a small 

fraction of hexylamine is protonated, its surface activity leads to an enhanced interfacial 

concentration of bromide. This suggests that non-protonated hexylamine is already attracting 

bromide to the interface. In turn, the negatively charged sulfate group of propylsulfate does 

not affect the interfacial concentration of the bromide, but leads to an increased presence of 

the sodium cations. The present work demonstrates the vital role of electrostatic interactions 

at the interface. This concept can be applied to qualitatively assess other halide or alkaline 

cations, or even other inorganic ions, such as SO4
2-, NO3

-, NH4
+ that exist in atmospheric 

particles.  

The oxidation of bromide by ozone is enhanced at aqueous interfaces, driven by the surface 

active bromide ozonide intermediate. In extension to the role that ionic surfactants have on 

the abundance of bromide at interface, the question arises how surfactants affect the 

reactivity of O3 with bromide.  Here, we assess the surface propensity of cationic 

tetrabutylammonium (TBA) at the aqueous liquid-vapor interface by liquid-jet XPS and the 

effect of this surfactant on ozone uptake to aqueous bromide solutions. The results indicate 

that the positively charged nitrogen group in 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. Again supported by a model of attenuation of photoelectrons by the 

carbon-rich layer established by the TBA surfactant, we found 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 additional 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. The steady-state concentration of the bromide ozonide 

intermediate increases by a smaller degree, and the lifetime of the intermediate is one 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. 



 

 
 

Zusammenfassung 

Die Oxidation von Halogeniden an der Grenzfläche zwischen wässriger Lösung und Luft initiiert die 

Freisetzung von Halogenverbindungen in der Gasphase, die 50% der chemischen Ozonsenke in der globalen 

Troposphäre ausmachen. Halogenid-Lösung-Luft-Grenzflächen sind allgegenwärtig, da etwa 71% der 

Erdoberfläche von Meerwasser bedeckt sind, das große Mengen an Chlorid und Bromid enthält. Darüber 

hinaus werden diese in Form von Meersalz-Aerosolen in die Atmosphäre abgegeben und somit auch über 

weite Strecken über die Kontinente transportiert. Seit kurzem, mit der Entwicklung von differentiell 

gepumpten elektrostatischen Linsensystemen, ermöglicht uns die Flüssigkeitsstrahl-

Röntgenphotoelektronenspektroskopie (XPS), die Grenzfläche zwischen wässriger Lösung und Luft auf 

molekularer Ebene direkt und in Anwesenheit von Spurengasen zu untersuchen. In diesem Projekt 

verwenden wir Flüssigstrahl-XPS an der Swiss Light Source in Verbindung mit kinetischen Experimenten, 

um Folgendes zu untersuchen: die molekularen Details der Oberflächenreaktion von wässrigem Bromid 

mit O3 in An- und Abwesenheit organischer Verbindungen. Ziel wird es sein, zukünftige Bewertungen der 

Halogenchemie hinsichtlich der atmosphärischen Oxidationskapazität und des Klimas zu unterstützen. 

Die Affinität von Halogenidionen in wässriger Lösung für die Flüssig-Gas-Grenzfläche, die ihre Reaktivität 

mit gasförmigen Spezies beeinflussen kann, wird schon länger diskutiert. In-situ- XPS, an einem 

Flüssigkeitsstrahl durchgeführt, wurde verwendet, um das Grenzflächen-Tiefenprofil von Bromid, 

Hypobromit, unterbromiger Säure und Bromat zu untersuchen. Darüber hinaus wird über Spektren 

berichtet, die Lösungen mit niedrigen und hohen Konzentrationen von Bromid, Mischungen von Bromid 

und Chlorid sowie separat Bromid mit Chlorid und Fluorid vergleichen, um weiter zum Verständnis der 

Oberflächenaffinität von Halogenidionen beizutragen. Bromidionen neigen auch in Gegenwart von Chlorid 

dazu, sich eher nicht an der Lösungsoberfläche anzureichern. In der Halogenreihe folgt die 

Oberflächenaffinität der Reihe Br > Cl > F, und dies stimmt mit neueren Theorien und Experimenten 

überein, die zeigen, dass die leichtesten Halogenidionen am stärksten an der Oberfläche abgereichert sind. 

Unter den Bromspezies ist hypobromige Säure, eine Schlüsselspezies im Multiphasen-Kreislauf von Brom, 

die einzige Spezies, die eine beträchtliche Oberflächenaktivität zeigt, was darauf hindeutet, dass die 

Grenzfläche für diese Spezies in der Multiphasen-Bromchemie eine wichtigere Rolle spielt als bisher 

angenommen. 

In der wässrigen Phase wird bei der Oxidation von Bromid durch Ozon ein [Br·OOO-]-Komplex als 

Zwischenstufe involviert. Hier berichten wir über Flüssigkeitsstrahl-XPS-Messungen, die direkte 

experimentelle Beweise für dieses Ozonid liefern und seine Affinität zur Lösung-Gas-Grenzfläche 

nachweisen. In weiteren Experimenten bei niedrigem pH-Wert war das Signal des Zwischenprodukts 

[Br•OOO-] klein und gerade an der Nachweisgrenze, was auf eine schnellere Bildung der Produkte, also 

Freisetzung von molekularem Sauerstoff und Bildung von Hypobromit, zurückzuführen sein könnte. Die 

Oberflächenkonzentration des [Br·OOO-]-Zwischenprodukts stieg fast linear mit der Bromidkonzentration 
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an. Dieses Verhalten war eng mit demjenigen der Verlustrate von Ozon korreliert, die in kinetischen 

Experimenten über denselben Konzentrationsbereich von Bromid gemessen wurde.  

Das allgegenwärtige Vorkommen von organischen Verbindungen im Meerwasser von biologisch aktiven 

Ozeanen erfordert die Bewertung der Auswirkungen von oft oberflächenaktiven organischen Stoffen auf 

die Grenzflächenaffinität von Halogenidionen. Hier verwenden wir Flüssigkeitsstrahl-XPS an der 

Synchrotron Lichtquelle Schweiz, um den Unterschied zwischen einem monofunktionellen Tensid mit einer 

positiven Kopfgruppe (Hexylammonium) und einem mit einer negativen Kopfgruppe (Propylsulfat) in Bezug 

auf die Anreicherung von Bromidionen an der Grenzfläche zu beurteilen. Wir verwenden auch ein Modell 

für die Attenuierung von Photoelektronen, um die Grenzflächenkonzentration von Bromid und Natrium in 

Gegenwart der verschiedenen Tenside zu bestimmen. Die Ergebnisse zeigen, dass selbst in basischer 

Lösung, in der nur ein kleiner Teil des Hexylamins tatsächlich protoniert wird, seine Oberflächenaktivität 

zu einer erhöhten Bromidkonzentration an der Grenzfläche führt. Dies deutet darauf hin, dass 

wahrscheinlich nicht nur protoniertes Hexylamin Bromid an die Grenzfläche zieht. Die negativ geladene 

Sulfatgruppe von Propylsulfat wiederum beeinflusst nicht die Grenzflächenkonzentration von Bromid, 

führt jedoch zu einer erhöhten Anwesenheit von Natriumkationen. Die vorliegende Arbeit demonstriert 

die wichtige Rolle elektrostatischer Wechselwirkungen an der Grenzfläche. Dieses Konzept kann auch 

angewendet werden, um andere Halogenidanionen- oder Alkalikationen oder sogar Ionen anderer 

anorganischer Ionen wie SO4
2-, NO3

-, NH4
+ etc., die in atmosphärischen Partikeln vorkommen, in ihrer 

Wechselwirkung mit geladenen Tensiden vorauszusagen. 

Die Oxidation von Bromid durch Ozon wird an wässrigen Grenzflächen verstärkt, getrieben durch das 

Bromid-Ozonid als Zwischenstufe. In Anbetracht des Einflusses von Tensiden auf die Anreicherung von 

Bromid an der Grenzfläche, stellt sich die Frage nach dem Einfluss auf die Reaktivität von Bromid mit Ozon. 

Hier bewerten wir die Oberflächenaffinität von kationischem Tetrabutylammonium (TBA) an der wässrigen 

Flüssigkeits-Dampf-Grenzfläche durch Flüssigkeitsstrahl-XPS und die Wirkung dieses Tensids auf die 

Ozonaufnahme in wässrige Bromidlösungen. Die Ergebnisse zeigen, dass die positiv geladene 

Stickstoffgruppe in TBA zusammen mit ihrer Oberflächenaktivität zu einer erhöhten 

Grenzflächenkonzentration von sowohl Bromid als auch der Bromid-Ozonid-Zwischenstufe führt. Parallel 

zeigen kinetische Experimente für dasselbe System eine stark erhöhte Ozonverlustrate in Gegenwart von 

TBA, was einer erhöhten Oberflächenreaktionsrate zugeschrieben wird. Wiederum wurde ein Modell 

verwendet, um die Attenuierung von Photoelektronen durch die kohlenstoffreiche Schicht zu 

berücksichtigen, die durch das TBA-Tensid gebildet wird. Daraus können wir schliessen, dass die 

Grenzflächendichte von Bromid in Lösungen mit TBA um eine Größenordnung erhöht ist. Das Aussalzen 

von TBA in Gegenwart von 0.55 M Natriumchlorid ist offensichtlich. Die erhöhte Bromiddichte an der 

Grenzfläche kann durch die Assoziationskonstanten von Bromid (und Chlorid) für die Bildung von 

Ionenpaaren mit TBA erklärt werden. Die Steady-State-Konzentration des Bromid-Ozonid-

Zwischenprodukts nimmt in geringerem Maße zu, und die Lebensdauer des Zwischenprodukts ist in 

Gegenwart von TBA um eine Größenordnung länger. Somit hängt der Einfluss kationischer Tenside auf die 

Reaktivität von Bromid von den Details der komplexen Umgebung an der Grenzfläche ab.
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CHAPTER 1 

Introduction 

1.1 Ozone and halogen chemistry 

The atmosphere of the Earth is predominantly made up of molecular nitrogen and oxygen. 

Ozone is a gas that is naturally present in small amounts in our atmosphere. Each ozone 

molecule contains three oxygen atoms and has the chemical formula O3. In the mid-1800s, 

ozone was discovered in the laboratory. Later, ozone was identified using chemical and 

optical measurement methods. Ozone has a pungent odor that can be detected even if 

present in very low amounts. About 90% of atmospheric ozone is found in the stratosphere, 

which begins about 10-16 kilometers above the Earth’s surface and extends up to about 50 

kilometers altitude [Hegglin et al., 2015]. This region is commonly known as the “ozone layer”, 

which protects us from biologically harmful ultraviolet radiation from the sun. Stratospheric 

ozone is considered “good” ozone because of its beneficial role. Most of the remaining ozone, 

about 10%, is found in the troposphere, which is the lowest region of the atmosphere, 

between Earth’s surface and the stratosphere [Hegglin et al., 2015]. Tropospheric ozone 

above natural levels is considered as “bad” ozone, which is harmful to humans, plants, and 

other living systems as it reacts strongly to destroy or alter many biological molecules [Hegglin 

et al., 2015]. “Bad” ozone is formed by reactions involving human-made pollutant gases. In 

the mid-1970s, it was discovered that gases containing chlorine and bromine atoms released 

by human activities could cause stratospheric ozone depletion [Steinfeld, 1998]. These gases, 

referred to as halogen source gases and as ozone-depleting substances, chemically release 

their chlorine and bromine atoms after they reach the stratosphere. Ozone depletion 

increases surface UV-B radiation above naturally occurring doses. 
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Interfacial chemistry is playing a crucial role in atmospheric sciences, like the chemistry of 

halogen compounds [Finlayson-Pitts, 2003], cycling of nitrogen oxides [Pöschl and Shiraiwa, 

2015], cloud droplet activation [Ruehl et al., 2016], and ice nucleation [Knopf et al., 2018]. 

Halogens are species containing fluoride, chloride, bromide or iodide. Halide solution-air 

interfaces are ubiquitously present because about 71% of the Earth’s surface is covered by 

seawater that contains large amounts of chloride and bromide. In the gas phase, they 

represent a sink for ozone through catalytic reactions involving halogen atoms. It has been 

estimated that halogen chemistry contributes 50% of the chemical sink for tropospheric 

ozone globally [Simpson et al., 2015; Wang et al., 2015]. This impacts the ozone 

concentration, which is relevant for the oxidation capacity and the radiative budget and thus 

climate [Sherwen et al., 2017]. Halogens are furthermore emitted to the atmosphere in the 

form of sea spray aerosol and are therefore also transported over long distances over the 

continents. Halogens may also be transported to the stratosphere and influence stratospheric 

O3 levels [Wang et al., 2015; Lopez et al., 2004].  

 

Figure 1: Tropospheric column integral of ozone change with bromine chemistry. The figure is adapted from 

[Wang et al., 2015]. 

Halogen chemistry has been studied for decades for its role in O3 depletion in the 

stratosphere. However, the role halogens (e.g. Br atoms or BrO) play in the troposphere is not 

well understood yet. Read et al. found that the absence of halogens in their box model results 

in underestimating the total O3 loss by half and the O3 concentrations by 12% (annual 

averages) [Read et al., 2008]. Wang et al. [Wang et al., 2015] also found that bromine 

contributes to around 2-7% of the tropospheric column integral of ozone, which is shown in 

Figure 1. Interestingly, the observed levels of bromine oxidize mercury up to 3.5 times faster 

than models predict. Such effects have not been sufficiently elucidated. In order for bromine 

(and the other halogens) to participate in gas phase O3 depleting reaction cycles, it has to be 

oxidized from the bromide present in the aqueous phase, and released to the gas phase. 

Therefore, an important and not well understood processes of halogen chemistry are those 

at aqueous solution – air interfaces. In part, our poor understanding is related to the lack of 

experimental methods and approaches to selectively probe the interfacial region and 

processes thereon. 



 

3 
 

The so-called O3 depletion events, which were caused by reactive halogen species, in 

particular, the halogen oxides BrO and IO, happen in the troposphere through auto-catalytic 

reactions, destroying O3 [Simpson et al., 2007]. A specific sequence, which is called the 

“bromine explosion”, is thought to be the main series of reactive processes by which halogens 

enter the O3 depleting cycles during O3 depletion events [Jones et al., 2009; Simpson et al., 

2007]. Figure 2 shows a simplified representation of bromine explosion reactions [Haag and 

Hoigné, 1984]. The Major halogen-related reactions in the gas and aqueous phase are: The 

liquid brine solution degassing of bromide (Br-) in the form of Br2 (or BrCl) into the gas phase 

through multiphase reactions. Then the gas phase bromine forms two reactive bromine 

atoms by photolysis, which can further react with ozone. On the one hand, it can make a small 

cycle to decrease the ozone, and on the other hand, via hypobromous acid (HOBr), it initiates 

reaction with more of the condensed phase bromide leading to more release of Br2 to the gas 

phase. Light is needed for the production of HO2 radicals through gas phase photochemistry 

to allow the formation of HOBr. Therefore, without light, when photochemically produced 

radicals and oxidants are not abundant, the multiphase reaction of O3 with bromide in the 

condensed phase is believed to be one of the significant dark oxidants for bromide to lead to 

the release sources of molecular bromine. 

 

Figure 2: A simplified representation of bromine explosion reactions. The figure is adapted from [Simpson et al., 

2007; Haag and Hoigné, 1984]. 

1.2 Multiphase kinetics of oxidation of bromide 

Multiphase reactions between gas-phase species and halides in seawater are centrally 

important because halogen cycles exert a powerful influence on the chemical composition of 

the troposphere, thus may affect the global oxidation capacity and the fate of pollutants, 

tropospheric ozone (and thus its radiative impact) and the production of particles [Carpenter 

et al., 2013; Wang et al., 2015]. The reaction of O3 with Br- ions is believed to be one of the 

significant dark sources of gas-phase halogen compounds to produce HOBr when photo 

chemically produced radicals and oxidants are not abundant. These initial halide oxidation 

processes are the starting point of the multiphase cycling reaction mechanisms that lead to 
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the release of bromine, chlorine, and iodine compounds also referred to as halogen 

activation.  

The net aqueous phase reaction of gaseous O3 with Br- is as follows [Lee et al., 2015; Oldridge 

and Abbatt, 2011]: 

Br- + O3 → OBr- + O2                                                (R1) 

OBr- + H+ → HOBr                                                     (R2) 

The pKa of HOBr is 8.65. Liu et al. [Liu et al., 2001] suggests that R1 occurs through an acid-

catalyzed mechanism, where O3 reacts with Br− to form the steady-state intermediate 

Br·OOO−. This intermediate would subsequently react with H+ or H2O to give HOBr and O2 

(reactions R3 and R4a, R4b): 

Br- + O3 → Br·OOO−     (R3) 

Br·OOO− + H+ → HOBr + O2    (R4a) 

Br·OOO− + H2O → HOBr + O2  + OH-    (R4b) 

Net: Br- + O3 + H2O → HOBr + O2  + OH-   (R5) 

On the other hand, Haag et al. [Haag and Hoigne, 1983] proposed the following mechanism 

for recycling of OBr- (formed from the reaction R1) by H2O2 back to Br-: 

H2O2 + OBr- → H2O  + BrOO-    (R6)  

BrOO- → O2  + Br-                   (R7) 

Halogen peroxides (BrOO-) are formed by the reaction R6 of H2O2 with OBr- and decompose 

rapidly to O2 and Br- as in reaction R7. Therefore, the ubiquitously present H2O2 could limit 

the extent of bromide oxidation.  

With a rate coefficient of 163 M-1 s-1 at room temperature in the bulk aqueous phase, R1 is of 

limited relevance to explain field observations of halogen activation. Several reports have 

suggested that R1 may occur at enhanced rates at the aqueous solution – air interface 

[Clifford and Donaldson, 2007; Oldridge and Abbatt, 2011; Oum et al., 1998]; however, this 

has not been understood in detail. Furthermore, it has also remained unclear how such a 

surface reaction would be affected by organic compounds [Carpenter and Nightingale, 2015]. 

The ocean surface water and sea spray aerosol derived therefrom contain a complex mixture 

of not only inorganic salts but also organic compounds deriving from marine biota [Bernard 

et al., 2016; Donaldson and George, 2012; O'Dowd et al., 2004]. Organics may have a 

significant effect on the way halide ions are distributed at the interface [Stemmler et al., 

2008], and on the mass transfer across the interface [Morris, 2013; Vignati et al., 2010].  

1.3 The halide solution in the presence of organics 

The seawater contains a complex mixture of not only inorganic salts but also organic 

compounds deriving from marine biotas, like proteins, carbohydrates, fatty acids [O'Dowd et 
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al., 2004; Kanakidou et al., 2005; Vignati et al., 2010; Donaldson and George, 2012]. For 

example, Figure 3 shows the chemical composition of submicrometre marine aerosols 

measured over the North Atlantic Ocean during (a) the winter, with low biological activity, 

and (b) during the plankton blooms progressing from spring through to autumn, with high 

biological activity, respectively [O'Dowd et al., 2004]. They found during bloom periods, the 

organic fraction dominates and contributes 63% to the submicrometre aerosol mass (about 

45% is water-insoluble and about 18% water-soluble). In winter, when biological activity is at 

its lowest, the organic fraction decreases to 15%. The organic fraction dominates aerosol mass 

at small diameter size, while the inorganic fraction dominates at large diameter size, which 

may have similar compositions as seawater. The model simulations indicate that organic 

matter can enhance the cloud droplet concentration by 15% to more than 100% and is, 

therefore, an important component of the aerosol–cloud–climate feedback system involving 

marine biota.  

 

Figure 3: Chemical composition of marine aerosols. Shown are average size-segregated chemical compositions 

and absolute mass concentrations for North Atlantic marine aerosols sampled with a Berner Impactor for (a) low 

biological activity and (b) high biological activity periods. The concentrations of water-soluble organic 

compounds (WSOC), water-insoluble organic compounds (WIOC), and black carbon (BC) are reported as mass 

of organic matter. The graphs is adapted from [O'Dowd et al., 2004]. 

The ubiquitous presence of organic material at the ocean surface calls for an assessment of 

the impact of surface-active organic compounds on the interfacial density of halide ions  

([Krisch et al., 2007], which may hinder the mass transfer between the gas and particle phases 

[Rouviere and Ammann, 2010] or even promote it [Faust et al., 2013; Morris, 2013]. Figure 4 
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shows the examples of surface-active solutes affecting the surface propensity of bromide at 

the aqueous solution-air interface from our previous work. Six years ago, we studied the 

reaction of ozone with NaBr in the presence of citric acid. It showed that the bromide ion 

becomes depleted by 30%, even though the reactivity was enhanced [Lee et al., 2015]. This 

was attributed to the effect of acidity that was overriding the reduction in surface 

concentration. Two years ago, our liquid jet XPS measurements provided direct experimental 

evidence for the [Br▪OOO-] intermediate, which was found to exhibit preference for the 

surface and is the reason why the reaction of NaBr with O3 is enhanced at the surface [Artiglia 

et al., 2017]. In addition, our group observed that 1-butanol increases the interfacial density 

of bromide by 25%, while butyric acid reduces it by 40%. They may change the arrangement 

of bromide at the interface for reaction [Lee et al., 2019].  

 

Figure 4: Examples of surface-active solutes affect the surface propensity of bromide at the aqueous solution-

air interface. The graphs are adapted from [Lee et al., 2015; Artiglia et al., 2017; Lee et al., 2019.  

Thus, the interaction between bromide ions and surface-active solutes could affect the 

abundance and the local environment of bromide at the aqueous solution-air interface. For 

instance, surface-active organic carboxylic acids with neutral functional headgroups could on 

one hand compete with bromide for space at the interface, or on the other hand accelerate 

the reaction with O3 via acid catalysis. 

 

Figure 5: The schematic shows the multiphase reaction between gas-phase ozone and condensed phase bromine 

aqueous solution, with a certain overall ozone uptake coefficient (Ƴ0), involving the formation of the bromide 

ozonide intermediate [Br▪OOO-]; Besides, the surface-active organic compounds with different functional groups 

such as -COOH (neutral), -SO4 (negative), -NH4 (positive), may play an additional role, to influence the ozone 

uptake coefficient (Ƴ1). 

In a different way, organosulfates with a negative functional headgroup may affect the 

bromide aqueous solution surface through electrostatic effects, as they may push away the 
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bromide ions from the surface and thereby decrease the reaction rate at the surface. In turn, 

alkylamines with a positive functional headgroup, which are present everywhere in the 

atmosphere, may pull the bromide closer to the surface. Furthermore, such surface-active 

solutes may also influence the bromide ozonide intermediate species, eventually enhancing 

the reaction rate. In Figure 5, the schematic shows the multiphase reaction between gas-

phase ozone and condensed phase bromine aqueous solution, with a certain overall ozone 

uptake coefficient (Ƴ0), and involving the steady-state bromide ozonide intermediate 

[Br▪OOO-], and how these interact with different functional groups such as -COOH (neutral), 

-SO4 (negative), -NH4 (positive). 

1.4 Analytical methods to characterize the liquid-vapor interface 

The liquid-vapor interfacial region is an experimental challenge because many surface-

selective experimental techniques require high or ultra-high vacuum for use and cannot be 

easily applied to liquids with reasonable vapor pressures. There are numerous outstanding 

analytical techniques capable of investigating the liquid-vapor interface. Among these, there 

are some notable examples: surface tension [Leroy et al., 2010], which gives a macroscopic 

picture of the composition of the interface; sum-frequency generation spectroscopy [Jubb et 

al., 2012; Götte et al., 2017], which provides detailed information on the structure and 

orientation of water within the non-centrosymmetric region at the interface; and liquid-based 

X-ray photoelectron spectroscopy (XPS) [Winter et al., 2004; Ghosal et al., 2005; Krisch et al., 

2007; Oldridge and Abbatt, 2011; Brown et al., 2013; Björneholm et al., 2014; Lee et al., 2015], 

which provides information about the electronic structure, chemical composition, 

orientation, co-solutes and other interface properties.  

The traditional approach to studying the chemical composition at the aqueous solution – air 

interface through the contribution of constituents to the surface free energy and 

experimentally accessed via recording the surface tension as a function of solute 

concentration  is not straightforward for complex solutions [Donaldson and Anderson, 1999].  

Both chemical composition and processes at interfaces can be characterized by XPS which 

provides chemical selectivity and surface sensitivity straightforwardly. It is based on the 

excitation of core electrons by X-rays and detection of the photoelectron kinetic energy (KE) 

spectrum. The surface sensitivity results from the short, KE-dependent, inelastic mean free 

path (IMFP, λ) of electrons in condensed matter in the range from just below one to a few 

nanometers.  

However, traditional XPS is limited to solid samples held in a vacuum, which may exhibit 

dramatic differences to the same material in real environments, where atmospheric 

processes occur. Over the past decade, near ambient pressure photoemission (NAPP) was 

developed, which allows investigating aqueous solution surfaces by XPS in the form of a liquid 

jet up to pressures equivalent to the equilibrium vapor pressure of water at ambient 

temperatures [Brown et al., 2013]. Liquid jet XPS directly provides the composition of 

inorganic and organic compounds at the aqueous solution-vapor interface, thus, within the 
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top-most molecular layers of the liquid. The liquid jet is typically running at high enough 

velocity to avoid radical chemistry initiated by X-rays affecting the measured composition and 

avoid an impact of evaporation on the water activity of the solution [Winter and Faubel, 

2006]. In turn, the speed is slow enough to allow equilibration of solutes by diffusion between 

the bulk aqueous phase and the surface [Lee et al., 2015; Winter and Faubel, 2006]. Liquid jet 

XPS operated at variable pressure allows studying the liquid-vapor interface for 

environmentally relevant cases.  

 

Figure 6: Scheme of X-ray photoelectron spectroscopy principle.  

The photoemission spectroscopy technique is based on the photoelectric effect. The basic 

principle of XPS is shown in Figure 6: A photon with energy ℎ𝑣 excites an atom by transferring 

its energy to a core level electron. If ℎ𝑣 > the binding energy of the electron, it will be emitted 

as a photoelectron with kinetic energy EK equal to the excess energy.  

KE = hν - BE - ϕ  

where h is the Planck constant, ν is the frequency of the radiation; BE is the binding energy, 

and ϕ is the specific work function of the material, which represents the additional energy 

barrier related to passing across the surface. 

 

Figure 7: Inelastic mean free paths. Graphs are adapted from [Shinotsuka et al., 2017]. 

One of the essential properties of photoelectron spectroscopy, namely, surface sensitivity, is 

related to the inelastic mean free path (IMFP) of electrons in solids or liquids. The 

photoelectrons can only escape without loss of energy (inelastic scattering) from a few nm, 

as Figure 7 shows in the form of the relationship between the IMFP and the kinetic energy for 

water [Shinotsuka et al., 2017]. Hence, for a homogeneous sample, the contribution of an 
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atom to the measured photoemission signal exponentially drops with the distance from the 

surface, establishing the probe depth. 80% of the photoemission signal originates from the 

depth equivalent to two times the IMFP, and 98% of the signal is from three IMFPs. XPS 

quantitatively measures the amounts of molecules within the probe depth since the intensity 

of photoelectron signals is proportional to the atom density after all normalizations (like 

photon flux, cross-section, inelastic mean free path, and transmission function of the 

analyzer). Starting from 100 eV, the inelastic mean free path (IMFP or λ) increases with kinetic 

energy, which can be used to obtain a cumulative depth profile. In this thesis, we will use the 

photoelectron kinetic energy range from 270 eV to 770 eV, which means the inelastic mean 

free paths are from around 1.1 nm to 3.2 nm. 

 

Figure 8: Survey spectrum of photoelectrons emitted from an aqueous solution containing 0.1 M 

tetrabutylammonium bromide and 0.55 M NaCl, excited by 750 eV photons, with characteristic photoemission 

and Auger peaks.  

Figure 8 shows a survey spectrum of photoelectrons emitted from an aqueous solution 

containing 0.1 M tetrabutylammonium bromide and 0.55 M NaCl, excited by 750 eV photons, 

with characteristic photoemission and Auger peaks. We can collect different elemental signals 

at different kinetic energy.  

1.5  Thesis mission 

The mission of this thesis is to combine standard kinetic experiments with the liquid jet XPS 

method to unravel kinetic and mechanistic aspects down to the molecular level for the 

oxidation of bromide at the halide solution – air interface. Working on this thesis driven by 

the above mission, XPS is used on the one hand to characterize the interplay of anions and 

cations near the aqueous solution – air interface in the presence and absence of organic 

compounds. On the other hand, XPS will also be used to directly probe the interface in the 

presence of O3 in the gas phase to obtain in situ spectroscopic evidence for a reaction 

intermediate during oxidation of bromide that we suspect to mediate efficient oxidation on 

the surface. Finally, the classical flow tube method will be used to obtain a more detailed 

picture of the kinetics in terms of chloride and pH and the organic surfactants with different 
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charged headgroup compounds. Since we suspect that the charge of the head group of the 

surfactants has a crucial influence on the ion distribution at the interface, we focus on this 

aspect for our planned experiments.  

Oxidation of bromide by O3 in aqueous solution involves a [Br▪OOO-] intermediate [Liu et al., 

2001; Gladich et al., 2015], that may be stabilized at the interface and thereby open a route 

for faster bromide oxidation that has been suspected earlier [Oum et al., 1998; Clifford and 

Donaldson, 2007; Oldridge and Abbatt, 2011]. Identifying [Br▪OOO-] at the interface will be a 

significant step forward in understanding the multiphase oxidation of bromide. As a next step, 

we will study the impact of different bromide concentrations, pH and the effect of other 

halide ions (Cl-) on the O3 –bromide reaction system using liquid jet XPS to observe the 

behavior of the intermediate in situ and with kinetic experiments to study the overall kinetics 

and establish the contribution of the surface reaction for various environmental conditions.  

On the other hand, we will investigate the kinetics of oxidation of Br- with O3 (and of Br- mixed 

with 0.55 M NaCl corresponding to actual sea water) in the presence of amphiphilic organic 

compounds with differently charged headgroups using both liquid jet XPS and the flow tube 

method. This will provide us with information about: 1) the distribution of the surfactant 

headgroup, bromide and chloride anions and sodium cations with depth at and below the 

interface; 2) the abundance of the reaction intermediate at the surface; 3) the extent to which 

the surface reaction dominates overall reaction kinetics. These experiments will be 

performed for: 1) a neutral carboxylic acid; 2) organic sulfate compounds with an anionic head 

group at the surface; 3) alkylamines with a positively charged head group. Organic sulfate 

compounds, e.g., alkyl sulfates, form in the atmosphere from secondary chemistry in a 

sulfate-containing aerosol. Alkylamines derive from the degradation of marine or 

atmospheric biological material. We expect cationic and anionic surfactant headgroups to 

interact differently with Br- and thus also expect an impact on the reaction rates and 

especially on the contribution of the surface reaction. 

1.6  Thesis outline 

The PhD work includes analysis of the surface propensity of bromide and its oxidation 

products hypobromide and bromate, and of organic surfactants with differently charged 

headgroups, both individually and in combination with bromide, using liquid jet XPS. Finally, 

the impacts of surfactants on oxidation kinetics are assessed in laboratory-based flow tube 

experiments. Below, I present a summary of the following chapters, highlighting the 

outcomes. 

Chapter 2 presents the liquid jet XPS methods and technical aspects. Also, the experimental 

setup for experiments addressing the multiphase kinetics of ozone using a flow reactor is 

shown. 

Chapter 3 summarizes the liquid jet XPS experiments of different bromine-based compounds 

involved in bromine activation and cycling. Our results have shown that a similar absence of 
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enhancement is observed for bromide as well as for hypobromite and bromate. Similarly, to 

other undissociated, neutral forms of acids, hypobromous acid shows a propensity for the 

liquid-gas interface. 

Chapter 4 reports liquid jet XPS measurements that provide direct experimental evidence for 

the bromide ozonide and its preference for the liquid-vapor interface. In addition, we focus 

on the surface propensity of bromide ozonide at low pH and as a function of bromide 

concentration and compare the corresponding interfacial density of bromide ozonide with 

the ozone uptake coefficient. 

Chapter 5 presents the impact of a monofunctional surfactant with a positive headgroup 

(hexylammonium) and a negative headgroup (propylsulfate) on the abundance of bromide 

and sodium ions at the liquid-vapor interface. A photoelectron attenuation model is used to 

retrieve the interfacial concentration of bromide and sodium in the presence of the different 

surfactants. 

Chapter 6 presents the impact of tetrabutylammonium (TBA) on the abundance of bromide 

and the bromide ozonide at the aqueous solution – air interface and compares the 

spectroscopic information with the results of O3 uptake kinetic experiments performed in 

parallel. Again, a model is used to account for the attenuation of photoelectrons by the 

carbon-rich layer established by the TBA surfactant. The results demonstrate a strong 

enhancement of O3 loss in presence of TBA. 

Chapter 7 summarizes the experimental achievements, with an outlook on future 

experiments. 
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CHAPTER 2  

Methods 

2.1 Liquid microjet X-ray photoelectron spectroscopy 

We will make use of the NAPP endstation with the liquid microjet setup [Brown et al., 2013] 

at the ‘Surfaces/Interfaces: Microscopy’ (SIM) beamline for X-ray energies between 150 eV 

and 7000 eV provided by the Swiss Light Source (SLS) at Paul Scherrer Institute (PSI). The 

experimental setup is shown in Figure 1.  

 

Figure 1: Schematic illustration of the experimental setup for photoemission studies using a liquid jet. P1, P2 

and P3 denote sections of the differentially pumped electrostatic lens system to sample photoelectrons from 

the sample into the electron analyzer. Graphs are adapted from Lee et al [Lee et al., 2015]. 
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The liquid microjet endstation is connected to the beamline using a series of differential 

pumping stages separated by small apertures that allow for both windowless operations and 

operation with a window (e.g., silicon nitride) at higher pressures. The electron analyzer uses 

a three-stage differentially pumped electrostatic lens system and a hemispheric analyzer to 

collect photoelectrons from samples in chamber pressures up to a few mbar. For the present 

experiments, a quartz nozzle, forming a liquid microjet with a diameter of 22-26 μm, is used 

to deliver a liquid sample into the vacuum chamber. The liquid is cooled to 279 K immediately 

before entry into the ionization chamber, and a flow rate of 0.35-0.6 mL/min is used, leading 

to downward velocities of around 100 m s-1. For experiments related to monitoring the 

reaction of O3 with bromide in situ, a gas dosing system consisting of a second concentric 

nozzle around the quartz nozzle for the liquid will be used to allow for efficient exposure of 

the liquid surface to O3. The chamber pressure with the jet running is around 10−3 mbar for 

experiments related to solution characterization and about 0.1 mbar for experiments in the 

presence of O2 and O3. The photoelectrons from the liquid surface enter the analyzer through 

an orifice (skimmer) with a diameter of 500 µm. The working distance between the liquid jet 

and the detector orifice is 500 µm.  

For each beamtime at the Swiss Light Source, we have started the experiment with alignment 

procedures. We usually use a gold wire as a fake “jet” to get enough counts and find a suitable 

position. Besides, the setup of the liquid jet frame is cleaned right after the beamtime 

experiment. 

After each beamtime, the setup needs to be cleaned on time to avoid corrosion. The cleaned 

liquid jet setup parts will be stored until the next beamtime. 

Right before each beamtime, the liquid jet setup will be built and prepared for use.  

As shown below, we assemble the liquid jet setup step by step.  

First, we will fix the bottom DN-200 flange of the liquid jet set up on the table with three 

screws. Second, fix the liquid jet tube entrance into the microjet flange. Third, assembling the 

ice cutter and fixing it into the microjet flange, as shown in Figure 2. 

 

Figure 2: assembling the ice cutter and fixing it into the microjet flange 

Four, setting the spring-loaded mu-metal liner into the microjet flange, as shown in Figure 3. 

 

Figure 3: fixing the spring loaded mu-metal liner into the microjet flange 
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Five, set the motor mount into the microjet flange, as shown in figure 4. 

 

Figure 4: fixing the motor mount into the microjet flange 

Six, assembling the smarACT in vacuum piezo motors and fixing them into the motor mount, 

as shown in figure 5.  

 

Figure 5: assembling the smarACT in vacuum piezo motors and fixing them into the motor mount 

Seven, connecting the motors connecter, as shown in figure 6. 

 

Figure 6: connecting the motors connecter 

Eight, fix the light into the motor mount and assemble it to the microjet flange, as shown in 

figure 7. 

 

Figure 7: fixed the light into the motor mount and assembled it to the microjet flange 

Nine, close the spare hole in the microjet flange. 

Ten, assembling the aluminum liquid catcher into the microjet flange, as shown in figure 8. 
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Figure 8: assembling the aluminum liquid catcher into the microjet flange 

Finally, connect the ice cutter to the controller. Figure 9 shows the assembly of the liquid jet 

setup in the lab. 

 

Figure 9: Assembled liquid jet setup 

2.2 Flow reactor used in ozone uptake measurements 

Multiphase kinetics experiments employing various flow tube methods remain an invaluable 

tool to support impact assessment [Ammann et al., 2013; Crowley et al., 2010]. Gas-

condensed phase interactions are usually 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 [Knipping 

et al., 2000].  

 

Figure 17: A Schematic diagram [Lee et al., 2015] of the flow reactor used in O3 uptake measurements to 

solutions filled into a Teflon trough.  

A schematic diagram of the flow reactor with a Teflon trough is shown in Figure 17. After 

about one hour of stabilizing the background O3 concentration, the bypass is switched to 

experimental mode (solid arrow), which leads to exposure of the film to O3, allowing the 

multiphase reactions to occur. Finally, the concentration after the reactor is measured in by-

pass mode again to confirm that the background has not changed during the experiment. The 
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uptake coefficient of O3 is then derived from the observed loss of O3 above the trough [Lee et 

al., 2015]. For the fairly slow reaction studied in this thesis, with uptake coefficients in the 

range of 3×10-7 to 2×10-6, the analysis is straightforward, because diffusion neither in the gas 

phase nor in the aqueous phase affects the uptake. 

The uptake coefficient can be measured as a function of the concentration of the reactive 

solute and as a function of the partial pressure of O3 in the gas phase. This allows disentangling 

the contributions of bulk aqueous phase reaction and surface reaction [Lee et al., 2015; 

Oldridge and Abbatt, 2011].
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CHAPTER 3 

Aqueous atmospheric bromine species at the liquid-
gas interface 

Parts of this chapter are adapted from the publication:  Gladich, I., Chen, S., Vazdar, M., 

Boucly, A., Yang, H., Ammann, M. and Artiglia, L., 2020. The surface propensity of aqueous 

atmospheric bromine at the liquid-gas interface. The Journal of Physical Chemistry Letters, 

11(9), pp.3422-3429. My contribution to this publication was to participate in the synchrotron 

beamtimes, process the XPS data, to get Figure 1, and 2, and Figure S1. 

In addition, I contributed to the design. I joined the liquid jet XPS experiment of comparing 

solutions of low and high concentrations of bromide, mixtures of bromide and chloride, and 

comparisons with chloride and fluoride. I processed and analyzed the XPS data and drafted 

the rest of the chapter. I prepared figures 3 and 4, and figure S2-S5 in the chapter. 

3.1  The surface propensity of aqueous atmospheric bromine at the 

liquid-gas interface 

3.1.1 Abstract 

Multiphase reactions of halide ions in aqueous solutions exposed to the atmosphere initiate 

the formation of molecular halogen compounds in the gas phase. Their photolysis leads to 

halogen atoms, which are catalytic sinks for ozone, making these processes relevant for the 

regional and global tropospheric ozone budget. The affinity of halide ions in aqueous solution 

for the liquid-gas interface, which may influence their reactivity with gaseous species, has 

been debated. Our study focuses on the surface properties of the bromide ion and its 

oxidation products. In situ x-ray photoelectron spectroscopy carried out on a liquid jet was 
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used to investigate the interfacial depth profile of bromide, hypobromite, hypobromous acid 

and bromate. In addition, spectra comparing solutions of low and high concentrations of 

bromide, mixtures of bromide and chloride, and comparisons with chloride and fluoride are 

reported to further contribute to the understanding of the surface propensity of halide ions. 

Bromide ions, also in the presence of chloride, tend to be not enhanced at the solution 

surface. In the halogen series, the surface propensity follows the series Br > Cl>F, and this is 

in agreement with recent theory and experiments, suggesting the lightest halide ions are most 

depleted from the surface. Among the bromine species, hypobromous acid, a key species in 

the multiphase cycling of bromine, is the only species showing substantial surface propensity, 

which suggests a more important role of the interface for this species in multiphase bromine 

chemistry than thought so far.     

3.1.2 Introduction 

Discovered in the 80’s, ozone depletion events in the lower levels of the polar atmosphere 
have been shown to correlate with a notable increment of bromine species contained in both 
gas and particle phases [Barrie et al., 1988]. Photolysis of molecular bromine and, more 
generally, halogen compounds lead to the corresponding halogen atoms, which are a catalytic 
sink for ozone. While dramatic in extent in the shallow polar marine boundary layer [Domine 
and Shepson, 2002], it has meanwhile been recognized that processes leading to activation of 
halogens from their reservoirs, mostly halide ions in marine environments at all latitudes, 
have regional and global impacts on the oxidation capacity of the troposphere [Abbatt et al., 
2012; Pratt et al., 2013; Schmidt et al., 2016; Sherwen et al., 2017; Sherwen et al., 2016; 
Simpson et al., 2015; Simpson et al., 2007]. Bromine activation is the result of a complex and 
multiphase (i.e., in the gas and/or at the interface and in the bulk of condensed water) 
reaction cycles. Oxidation of bromide may occur through various routes involving 
photolytically generated radicals, excited chromophoric organic matter [Arroyo et al., 2019] 
or ozone. In the latter case, acid-catalyzed oxidation of bromide leads to the formation of 
hypobromous acid (HOBr) [Liu et al., 2001; Simpson et al., 2007]: 

Br-
(aq) + O3(g)    [Br•OOO-](aq)                  (1) 

[Br•OOO-](aq) + H+
(aq)  HOBr(aq) + O2(g)   (2) 

[Br•OOO-](aq) + H2O(l)   HOBr(aq) + O2(g) + OH-
(aq)               (3) 

HOBr is also formed in the gas phase by the reaction of BrO radicals with HO2 radicals. 
Wherever it has been generated, HOBr reacts with bromide in the aqueous phase, again in an 
acid catalyzed reaction, which yields molecular Br2. 

HOBr(aq) +Br-
(aq)

 +H+
(aq)  Br2(g) +H2O(l)    (4) 

The overall efficiency of these complex multiphase reactions and cycles to affect the oxidation 
capacity depends a lot on the properties of the aqueous phases (pH, other solutes) in sea 
water, salt pans, sea spray aerosol, sea ice or snow and also on the oxidant levels in the gas 
and aqueous phases [Wren and Donaldson, 2012]. The oxidation of bromide by ozone involves 
the formation of a precomplex, [Br•OOO-], also referred to as “ozonide”, whose existence 
was postulated based on kinetics measurements [Liu et al., 2001] and which has been recently 
detected in situ at the liquid-gas interface by means of x-ray photoelectron spectroscopy 
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(XPS) [Artiglia et al., 2017]. This ozonide is likely at the origin of the surface enhanced bromide 
oxidation rates observed in many multiphase kinetic experiments [Artiglia et al., 2017; 
Oldridge and Abbatt, 2011]. For the other bromide oxidation pathways and the reaction of 
HOBr with bromide, such surface enhancements have been discussed but not proven 
experimentally [Ammann et al., 2013; Peterson et al., 2017; Simpson et al., 2015; Wang et al., 
2019].  

Surface enhanced reactions were previously thought to be driven by a surface propensity of 
the halide ions, which was also supported by theoretical arguments that large polarizable 
anions preferentially accommodate at the surface of the water [Jungwirth and Tobias, 2001; 
2002; Tobias et al., 2013]. Starting from the year 2000, the group of J.C. Hemminger has 
focused on the investigation, by means of ex-situ and in situ XPS, of the deliquescence of 
halide salt crystals [Ghosal et al., 2008; Ghosal et al., 2005; Ghosal et al., 2000]. The in situ 
XPS study of concentrated aqueous solutions generated from the controlled deliquescence of 
binary salts suggested the surface propensity of bromide ions [Ghosal et al., 2005]. Other 
studies have suggested such behavior by means of surface sensitive experimental techniques 
like sum frequency generation spectroscopy and metastable impact electron spectroscopy 
[Höfft et al., 2006; Schnitzer et al., 2000]  in spite of the known increase in surface tension 
with halide salt concentration. In turn, Winter et al. characterized aqueous solutions 
containing iodide ions by means of in situ XPS on a liquid microjet [Weber et al., 2004]. 
Although no depth profile analysis was shown, the data suggested that iodide shows a neutral 
behavior, i.e., neither surface enrichment nor surface depletion. The reasons for the contrast 
to the earlier static saturated solution drop experiments is not entirely clear, but may be 
related to contaminations, beam damage (not an issue when using liquid jets) or the 
thermodynamic conditions. In 2009 the Winter group analyzed the surface properties of 
mixtures of chlorine species [Ottosson et al., 2009]. Combining XPS with molecular dynamics 
(MD) calculations, they demonstrated that ClOn

- ions having higher n (from 2 to 4) are more 
surface active, whereas hypochlorite shows a slight surface depletion [Ottosson et al., 2009].     

Computer simulations have been called to support the experimental efforts, but the literature 
is still sparse due to the difficulties in treating highly polarizable species [Gladich et al., 2015; 
Rayne and Forest, 2014; Trogolo et al., 2019] with the different spin state between reactants 
and products [Gladich et al., 2015]. Electronic structure calculations have been performed in 
the gas phase to address the thermodynamics and kinetics of the reaction of bromide ions 
with ozone [Gladich et al., 2015; Rayne and Forest, 2014; Trogolo et al., 2019] reporting the 
reaction pathway for both spin surfaces. Lately, first principle MD in combination with in situ 
XPS measurements has proven the stability of an ozonide complex at the water-gas interface 
[Artiglia et al., 2017]. Classical molecular dynamics (MD) simulations have shown bromide 
enhancement at the liquid interface [Jungwirth and Tobias, 2002; Tobias et al., 2013]  and in 
mixtures of different sodium salts [Gladich et al., 2011]. Other MD and laboratory studies 
report surface segregation of halide ions on a growing ice crystal, populating the quasi-liquid 
layer in the ice-gas interface [Carignano et al., 2007; Cho et al., 2002]. this would suggest, in 
agreement with ref. [Ghosal et al., 2008; Ghosal et al., 2000], that the surface of seawater or 
sea ice is a possible source of bromine to fuel ozone depletion events [Hunt et al., 2004]. 
However, recent liquid jet XPS and theory results, as mentioned above, indicate a less 
pronounced surface enrichment of halide ions in aqueous solutions [Baer and Mundy, 2011; 
Horinek et al., 2009; Olivieri et al., 2018; Olivieri et al., 2016] questioning the amount of 
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interfacial bromide to be immediately available for reactions with ozone or HOBr molecules 
colliding from the gas phase. Moreover, the acidity of the liquid-gas and ice-gas interfaces is 
still highly debated [Agmon et al., 2016; Beattie et al., 2009; Buch et al., 2007; Tse et al., 2015] 
and the interfacial stability of some species, such as hypobromous acid, is unknown. Since 
ozone is poorly soluble in water [Chameides and Davis, 1982], reaction (1) may proceed faster 
at the interface between the gas and condensed aqueous phase. If any of the follow-up 
species is surface active as well, reactions (2) to (4) may occur via a surface specific route as 
well.  

In this work, we investigate the interfacial solvation of different bromine-based compounds 
involved in bromine activation and cycling at the liquid-gas interface using liquid jet XPS. XPS 
is a powerful method to assess the structure of the liquid interface with high element 
selectivity and depth information limited to the first interfacial layers [Roy et al., 2018; Seidel 
et al., 2011; Winter and Faubel, 2006]. Our results have shown a molecular picture of the 
solvation of bromide in the aqueous solution that differs from the one suggested by 
polarizable MD [Jungwirth and Tobias, 2002; Tobias et al., 2013; Gladich et al., 2020] or XPS 
experiments on static deliquesced crystals [Ghosal et al., 2000]: similar absence of 
enhancement is observed for bromide as well as for hypobromite and bromate. Similar to 
other undissociated, neutral forms of acids [Baer et al., 2014], hypobromous acid shows a 
propensity for the liquid-gas interface.  

3.1.3 Experimental Methods 

Preparation of the solutions 

The disproportionation of bromine in an alkaline environment (0.5 M NaOH aqueous solution, 
pH>13) was used to synthesize hypobromite, following the recipe reported by Farkas and 
Lewin [Farkas and Lewin, 1947]:  

Br2(l) + 2OH-
(aq) --> Br-

(aq) + BrO-
(aq) + H2O(l)  (1)   

Such a reaction produces bromide and hypobromite starting from liquid bromine. Because it 
is a powerful oxidant, hypobromite has been used as titrant mostly for easily oxidized species. 
However, it is thermodynamically unstable with respect to disproportionation: 

3BrO-
(aq) --> Br-

(aq) + BrO3
-
(aq)    (2) 

For this reason, we prepared the solution right before injecting it and kept it in an ice bath for 
the whole duration of the experiment. Thanks to these precautions, there was no evidence 
of hypobromite disproportionation (i.e. formation of bromate) in the investigated solutions.   

In order to synthesize the conjugate acid of hypobromite (hypobromous acid), a new solution 
was synthesized using reaction (1), but the pH value was adjusted to 9.0 to move the 
equilibrium toward the undissociated acid. The pKa of hypobromous acid is 8.65, thus a pH of 
9.0 should favor the partial protonation of hypobromite to its conjugate acid. 

In situ photoelectron spectroscopy 

In situ photoemission spectra were collected with a Scienta R4000 HiPP-2 electron analyzer 
equipped with the liquid-jet chamber setup described before [Brown et al., 2013] The 
endstation was connected to the Surfaces/Interfaces: Microscopy (SIM) beamline of the Swiss 
Light Source (SLS) synchrotron at the Paul Scherrer Institute (PSI). For the present 
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experiments, quartz nozzles with diameters ranging from 20 to 25 μm were used to deliver 
the aqueous solutions into the chamber at a flow rate of 0.35 ml/min. The liquids were pre-
cooled to 277 K in a coil located immediately before entry into the experimental chamber. 
During the experiment, we made use of linearly polarized light at 0°, and set the photon 
energy for the detection of Br 3d to 230, 350, 450, 650, 850 and 980 eV, resulting in 
photoelectron kinetic energies of approximately 150, 270, 370, 570, 770 and 900 eV, 
respectively. Each kinetic energy corresponds to a specific value of the inelastic mean free 
path (IMFP) in liquid water, which we took from Shinotsuka et al. [Shinotsuka et al., 2017].  
The solid angle between the incoming photon beam and the analyzer is 90°. In order to take 
into account such geometry and assuming that the liquid filament has a cylindrical shape, the 
IMFP was normalized as follows to obtain the mean escape depth (MED) of photoelectrons 
[Winter and Faubel, 2006]: 

MED = (2/π) IMFP                                                              (3) 

The binding energy scale of the spectra was calibrated using the valence spectra, setting the 
BE value of the 1b1 molecular orbital of water to 11.3 eV [Kurahashi et al., 2014]. The error 
bars in Figure 2 were evaluated based on the standard deviation calculated from the fittings 
of a statistical sample of spectra corresponding to the same solution. The standard deviation 
values were propagated to get the error of the signal intensity ratios. This does not take into 
account either small movements of the liquid filament in front of the aperture of the analyzer 
or uncertainty in the measurement of the photon flux.   

Thanks to the two elliptical twin undulators UE56, the SIM beamline delivers a high photon 
flux. Because the liquid filament used in this work flows in front of the electron analyzer, 
where it is hit by the photon beam at the focal distance, the liquid interface is continuously 
renewed and beam-induced effects are minimized. The high photon flux and energy 
resolution available in the 200-1000 eV photon energy range allowed us to carry out depth 
profiles starting from surface-sensitive conditions (kinetic energy = 150 eV, corresponding to 
approximately 0.7 nm information depth) and reaching more bulk sensitive ones (kinetic 
energy = 770 eV, corresponding to about 2.0 nm information depth).   

3.1.4 Results and discussion 

Figure 1a shows the Br 3d photoemission spectra of four aqueous solutions investigated in 
this study:  100 mM bromide, 100 mM bromate and 80 mM hypobromite at pH 13.7 and at 
pH 9.0. The Br 3d spectrum of the 100 mM bromide solution shows a peak that can be nicely 
fitted using a doublet due to spin-orbit splitting. The peak positions (binding energy -BE- of 
the Br 3d5/2=72.1 eV) and the fitting parameters used are reported in Table 1 and are in good 
agreement with the photoemission data shown in ref. [Artiglia et al., 2017] The Br 3d 
spectrum of the 80 mM hypobromite solution at pH=13.7 shows two peaks separated by 
approximately 2.1 eV, which can be fitted using two doublets whose 3d5/2 peaks are found at 
72.1 and at 74.25 eV, respectively. The former corresponds to bromide ions, whereas the 
latter to hypobromite ions (the preparation of the solutions is described in the experimental 
part). The Br 3d spectrum of the hypobromite solution at pH=9 shows a complex line shape, 
with two main features at approximately 72 and 76 eV. A deconvolution procedure 
demonstrates that two doublets, centered at 72.1 and 76.2 eV, are not enough to correlate 
well with the raw experimental data. Thus, a third doublet component, centered at 74.25 is 
added. While the 72.1 eV and the 74.25 eV components are assigned to bromide and 
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hypobromite ions, respectively, the 76.2 eV peak can be assigned to hypobromous acid 
formed at pH=9. The last solution, 100 mM bromate, shows a doublet whose 3d5/2 peak 
centroid is at 79.1 eV. The BEs of the Br 3d5/2 peaks of different species in Figure 1a are plotted 
as a function of the oxidation state of bromine in Figure 1b. The bromide, hypobromite and 
bromate ions show a good linear correlation, which means that the positive chemical shift 
measured is proportional to the screening effects caused by the increase of the oxidation 
state from -1 to +5. Interestingly, the dot corresponding to hypobromous acid lays outside. 
Because the oxidation state of bromine in hypobromite and in hypobromous acid is the same, 
the electronic state of bromine, and thus the CEBE, in the latter is influenced by the different 
protonation state. 

 

Figure 1: (a) XPS of the Br 3d (hν=350 eV, corresponding to a kinetic energy of the Br 3d of approximately 270 
eV) core level peaks of 4 different bromine species. The plot also shows the deconvolution of the peaks and their 
assignments. (b) A plot of the binding energy shift was observed experimentally with the corresponding oxidation 
state of bromine.   
 

Figure 2a shows the results of a depth profile of the Br 3d photoemission signal of 100 mM 
solutions of bromide and bromate. The corresponding Br 3d photoemission spectra with 
increasing KE are shown in Figure S2a and S 2b, where the Br 3d signal was acquired at 
increasing excitation energies. Changing the KE allows tuning the information depth of the 
analysis so that different thicknesses of the liquid filament (top axis of the graph) are probed. 
The areas of the Br 3d spectra were normalized to the total cross-section, to the photon flux 
and to the mean escape depth (MED, see Equation 3) of the photoelectrons calculated at each 
KE. Such a procedure allowed us to consider the effect of the anisotropy parameter at the 
measurement geometry used during the experiments, which can affect the interpretation of 
the measured electron signal [Lewis et al., 2019]. In the case of surface propensity (depletion) 
of a species, an increase (decrease) of the normalized area towards low kinetic energy is 
expected. Although the signals oscillate around an average value of the area, our data do not 
show a clear trend. A more detailed investigation with careful analysis of the O 1s spectra to 
account for small movements of the liquid jet and an assessment of higher-order light 
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contributions to the photon flux would be necessary to address the surface propensity in 
more detail.  

Table 1: Fitting parameters (binding energy, spin-orbit splitting – S.O.S. – and full width at half maximum – 
FWHM -) were used for the deconvolutions of the Br 3d spectra. 

 

 BE Br 3d5/2 [eV] S.O.S. [eV] FWHM [eV] 

Br- 72.1 1.00 0.96 

BrO- 74.25 1.05 1.15 

HBrO 76.2 1.05 0.92 

BrO3
- 79.1 1.05 1.13 

 

The series of Br 3d spectra obtained from 80 mM hypobromite solutions at pH = 13.7 and at 
pH = 9.0, acquired in the 150 eV - 770 eV KE range, are shown in Figure S1a and S1b, 
respectively. The peaks were deconvoluted using the parameters shown in Table 1. We 
focused the analysis on the hypobromite solution at pH=9.0 (Figure S1.b), because it contains 
hypobromous acid, which is relevant in the multiphase bromine chemistry. The areas of the 
species are displayed in Figure 2b. As already shown in Figure 2a, the area of the bromide 
component does not indicate a specific behavior, i.e. neither surface propensity nor surface 
depletion. The behavior of the hypobromite component resembles that of bromide, whereas 
hypobromous acid shows a gradual decrease moving toward higher KEs. Because the bromide 
ions show a neutral behavior and given the uncertainties, we divided the areas of 
hypobromite and hypobromous acid by the area of bromide, which removes uncertainties 
related to the photon flux. The results, normalized to the maximum, are displayed in Figure 
2c. Hypobromous acid shows a 50% decrease at the highest KE, and such a trend suggests a 
surface propensity. The hypobromite component also indicates a reduction of approximately 
25%. Because hypobromite is the least intense component in the Br 3d spectra acquired at 
pH=9.0 (Figure S1b), whereas its intensity is high at pH=13.7, the BrO-/Br- ratio was 
recalculated for the latter solution. The results are shown in Figure 2c (empty squares) and 
display a neutral behavior, thus comparable to the one of bromide. In addition, the line shapes 
of the Br 3d spectra of the pH=9 solution acquired at low KEs (150-370 eV, Figure S1b) suggest 
the surface propensity of hypobromous acid. At a pH of 9, being the pKa of hypobromous acid 
8.65, the expected HBrO/BrO- ratio should be around 1. In contrast, the intensity of the 
hypobromite component is much lower than that of hypobromous acid. At higher KEs (550-
770 eV), where the technique is more sensitive to the bulk, the ratio converges to 1. Such 
behavior suggests the segregation of hypobromous acid in the first liquid layers. 
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Figure 2: Normalized areas of the Br 3d photoemission peaks acquired at increasing KE (a) of 100 mM bromide 
and 100 mM bromate aqueous solutions (b) of an 80 mM hypobromite aqueous solution. (c) Areas of the Br 3d 
peaks of hypobromite and of hypobromous acid normalized to the area of bromide in 80 mM hypobromite 
aqueous solutions at pH=9.0 and 13.7.   

As mentioned above, the depth profile for bromide remains a bit uncertain given the 
uncertainty resulting from jet instabilities. In view of the debate on the extent of the surface 
propensity of bromide over the past 20 years, we have acquired depth profiles from a few 
more solutions to investigate the effect of bromide concentration, of the mixture with 
chloride, and to see the comparison with the other halides. Using the same strategy of 
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normalizing the depth profiles to that of the 0.1 M NaBr solution as in Figure 2c, Figure 3 
compares 0.1 M and 2 M NaBr aqueous solutions, respectively, with the 2 M solution data 
being divided by a factor of 20. The series of the corresponding raw Br 3d spectra are shown 
in Figure S2a and S3a, respectively. Obviously, the interfacial properties of bromide at 2M are 
similar to that at 0.1 M. The areas of the Br 3d photoemission peaks acquired at increasing KE 
are shown in Figure S4a. The relative Br intensity of 2 M NaBr shown in Figure S8 is 20 times 
that of the 0.1 M NaBr aqueous solutions for the whole KE range. 

 

Figure 3: Areas of the Br 3d photoemission peaks were acquired with increasing KE of 0.1 M NaBr, 2 M NaBr and 
mixed 0.1 M NaBr/0.55 M NaCl aqueous solutions normalized to the area of bromide in 0.1 M NaBr aqueous 
solutions. 

Figure 3 also shows the corresponding results for the mixed 0.1 M NaBr / 0.55 M NaCl aqueous 
solutions, indicating no significant impact of 0.5 M NaCl on the depth profile of bromide. The 
series of Br 3d spectra obtained for 0.1 M and mixed 0.1 M NaBr / 0.55 M NaCl aqueous 
solutions with increasing KE are shown in Figure S2a and S3b, respectively. The corresponding 
Br 3d photoemission peak areas are shown in Figure S4b. Thus, the surface propensity of 
bromide under sea water conditions (0.55M NaCl) is not different from that of pure NaBr 
solutions.  

 

Figure 4: Photoemission intensity of F 1s and Cl 2p relative to that of Br 3d, all normalized to cross-section and 
photon flux, at 270 eV KE for 0.1 M NaF, 0.1 M NaCl and 0.1 M NaBr aqueous solutions. 
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Figure 4 compares the different 0.1 M halide solutions at one KE, 270 eV. The F 1s, Cl 2p and 
Br 3d photoemission signals have all been normalized to cross-section and photon flux for the 
photon energy at which they have been measured (959 eV, 475 eV and 350 eV, respectively). 
In line with the analysis above, the data are shown relative to the intensity for Br 3d. 
Measurements at 370 eV and 570 eV show similar behavior. The series of individual Br 3d, F 
1s and Cl 2p spectra are shown in Figure S2a, S5a and S5b, respectively. This comparison 
clearly indicates that at the same bulk concentration, the degree of depletion increases from 
bromide to chloride to fluoride, in agreement with both MD simulations [Hantal et al., 2020] 
and surface tension results [Hantal et al., 2020; Shah et al., 2013]. Thus, depletion is more 
pronounced the smaller the anion is. Thus for the small anions, the electrostatic repulsion 
from the interface dominates, while for the larger anions, this is partially compensated by the 
effect of polarizability. 

3.1.5 Conclusion 

To summarize, we determined the solvation environment of different bromine species at the 
liquid-gas interface by combining depth profile measurements from liquid jet XPS. Our results 
show that bromide does not display a net surface preference, in good agreement with in situ 
XPS performed on a liquid filament containing iodide ions [Weber et al., 2004b] and recent 
MD simulations [Horinek et al., 2009]. Parallel to that, chloride and fluoride are more strongly 
depleted than bromide, as expected from their smaller size. As mentioned in the introduction, 
previous literature reports demonstrated the surface propensity of bromide ions in 
deliquesced salt surfaces [Ghosal et al., 2005a; Höfft et al., 2006; Schnitzer et al., 2000]. 
However, such measurements were performed on a deliquesced salt, thus in static conditions 
allowing more pronounced beam damage effects. Such effects are limited in a liquid jet 
experiment because the purity and concentration of the solutions can be controlled and 
because beam-induced effects are negligible due to the permanently renewed liquid surface. 
Similar to bromide, also hypobromite and bromate do not display a net interfacial/bulk 
surface preference. Our results suggest that hypobromous acid shows an apparent surface 
propensity as proven by the BE shift compared to the conjugate base and by the depth profile 
measurements. 

Our results have important implications for the multiphase chemistry of bromine species, 
including reactions (1)-(4), in the atmosphere. Moreover, the findings of this work also clarify 
the solvation environment of chemical players involved in multiphase bromine chemistry, 
which are also relevant in the debromination chemistry of wastewater [Michèle B. Heeb et 
al., 2014]. Our recent work has demonstrated that the ozonide formed in reaction (1),  the 
[Br•OOO-] pre-complex, has a high propensity for the liquid-gas interface [Artiglia et al., 
2017], which is the main reason for the oxidation of bromide by ozone proceeding more 
efficiently at the surface than in the bulk liquid and not any enhancement of bromide itself at 
the interface suggested early on [Ghosal et al., 2005]. This is now confirmed by the present 
study demonstrating the absence of enhancement for bromide. Secondly, HOBr 
(hypobromous acid), either formed by reactions (2) and (3) or photochemical cycles in the gas 
phase, exhibits significant surface enrichment. This opens up the possibility of a surface-
specific reaction route for reaction (4). Kinetic experiments available so far are not conclusive 
in that regard [Ammann et al., 2013; Clifford and Donaldson, 2007; Hunt et al., 2004; Moreno 
and Baeza-Romero, 2019; Oldridge and Abbatt, 2011] and require future efforts.  
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3.2  Supplementary information 

 

Figure S1: Br 3d photoemission spectra acquired at increasing KE. (a) 80 mM hypobromite solution at pH=13.7. 
(b) 80 mM solution at pH=9.0. As mentioned in the main manuscript, the pH of the latter solution is close to the 
pKa of hypobromous acid. This is the reason why only the bromide and the hypobromite components are present 
in Figure S1a, whereas a third component, centered at 76.2 eV, is present in Figure S1b. It can be associated with 
hypobromous acid.   

 

Figure S2: Br 3d photoemission spectra of (a) 0.1 M NaBr and (b) 0.1 M NaBrO3 solution acquired at increasing 
KE. 
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Figure S3: Br 3d photoemission spectra of (a)2 M NaBr and (b) 0.1 M NaBr/0.55 M NaCl solution acquired at 
increasing KE. 

 

Figure S4: Areas of the raw Br 3d photoemission peaks acquired at increasing KE of (a) 0.1 M NaBr and 2 M NaBr 
aqueous solutions, and (b) 0.1 M NaBr and 0.1 M NaBr/0.55M NaCl, without normalization to photon flux, cross-
section, or mean escape depth.  
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Figure S5: (a) F 1s photoemission spectra of 0.1 M NaF and (b) Cl 2p photoemission spectra of 0.1 M NaCl solution 
acquired at increasing KE.  
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CHAPTER 4 

The surface propensity of the [Br•OOO-] intermediate 
at the liquid-vapor interface 

Parts of this chapter are adopted from the publication:  Artiglia, L., Edebeli, J., Orlando, F., 

Chen, S., Lee, M., Corral Arroyo, P., Gilgen, A., Bartels–Rausch, T., Kleibert, A., Vazdar, M., 

Carignano, M. A., Francisco, J. S., Shepson, P. B., Gladich, I. & Ammann, M. A surface–

stabilized ozonide triggers bromide oxidation at the aqueous solution–vapor interface. Nat. 

Commun., 8. 700, 1–8, 2017. My contribution to this publication was to participate in the 

synchrotron beamtimes, process the XPS data to get the Figure 1, 2, and Figure S1, S2. 

In addition, I contributed to the design and joined the liquid jet XPS experiment related to the 

surface propensity of the [Br•OOO-] intermediate at low pH and to the dependence of 

bromide concentration. I processed and analyzed the XPS data and drafted the rest of the 

chapter. I prepared figures 3-6, and figure S3-S7 in the chapter. 

4.1  A surface-stabilized ozonide triggers bromide oxidation at the 

aqueous solution-vapor interface 

4.1.1 Abstract 

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

compounds, which is essential 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-vapor interface. 

Theoretical calculations [Artiglia et al., 2017] support these findings, showing that water 
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stabilizes the ozonide and lowers the energy of the transition state at neutral pH. In further 

experiments at low pH, the signal of the [Br•OOO-] intermediate was small and just at the 

detection limit. The low steady-state concentration of the [Br•OOO-] intermediate under 

acidic conditions may be due to the faster release of molecular oxygen. The surface 

concentration of the [Br•OOO-] intermediate increased almost linearly with the bromide 

concentration; the trend towards a smaller [Br•OOO-] to bromide ratio at high concentration 

could be a sign of saturation driven by a maximum coverage. The [Br•OOO-] intermediate 

concentration at the interface turned out to be tightly correlated with the uptake coefficient 

of ozone (the loss rate of ozone normalized to the gas kinetic collision rate) over the same 

bromide concentration range. The surface-enhanced bromide oxidation is of substantial 

interest in basic and applied chemistry and engineering.   

4.1.2 Introduction 

In atmospheric chemistry, halogen atoms resulting from photolysis of both organic and 

inorganic halogen compounds [De Haan et al., 1999; Oum et al., 1998] are essential catalysts 

for ozone depletion both in the stratosphere and in the troposphere,  with varying relative 

roles of chlorine, bromine and iodine in these compartments [Raso et al., 2017]. Halogen 

atoms are also oxidants themselves towards organic compounds and are implicated in 

mercury deposition [Parrella et al., 2012; Schmidt et al., 2016]. Furthermore, halogen atoms 

are intermediates in waste water treatment, where halogenated organic secondary products 

are concerned [Heeb et al., 2014]. 

For tropospheric chemistry, the main inorganic route of halogen activation is initiated 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 to the gas phase. Bromide is abundant and sometimes enriched [Sander et al., 2003] 

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 

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 critical oxidants [Cao et al., 

2016; Schmidt et al., 2016]. 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. In contrast, a complex suite 

of gas-phase and multiphase processes 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 debromination of waste water [Haruta and Takeyama, 

1981; Haag and Hoigne, 1983; Haag et al., 1984; Liu et al., 2001; Gunten, 2003; Heeb et al., 

2014; Gladich et al., 2015]. 
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Br- + O3 → [Br•OOO-]      (1) 

[Br•OOO-] + H+ → HOBr + O2    (2) 

[Br•OOO-] + H2O → HOBr + O2 + OH-    (3) 

Net: Br- + O3 + H2O → HOBr + O2 + OH-   (4) 

Liu et al. proposed that there must be an ozone adduct (a steady-state intermediate formed 

in (1)) with the nucleophile, bromide, prior to oxygen atom transfer with the release of 

molecular oxygen [Liu et al., 2001] (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 ozone 

[Liu et al., 2001]. The aqueous solvation sphere has a large effect on the stability and reactivity 

of [Br●OOO-]. The kinetic data indicated the formation of [Br•OOO-] as a steady-state 

intermediate with an acid-assisted step to form HOBr and molecular oxygen [Liu et al., 2001]. 

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 

process [Gladich et al., 2015].  

So far, it has been assumed that [Br•OOO-] is stabilized by solvation and that the reaction 

occurs in the bulk. Further, the rate coefficient for the overall reaction [Liu et al., 2001] and 

the low solubility of ozone (0.025 M atm-1 at 273 K) [Chameides and Davis, 1982]  suggest that 

the formation of HOBr through the bulk aqueous phase route is rather inefficient 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 aqueous 

solution-air interface may dominate in environments with a high aqueous surface to volume 

ratio [ Oum et al., 1998; Hunt et al., 2004; Clifford and Donaldson, 2007; Abbatt et al., 2010; 

Wren et al., 2010; Oldridge and Abbatt, 2011; Nissenson et al., 2014; Lee et al., 2015]. Oldridge 

and Abbatt [Oldridge and Abbatt, 2011]v used the inverse ozone concentration dependence 

of the uptake coefficient to suggest a Langmuir-Hinshelwood type process occurring on the 

surface in parallel to the bulk aqueous phase oxidation [Oldridge and Abbatt, 2011]. The 

uptake coefficient is the oxidation rate normalized by the gas collision rate of ozone with the 

surface.   

Linked to a single composition and temperature, the nature of the surface reaction, the 

identity of the potential precursor, and its preference for the surface have never been tracked 

down. Similar behavior of other heterogeneous oxidation processes suggests a general type 

of ozone intermediate formed on electron-rich surfaces of widely differing chemical 

composition and phase [ McCabe and Abbatt, 2009; Shiraiwa et al., 2011; Lampimaki et al., 

2013; Berkemeier et al., 2016].  

Finally, the idea of efficient surface oxidation of bromide had initially been related to the 

preference of the larger, more polarizable halide ions for the aqueous solution – vapor 

interface, as observed in molecular dynamics (MD) simulations [ Jungwirth and Tobias, 2001; 

Hofft et al., 2006] and X-ray photoelectron spectroscopy (XPS) experiments on static 
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deliquesced crystals [Ghosal et al., 2000]. Recent MD simulations predicting the 

photoemission signal intensity using photoelectron scattering calculations and liquid jet XPS 

data indicate a less pronounced surface enhancement, which is in better agreement with the 

overall positive surface tension change (and thus negative surface excess) of bromide 

solutions [ Weber et al., 2004; Olivieri et al., 2016]. 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 nanometers [Winter and Faubel, 2006]. The 

continuously renewed surface of the flowing liquid jet avoids radiation damage effects but 

still allows probing a surface that is locally in equilibrium with the first few tens of nanometer 

of bulk aqueous phase [Thurmer et al., 2013; Slavicek et al., 2016] (as explained further in 

Supplementary Note 1.) The results provide strong evidence for the [Br•OOO-] intermediate, 

its preference for the liquid-vapor interface, the effect of water on its stabilization, and the 

reaction path to products. In addition, we studied the surface propensity of [Br•OOO-] 

intermediate at low pH and as a function of bromide concentration and compared the 

corresponding interfacial density of the [Br•OOO-] intermediate with the ozone uptake 

coefficient. 

4.1.3 Experimental method 

In-situ XPS was acquired at the near-ambient pressure photoemission endstation (NAPP), 

equipped with the liquid microjet setup. 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 hemispheric analyzer to collect photoelectrons from samples 

in chamber pressures up to the mbar range [Brown et al., 2013]. 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. 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 1. 

4.1.4 Results and discussion 

Figure 1 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 (approx. 1.0 % ozone, same 
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pressure) displays apparent changes both in the 3d5/2 and 3d3/2 regions. This suggests the 

presence of a second doublet, which is highlighted in purple in Fig. 1c, positively shifted by 

0.7 eV with respect to the main peaks assigned to bromide (72.10 and 73.15 eV). The 

corresponding O 1s spectra of 0.125 M NaBr with and without dosing are shown in Figure S3. 

To identify the new spectral feature, we acquired the Br 3d spectra of two reference aqueous 

solutions of possible oxidation products, i.e. 0.08 M hypobromite and 0.125 M bromate 

(Figure. 1d). As expected, the higher the oxidation state of bromine, the larger 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 water [George et al., 2012], 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. Therefore beam damage can be excluded. In summary, 

the combination of in-situ XPS and theoretical calculations [Artiglia et al., 2017] provides solid 

indications for forming an ozonide complex.     

 

Figure 1: 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. 

 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 intermediates [Marx and Hutter, 2009], as explained in 
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full detail by Artiglia et al. [Artiglia et al., 2017]. Figure 2a 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 [Artiglia et al., 2017]. This further supports the scenario of a pre-complex 

stabilized on the surface of liquid water. Moreover, Figure. 2b shows the density profile of 

the Br and OOO groups in the 1[Br•OOO-] intermediate position along the coordinate 

perpendicular 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. 

 

Figure 2: The surface propensity of [Br•OOO-]: experiment and theory 

 a) Snapshot from the first-principal MD trajectory demonstrating the stability of [Br•OOO-] on the surface of 

liquid water. The inset shows the distances between the bromine and each of the oxygen atoms in the ozone 

molecule recorded during the 8.5 ps MD trajectory. b) From the same trajectory, the bromide and ozone density 

profile shows the position of the center of mass of these two groups along the coordinate perpendicular to the 

interface. In blue, the water profile is a reference in arbitrary units.  c) deconvolution of the Br 3d photoemission 

spectra (performed using Gaussian peaks after subtraction of a Shirley background), normalized to the area, 

acquired at hν=350, 450, and 650 eV, and corresponding to photoelectron kinetic energies of 276, 376 and 575 

eV (Br 3d region centroid). d) Plot of the intensity of the Br 3d peaks associated to the [Br•OOO-] complex 

normalized to the O 1s (peak acquired with second-order light) from the condensed phase (see 

Supplementary Note), as a function of the photoelectron kinetic energy. The error bars were calculated by 

propagating the errors associated with each peak area of three independent measurements.  

In parallel to the MD simulations [Artiglia et al., 2017], we acquired the Br 3d photoemission 

peak at increasing excitation energies, hence, at increasing photoelectron kinetic energy or 

information depth, as shown in Fig. 2c. A decrease of the relative intensity of the peaks 

associated with the  [Br•OOO-] complex is observed at the highest excitation energy. We 
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acquired the O 1s signal at the same photoelectron kinetic energies (Supplementary Figure 

S1a) and used the area of the peak corresponding to the condensed phase to normalize the 

area of the [Br•OOO-] doublet. Figure 2d 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 

photoemission intensity ratio between the complex and the bromide in the bulk (IBrOOO-/IBr-) 

shows a similar behavior as a function of the photoelectron kinetic energy (Supplementary 

Figure S2). 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 

approx. 2.0·1012 complexes cm-2 (see Supplementary Note and Supplementary Figure S2 for 

more details). In conclusion, both MD results [Artiglia et al., 2017] and XPS data confirm that 

[Br•OOO-] resides at the interface, where it is stabilized by interfacial water molecules. 

 

Figure 3: Deconvolution of the Br 3d photoemission spectra (performed using Gaussian peaks after subtraction 

of a Shirley background), normalized to the area, acquired at hν=450 eV, and corresponding to photoelectron 

kinetic energies of 376 eV of a 0.125 M NaBr aqueous solution at neutral and low pH conditions. 

The Br 3d and O 1s spectra of 0.125 M NaBr at low pH (pH=2) with and without dosing are 

shown in Figure S4. Figure 3 shows the Br 3d photoemission peak of 0.125 M NaBr at neutral 

and low pH. The corresponding O 1s spectra are shown in Figure S5. The O 1s spectra were 

made of two components, one on the high binding energy side for gas phase water and one 

on the low binding energy side for condensed phase water. Here we normalized the Br spectra 

to the area of the condensed phase O 1s. The relative intensity of Br is higher for the solutions 

at low pH than in neutral solutions, eventually driven by different surface propensity of 

bromide. While for neutral pH, the fit shows clearly the presence of the intermediate, for low 

pH condition, we may fit the [Br•OOO-] intermediate and Br- with the latter fit as a constraint. 

The ratio of [Br•OOO-] intermediate to Br- is very small, which is around 0.06:1, which is at or 
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below the detection limit, as apparent from the figure. The Br 3d peak could well be fitted 

with one single component. The uptake coefficient of ozone at 0.125 M NaBr aqueous 

solutions with low pH is much higher compared with neutral pH [Artiglia et al., 2017], which 

indicates that the overall reaction rate is much faster, leading to depletion of the intermediate 

concentration at the surface, likely due to the faster release of molecular oxygen from the 

[Br•OOO-] intermediate.  

 

Figure 4: Fitting of the Br 3d spectra of NaBr aqueous solutions in the presence of ozone as a function of bromide 

concentration in the condensed phase, along with the fits (solid lines) components of bromide (green) and the 

bromide ozonide (pink) shown as shadings. 

The Br 3d and O 1s spectra of NaBr as a function of bromide concentration with and without 

dosing are shown in Figures S6 and S7. Figure 4 shows the Br 3d photoemission peak 

deconvolutions for the different NaBr aqueous solution concentrations. The O 1s spectrum in 

Figure S10 was made of four contributions, two at low binding energy for gas-phase water 

and condensed phase water, the other two at high binding energy for gas phase oxygen. In 

Figure 4, the Br photoelectron peak acquired while dosing a mixture of oxygen and ozone 

clearly displays the two doublets as already shown in Figure 1, one main doublet assigned to 

bromide (72.10 and 73.15 eV), and the other doublet positively shifted by 0.7 eV assigned to 

the [Br•OOO-] intermediate.  

Figure 5 shows the Br- (black) and [Br•OOO-] (red) components of the Br 3d photoemission 

intensity, normalized to the condensed phase O 1s intensity, photon flux and cross-section of 

NaBr aqueous solutions as a function of concentration. The interfacial bromide concentration 

(black) is linearly correlated with the bromide concentration, which agrees with the negative 

surface excess derived from surface tension results [Shah et al., 2013]. Thus no saturation is 

expected. The interfacial [Br•OOO-] concentration (red) also increases with bromide 

concentration. The ratio of [Br•OOO-] to Br- (blue) appears to decrease somewhat from 0.15 

at 0.05 M NaBr to 0.12 at 0.5 M. This could be indicative of a saturation effect and consistent 
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with the assumption that the [Br•OOO-] intermediate exhibits a maximum of surface 

coverage. 

 

Figure 5: Br- (black) and [Br•OOO-] (red) component photoemission intensity, as well as their ratio (blue), for 

NaBr aqueous solutions exposed to O3 as a function of bromide concentration, after normalization to the 

condensed phase O 1s intensity, photon flux and cross-section. The corresponding linear fit is shown with grey 

and pink line (10% error bar), respectively. 

The uptake coefficient is the loss rate of gas-phase ozone to the aqueous solution normalized 

to the gas kinetic collision rate with the aqueous solution surface. In Figure 6, data from 

experiments published by [Artiglia et al., 2017] performed at 274 K (pH=7, dashed red line) 

and pH 1 (dashed black line) are shown as a function of the bromide concentration in the 

aqueous phase for low ozone mixing ratios in the gas phase (70 ppb). This data set confirms 

that the uptake coefficient increases with increasing bromide concentration. Reactivity in the 

bulk aqueous phase depends on the solubility of ozone, ionic strength of the solution, and 

diffusivity of ozone. It exhibits a square root dependence of the bromide concentration. At 

low ozone mixing ratios, however, the reaction rate scales linearly with the intermediate 

concentration at the surface [Artiglia et al., 2017]. This is directly demonstrated in Figure 6 by 

the close correlation of the measured ozone uptake coefficients at neutral pH (dashed red 

line) with the [Br•OOO-] intermediate concentration at the surface (red symbols), expressed 

by the photoemission intensity ratio of the Br 3d component of the intermediate to that of 

the condensed phase O 1s component (thus water). As already seen in Figure 5, the latter is 

linearly related to the bromide concentration. Even though the measured ozone uptake 

coefficients under acidic conditions (pH=1, dash black line) is much larger compared to neutral 

conditions, as discussed above, we could not reliably quantify the [Br•OOO-] intermediate 

component in the photoemission spectra. As mentioned before, this indicates that the 

[Br•OOO-] intermediate is less stable under acidic conditions, with a larger rate of reactions 

(2) and (3). The uptake coefficient at pH=1 seems to saturate at high bromide concentration 

which may be due to the maximum intermediate coverage at the liquid-vapor interface. 
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As previously mentioned, the reaction of ozone with bromide in the bulk aqueous phase is 

relatively slow, with a rate coefficient of around 163 M-1 s-1 at 293 K and neutral pH [Haruta 

and Takeyama, 1981], and 38 M-1s-1 at 273 K and neutral pH [Liu et al., 2001]. 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 cm-2 s-1 is 

sufficient to build up a high surface coverage of the complex with bromide, if the association 

kinetics is fast (see Supplementary Note 1). 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, formation of an even maximum conceivable complex surface 

coverage of around 1012 molecules cm-2 (as estimated from the XPS data) would deplete 

roughly the topmost few nanometers of a 0.1 M solution. Replenishing this by diffusion from 

the deeper bulk requires a few microseconds (see Supplementary Note 1) [Winter and Faubel, 

2006; Lee et al., 2015], 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.   

 

Figure 6: Measured [Artiglia et al., 2017] ozone uptake coefficients at 274 K (pH=7, open red circles and dashed 

red line) and pH 1 (open black circles and dashed black line) as a function of the bromide concentration in the 

aqueous phase for low ozone mixing ratios in the gas phase (70 ppb). Error bars represent standard deviations 

of measured values. The interfacial concentration of [Br•OOO-] (filled red squares and solid red line) as a function 

of the bromide concentration in the aqueous phase is expressed by the Br 3d of [Br•OOO-] to condensed phase 

O 1s photoemission intensity ratio. 

 

The kinetic data shown in Figure 6 and reported in more detail by Artiglia et al. [Artiglia et al., 

2017] are consistent with those of Oldridge and Abbatt [Oldridge and Abbatt, 2011] 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 [Br•OOO-] complex 
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is in fast equilibrium with gas-phase ozone. Its surface coverage is saturated above 1011 

molecule cm-3, thus both at the lowest ozone concentration of the present study and at all 

atmospheric levels, and depends very weakly on the temperature. 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 in Artiglia et al. [Artiglia 

et al., 2017] and used in chapter 6 of this thesis. 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. 

Since the global distribution of BrO responds notably to the oxidation of bromide by ozone 

[Schmidt et al., 2016], and since our new results provide a significantly larger contribution by 

the surface reaction than the previously recommended parameterization [Ammann et al., 

2013], we expect notable changes to the relative importance of this reaction among the 

multiphase halogen chemical cycling reactions. 

4.1.5 Conclusion 

In summary, the XPS results provide clear spectroscopic evidence of the bromide ozonide 

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 prefers the interface, in good agreement with first-principle MD 

simulations [Artiglia et al., 2017]. We further studied the formation of the intermediate at 

low pH, indicating a much lower surface concentration under acidic conditions, possibly due 

to faster release of molecular oxygen, which is in agreement with the larger ozone uptake 

coefficients [Artiglia et al., 2017]. The surface concentration of the [Br•OOO-] intermediate 

increased almost linearly with the bromide concentration; the trend towards a smaller 

[Br•OOO-] to bromide ratio at high concentration could be a sign of saturation driven by a 

maximum coverage. The [Br•OOO-] intermediate concentration at the interface turned out 

to be tightly correlated with the uptake coefficient of ozone over the same bromide 

concentration range. This work clearly shows the preference of the intermediate for the 

liquid-gas interface and sheds light on mechanical and structural aspects of the reaction. The 

results provide evidence for a stronger contribution of the surface oxidation of bromide than 

previously thought, which will require re-assessment of the impacts on the global ozone 

budget and mercury deposition [Schmidt et al., 2016]. In turn, the formation of ozonides on 

surfaces may be a widespread phenomenon and a key step of critical oxidation processes 

relevant not only for atmospheric chemistry but also for the effects of atmospheric particles 

on human health [ Shiraiwa et al., 2011; Berkemeier et al., 2016; Lakey et al., 2016].  
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4.2 Supplementary information 

Supplementary Note 1. Liquid-jet x-ray photoelectron spectroscopy 

Technical and experimental details 

A gas dosing system, developed by Microliquids GmbH, was connected to the liquid jet 

assembly. A second nozzle, made of titanium, was screwed concentrically to the quartz nozzle 

delivering the liquid (see Figure 1a). The outer nozzle has a 500 μm orifice, which is placed 1.0 

mm far from the aperture of the quartz nozzle. The gas (either pure oxygen or a mixture of 

1% ozone in oxygen, generated in situ by means of a commercial ozone generator (502, 

Fischer Technology), whose flow was adjusted using a variable leak valve connected to the 

nozzle via a 1/16” PEEK tube, reached the nozzle and was interacting efficiently with the liquid 

wire in the area before injection into the experimental chamber. The efficiency of O2 to O3 

conversion in the ozone generator was checked in separate experiments utilizing the same 

ozone analyzer as described in the context of the kinetic experiments above. The purity of the 

gas was checked through a quadrupole mass spectrometer installed in the second differential 

pumping stage of the electron analyzer. During the experiment, we used two cold traps (liquid 

nitrogen) and a 27 m3 h-1 root pump. Before dosing the gas, the pressure in the experimental 

chamber was 3·10-2 mbar. While dosing the gas, we set the pressure to 0.25 mbar. The 

advantage of using a gas delivery nozzle is that we can expect a higher local pressure in the 

area between the orifice of the quartz nozzle and that of the titanium one. The diffusion of 

the gas into the liquid is fast enough that gas–liquid equilibrium over the probe depth of the 

XPS experiments is established within 1 µs. Because the solubility of ozone is low, the net flux 

into the liquid is low, and no gradients will limit this flux in the gas phase. The residence time 

of the liquid filament within the dosing system is approx. 100 µs and between the dosing 

system and the point at which it hits the X-ray is 100 µs. Therefore, the gas – surface and gas–

liquid equilibria follow the changing pressure in the gas phase. A preliminary experiment 

carried out without the gas dosing system showed a similar evolution of the Br 3d spectrum 

while dosing ozone (0.1-0.2 mbar background pressure). However, the effect was less 

pronounced than after employing the gas dosing system, indicating that loss of ozone to the 

chamber walls has a significant impact on the gas exposure on the liquid.  

Concerning the diffusion of bromide ions in the solution, the evolution of the surface 

concentration of an initially free surface by diffusion from the bulk with time is given by 

equation 12:  

𝑐𝑠 = 2 (
𝐷

𝜋
)

1/2

𝑐𝑡1/2         (1) 

where c is the bulk concentration of the bromide solution (7.53·1019 molecules cm-3), cs is the 

surface concentration of [Br•OOO-] (estimated as 2·1012 molecules cm-2), and D is the 

diffusion coefficient (2.41·10-10 cm2s-1), evaluated through the Stokes-Einstein equation. The 
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time needed to re-establish the equilibrium concentration is approx. 2 μs, much lower than 

the time between the injection of the liquid filament and the detection point (100 μs).   

The Swiss light source synchrotron operates in top-up mode thus the photon flux did not 

change during measurements. It is well known from the literature that X-rays can induce the 

radiolysis of water, leading to the formation of highly reactive hydroxyl radicals [George et 

al., 2012], which could affect the measurements. Thanks to the high speed of the injected 

liquid filament, the liquid microjet technique limits the beam damage. The concentration of 

radicals does not reach 1·10-6 mol/L under the experimental conditions adopted in this study.   

The 0.125 mol L-1 solutions of bromide and bromate were prepared by adding sodium 

bromide (NaBr, ≥99.0%, Sigma-Aldrich) and sodium bromate (NaBrO3, ≥99.5%, Sigma-

Aldrich), respectively, to Milli-Q water (Millipore, 18.2 MΩ cm-1 at 25 °C). The 0.08 mol L-1 

hypobromite solution was prepared by disproportionating Br2 in a 0.5 mol L-1 solution of 

NaOH [Polak et al., 1966]. Hypobromite and bromide were generated based on the reaction: 

Br2 + 2 OH- 
→ Br- + BrO- + H2O.  

Hypobromite is thermodynamically unstable and disproportionates to bromide and bromate. 

To slower this reaction, we cooled the solution to 0°C both during the preparation and the 

experiment. According to our spectra (Figure 1c), bromate was not formed for the whole 

duration of the experiment. 

The photoemission spectra were fitted using Shirley background subtraction and Gaussian 

line shapes [Lee et al., 2015]. For Br 3d, the spin-orbit split was fixed at 1.03 eV. The Full width 

at half maximum (FWHM) of the peaks was constrained for the whole set of processed data 

(1.05 eV). A single doublet allowed getting a good deconvolution of the Br 3d signals acquired 

without dosing and while dosing oxygen. In the presence of ozone, a second doublet had to 

be added to reach the same correlation. The second doublet is made of Gaussian peaks having 

a spin-orbit split fixed at 1.09 eV and FWHM of 1.10 eV. The best correlation was obtained by 

applying a chemical shift of +0.7 eV to the binding energy of the second doublet.  

Evolution of the O 1s spectrum as a function of the excitation energy 

The spectra reported in Figure S1a show the O 1s spectra (excited by second-order photon 

light) acquired at increasing excitation energy, which corresponds to the increasing kinetic 

energy of the photoelectrons. The three kinetic energies are the same as those of the Br 3d 

spectra plotted in Figure 2c. The spectra were separated into two components: one at high 

binding energy (centered at 539.9 eV), associated with the gas phase of water, and another, 

centered at 537.9 eV, associated with the condensed phase of water. The latter was used to 

normalize the area of the Br 3d signal of the [Br•OOO-] complex (Figure 2d). Water being the 

solvent, it can be considered as a reference during the measurements. Figure S1b shows the 

ratio between the area of the peak of the oxygen gas phase and that of the condensed phase. 

The ratio decreases as the kinetic energy of the photoelectrons increases. Indeed, an increase 

of the kinetic energy of the photoelectrons corresponds to an increase of the probed depth. 
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As long as the energy is increased, a larger thickness of the liquid wire is probed, while the 

contribution of the gas phase remains constant, apart from changes due to changes in photon 

flux and cross-section (the pressure in the experimental chamber was constant during the 

whole duration of the experiment).  

 

Figure S1: Signal of the O 1s acquired at different excitation energies, hν=405, 450, and 555 eV (corresponding 

to the second-order excitation energies hν=810, 900, and 1110 eV), corresponding to the kinetic energies (peak 

centroid) of 276, 376 and 575eV, respectively.   

Evaluation of the [Br•OOO-] surface coverage 

Figure S2 shows a rough estimate of the surface coverage of [Br•OOO-] complex based on the 

XPS data acquired at increasing photoelectron kinetic energy (276, 376, and 576 eV). We 

employed two models to fit the behavior of the ratio between the intensity of the peaks 

related to the complex (IBrOOO-) and that of the peaks related to the bulk 0.125 mol L-1  solution 

of Br- (IBr-) (see Figure 2c). Passing from 276 to 376 eV there is not a significant decrease of 

the IBrOOO-/IBr- ratio, reflecting the quality of the fitting (the experimental point corresponding 

to 376 eV is out of the confidence interval). A possible reason is that the difference in the 

excitation energy (100 eV) is not enough to vary the information depth considerably.     

The first model (Supplementary Figure S2 a and b) does not take into account the attenuation 

of the photoemission signal from the bulk by the overlayer ([Br•OOO-] complex). The formula 

adopted is the following: 

𝐼[Br∙OOO−]

𝐼Br−
=

𝑛([Br∙OOO−],surface)

𝑛(Br−,bulk)∙𝑀𝐸𝐷
           (2) 

where n([Br·OOO-], surface) is the surface coverage of the [Br•OOO-] complex 

(complexes/cm2), n(Br-, bulk) is the ion density of bromide ions in the solution (ions/cm3), and 

MED is the mean escape depth of the photoelectrons emitted from the ions (defined as 
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< 𝑀𝐸𝐷 >𝑎𝑣𝑔= 2/𝜋 ∙ 𝐼𝑀𝐹𝑃 , where IMFP is the inelastic mean free path of the 

photoelectrons at each kinetic energy) [Winter and Faubel, 2006]. We estimated the surface 

coverage is employing two sets of IMFPs. In 2010, Ottosson et al. obtained an experimental 

curve of the electron attenuation length (EAL) in the 70-900 eV range for water [Ottosson et 

al., 2010]. Recently, Shinotsuka et al. calculated the electron inelastic mean free path for 

liquid water from its optical energy-loss function [Shinotsuka et al., 2016]. The values are 

different from each other. Thus, we calculated the surface coverage using Shinotsuka’s IMFPs 

in Supplementary Figure S2a, and Ottosson’s EALs in Supplementary Figure S2b. The surface 

coverages are 1.9 and 2.9 · 1012 complexes cm-2, respectively.   

 

Figure S2: Evaluation of the surface coverage of the [Br•OOO-] complex 

(a)-(b) Simple approximation, without considering the surface attenuation due to the [Br•OOO-] complex; (c)-

(d) considering the attenuation of the signal from the bulk (0.125 mol L-1 aqueous solution of Br-) by a surface 

layer containing the [Br•OOO-] complex. The error bars were calculated, propagating the errors associated with 

the peak areas of three different measurements.  
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We adopted a second model to fit the experimental data available, which considers the 

attenuation of the signal from the bulk aqueous solution by a thin surface layer of [Br•OOO-] 

complex. The simplified equation, inspired by the literature [Cimino et al., 1999; Fadley, 

1978], is the following: 

𝐼[Br∙OOO−]

𝐼Br−
=

𝜌[Br∙OOO−]

𝑛(Br−,bulk)
∙ [1 − 𝑒𝑥𝑝(−

𝑡

𝑀𝐸𝐷
)] ∙ 𝑒𝑥𝑝(

𝑡

𝑀𝐸𝐷
)        (3) 

where ρ[Br·OOO-] is the ion density of the [Br•OOO-] complex (complexes cm-3), and t is the 

thickness of the surface layer ([Br•OOO-] complex). Supplementary Figures S 2c and d show 

the results attained using the MED from Shinotsuka and Ottosson, respectively. Three fitting 

functions, obtained employing three pre-set values of t (in the 1.0 to 5.0 Å range) are shown. 

The best correlation is found using the lower values, i.e. 1.0 and 3.0 Å, proving that the 

complex does not diffuse toward the bulk. The surface coverages (average value between the 

three thicknesses, obtained multiplying ρ[Br·OOO-] by t) are in good agreement with the results 

shown in Figures S2a and S2b. The values, 1.7 and 2.6·1012 complexes cm-2, decrease by ca. 

10% compared to those obtained with the first model because of the attenuation.  

Supplementary spectra 2 

 

Figure S3: O 1s spectra of 0.125 M NaBr with and without gas dosing 

 

Figure S4: O 1s and Br 3d spectra of 0.125 M NaBr at pH=2, with and without gas dosing 
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Figure S5: Fitting for O 1s spectra of 0.125 M NaBr at pH = 7 and pH = 2, both in presence of O2/O3. 

 

Figure S6: O 1s and Br 3d spectra of 0.05, 0.1, 0.2, 0.5 M NaBr, with and without gas dosing 
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Figure S7: The graphs fit O 1s spectra of NaBr solutions with varying NaBr concentration. 
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CHAPTER 5 

Influence of surfactants with differently charged 
headgroups on the surface propensity of bromide 

This chapter is in preparation for publication as: Chen, S., Artiglia, L., Yang, H., Boucly, A., Lezzi 

L., and Ammann, M. Influence of surfactants with differently charged headgroups on the 

surface propensity of bromide, 2022. Additional supporting molecular dynamics simulation 

are currently underway at the University of Lille (group of C. Toubin) and will be included in 

the publication. 

5.1  Influence of surfactants with differently charged headgroups 

on the surface propensity of bromide 

5.1.1 Abstract 

Halide ions in oceans and sea spray aerosol particles are an important source of reactive 

halogen species in the atmosphere that impact the ozone budget and radiative balance. The 

multiphase cycling of halogen species is linked to the abundance of halide ions at the aqueous 

solution–air interfaces. The ubiquitous presence of organic compounds deriving from marine 

biota at the ocean surface calls for an assessment of the impact of often surface-active 

organics on the interfacial abundance of halide ions. Here, we use liquid jet X-ray 

photoelectron spectroscopy (XPS) to assess the impact of a monofunctional surfactant with a 

positive headgroup (hexylammonium) and one with a negative headgroup (propylsulfate) on 

the abundance of bromide ions at the interface. Core level spectra of Br 3d, Na 2s, and O 1s 

with kinetic energy varied from 155 eV to 770 eV are compared for solutions with both 

hexylammonium and propylsulfate containing solutions. We also use a photoelectron 

attenuation model to retrieve the interfacial concentration of bromide and sodium in the 
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presence of the different surfactants. The results clearly show that even in basic solution, 

where only a small fraction of hexylamine is actually protonated, its surface activity leads to 

an enhanced interfacial concentration of bromide, indicating that likely non-protonated 

hexylamine is already attracting bromide to the interface. In turn, the negatively charged 

sulfate group of propylsulfate does not affect the interfacial concentration of bromide, but 

leads to an increased presence of sodium anions. The present work demonstrates the 

important role of electrostatic interactions at the interface. This concept can be applied to 

qualitatively assess other halide or alkaline cations, or even other inorganic group ions, such 

as SO4
2-, NO3

-, NH4
+ that exist in atmospheric particles.  

5.1.2 Introduction 

Bromide ions in oceans and sea-spray aerosol (SSA) are the most critical sources of bromine 

to the atmosphere [Hegglin et al., 2015, Wang et al., 2015]. Oxidation of bromide leads to 

reactive bromine species that, together with iodine and chlorine, initiate multiphase chemical 

and photochemical cycles that affect the ozone budget [Wang et al., 2015]. The multiphase 

cycling of bromine species is affected by the abundance of bromide and other bromine 

species at the aqueous solution – air interface. [Ghosal et al., 2005; Gladich et al., 2020] While 

bromide in neat NaBr solutions is depleted from the interface, the reaction intermediate with 

ozone, a bromide ozonide, is surface-active [Artiglia et al., 2017] (Chapter 4). Also, the follow-

up product, hypobromous acid, HOBr, shows some surface propensity [Ivan Gladich et al., 

2020] (chapter 3), which is an essential intermediate in the formation of the molecular 

halogen compounds Br2 and BrCl. In mixed solutions, e.g., in the presence of NaCl, bromide 

experiences higher abundance at the surface than in pure NaBr solutions [Ghosal et al., 2008]. 

in the presence of organic co-solutes, such as citric acid [Lee et al., 2015], butanol and butyric 

acid [Lee et al., 2019], both attraction or repulsion of bromide have been observed, indicating 

subtle effects governing the presence of bromide at the interface. Here we consider the 

impact of differently charged ionic surfactants to obtain a more comprehensive 

understanding of the abundance of bromide ions at the aqueous solution – air interface at 

the ocean surface or in sea-spray aerosol (SSA) particles. Such ionic organic surfactants 

ubiquitously occur in presence of marine biota and may get strongly enriched in SSA particles 

[O'Dowd et al., 2004; Prather et al., 2013; Pinxteren et al., 2020]. In view of 71% of the Earth’s 

surface being covered by oceans and in view of the large contribution of SSA to the global 

aerosol burden, an assessment of the impact of often surface-active organics on the 

interfacial abundance of bromide ions is important for understanding multiphase cycling of 

bromine. Alkylamines, such as hexylamine used as a proxy for cationic surfactants in this work 

also occur more widely from other natural and anthropogenic sources [Ge et al., 2011; 

Pinxteren et al., 2020]. Similarly also for the negatively charged surfactants, organosulfate 

compounds are significantly contributing to atmospheric particulate organic matter, resulting 

mostly from multiphase processing of secondary organic compounds in presence of SO2 

[Munger et al., 1986; Herrmann et al., 2015; McNeill, 2015]. Organosulfates, both through 

their hygroscopicity and surface activity, are also relevant as cloud condensation nuclei 
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[Hansen et al., 2015]. The interplay of organosulfates with inorganic ions at the interface is 

therefore relevant also in that context. 

X-ray photoelectron spectroscopy (XPS) provides chemically selective molecular level 

information from solid and liquid surfaces. With a tunable synchrotron X-ray source, the 

probe depth of the method can be adjusted from around one nanometer to a few nanometers 

by varying the kinetic energy of photoelectrons from a given core level via changing the 

exciting photon energy. Our recent work using liquid jet XPS demonstrated the power of this 

technique to assess the composition in terms of halide ions, organic solutes and their mixtures 

at the aqueous solution – air interface [ Pruyne et al., 2014; Lee et al., 2015; Lee et al., 2016]. 

The photoemission signal provides a direct spectroscopic signature from the surface and 

carries further information about acid dissociation, molecular orientation and electronic 

structure. 

Here, we use liquid jet X-ray photoelectron spectroscopy (XPS) at the Swiss Light Source (SLS) 

[Matthew A. Brown et al., 2013] to assess the difference between a monofunctional 

surfactant with a positive headgroup (hexylammonium) and a negative headgroup 

(propylsulfate) on the abundance of bromide and sodium ions at the interface.  

5.1.3 Experimental method 

Meterials 

This study was conducted using sodium bromide (NaBr, Sigma Aldrich, > 99.0%), sodium 

chloride (NaCl, Sigma Aldrich, > 99.0%), hexylamine (CH3(CH2)4CH2NH2, Sigma Aldrich, > 

99.0%), and sodium propylsulfate (C3H7SO4Na, Sigma Aldrich, > 98.0%). The solutions were 

prepared by adding stock solutions to Milli-Q water (Millipore, 18.2 MΩ cm at 25 °C) and 

degassing with Ar gas. 0.1 M NaBr, 0.1 M NaBr /0.1 M hexylamine, 0.1 M NaBr/0.1 M 

hexylamine/0.55 M NaCl, 0.1 M NaBr/0.1 M propylsulfate, and 0.1 M NaBr/0.1 M 

propylsulfate/0.55 M NaCl aqueous solutions was prepared for liquid jet XPS experiment. The 

pH of the 0.1 M NaBr/0.1 M hexylamine at T=21.1°C is pH= 12.15 and the PH of the 0.1 M 

NaBr/0.1 M hexylamine/0.55 M NaCl at T=20.7 °C is pH= 12.46. 

Liquid microjet XPS 

XPS experiments with a Scienta R4000 electron analyzer and a HiPP-2 pre lens using a liquid 

micro-jet were conducted at the Surfaces/Interfaces: Microscopy (SIM) beamline of the Swiss 

Light Source using the near ambient pressure photoemission (NAPP) endstation [Brown et al., 

2013]. For the present experiments, a quartz nozzle (MicroLiquids), forming a liquid microjet 

with a diameter of from 23 to 25 μm, was used to deliver the liquid sample into the vacuum 

chamber. The liquid jet was operated at a flow rate of 0.5 ml/min, and the capillary 

transporting the liquid was immersed in a cooling bath set to 277 K upstream of the 

feedthrough into the chamber. The electron analyzer was operated at 20 eV pass energy 

(photoelectron kinetic energy at 155 eV) and 50 eV pass energy (photoelectron kinetic energy 

at 370 eV to 770 eV) with a 0.1 eV step size. The photoelectron kinetic energy was varied from 

155 eV to 770 eV for obtaining core level spectra of Br 3d, N 1s, C 1s, Cl 2p, S 2p and O 1s to 
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allow variation of the information depth. Each kinetic energy corresponds to a specific value 

of the inelastic mean free path (IMFP) in liquid water [Shinotsuka et al., 2017]. To take into 

account 90° detection angle and the cylindrical liquid filament geometry, the mean escape 

depth (MED) of photoelectrons was obtained as: [Winter and Faubel, 2006] MED = (2/π) IMFP.  

Reported binding energies are relative to the vacuum level and calibrated to the 1b1 orbital 

of liquid water at 11.3 eV[Kurahashi et al., 2014]. The spectral region was fit using pure 

Gaussian functions following standard linear background subtraction. The error bars of 

reported spectra were evaluated based on the standard deviation calculated from the fits of 

a statistical sample of spectra corresponding to the same solution. The standard deviation 

values were propagated to get the error of the signal intensity ratios. This does not take into 

account either small movements of the liquid filament in front of the aperture of the analyzer 

or uncertainty in the measurement of the photon flux.  

5.1.4 Results and discussion 

Figure 1 shows combined a) Br 3d, Na 2s and b) O 1s photoelectron spectra of mixed 0.1 M 

NaBr/0.1 M hexylamine/0.55 M NaCl (pink), mixed 0.1 M NaBr/0.1 M hexylamine (red), 0.1 

M NaBr (black), mixed 0.1 M NaBr/0.1 M sodium propylsulfate (light-blue) and mixed 0.1 M 

NaBr/0.1 M sodium propylsulfate/0.55 M NaCl(dark-blue) aqueous solutions, which were 

measured at photon energies of 229 eV for Br 3d, Na 2s, and 696 eV for O 1s to obtain the 

same kinetic energy of around 155 eV. The reference case, a neat (organic-free) NaBr solution, 

is shown in black in the middle of the figure. The higher binding energy portion of the spectra 

in Figure 1a shows the spin-orbit split Br 3d5/2 and 3d3/2 peaks, while the lower binding energy 

portion features the Na 2s peak at 67.9 eV of Na+ ions in the solutions. Upon adding 0.1 M 

hexylamine or 0.1 M hexylamine/0.55 M NaCl, shown on top of Figure 1, the Br 3d peak area 

increases apparently compared to pure NaBr solutions. As discussed further below, this is 

either due to hexylamine itself or due to a small fraction of positively charged 

hexylammonium. In contrast, upon adding 0.1 M propylsulfate or 0.1 M propylsulfate/0.55 M 

NaCl, the bromine photoemission intensity decreases (bottom of Figure 1a). Compared with 

pure NaBr, in the presence of 0.1 M hexylamine, the sodium intensity is barely detectable 

(top of Figure 1a), possibly due to the presence of positively charged headgroups. Note that 

the increased sodium intensity for solutions in the presence of 0.1 M hexylamine/0.55 M NaCl 

is due to the 5 fold increase of the bulk concentration of sodium.  Upon adding propylsulfate, 

we observed a strong increase of the sodium intensity, likely due to the negatively charged 

headgroup attracting Na+ towards the interface. The difference in this increase between 0.1 

M Na-propylsulfate and 0.1 M Na-propylsulfate/0.55 M NaCl is again due to the much higher 

bulk concentration of sodium from the addition of 0.55 M NaCl. Note that the changes in 

photoemission intensity among the different solutions is not only due to the different 

abundances of Br- and Na+ at the interface but also due to attenuation of photoelectrons by 

the aliphatic carbon chains accumulating at the interface. 
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The O 1s spectra in Figure 1b are fitted by two components that are assigned to gas-phase 

oxygen of H2O at higher binding energy and condensed phase oxygen of liquid H2O at lower 

binding energy. The binding energy differences between O1s liquid and gas are different for 

the different solutions, likely due to differences in surface potentials, as observed in previous 

studies [Lee et al., 2019; Winter et al., 2004]. The condensed phase O 1s intensities were 

found to decrease in the presence of the added organics, due to electron attenuation by the 

additional density of mostly carbon atoms at the interface. Therefore, for further analysis, we 

take into account this attenuation to assess the impact of hexylamine and propylsulfate on 

the changes in bromine and sodium intensities more quantitatively.  

 

Figure 1: a) Br 3d, Na 2s and b) O 1s spectra of mixed 0.1 M NaBr/0.1 M hexylamine/0.55 M NaCl, mixed 0.1 M 

NaBr/0.1 M hexylamine, 0.1 M NaBr, mixed 0.1 M NaBr/0.1 M sodium propylsulfate and mixed 0.1 M NaBr/0.1 

M sodium propylsulfate/0.55 M NaCl aqueous solutions at kinetic energy at 155 eV.   

C 1s, N 1s, S 2p and Cl 2p spectra are shown in the supporting material (Figure S1). The C 1s 

(Figure S1a) exhibits two features representing aliphatic chain carbon (-C5H11) and the 

ammonium coupled carbon (-CH2-N) at a binding energy of 289.7 and 290.5 eV, for solutions 

in the presence of hexyl-NH2. Correspondingly, the two features represent aliphatic chain 

carbon (-C2H5) and the sulfate coupled carbon (-CH2-SO4) at a binding energy of 289.7 and 

291.3 eV for solutions in the presence of propyl-SO4Na, respectively. Note that the C 1s 

spectra in Figure S1a are enlarged by a factor of 5. The lower C 1s intensity for the 

propylsulfate is due to the lower surface activity of this solute and the shorter aliphatic carbon 

chain. Upon adding NaCl, the C 1s intensity signal of NaBr/hexylamine/NaCl is much smaller 
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than the NaBr/hexylamine solutions. In contrast, the C 1s intensity signal of NaBr/ sodium 

propylsulfate/NaCl is much smaller than the NaBr/ sodium propylsulfate solutions. 

The N 1s region in Figure S1b is fitted by three components that are assigned to pronated 

hexyl-NH3
+ (which is labeled with R-NH3

+ in the graphs) at binding energy at 407.1 eV, gas 

phase hexyl-NH2 (which labeled with R-NH2,gas in the graphs) at binding energy at 405.6 eV, 

and condensed phase neutral hexyl-NH2 (which labeled with R-NH2,liquid in the graphs) at 

binding energy at 404.4 eV, respectively [Brown et al., 2013; Ekholm et al., 2018]. As we can 

see from Figure S1a, both NaBr/hexylamine and NaBr/hexylamine/NaCl solutions is 

dominated by condensed phase hexyl-NH2, and the hexyl-NH3
+ is only a small fraction. Note 

that the pKa of hexylamine is 10.64 [Perrin, 1965]. Since the pH of the hexylamine solutions 

was around 12, only a few percent were in the form of protonated hexylammonium ions in 

the aqueous solutions.  We also caution that the signal to background ratio of the N1s spectra 

as a function of kinetic energy, shown in Figure S2, was not ideal, especially at higher kinetic 

energies. Due to the higher photon energies used, the background increases substantially due 

to C and O KLL Auger electrons. Therefore, whether the sole appearance of hexyl-NH3
+  at the 

lowest kinetic energy would suggest that protonated form of hexylamine is accumulated at 

the interface cannot be conclusively answered. 

The S 2p spectra (Figure S1c) exhibit a double-peak structure due to spin-orbit splitting into 

2p3/2 and 2p1/2. The addition of NaCl to NaBr/ hexyl-NH2 aqueous solutions led to slightly 

increasing S intensity, likely due to salting-out by the additional ions in the solutions, which 

we will discuss in detail below.  

 

Figure 2: Relative intensity ratio of a) Br/O and b) Na/O of 0.1 M NaBr, mixed 0.1 M NaBr/0.1 M hexylamine, 

mixed 0.1 M NaBr/0.1 M hexylamine/0.55 M NaCl, mixed 0.1 M NaBr/0.1 M sodium propylsulfate and mixed 0.1 

M NaBr/0.1 M sodium propylsulfate/0.55 M NaCl aqueous solutions as a function of electron kinetic energy, 

after normalized to the intensity ratio of 0.1 M NaBr, the photon flux, cross-section, and the total Na bulk 

concentration, respectively.  

The Cl 2p spectra (Figure S1d) show a double-peak structure due to spin-orbit splitting into 

2p3/2 and 2p1/2. The chloride intensity is slightly higher in NaBr/propyl sulfate/NaCl compared 

with NaBr/hexyl-NH2/NaCl solutions, which is likely due to the higher bulk concentration of 
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Na+, as the propylsulfate was added as a sodium salt. Thus, the additional Na+ attracts more 

Cl- into the interface. 

For further interpretation of the analysis, we also applied a simple attenuation model 

developed previously [Lee et al., 2019, Chen et al., 2021] to fit calculated ratios to the 

measured ones. For the neat NaBr solution, this model features a layer near the surface of 

thickness Δ, which exhibits a bromide (or sodium) concentration, nBr,Δ, enhanced or reduced 

from that in bulk, nBr,b, by a factor f = f0, such that nBr,Δ = f0 nBr,b, see Figure S3. This 

concentration can be related to the surface excess of bromide, as shown in Supporting 

Materials, Equation S1. Choosing Δ = 1 nm and f0 = 0.55 is equivalent to a negative surface 

excess of bromide of -2.6 × 1012 cm-2 consistent with measured surface tension. [Shah et al., 

2013] See also Supporting Materials, section III, and Table S1. 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 3.3×1012 ions cm-2 (see Table S1). The depleted 

character at the surface of halide solutions is also in agreement with surface tension data, 

other liquid jet photoemission studies and also molecular dynamics simulations with revised 

force fields [Gladich et al., 2020].  Using these parameters, the photoemission signal intensity 

for Br 3d can be calculated using Equation (S4). In turn, the density profile of H2O(l) is assumed 

to be constant up to the surface, with the O 1s signal intensity given by Equation S3. Taking 

the ratio of intensities (Equation S5) removes kinetic energy dependent measurement 

parameters. 

In the presence of surfactants, this model is extended by a layer on top of the aqueous phase 

that contains the aliphatic portion of propylsulfate or hexylamine. In this work, we refrain 

from quantifying the effective thickness of this layer and relate it to the surface excess of 

these two surfactants as done in Lee et al [Lee et al., 2019]  and Chen et al [Chen et al., 2021]. 

Instead, we assume that H2O(l), as well as Na+ and Br- are residing below this layer. Therefore, 

Br 3d, Na 2s and O 1s photoelectrons are all attenuated by the same factor, and thus, the 

resulting Br/O, Na/O ratios are not depending on the thickness of this layer. Hence, in 

Equation (S7), the factor f, describing the enrichment or depletion of bromide (or sodium) just 

underneath the surfactant, now different from f0, is the only variable for the fit to the 

experimental data. As mentioned above, to avoid further photon energy dependent 

calibrations, we report the Br/O and Na/O ratios for the surfactant containing solutions as a 

ratio to those for the neat NaBr solution. Equation (S8) was thus fitted to measured data in 

Figure 3 by varying f. The resulting values for f and the corresponding local concentrations of 

Br- and Na+ within the depth Δ below the surface are reported in Table S1. 

In NaBr/ hexylamine and NaBr/hexylamine/NaCl solutions, relative to pure NaBr, the Br signal 

intensity is enhanced (normalized ratio > 1) at all kinetic energies, and this enhancement 

decreases with kinetic energy from 155 eV to 770 eV. This indicates that the bromide 

interfacial intensity is enhanced at the liquid-vapor interface of the solutions in the presence 

of hexylamine. The interfacial concentration of Br- calculated from the Br/O photoemission 

intensity ratio is 0.19 M, which is a factor of 3 higher than in the case of the pure NaBr solution 
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(Table S1). This may be related to the electrostatic attraction between cation and anion for 

hexylammonium and bromide. However, as mentioned above, the pronated hexyl-NH3
+ was 

only a minor fraction of hexylamine due to the absence of a neutralizing cation. Therefore, 

either the total abundance of hexylamine at the interface is large enough so that a small 

fraction of it being protonated is sufficient to cause the observed enhancement of bromide 

at the interface, or the hexylamine itself also has an attractive effect on the abundance of 

bromide.  

When 0.55 M NaCl (representing roughly ocean water chloride concentration), is present 

together with 0.1 M NaBr and 0.1 M hexylamine, the interfacial concentration of Br- 

calculated from Br/O photoemission intensity ratio is 0.14 M, which is a factor of 2.5 higher 

compared with the pure NaBr Br intensity. This is the result of several effects coming together. 

Apart from the salting out of bromide in the presence of an excess of chloride, which has been 

reported before [Ghosal et al., 2008] hexylamine seems to be less abundant at the interface 

in the presence of NaCl (see C 1s spectra in Figure S1). Finally, chloride may compete with 

bromide for ion-pairing with hexyl-NH3
+ at the interface and explain the reduced bromide 

concentration compared to when just hexylamine is present. 

In the presence of sodium propylsulfate, the Br intensity is exhibiting a marginal depletion 

over the whole range of kinetic energy compared with pure NaBr. The fits indicate an about 

15% depletion of the interfacial bromide concentration. This shows that the negatively 

charged headgroup of propylsulfate has only a small impact on the depletion of bromide from 

the interface further than is already the case in the neat NaBr solution. In the presence of an 

additional 0.55 M NaCl, this small effect is even turned around, as then the interfacial bromide 

concentration is 15% higher. Again, as in the case of hexylamine the combination of salting 

out of bromide and the lower abundance of propylsulfate may explain this.  

Figure 3b shows the kinetic energy dependence of the observed (symbols) and fitted (dashed 

lines) relative intensity ratio of Na/O of the same solutions and normalized in the same way. 

The only difference to the case of bromide in Figure 3a is that the data, in addition, was 

normalized to the total bulk concentration of Na+, since that was not the same in all solutions. 

The interfacial Na+ concentrations were obtained from fits to the Na/O ratios equivalent to 

those of Br- and also listed in Table S1.  

As apparent from Figure 1, the signal-to-noise ratio for the Na 2s peak is relatively poor, also 

at other kinetic energies, due to the low cross-section for this core level. Therefore, the data 

for the propyl sulfate solutions scatter substantially. Consequently, we remain very cautious 

with the results of the fitting procedure. On average, the interfacial Na+ concentration tended 

about a factor of 2 higher based on the fit (Table S1) in the presence of hexylamine and about 

40% lower when in addition 0.55 M NaCl was present. If hexylamine, as a neutral species, 

would be responsible for the attraction of part of the bromide anions to the interface, some 

Na+ cations may follow them, thus explaining such an enhancement. In the presence of the 5 

times higher NaCl concentration, the overall depletion of Na+ from the interface would still 

dominate. In the presence of proplysulfate, the Na/O intensity ratio is clearly and significantly 
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higher than 1. The interfacial concentration of Na+ is around 3 times higher compared with 

pure NaBr, which indicates that the negatively charged propylsulfate attracts the positively 

charged Na+ into the interface due to electrostatic interactions. When 0.55 M NaCl is present 

together with NaBr and propylsulfate, the interfacial concentration of Na+ was around 2 times 

higher than in pure NaBr. The smaller enhancement, in this case, is likely related to the smaller 

amount of propylsulfate at the interface (Figure S1).  

In extension and comparison to our previous study with tetrabutylammonium (TBA) (chapter 

6), where Br 3d spectra are only reported at one fixed kinetic energy, we also performed 

additional measurements with TBA bromide solutions at the same kinetic energies as with 

hexylamine and propylsulfate discussed above. We also performed the same analysis and 

applied the attenuation model in the same way as for the other solutions of this work. The 

results are shown in the Supporting Materials, Table S1 and Figure S4. The TBA bromide 

solutions, with all TBA fully protonated, attracts more Br into the interface, leading to a 46 

fold enhanced interfacial bromide concentration. Qualitatively, this also indicates that the 

enhancement of bromide for the hexylamine solutions observed here can not only be due to 

the small fraction of hexylammonium, but likely also due to hexylamine itself.  

5.1.5 Conclusion 

In this study, we use liquid jet X-ray photoelectron spectroscopy to assess the difference 

between a monofunctional surfactant with a positive headgroup (hexylammonium) and a 

negative headgroup (propylsulfate) on the abundance of bromide and sodium ions at the 

interface within the probe depth of XPS. The spectroscopic data were analyzed with the 

support of an attenuation model to obtain quantitative information about the enhancement 

or depletion of cations and anions at the interface. The positively charged nitrogen group 

(even only a few percent at the liquid-vapor interface) in hexylamine, along with its surface 

activity, is leading to the enhanced interfacial concentration of bromide, while the negatively 

charged sulfate group in propylsulfate is having only a small effect on the interfacial 

concentration of bromide. In turn, sodium cations showed a corresponding enhancement in 

the presence of propylsulfate and only minor changes in the presence of hexylamine. In the 

presence of additional sodium chloride, salting effects and competition for ion-pairing with 

the ionic surfactant in combination determine the abundance of bromide anions and sodium 

cations. In the presence of soluble surface-active organics, the charge of the headgroup has a 

substantial impact on the abundance of inorganic ions at the liquid-vapor interface. Thus, to 

some degree, this conceptual picture allows us to more generally predict how ionic 

surfactants are affecting the interfacial abundance of the prominent halide, SO4
2-, NO3

-, 

anions and NH4
+ and other cations as a function of pH. However, other effects, such as ion-

pairing and molecular interactions among the surfactants, complicate this picture. 
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5.2 Supplementary Information 

Section I. C 1s, N 1s, S 2p, and Cl 2p spectra taken at KE=155 eV 

 

Figure S1: a) C 1s, b) N 1s, c) S 2p, and d) Cl 2p spectra of mixed 0.1 M NaBr/0.1 M hexylamine, mixed 0.1 M 

NaBr/0.1 M hexylamine/0.55 M NaCl, mixed 0.1 M NaBr/0.1 M sodium propylsulfate and mixed 0.1 M NaBr/0.1 

M sodium propylsulfate/0.55 M NaCl aqueous solutions at kinetic energy at 155 eV. 

Figure S1 shows the photoemission specta of the C 1s (a), N 1s (b), S 2p (c) and Cl 2p (d) core 

level regions for mixed 0.1 M NaBr/0.1 M hexylamine (red), mixed 0.1 M NaBr/0.1 M 

hexylamine/0.55 M NaCl (pink), mixed 0.1 M NaBr/0.1 M sodium propylsulfate (light-blue) 

and mixed 0.1 M NaBr/0.1 M sodium propylsulfate/0.55 M NaCl(dark-blue) aqueous solutions, 

which were measured at photon energies of 448 eV for C 1s, 560 eV for N 1s, 330 eV for S 2p 

and 360 eV for Cl 2p to obtain the same kinetic energy of around 155 eV.  

Section II. N 1s spectra at different kinetic energies 

 

Figure S2: N 1s spectra of mixed 0.1 M NaBr/0.1 M hexylamine, mixed 0.1 M NaBr/0.1 M hexylamine/0.55 M 

NaCl aqueous solutions at kinetic energy from 155 eV  to 770 eV. 
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Section III. Calculation of photoemission signal intensity ratios based on the 

attenuation model 

Its setup is represented by Figure S3 assumes that the interfacial region contains the organic 

surfactant, the concentration of which is constrained by surface tension measurements. In 

more detail, we assume that the aliphatic carbon chains reside above the side of the interface, 

within a layer of thickness d1, and that the headgroup (–NH2 or -SO4) is residing just at the 

interface. We do not explicitly resolve that these headgroups, being likely hydrated, reside 

slightly below the water surface. 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. [Lee et al., 

2019].  

 
Figure S3: Scheme of the organic compounds covered interface used for the attenuation model. The reference 

level 0 for the depth scale (z) is where the water density drops (assuming a rectangular profile). The top layer–

d1 < z < 0 represents the layer containing the aliphatic carbon chain, while the layer following next, with 

thickness Δ, represents the layer in which the concentration of bromide is deviating from its bulk value, nb,Br,  by 

the factor f. The bromide density profile is schematically depicted as the dashed line. Red and light grey spheres 

denote bromide ions and headgroup (in our case, –NH2 or -SO4) of organic compounds, respectively. 

We simplify the task by assuming the aliphatic carbon atoms are assembled as in a liquid 

layer with the properties of a liquid alkane and that electron attenuation in that layer is equal 

to that in liquid water. λ0 is the inelastic mean free path for electrons in water [Shinotsuka et 

al., 2017]. We used λ = 2/pi*λ0 to account for the liquid jet measurement configuration 

[Winter and Faubel, 2006]. 

We introduced an additional layer of thickness Δ, just below the aliphatic carbon layer, 

starting at depth z = 0, within the aqueous solution. In this layer, the Br atom density is set 

different from that of the bulk density by a factor, f, i.e., fnb,Br, while the density of the organic 

is equal to that in the bulk.  f is a function of the surface excess of the surfactant, 𝛤hex or 𝛤org 

In the simple terms of this model and in the absence of organic f = f0 is related to the surface 

excess of the bromide ions, 𝛤Br-, via: 

𝛤𝐵𝑟− = 𝑛b,Br∆(𝑓0 − 1)  𝑓0 =
𝛤𝐵𝑟−−𝑛b,Br∆

−𝑛b,Br∆
=

𝛤𝐵𝑟−

𝑛b,Br∆
+ 1  (S1) 
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We calculate the photoemission signal contribution of O atoms, assumed to be 

homogeneously distributed over the bulk up to below the aliphatic carbon layer, which is not 

containing oxygen, completely analogously to C in the bulk: 

𝐼O1s, bulk = 𝐴𝑒−𝑑1/𝜆 ∫ 𝑛b,O𝑒−(𝑧)/𝜆𝑑𝑧
∞

0
= 𝐴𝑛b,O𝜆𝑒−𝑑1/𝜆   (S2) 

If there is no organic surfactant on the solutions, d1 will be 0, then  

𝐼O1s, bulk = 𝐴 ∫ 𝑛b,O𝑒−(𝑧)/𝜆𝑑𝑧
∞

0
= 𝐴𝑛b,O𝜆                              (S3) 

And the Br photoemission signal intensity is then obtained as follows: 

 𝐼Br- = 𝐵 (∫ (
Γ

∆
+ 𝑛b,Br-) 𝑒−

(𝑧)

𝜆 𝑑𝑧
∆

0
+ 𝑒−

∆

𝜆 ∫ 𝑛b,Br-𝑒
−

(𝑧−∆)

𝜆 𝑑𝑧
∞

∆
) 

= 𝐵𝜆 (
Γ

∆
+ 𝑛b,Br-) (1 − 𝑒−

(𝑧)

𝜆 ) + 𝐵𝜆𝑛b,Br-𝑒
−

∆

𝜆                              (S4) 

For 0.1 M NaBr and 0.1 M NaBr/0.55 M NaCl solutions, the Br 3d to O 1s signal intensity 

ratio is: 

𝐼Br-

𝐼O1s
=

𝐵𝜆(
Γ

∆
+𝑛b,Br-)(1−𝑒

−
(𝑧)
𝜆 )+𝐵𝜆𝑛b,Br-𝑒

−
∆
𝜆

𝐴𝑛b,O𝜆
=

B

A

(
Γ

∆
+𝑛b,Br-)(1−𝑒

−
(𝑧)
𝜆 )+𝑛b,Br-𝑒

−
∆
𝜆

𝑛b,O
           

                                                                                                                                    (S5) 

For pure 0.1 M NaBr solutions, the surface excess is -2.7×1012 molecules per cm-2, which 

was derived from surface tension data [Shah et al., 2013]. We assume ∆=1 nm and calculate 
𝐵

𝐴
 value from the measured Br 3d to O 1s signal ratios of pure 0.1 M NaBr solutions, based on 

equation (S5), which we will get 
𝐵

𝐴
 equals to 12.027. Then we get the calculated Br/O intensity 

ratio as a basis for the normalized data shown in Figure 2. 

If the organic surfactant is present in the solutions, the Br photoemission signal intensity is 

then obtained from the following integration: 

𝐼Br, bulk = 𝐵𝑒−
𝑑1

𝜆 [∫ 𝑓𝑛b,Br𝑒
−(𝑧) 𝜆⁄ 𝑑𝑧

∆

0
+ 𝑒−

∆

𝜆 ∫ 𝑛b,Br𝑒
−(𝑧−∆) 𝜆⁄ 𝑑𝑧

∞

∆
] =  

𝐼Br, bulk = 𝐵𝑒−
𝑑1

𝜆 [𝑓𝑛𝑏,𝐵𝑟𝜆 − 𝑓𝑛𝑏,𝐵𝑟𝜆𝑒−∆ 𝜆⁄ + 𝑛𝑏,𝐵𝑟𝜆𝑒−
∆

𝜆]  

𝐼Br, bulk = 𝐵𝑒−d1 𝜆⁄ 𝑛𝑏,𝐵𝑟𝜆[𝑓 + 𝑒−∆ 𝜆⁄ (1 − 𝑓)]                     (S6) 

Then, the Br 3d to O 1s signal intensity ratio is based on the ratio between equation S2 and 

equation S6: 

𝐼Br-

𝐼O1s
=

𝐵𝑒−d1 𝜆⁄ 𝑛𝑏,𝐵𝑟𝜆[𝑓+𝑒−∆ 𝜆⁄ (1−𝑓)]

𝐴𝑛b,O𝜆𝑒−𝑑1/𝜆
=

𝐵𝑛𝑏,𝐵𝑟[𝑓+𝑒−∆ 𝜆⁄ (1−𝑓)]

𝐴𝑛b,O
                                    (S7) 

For pure NaBr solutions, we use equation S1 and assume ∆=1 nm, surface excess of -

2.7×1012 molecules per cm-2 for a 0.1 M NaBr solution, which is consistent with surface 
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tension data, [Shah et al., 2013] we get 𝑓0=0.55. Then we apply it to the Br 3d to O 1s signal 

intensity ratio normalized to 0.1 M NaBr solution: 

𝐼Br-
𝐼O1s

,𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠

𝐼Br-
𝐼O1s

,𝑁𝑎𝐵𝑟
=

𝐵𝑛𝑏,𝐵𝑟[𝑓+𝑒−∆ 𝜆⁄ (1−𝑓)]

𝐴𝑛b,O

𝐵𝑛𝑏,𝐵𝑟[𝑓0+𝑒−∆ 𝜆⁄ (1−𝑓0)]

𝐴𝑛b,O

=
[𝑓+𝑒−∆ 𝜆⁄ (1−𝑓)]

𝑓0+𝑒−∆ 𝜆⁄ (1−𝑓0)
                              (S8) 

We then calculate f from the measured Br 3d to O 1s signal ratios for the solutions, based 

on equation (S8), which is shown in table S1 below. 

On the other hand, since the sodium concentration is also influenced by the top carbon 

layer of organic surfactant in the solutions, for the Na/O intensity ratio, we can use the same 

equation (equation S8) to then calculate f from the measured Na 2s to O 1s signal ratios for 

the solutions, for which the results are shown in Table S1 below.  

Based on the f factor we get, we can have the relation between the measured and the 

calculated Br/O and Na/O intensity ratio for solutions varies with depth profile, shown in 

Figure 3 for different charged headgroup organic compounds and in Figure S5 for solutions in 

the presence of TBA-Br. 
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Table S1: Calculated interfacial concentrations of bromide and the driving parameters were obtained for 

different solutions for Br/O and Na/O cases. The error associated with the individual photoemission signal 

intensities is estimated at around ±10%, which considers uncertainties due to the variability of the liquid-jet XPS 

experiment, the solution preparation, spectral fitting. Propagation leads to around 15% for elemental ratios and 

around 20% for the concentrations given. This does not include systematic errors related to the choice of the 

value for Δ or other inherent assumptions of the attenuation model. 

Solutions 𝑛Br,b , 

[M] 

f 

value 

for 

Br/O 

Standard 

error bar 

for f 

value 

𝑛Br,∆ , 

[M] 

𝑛Br,∆∆ 

[1013 

cm-2] 

𝑛Na,b , 

[M] 

f 

value 

for 

Na/O 

Standard 

error bar 

for f 

value 

𝑛Na,∆ , 

[M] 

𝑛Na,∆∆ 

[1013 

cm-2] 

0.1 M NaBr 0.1 0.55 / 0.055 0.33 0.1 0.55 / 0.055 0.33 

0.1 M NaBr/0.1 M 

Hexylamine 

0.1 1.89 0.27 0.189 1.14 0.1 1.27 0.78 0.127 0.76 

0.1 M NaBr/0.1 M 

Hexylamine/0.55 

M NaCl 

0.1 1.42 0.20 0.142 0.85 0.65 3.10 0.81 0.310 1.86 

0.1 M NaBr/0.1 M 

Propylsulfate 

0.1 0.47 0.07 0.047 0.28 0.2 3.96 0.94 0.396 2.38 

0.1 M NaBr/0.1 M 

Propylsulfate/0.55 

M NaCl 

0.1 0.63 0.08 0.063 0.38 0.75 12.20 1.82 1.22 7.32 

0.1 M TBA-Br 0.1 25.44 1.74 2.54 15.24 / /  / / 

0.1 M TBA-Br/0.55 

M NaCl 

0.1 12.46 0.42 1.25 7.50 / /  / / 

Section IV. Ratio of Br/O normalized to NaBr of TBA-Br solutions 

To better understand the influence of positively charged organic compounds, we also 

measured the Br 3d and O 1s spectra of the solutions in the presence of tetrabutylammonium 

(TBA) bromide. Figure S4 shows the observed (dot) and calculated (dash line) relative intensity 

ratio of Br/O of 0.1 M TBA-Br, mixed 0.1 M TBA-Br/0.55 M NaCl and 0.1 M NaBr aqueous 

solutions as a function of electron kinetic energy, after normalization to the Br/O intensity 

ratio of 0.1 M NaBr, the photon flux and cross-section, respectively. The Br/O intensity ratio 

is set to 1 for the whole range of kinetic energy.  

Using f, we obtained the interfacial bromide concentration, which is enhanced by a factor of 

46 compared to the pure NaBr solution. This takes into account the attenuation by TBA on 
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the surface. As mentioned above and suggested in earlier studies based on photoemission 

studies with TBA iodide, this enhancement is likely due to electrostatic interactions between 

bromide and the positively charged TBA, including the formation of ion pairs. 

 

Figure S4: Relative intensity ratio of Br/O of 0.1 M TBA-Br, mixed 0.1 M TBA-Br/0.1 M NaBr, mixed 0.1 M TBA-

Br/0.1 M NaBr/0.55 M NaCl, mixed 0.1 M TBA-Br/0.55 M NaCl, 0.1 M NaBr and mixed 0.1 M NaBr/0.55 M NaCl 

aqueous solutions as a function of electron kinetic energy, after normalization to the Br/O intensity ratio of 0.1 

M NaBr, the photon flux and cross section, respectively.  

When 0.55 M NaCl (representing roughly ocean water chloride concentration), is present 

together with 0.1 M NaBr, but in the absence of TBA, the interfacial concentration of Br- is an 

f factor of 22 higher than in the case of the pure NaBr solution. This apparent salting out of 

bromide in the presence of an excess of chloride has been reported before [Ghosal et al., 

2008], and it has not been the scope of the present study to explore this further. There are 

several effects that come together. Apart from the higher surface propensity of bromide due 

to chloride, TBA contributes salting out too. Besides, the chloride may also have a competition 

with bromide with TBA for ion-pairing at the interface.  
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CHAPTER 6 

Impact of Tetrabutylammonium on the Oxidation of 
Bromide by Ozone 

Published as: Chen, S., Artiglia, L., Orlando, F., Edebeli, J., Kong, X., Yang, H., Boucly, A., Corral 

Arroyo, P., Prisle, N. and Ammann, M. Impact of Tetrabutylammonium on the Oxidation of 

Bromide by Ozone. ACS Earth and Space Chemistry, 5(11), pp.3008-3021, 2021. 

6.1  Impact of Tetrabutylammonium on the Oxidation of Bromide 

by Ozone 

6.1.1 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 interface by 

liquid micro-jet 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 TBA, along with its surface activity, is leading 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, N 1s and O 1s 
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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 one 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. 

6.1.2 Introduction 

In atmospheric science, halogen chemistry and its impact on the ozone budget remains a 

hot topic [Abbatt et al., 2012; Simpson et al., 2015b; Sherwen et al., 2017]. 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 that 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 the activation of halogen 

species to the gas phase [Carpenter et al., 2013; Wang et al., 2015]. 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 [William R. Simpson et al., 2015a]. It may affect the global oxidation capacity 

and the fate of pollutants, tropospheric ozone (including its radiative impact) and the 

production of particles [Carpenter et al., 2013; Wang et al., 2015]. Particle phase halogen 

species also contribute to ozone loss in the stratosphere [Koenig et al., 2020]. 

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 [Abbatt and Waschewsky, 1998; Simpson et al., 2015]. These initial bromide 

oxidation processes are the starting point of the multiphase cycling reactions that 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 [Simpson et al., 2007]. 

Ocean surface water and sea spray aerosol often contain complex mixtures of organics 

deriving from marine biota with variable surface affinity and functionalities, such as proteins, 

carbohydrates, phospholipids and fatty acids [O'Dowd et al., 2004; Prather et al., 2013; 

Pinxteren et al., 2020]. Surface active organics may affect multiphase chemical reactions by 

changing the interfacial activity of the halide ions or of reaction intermediates [Mata et al., 

2004; Cochran et al., 2017], or actively engage in chemistry and photochemistry [Ciuraru et 
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al., 2015; Alpert et al., 2017]. 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 [Ammann et al., 2013]. 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 [Artiglia et al., 2017; Clifford and Donaldson, 2007; Edebeli et al., 2019; 

Hunt et al., 2004b; Jung et al., 2017; Moreno and Baeza-Romero, 2019; Oldridge and Abbatt, 

2011; Oum et al., 1998; Sakamoto et al., 2018]. In aqueous solution, Liu et al. [Liu et al., 2001] 

suggested that the mechanism involves a bromide ozonide as an intermediate (R1), which 

then decomposes into molecular oxygen (R2, 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-
(aq) + O3(g)    [Br•OOO-](aq)    R1 

[Br•OOO-](aq) + H+
(aq)  HOBr(aq) + O2(g)   R2 

[Br•OOO-](aq) + H2O(l)   HOBr(aq) + O2(g) + OH-
(aq)              R3 

HOBr(aq) +Br-
(aq)

 +H+
(aq)  Br2(g) +H2O(l)   R4 

The traditional approach to studying 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 [Donaldson and Anderson, 1999]. 

However, this is not straightforward for complex solutions because the synergistic effects and 

their composition dependence 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. 

[Ammann et al., 2018] Liquid jet XPS directly provides the composition of inorganic and 

organic compounds at the aqueous solution-vapor interface within the top-most molecular 

layers of the liquid [Lee et al., 2015; Lee et al., 2019; Öhrwall et al., 2015; Prisle et al., 2012]. 

Using this technique, supporting theoretical calculation and additional kinetic experiments, 

Artiglia et al. [Artiglia et al., 2017] reported direct experimental 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 cause the surface-enhanced reaction rate rather than the debated 

abundance of bromide itself at the interface [Gladich et al., 2020]. 

In an attempt to address the impact of organics on the oxidation of bromide by O3,  Lee et 

al. [Lee et al., 2015] 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 
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predicted by bulk reaction-limited uptake and faster than expected based on 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 one nm. In 2019, Lee et al. 

[Lee et al., 2019] found an opposite 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 co-solutes 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 deriving from oceanic biogenic material [Ge et 

al., 2011; Pinxteren et al., 2020]. Its amphiphilic character with aliphatic side chains makes it 

strongly surface-active in an aqueous solution. Based on surface tension measurements, TBA 

bromide is expected to exhibit a surface excess of ~3.0×1014 molecules per cm2 at 0.1 M [Mata 

et al., 2004]. TBA also exhibits 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 [Ohtani et al., 2004]. Several studies have 

addressed the interfacial properties of TBA-containing iodide solutions (including mixtures 

with bromide) with VUV photoemission [Karashima and Suzuki, 2019; Watanabe et al., 1998; 

Winter et al., 2005; Winter et al., 2004]. Also, molecular beam scattering experiments of N2O5 

interacting with a liquid jet containing tetraalkylammonium surfactants indicated interactions 

between the positively charged surfactant and reactants or products, also depending on the 

solvent [Shaloski et al., 2017; Sobyra et al., 2019]. Therefore, the details of charged surfactant 

ions affect the halide ions, their reactivity and potentially 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.  

6.1.3 Experimental method 

Materials 

This study was conducted using sodium bromide (NaBr, Sigma Aldrich, > 99.0%), sodium 

chloride (NaCl, Sigma Aldrich, > 99.0%), 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). 0.1 M NaBr, 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. 
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Liquid microjet X-ray photoelectron spectroscopy (XPS) 

XPS experiments using a liquid micro-jet were conducted at the Surfaces/Interfaces: 

Microscopy (SIM) beamline of the Swiss Light Source (SLS) [Flechsig et al., 2010] using the 

near ambient pressure photoemission (NAPP) endstation [Brown et al., 2013; Flechsig et al., 

2010]. 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 samples in chamber pressures up to a few mbar. 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 vacuum 

(1.0×10-3 to 1.0×10-4 mbar). The diameter of the entrance orifice of the electron sampling 

aperture into the pre lens 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 (photoelectron 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 [Flechsig et al., 2010]. 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 [Artiglia et al., 2017]. 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 % 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 of 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 of 1% to 

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. 
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Core level spectra of Br 3d, N 1s, C 1s, Cl 2p and O 1s were acquired at photon energies 

allowing photoelectron kinetic energies at 155 eV and 370 eV.  Due to the high photon flux at 

the SIM beamline, using 1st 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 2nd order light, which simultaneously passes the 

monochromator, to ionize the O 1s orbital. Thus, the monochromator was set to 348 eV and 

450 eV to obtain O 1s spectra with excitation energies of 696 eV and 900 eV for a KE of 155 

eV and 370 eV, respectively.  

Reported binding energies are relative to the vacuum level and calibrated to the O 1b1 orbital 

of liquid water at 11.31 eV [Winter et al., 2004]. Exemplary valence spectra are shown in the 

SI, Figure S1. The total photoionization cross-section (σtot) was calculated by considering 

cross-sections (σ) and asymmetry parameters (𝛽) as follows [Ottosson et al., 2010; Yeh and 

Lindau, 1985]: 

σtot=
𝜎

4𝜋
(1 + 𝛽)                                                                      (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 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 

was also present when dosing O3 [Artiglia et al., 2017]. We forced the FWHM at the same 

value for the spin-orbit split peaks of Br 3d (3d3/2, 3d5/2) of bromide and Cl 2p (2p1/2, 2p3/2) of 

chloride, respectively, 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 [Artiglia et al., 

2017]. 

Flow reactor: 

Kinetic experiments were conducted in a flow reactor setup previously described by Lee et 

al. [Lee et al., 2015] and Artiglia et al. [Artiglia et al., 2017]. Briefly, the setup comprises of 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, 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 vapour 

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).  
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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 (solid arrow), 

which led to the exposure of the film to O3 allowing the multiphase reactions to take place. 

Finally, the concentration after the reactor was measured in by-pass 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 

(Equation 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 while 

the gas passed through the flow tube ([O3]flow tube) for each cycle [Lee et al., 2015]. 

γ =
4φ × [ln(

[O3]bypass
[O3]flow tube

)]

ωO3 × SA
                                                (2)  

ωO3
=√

8RT

πMO3
                                                                       (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; 

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 is 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 disentangling the 

contributions by the bulk aqueous phase reaction in the reacto-diffusive regime and the 

surface reaction [Lee et al., 2015; Oldridge and Abbatt, 2011] as described in more detail in 

the SI. 

6.1.4 Results and discussion  

Figures 1a and 1b show O 1s and Br 3d photoelectron spectra, respectively, of 0.1 M NaBr, 

and 0.1 M TBA-Br aqueous solutions at a photon energy 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 differs from 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 has been observed for different solutions in 

our previous work [Lee et al., 2019]. The substantial photoemission intensity from gas-phase 

water is related to 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 show a surface excess of ~3×1014 molecule 

per cm2 at 0.1 M [Mata et al., 2004].  
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It becomes already apparent from the spectra shown in Figure 1b that the Br 3d signal 

intensity is much 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 O1s signal of liquid water and which will be quantitatively analyzed together with the 

C 1s spectra further below. The gas-phase signals in Figure 1a remained the same, and 

provided that the liquid jet position was stable, this indicates that the evaporation of H2O 

from the liquid was not strongly affected by the presence of TBA.  

 
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 a 

photon energy of 900 eV and 450 eV, respectively; c) O 1s and d) Br 3d photoelectron spectrum of 0.1 M TBA-

Br and 0.1 M NaBr aqueous solutions in the presence of O3, at a photon energy of 900 eV and 450 eV, 

respectively. 

The same O 1s (Figure 1c) and Br 3d (Figure 1d) spectra were taken in 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 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 of 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]- 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. 

[Artiglia et al., 2017]. In a vacuum, the Br 3d signal intensity was larger in TBA bromide 



 

83 
 

containing solutions than 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 somewhat similar in 

presence and absence of TBA-Br, 0.21±0.04 and 0.15±0.03, respectively, concentration and 

stability of the intermediate are different in the presence of TBA, as discussed in detail in the 

second part.   

 
Figure 2: Measured and parameterized 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 (grey), 0.1 M TBA-Br (red), 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 measured [Br·OOO]- /O intensity 

ratio for three different aqueous solutions. 

Figure 2a) shows the measured and parameterized 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 (grey), 0.1 M TBA-Br (red), 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 fit 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 study [Artiglia et al., 2017] as described in the Supporting 

Materials, Section VIII. At high ozone concentrations (above 200 ppb), uptake coefficients are 

constant, whereas uptake coefficients increase towards the lower atmospherically relevant 

ozone mixing ratios (between 100 and 30 ppb). In previous studies [Artiglia et al., 2017; 

Oldridge and Abbatt, 2011], this behavior has been attributed to a surface reaction 

dominating 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 higher ozone concentration, as described by Equation 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 (Equation 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 [Schneider et al., 2020]. As also 

explained in the SI, 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 
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previous studies from our group [Artiglia et al., 2017] and the work by Oldridge and Abbatt. 

[Oldridge and Abbatt, 2011]. The slight difference between the pure NaBr and the mixed 

NaBr/NaCl solutions at high ozone concentration is explained by the 10% lower solubility of 

O3 due to salting out by the 0.55 M NaCl and the slight difference in diffusivity caused by a 

small change in viscosity. Both are included in the parameterization for the uptake coefficient 

(see Supporting Materials, section VIII). In the presence of TBA, the ozone uptake coefficient 

is higher than on the pure NaBr and NaBr/NaCl mixed solutions at low ozone concentration, 

whereas they tend to be similar to the systems without TBA at higher ozone concentrations, 

indicating the surface reaction contribution is more strongly affected by the presence of TBA 

than the bulk reaction. The relatively small difference between ozone uptake in solutions with 

and without TBA at high ozone concentration could be explained by 11.5% larger viscosity 

and 1.5% larger solubility of O3 in TBA-Br solutions compared with pure NaBr. In presence of 

TBA, the effect of 0.55 M NaCl is also seen, especially at 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 pure NaBr. For the bulk reaction, the parameterization for the uptake 

coefficient is based solely on known parameters (solubility, rate coefficient, diffusivity) 

without any additional adjustable parameters. For the loss rate on the surface, as described 

in the Supporting Materials (section VIII), the essential parameters are the equilibrium 

constant for the formation of the intermediate (KLang in Equation 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. 

[Artiglia et al., 2017], which was also consistent with Oldridge and Abbatt [Oldridge and 

Abbatt, 2011], 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. [Sobyra et al., 2019] have 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 an enriched bromide 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 
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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 Gladich et al. [Gladich 

et al., 2020], 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. 

 
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, dark and light grey 

spheres denote bromide, nitrogen, carbon and hydrogen atoms, respectively. 

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 follows the one 

developed by Lee et al. [Lee et al., 2019].  Its setup, depicted in Figure 3, assumes that the 

interfacial region contains the 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, three of the remaining aliphatic chains above 

it, within a layer of thickness d1, and one aliphatic chain pointing towards the bulk, extending 

to a depth d2, inspired by molecular dynamics simulations presented by Winter et al. [Winter 

et al., 2005] 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. [M-T Lee 

et al., 2019]. Its thickness Δ is independent of whether TBA is present or not. The details of 
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the attenuation model and the derivation of the equations describing the photoemission 

signals are provided in the Supporting Materials (section VI.). 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 M to 0.2 M (see individual spectra in Supporting 

Materials, section IV, Figure S4) essentially tracks the evolution of the surface excess as 

derived from surface tension data (Supporting Materials, section VII, Figures S6 and S7) [Mata 

et al., 2004].  

 
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 a photon energy of 660 eV 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 is 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. 

Meanwhile, the correlation between C 1s photoemission intensity and the surface excess 

has been demonstrated for many surface-active organic species [Lee et al., 2015; Lee et al., 

2016; Lee et al., 2019; Pruyne et al., 2014; Toribio et al., 2018; Walz et al., 2016]. The surface 
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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 (Equation S6). The purpose 

was to replace detailed electron scattering calculations by assuming a homogeneous layer 

consisting of liquid butane, for which we could approximate the inelastic mean free path by 

that of liquid water (see Supporting Materials, section VII). In Figure 4b, we show the 

concomitant decrease of the condensed phase O 1s signal of H2O in agreement with the 

attenuation of photoelectrons by the increasing effective thickness of the aliphatic carbon 

layer (Equation S7). The ratio of the two signals is shown in Figure 4c, exhibiting the typical 

feature for surfactant behavior [Ammann et al., 2018; Lee et al., 2016]. Note that the 

calculated lines were only scaled with a factor that accounts for the detection efficiency. For 

the ratio in Figure 4c, this provides the calibration factor for the C 1s to O 1s photoemission 

intensity ratio, A/B, in Equation 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 contain information about the orientation of 

the surfactants [Lee et al., 2016; Ottosson et al., 2011; Prisle et al., 2012]. For simple 

monocarboxylic acids, the head group is solvated while the aliphatic chains are residing above 

the surface. Therefore, photoelectrons from the aliphatic carbons are less attenuated than 

those from the head group carbon, leading to enhanced photoemission signal intensity ratios. 

However, in the case of TBA, this effect is relatively weak (Figure S5), because only one of the 

butyl chains is pointing upwards, while two are lying flat on the surface and one is pointing 

into the solution [Winter et al., 2004] as schematically depicted in Figure 3. In the bulk phase, 

complete hydration of TBA with around 20 water molecules as well as counter-ions between 

the hydrocarbon arms of TBA was derived from molecular dynamics simulations [Bhowmik et 

al., 2014]. 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 [Winter et al., 2004].  

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 O1s (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, Figure 5 was 

obtained at smaller kinetic energy than those in Figure 1 to achieve higher surface sensitivity. 

We measured the [Br·OOO]- intermediate at a kinetic energy of 370 eV to have a better signal-

to-noise ratio for quantitative analysis and comparison with our previous work [Artiglia et al., 

2017]. The shape 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. The C 1s (Figure 5c) exhibits, as also seen in Figure S4, two features 
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representing aliphatic chain carbon (-C3H7) and the ammonium coupled carbon (-CH2-N) at a 

binding energy 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.  

 
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 number of sweeps. Lines with 

symbols represent the measured data, and the shaded areas represent the fitted contributions of the 

corresponding core levels. 

The first step towards the quantification of the surface composition is to consider signal 

intensity ratios, since then several uncertainty factors, such as 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 intensity 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 2nd 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 based on 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 [Lee et al., 2016; Lee et al., 2019; Toribio et al., 2018].  

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 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 the 

absence of TBA. Furthermore, the C 1s and N 1s data in Figure 5 and Table 1 indicate 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.  
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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,∆, 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,∆ = 𝑓𝑛Br,b. The results are listed in Table 1 both in terms of 𝑛Br,∆ in units of M and as 

effective surface coverage, 𝑛Br,∆∆, in units of molecule cm-2. For the pure NaBr solution, we 

have used the same approach as in Lee et al. [Lee et al., 2019], to link the Br/O signal intensity 

ratio to the surface excess (Supporting Materials, section VI, Equations S11and 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 [Gladich et al., 2020; Sobyra et al., 2019; Winter et al., 2005; Winter et al., 2004]. 

We note that all other surface concentrations discussed below are depending on this choice, 

leading to systematic uncertainty.  f0 = 0.5 (for pure 0.1 M NaBr) is obtained from the surface 

excess of -3×1012 molecules per cm-2 (Equation S11) that is consistent with surface tension 

data at 0.1 M concentration [Shah et al., 2013]. 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, but also other liquid jet 

photoemission studies and the most recent molecular dynamics simulations with revised 

force fields [Gladich et al., 2020; Olivieri et al., 2018; Ottosson et al., 2009].  

Table 1: Ratios of normalized photoemission signal intensity of Br 3d, C 1s, N 1s and Cl 2p to that of O 1s of 

liquid H2O, calculated interfacial concentrations of bromide, their driving parameters as well as the first order 

loss rate coefficient of the intermediate, ks.  

Solution Br/O -CH2-

N/O 

-C3H7/O N/O Cl/O 𝛤𝑇𝐵𝐴 

[1013 cm-2] 

f a 𝑛Br,∆ , [M] 𝑛Br,∆∆  

[1013 cm-2] 

𝑘s 

[10-3 s-1] 

0.1 M NaBr 0.06      0.5  0.05 0.30 4.5 

0.1 M TBA-Br 0.75 1.24 4.03 0.18  29.6 9.9 17.0 0.99 5.96 0.43 

0.1 M TBA-Br/0.1 M NaBr 0.95 1.06 3.54 0.14  28.0a 15.8 27.8 1.60 9.63  

0.1 M NaBr/0.55 M NaCl 0.24    0.13  3.0  0.30 1.81 0.38 

0.1 M TBA-Br/0.55 M NaCl 0.34 1.43 5.4 0.45 0.34 33.2a 4.3 0.42 0.43 2.59 0.94 

0.1 M TBA-Br/0.1 M NaBr/0.55 

M NaCl 

0.56 1.98 6.4 0.53 0.25 35.4a 9.0 1.9 0.90 5.42  

a  calculated based on calibration of C/O signal intensity ratio with the TBA-Br solution 
b  The error associated with the individual photoemission signal intensities is estimated at around ±10%, 

which considers uncertainties due to the variability of the liquid-jet XPS experiment, the solution 
preparation, spectral fitting. Propagation leads to around 15% for elemental ratios and around 20% for 
the concentrations given. This does not include systematic errors related to the choice of the value for Δ 
or other inherent assumptions of the attenuation model. 

In the presence of TBA, the deviation of f from f0 is described as a linear function of the 

surface coverage of TBA, with the parameter a describing the maximum enhancement at 
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saturating coverage (SI, Equation S13). The parameter f was obtained from Equation S13 and 

using the calibration factor for the Br/O signal intensity ratio determined from the pure NaBr 

solution (Supporting material, Equation S15). Using f, we obtained the interfacial bromide 

concentration, which is enhanced by a factor of 20 in comparison to 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 systems [Öhrwall et al., 2015] and specifically also for 

solutions containing TBA iodide [Bergersen et al., 2007; Eschen et al., 1995; Winter et al., 

2005; Winter et al., 2004; Woods et al., 2019]. Using He backscattering, Zhao et al. [Zhao et 

al., 2020] determined that bromide is distributed within a width of around one nanometer at 

the interface for tetrahexylammonium (THA) bromide in glycerol as solvent. Note that in this 

work, the information depth is about one nm, but this depth is compatible with our choice of 

Δ used to calculate local concentrations. 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 [Mata et al., 2004]. 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. [Bhowmik et al., 2014] suggested that in solutions with 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, based on 

the C/O and Br/O ratios and the concentrations derived, the substantial amounts of water 

[Walz et al., 2015; Walz et al., 2016] (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 two. This non-linear 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 Materials, Equation 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 based on the C/O ratios and using the 0.1 M TBA-

Br solution as reference, did not change significantly in 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 the 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 the 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 
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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 [Ghosal et al., 2008]. 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, is a well described phenomenon, but predictive tools 

remain poorly constrained [Endo et al., 2012; Toivola et al., 2017]. Salting out has also been 

substantiated by XPS for butanol in the presence of iodide [Krisch et al., 2007] or by scattering 

for THA bromide in the presence of 0.3 m NaBr [Zhao et al., 2020]. 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 accord with the aliphatic carbons, meaning 

that no substantial change in average orientation is apparent. On the other hand, the N 1s to 

O 1s signal intensity ratio changed by more than a factor of two. It could indicate that the 

amine group of a fraction of the TBA ions has moved towards the vacuum side of the interface, 

which would also point towards a more complex structure than the 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 signal would experience the 

same degree of attenuation.  

While the amount of TBA at the surface increases in the presence of chloride, a three-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 one order of magnitude higher than that with Cl- [Sawada 

et al., 2001]. This explains why in spite of a factor of five 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
+ [Tomar et al., 2007]. For 

alkylammonium cations, the association constants decrease with anion size and polarizability, 

e.g., for the pairs of TBA-I and TBA-ClO4 [Moberg et al., 1991] or for TBA-I and TBA-Br [Mbuna 

et al., 2004]. For the latter pair, Winter et al. [Winter et al., 2005] 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 
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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 1/3 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). 

 
Figure 6: Uptake coefficient of O3 at 36 ppb compared with measured Br-/O intensity ratio (lower x-axis, green) 

and calculated Br- interfacial concentration (upper x-axis, pink) for four different aqueous solutions. 

In Figure 2b, we have 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 relationship 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 two orders of 

magnitude larger than in the present work [Rouvière and Ammann, 2010]. 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, based on the first-order rate coefficients of the 

intermediate, ks (last column of Table 1), which were retrieved from the fits to the kinetic 
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data,  the presence of TBA affects the life-time of the intermediate by about one 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 for pure NaBr, which is more in line with the reduced 

abundance of the intermediate. Thus, even for this inorganic mixture, abundance of bromide 

and of the bromide ozonide intermediate is 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 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 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.  

6.1.5 Conclusion 

In this study, we measured the surface propensity of cationic tetrabutylammonium at the 

aqueous liquid-vapor interface by liquid micro-jet 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 an 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 a 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% 

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 concentrations, 

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 essential positively charged surfactants at the sea 

surface microlayer (the topmost organic-rich layer), with an average concentration in the 

range of 50-1500 ng L-1 [Ge et al., 2011; Pinxteren et al., 2020; Pinxteren et al., 2012]. This 

work shows that they may exert strong effects on halogen activation processes and their 

presence should be considered when it comes to assessing the impact of halogen chemistry 

on the atmospheric oxidation capacity and the climate. 
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6.2 Supplementary information  

Section I. O 1s valence spectra 

 
Figure S1: Valence spectra of three different solutions calibrated to the O1b1 orbital of liquid water at 11.31 eV. 

[Avval et al., 2019; Winter and Faubel, 2006; Winter et al., 2004b] 

Section II. O 1s spectra of TBA-Br solutions in presence of O2 and O3  

 
Figure S2: O 1s photoelectron spectra of aqueous solutions of 0.1 M TBA-Br, 0.1 M TBA-Br in presence of O2, and 

0.1 M TBA-Br in presence of O2/O3 at a photon energy of 450 eV, respectively. 
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Section III. O 1s and Br 3d spectra of NaBr/NaCl solutions in presence of O2 and 

O3 

 
Figure S3: a) O 1s and b) Br 3d photoelectron spectra of aqueous solutions of 0.1 M NaBr/0.55 M NaCl and 0.1 

M NaBr/0.55 M NaCl in the presence of O2/O3 at a photon energy of 900 eV and 450 eV, respectively. 

Section IV. O 1s and C 1s spectra of TBA-Br solutions as a function of 

concentration 

 
Figure S4: a) O 1s and 1b) C 1s photoemission spectra of aqueous TBA-Br solutions at concentrations ranging 

from 0.05 M to 0.2 M, excited by 900 eV and 660 eV, respectively, thus at a kinetic energy of 370 eV for both. 

To study the relative surface concentration as a function of the bulk concentration, a series 

of O 1s and C 1s PE spectra of TBA-Br were recorded over a concentration range from 0.01 M 

to 0.2 M, shown in Figure S4(a) and (b), respectively. The PE intensities are given in arbitrary 

units, but the relative intensity scale is the same for both and can be used for comparison. In 

spite of the much larger density of O atoms, the O 1s signal intensity is lower than that of C 

1s (cross-section in the same order of magnitude), because the O 1s electrons were excited 

by the second-order light at 900 eV photon energy, which has much smaller intensity than 

that at the primary photon energy of 450 eV used to excite C 1s for the same monochromator 
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settings. As discussed in the context of Figure 1 of the main text, in Figure S4a, the O 1s spectra 

display gas-phase water (sharp feature at higher binding energy) and liquid water (broad 

feature at lower binding energy) contributions. In Figure S4b, the C 1s spectra are composed 

of the contributions of 12 methyl carbons in the four butyl chains on the lower binding energy 

side and the four carbons bound to the amine on the higher binding energy side. As the 

spectra show, from black to red, the O 1s signal intensity from condensed phase water 

decreases (Figure S4a), when considering the increasing background, while that from gas-

phase water stays the same. We also note the changing binding energy separation between 

the two contributions with increasing TBA concentration, as discussed in the main text.  On 

the other hand, the C 1s signal intensity (Figure S4b) for both carbon species increases in 

parallel over the same TBA-Br concentration range. Clearly, the C1s PE intensity increases 

non-linearly with increasing concentration, which is explained by surface adsorption 

saturation of this amphiphilic compound. In turn, the decreasing condensed phase O 1s signal 

is attributed to the attenuation effect of TBA accumulating on the surface, which amounts to 

up to 20% of the O 1s signal for the most dilute solution. C1s and O1s intensities are analyzed 

quantitatively using the attenuation model.  

Section V. Orientation analysis for TBA-Br solutions 

 
 Figure S5: The ratio of C1s photoemission intensity of aliphatic  carbon (-C3H7) to that of amine coupled 

carbon (-CH2-N, right-axis), at KE = 370 eV, as a function of TBA-Br concentration. 

Figure S5 shows the ratio of C1s photoemission intensity of aliphatic carbon (-C3H7) to that 

of amine coupled carbon (-CH2-N, right-axis), at KE = 370 eV, as a function of TBA-Br 

concentration. This ratio tends to be just slightly above 3:1, the expected stoichiometric ratio, 

indicating a small net upward orientation of the butyl chains that leads to less attenuation of 

photoelectrons from aliphatic carbon than those from the amine coupled carbons. MD 

simulations by [Winter et al., 2004] indicated that three butyl groups of TBA+ are found 

outside the surface and only one butyl group of TBA+ points into the liquid. The effect as 

apparent from our signal ratios remains weak, because two of these three chains are aligning 
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parallel to the interface, and the one pointing into the solution has an opposite orientation 

compared to that pointing out of the solution, though attenuation is stronger for the former. 

Single chain monocarboxylic acids have exhibited more pronounced effects on similar ratios 

due to more significant net upward orientation [Lee et al., 2016; Ottosson et al., 2011; Prisle 

et al., 2012].  

Section VI. Calculation of photoemission signal intensity ratios based on the 

attenuation model 

Since the number of carbon atoms per unit surface area varies with the bulk concentration 

of TBA, and since the actual density of carbon atoms above the surface is not well known to 

estimate the attenuation of electrons, we simplify the task by assuming the carbon atoms are 

assembled as in a liquid layer with the properties of liquid butane and that electron 

attenuation in that layer is equal to that in liquid water. The IMFP is around 1.1 nm and 2.1 

nm for liquid butane at 155 eV and at 370 eV, respectively [Jablonski et al., 2005], which is 

similar to that of liquid water (1.1 nm and 1.9 nm, respectively) [Shinotsuka et al., 2017]. 

Choosing an entirely different density would require using a proper value for the IMFP, which 

is not known or would have to be obtained by scattering calculations. The number density (in 

atoms cm-3) of carbon atoms in liquid butane is: 

𝑛𝐶,𝑏,𝐵𝑢𝑡𝑎𝑛𝑒 =
4𝑁𝐴𝑣𝜌𝐵𝑢𝑡𝑎𝑛𝑒

𝑀𝑊,𝐵𝑢𝑡𝑎𝑛𝑒
       (S1) 

𝑁𝐴𝑣  is the Avogadro constant, which is 6.02×1023 mol−1, 𝜌𝐵𝑢𝑡𝑎𝑛𝑒  is the density of liquid 

butane, which is 600 g/L at 274 K, and 𝑀𝑊,𝐵𝑢𝑡𝑎𝑛𝑒 is the molecular weight of liquid butane, 

58.12 g/mol.  

The number density of carbon atoms above the interface (in atoms cm-3) is in turn related 

to the surface excess of TBA, 𝛤, and to the thickness of this layer, d1, by: 

𝑛𝐶,𝑠 = 9
𝛤

𝑑1
         (S2) 

As mentioned in the main text, each TBA contributes 9 carbon atoms into this layer, as one 

butyl chain is pointing into the liquid and the C atoms adjacent to the N are considered (and 

measured) separately. Equating 𝑛𝐶,𝑠 = 𝑛𝐶,𝑏,𝐵𝑢𝑡𝑎𝑛𝑒 allows retrieving the thickness:  

𝑑1 =
9𝛤𝑀𝑊,𝐵𝑢𝑡𝑎𝑛𝑒

4𝑁𝐴𝑣𝜌𝐵𝑢𝑡𝑎𝑛𝑒
        (S3) 

For Γ of 3.28×1014 molecule cm-2 for 0.5 mol/L TBA-Br (see below), d1 becomes 1.2 nm.  

λ0 is the inelastic mean free path for electrons in water [Shinotsuka et al., 2017], while we 

use λ = 2/pi*λ0 to account for the liquid jet measurement configuration [Winter and Faubel, 

2006]. λ0 is 1.8 nm at 370 eV kinetic energy, leading to λ = 1.15 nm, while λ0 is 1.1 nm at 155 

eV kinetic energy, leading to λ = 0.7 nm. 

The C1s photoemission signal intensity contributed by the aliphatic carbons contained 

within this layer is: 
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𝐼C1s(CH2)surface = 𝐴 ∫ 𝑛𝐶,𝑠
0

−𝑑1
𝑒−(𝑧+𝑑1) 𝜆⁄ 𝑑𝑧 = 𝐴𝑛𝐶,𝑠(−𝜆)(𝑒−(𝑧+𝑑1) 𝜆⁄ )I−𝑑1

0 = 𝐴𝜆𝑛𝐶,𝑠(1 −

𝑒−𝑑1 𝜆⁄ ) =  𝐴𝜆
9𝛤

𝑑1
(1 − 𝑒−𝑑1 𝜆⁄ )           (S4) 

A denotes the factor accounting for photon flux, ionization cross-section and detection 

efficiency. Note that we have placed z = 0 at the position, where the density of water drops 

to zero assumed to coincide with the position of the center (still hydrated) portion of the TBA 

ions. Therefore, no water is assumed to reside at z < 0. For small d1, the expression in brackets 

simplifies to d1/λ, so that the signal intensity simplifies to 9AΓ. 

The C1s signal from the carbons adjacent to the nitrogen (blue balls in Figure 3 of the main 

text) is obtained by assuming attenuation by the aliphatic overlayer, but assuming that they 

are residing in an infinitely thin 2D layer: 

𝐼C1s(CH2-N)surface = 4𝐴𝛤𝑒−𝑑1 𝜆⁄       (S5) 

For the C 1s signal from the aliphatic chain of TBA pointing into the solution, we assume 

that these three carbon atoms are homogeneously distributed within a layer of thickness d2 

of 0.4 nm, by taking the length of the butyl chain as a reasonable constraint. The number 

density of carbon atoms for this layer is then three times the surface excess divided by d2: 

𝐼C1sCH2bottom chain = 𝐴𝑒−𝑑1 𝜆⁄ ∫
3𝛤

d2

d2

0
𝑒−(𝑧) 𝜆⁄ 𝑑𝑧 = 𝐴𝑒−𝑑1 𝜆⁄ 3𝛤

d2
(−𝜆)(𝑒−(𝑧) 𝜆⁄ )I0

d2 = 𝐴
3𝛤

d2
𝜆(1 −

𝑒−d2 𝜆⁄ )𝑒−𝑑1 𝜆⁄                                 (S6) 

The photoemission signal contribution by all aliphatic carbons of TBA-Br in the bulk with a 

constant density nb,C (C atoms cm-3), thus 12 times the number density of TBA molecules per 

cm-3, is then obtained by integrating over the solution from z = 0 onwards, and applying the 

constant attenuation factor by the aliphatic overlayer between –d1 and 0 : 

𝐼C1s(CH2), bulk = 𝐴𝑒−𝑑1 𝜆⁄ ∫ 𝑛𝑏,𝐶
∞

0
𝑒−(𝑧) 𝜆⁄ 𝑑𝑧 = 𝐴𝑒−𝑑1 𝜆⁄ 𝑛𝑏,𝐶(−𝜆)(𝑒−(𝑧) 𝜆⁄ )I0

∞ =

𝐴𝜆𝑛𝑏,𝐶𝑒−𝑑1 𝜆⁄            (S7) 

The overall C1s signal intensity contributed by aliphatic carbons is then given by: 

𝐼𝐶1𝑠 =  𝐼C1s(CH2),surface + 𝐼C1s(CH2), bulk + 𝐼C1s(CH2),bottom chain = 9A𝛤 + 𝐴𝑒−𝑑1 𝜆⁄ 𝜆𝑛𝑏,𝐶 +

𝐴𝑒−𝑑1 𝜆⁄ 3𝛤

d2
𝜆(1 − 𝑒−d2 𝜆⁄ )       (S8) 

We calculate the photoemission signal contribution of O atoms, assumed to be 

homogeneously distributed over the bulk up to below the aliphatic carbon layer, which is not 

containing oxygen, completely analogously to C in the bulk: 

𝐼O1s, bulk = 𝐵𝑒−𝑑1/𝜆 ∫ 𝑛b,O𝑒−(𝑧)/𝜆𝑑𝑧
∞

0
= 𝐵𝑛b,O𝜆𝑒−𝑑1/𝜆   (S9) 

The calculated C 1s to O 1s signal intensity ratio is then: 

𝐼𝐶1𝑠

𝐼O1s, bulk
=

𝐴

𝐵

9𝛤+𝑒−𝑑1 𝜆⁄ 𝜆𝑛𝑏,𝐶+𝑒−𝑑1 𝜆⁄ 3𝛤

d2
𝜆(1−𝑒−d2 𝜆⁄ )

𝑛b,O𝜆𝑒−𝑑1/𝜆     (S10) 
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Fitting this equation to the measured data allows retrieving the calibration factor A/B = 

0.685, which can then be used to calculate the unknown surface excess of TBA from the 

measured signals of the solutions containing additional NaBr or NaCl (values in Table 1 of the 

main text). 

We introduced an additional layer of thickness Δ, just below solution surface, starting at 

depth z = 0, within the aqueous solution. In the presence of TBA, this layer overlaps with the 

one containing the aliphatic portion of the butyl chain reaching down to d2, but reaching 

deeper. In this layer, the Br atom density is set different from that of the bulk density by a 

factor, f, i.e., fnb,Br, while the density of bulk TBA is equal to that further away in the bulk.  f is 

a function of the surface excess of TBA, 𝛤TBA. In the simple terms of this model and in the 

absence of organic f = f0 is related to the surface excess of the bromide ions, 𝛤Br-, via: 

𝛤𝐵𝑟− = 𝑛b,Br∆(𝑓0 − 1)  𝑓0 =
𝛤𝐵𝑟−

𝑛b,Br∆
+ 1    (S11) 

The Br photoemission signal intensity is then obtained from the following integration: 

𝐼Br = 𝐶𝑒−
𝑑1

𝜆 [∫ 𝑓𝑛b,Br𝑒
−(𝑧) 𝜆⁄ 𝑑𝑧

∆

0
+ 𝑒−

∆

𝜆 ∫ 𝑛b,Br𝑒
−(𝑧−∆) 𝜆⁄ 𝑑𝑧

∞

∆
] =  

𝐼Br = 𝐶𝑒−
𝑑1

𝜆 [𝑓𝑛𝑏,𝐵𝑟𝜆 − 𝑓𝑛𝑏,𝐵𝑟𝜆𝑒−∆ 𝜆⁄ + 𝑛𝑏,𝐵𝑟𝜆𝑒−
∆

𝜆]  

𝐼Br = 𝐶𝑒−d1 𝜆⁄ 𝑛𝑏,𝐵𝑟𝜆[𝑓 + 𝑒−∆ 𝜆⁄ (1 − 𝑓)]                            (S12) 

In the presence of TBA, we assumed that 

𝑓 = 𝑓0(1 + 𝑎
𝛤org

𝛤org,max
)       (S13) 

We set 𝛤org,max  to 3.3×1014 molecule per cm-2 for TBA-Br (from the surface excess data 

already used to calculate the thickness of the aliphatic carbon layer). 

Using equations (S9) and (S12), we can get the signal intensity ratio of Br 3d to O 1s as 

follows: 

𝐼Br-, bulk/𝐼O1s, bulk =
𝐶

𝐵

𝑛b,Br

𝑛b,O
[𝑓 + 𝑒−∆ 𝜆⁄ (1 − 𝑓)]                                          (S14) 

For pure NaBr solutions, 𝑓0 = 0.5 under the assumption that ∆ = 1 nm, which leads to a 

surface excess of ~ -3×1012 molecules per cm-2 for a 0.1 M NaBr solution, consistent with 

surface tension data [Shah et al., 2013]. We apply this 𝑓0 value in equation (S14) to obtain the 

otherwise unknown factor 𝐷 =
𝐶

𝐵
, the calibration factor for the quantification of the Br 3d to 

O 1s signal intensity ratio: 

D =
𝐶

𝐵
=

𝐼Br-

𝐼O1s

𝑛b,O

𝑛b,Br

𝐼Br-/𝐼O1s

𝑓0+𝑒−∆ 𝜆⁄ (1−𝑓0)
                                                            (S15) 

leading to 𝐷 = 0.097. 

We then used this value to calculate f from the measured Br 3d to O 1s signal ratios for the 

NaBr/NaCl, TBA-Br, TBA-Br/NaCl solutions, based on equation (S14): 
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For NaBr/NaCl solutions: 

𝑓𝑁𝑎𝐵𝑟/𝑁𝑎𝐶𝑙 = [

𝐼Br-
𝐼O1s

D
− 𝑒−∆ 𝜆⁄ ]/[1 − 𝑒−∆ 𝜆⁄ ] = 2.946  

For TBA-Br or TBA-Br/NaCl solutions: 

𝑓 = [
𝐼Br-/𝐼O1s

D
− 𝑒−∆ 𝜆⁄ ]/[1 − 𝑒−∆ 𝜆⁄ ]                                                            (S16) 

leading to: fTBA-Br = 9.875; fTBA-Br/NaCl = 4.304; 

We used equation (S 13) to get the factor a describing the sensitivity to the surface coverage 

by TBA: 

For TBA-Br: 

𝑎𝑇𝐵𝐴−𝐵𝑟 =
𝛤org,max

𝛤org
(

𝑓𝑇𝐵𝐴−𝐵𝑟

𝑓0
− 1)                                                                  (S17) 

For 𝛤org,max = 3.3×1014 and 𝛤org = 3.0×1014, this leads to aTBA-Br = 17.045. 

Similarly, for TBA-Br/NaCl: 

𝑎𝑇𝐵𝐴−𝐵𝑟/𝑁𝑎𝐶𝑙 =
𝛤org,max

𝛤org
(

𝑓TBA−Br/NaCl

𝑓NaBr/NaCl
− 1) = 0.419  

Section VII. Surface excess of TBA-Br derived from surface tension 

measurements 

Figure S6 shows the surface tension data of TBA-Br [Mata et al., 2004]. To determine the 

surface excess of TBA-Br at the interface the semi-empirical Meissner-Michaels equation was 

used to fit the surface tension data [Meissner and Michaels, 1949]: 

𝛾 = 𝛾0[1 − 𝑏𝑙𝑛 (
𝐶𝑖

𝑎
+ 1)]                     (S18) 

where Ci is the concentration of TBA-Br based on mole fraction, γ0 is the surface tension 

without organics, and a and b are fitting parameters. 

 
Figure S6: Measured surface tension [Mata et al., 2004] of aqueous TBA-Br solution as a function of TBA-Br 

mole fraction (symbols). The line displays the best fit of the Meissner-Michael equation to the data. A and b 

are fitting parameters, 2.52×10-4 and 0.193, respectively. 
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The thermodynamic description of surface tension is directly related to the surface excess, 

Γi, of a component i beyond a theoretical dividing plane (referred to as the Gibbs surface) 

placed parallel to the solution surface by the Gibbs equation [Casper, 1977]:  

Γ𝑖 = −
𝑋𝑖

𝑅𝑇
(

𝜕𝛾

𝜕𝑋𝑖
)𝑇                             (S19) 

where Xi is the mole fraction of component i, R is the universal gas constant and T is the 

temperature in Kelvin. Figure S7 shows the surface excess, Γ  for TBA-Br solutions obtained 

using the Gibbs equation.  

 
Figure S7: Surface excess of TBA-Br derived using the Gibbs equation and the experimental surface tension 

data [Mata et al., 2004]. 

Section VIII. Calculation of the uptake coefficient 

To better understand the observed uptake coefficients, we use the parameterization of the 

uptake coefficients, γ, for uptake of O3 on aqueous bromide solutions used by Artiglia et al. 

[Artiglia et al., 2017], which is based on the resistance model to represent the combination 

of surface and bulk processes contributing to uptake [Ammann et al., 2013; Finlayson-Pitts 

and Pitts Jr, 1999]. γ was calculated as direct addition of the bulk (𝛤𝑏 ) and surface (𝛤𝑠 ) limiting 

reaction contributions, since there was no indication that surface accommodation would limit 

uptake in this system [Berkemeier et al., 2013; Lee et al., 2015; Oldridge and Abbatt, 2011]. 

𝛾 = 𝛤𝑠 + 𝛤𝑏                                                             (S20) 

Where 

𝛤𝑠 =  
4𝑘𝑠𝐾𝐿𝑎𝑛𝑔𝑁𝑚𝑎𝑥

𝜔𝑂3(1+𝐾𝐿𝑎𝑛𝑔[𝑂3]𝑔)
                           (S21) 

The reactive surface uptake calculated using equation (S21) represents a “Langmuir-

Hinshelwood-type” surface reaction mechanism [Ammann et al., 2013; Oldridge and Abbatt, 

2011], where ks is the apparent first-order rate coefficient of the adsorbed precursor to form 

the product BrO-, KLang is the Langmuir constant, Nmax is the maximum surface coverage, ωO3 

is the mean thermal velocity of ozone, which was 34962 cm s-1. Artiglia et al. have recently 

shown that the Langmuir equilibrium constant, Klang, and the maximum surface coverage, 

Nmax, in equation (S 21) are linked to the equilibrium and maximum coverage of the reaction 
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intermediate [Br·OOO]- species, a bromide ozonide, at the surface, when describing the 

oxidation of bromide. Here, we used the same approach to get Nmax as Artiglia et al [Artiglia 

et al., 2017]. We got the [Br·OOO]-/Br- concentration ratio from the XPS data, and based on 

the attenuation model, we got the true surface Br- concentration from the measured Br 3d to 

O 1s photoemission intensity ratio. Then, we assumed that Nmax is equal to the [Br·OOO]- 

intermediate concentration, because the O3 concentration in the XPS experiment was such 

that its surface coverage was indeed Nmax, thus under saturating conditions with respect to 

O3. We got Nmax as 4.5×1011 molecules per cm2 for 0.1 M NaBr, 1.99×1011 molecules per cm2 

for 0.1 M NaBr/0.55 M NaCl, and 1.44×1013 molecules per cm2 for both 0.1 M TBA-Br and 0.1 

M TBA-Br/0.55 M NaCl, respectively.  

The apparent equilibrium partitioning coefficient Klang represents a lumped parameter 

describing the equilibrium between gas-phase ozone and the surface concentration of the 

ozonide and was chosen to be the same as in Artiglia et al [Artiglia et al., 2017], i.e., at 277 K: 

Klang = 6×10-13 exp (686/T) = 7.1×10-12 cm3 per molecule.  

The removal of the surface species depends on ks, the rate coefficient for the formation of 

BrO-. This was the only fitting parameter to adjust the parameterized uptake coefficient to 

the measurement, which led to very good fits. Then, based on the fits of equation S20 to the 

measured uptake coefficients, ks was 0.0045 s-1 for 0.1 M NaBr, 0.00038 s-1 for 0.1 M 

NaBr/0.55 M NaCl, 0.00043 s-1 for 0.1 M TBA-Br, and 0.00094 s-1 for 0.1 M TBA-Br/0.55 M 

NaCl. 

For the bulk contribution, 

 𝛤𝑏 =  
𝑅𝑏𝑢𝑙𝑘

𝑅𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛
 =

4𝑅𝑇𝐻

𝜔𝑂3

√𝐷𝑙𝑖𝑞𝑘𝑏
1                                                               (S22) 

where R is the gas constant (0.08206 L atm K−1 mol-1), T is the temperature (which is 277 K 

in this study), H is the Henry’s law constant (M atm-1), Dliq is the diffusivity of ozone in the 

liquid phase (cm2 s-1), ωO3 is the thermal velocity of the ozone molecules in the gas phase (cm 

s-1), and kbIO3 = kbII∙ aBr-,b is the pseudo-first order reaction rate coefficient, the product of the 

second order reaction rate coefficient kb,II , 51.82 L mol-1 s-1 in  the solutions (pH = 7) and the 

Br- activity in the bulk, aBr-, 0.1 mol L-1. The bromide activity in the bulk is not significantly 

depleted during the experiment [Artiglia et al., 2017]. Equation S22 is valid as long as the 

reacto-diffusive length, lrd,O3 = sqrt(Dliq/kbI), is smaller than the thickness of the solution 

(dsolution), which is the case for our experiments (lrd ≤ 10 μm; dsolution < 4mm). In turn, mixing of 

bromide across the full depth of the solution by diffusion was granted, as lrdBr = sqrt(Dliq/kbIBr) 

= sqrt(Dliq/(kbIIBrHpO3)) >> 4 mm, so that diffusion limitations by bromide can be excluded, 

which is different to a recent study with the much more reactive iodide [Schneider et al., 

2020].  

The diffusion coefficient of ozone in the aqueous solutions (Dliq) was calculated using the 

Stokes-Einstein relation, for which the diffusivity is dependent on the viscosity of the solution 

(equation S 23) [Lee et al., 2015]. 
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𝐷𝑙𝑖𝑞 =  
𝑘𝐵 𝑇

6 𝜋𝜂𝑟𝑂3

                                                                                            (S23) 

Where kB is the Boltzmann’s constant, η is the dynamic viscosity of the solutions at 277 K, 

rO3 is the radius of the O3 molecule.  

We chose the viscosity at 25°C of pure water, which is 0.8903 mPa s,[Isono, 1984] as a 

reference, to estimate the viscosity of the other solutions based on the ratios at room 

temperature [Simion et al., 2015]. The viscosity of 0.1 M NaBr at 25 °C is 0.8903 mPa s [Isono, 

1984], the viscosity of 0.55 M NaCl at 25 °C is 0.9367 mPa s [Isono, 1984], and the viscosity of 

0.1 M TBA-Br at 25°C  is 1.002 mPa s [Baluja and Alnayab, 2019]. For pure water, the viscosity 

at 5 °C is  1.8496 mPa s, thus  the viscosity of 0.1 M NaBr at 5 °C is 1.8606 mPa s, the viscosity 

of 0.55 M NaCl at 5 °C is 1.9460 mPa s, and the viscosity of 0.1 M TBA-Br at 5 °C is 2.0816 mPa 

s.  The latter value we also chose to estimate the viscosity of the 0.1 M TBA-Br/0.55 M NaCl. 

The solubility of ozone in the solution depends on the temperature, on the pH, and on 

composition of the solution. Studies have shown that salts tend to decrease or increase the 

solubility of ozone ("salting-out" or “salting-in”) in solution [Biń, 2006; Weisenberger and 

Schumpe, 1996]. To account for this salting effect, the Henry’s law constant (H; mol L-1 atm-1) 

or the solubility of ozone in the solution was calculated using the Setschenow relationship 

[Biń, 2006; Setschenow, 1889]: 

log (
𝐻0

𝐻𝑠𝑜𝑙𝑛
) = 𝐾 𝐶𝑠 = ∑(ℎ𝑖 + ℎ𝐺) 𝐶𝑖                                                         (S 24) 

Hsoln is the Henry’s law constant of ozone in the solution of interest, H0 is the Henry’s law 

constant of ozone in pure water, for which a value of 0.021 mol L-1 atm-1 [Rischbieter et al., 

2000] was used at 5°C; K is the Sechenov coefficient; Ci is the concentration of ion, i, (in mol/L), 

hi is the ion factor, hG is the gas coefficient) [Rischbieter et al., 2000; Weisenberger and 

Schumpe, 1996]. 

Thus, hNa+=0.1143. hBr-=0.0269, hCl-=0.0318  Since hTBA+ is not known to our knowledge, we 

choose hNH4+ =0.0556 to replace it. 

0.1 M NaBr: 𝐻𝑠𝑜𝑙𝑛 = 0.021 ∗ 10−(0.1∗(0.1143−0.034)+0.1∗(0.0269−0.034))= 0.0206 mol L-1 atm-1; 

0.1 M NaBr/0.55 M NaCl:  

𝐻𝑠𝑜𝑙𝑛 = 0.021 ∗ 10−(0.65∗(0.1143−0.034)+0.1∗(0.0269−0.034)+0.55∗(0.0318−0.034))= 0.0187 mol L-1 

atm-1; 

0.1 M TBABr: 𝐻𝑠𝑜𝑙𝑛 = 0.021 ∗ 10−(0.1∗(0.0556−0.034)+0.1∗(0.0269−0.034))= 0.0209 mol L-1 atm-

1; 

0.1 M TBABr/0.55 M NaCl: 

𝐻𝑠𝑜𝑙𝑛 = 0.021 ∗

10−(0.55∗(0.1143−0.034)+0.1∗(0.0556−0.034)+0.1∗(0.0269−0.034)+0.55∗(0.0318−0.034)) = 0.0190 mol L-1 

atm-1. 
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CHAPTER 7 

Summary and Outlook 

7.1  Summary 

This thesis provides a detailed insight into halogen activation under simulated atmospheric 

conditions and provides a sound basis for an improved representation of halogen chemistry 

in atmospheric models. 

The affinity of halide ions for the liquid-gas interface of aqueous solutions, which may 

influence their reactivity with gaseous species, has been debated. We determined the 

solvation environment of different bromine species at the liquid-gas interface by performing 

measurements with liquid jet XPS at variable photoelectron kinetic energy and thus probe 

depth. Our results show that bromide does not display a net surface preference, in good 

agreement with in situ XPS performed with solutions containing iodide ions. Parallel to that, 

chloride and fluoride are more strongly depleted than bromide, as expected from their 

smaller size, which agrees with recent theory, classical surface tension measurements and 

recent spectroscopic experiments, suggesting the lightest halide ions being most depleted 

from the surface. Similar to bromide, also hypobromite and bromate do not display 

propensity for the surface. Hypobromous acid, a key species in the multiphase cycling of 

bromine, is the only species showing substantial surface propensity as proven by the binding 

energy shift compared to the conjugate base and by the kinetic energy dependent 

measurements, which suggests a more critical role of the interface for this species in 

multiphase bromine chemistry than thought before.     
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In the aqueous bulk, oxidation of bromide by ozone involves a [Br•OOO-] complex as 

intermediate. The formation of HOBr through the bulk aqueous phase route is rather 

inefficient, and oxidation at the aqueous solution-air interface may dominate in many 

environments. The kinetic results related to the oxidation of bromide indicate surface 

enhancement of the reaction. The XPS results provide clear spectroscopic evidence of the 

bromide ozonide intermediate, the [Br•OOO-] pre-complex, which prefers the interface, and 

is likely at the origin of surface-enhanced kinetics. We further studied the formation of the 

intermediate at low pH, indicating a much lower surface concentration under acidic 

conditions possibly due to faster decay of the intermediate via release of molecular oxygen, 

which agrees with the larger overall ozone uptake coefficients. The surface concentration of 

the [Br•OOO-] intermediate increased almost linearly with the bromide concentration; the 

trend towards a smaller [Br•OOO-] to bromide ratio at high concentration could be a sign of 

saturation driven by a maximum possible coverage. The [Br•OOO-] intermediate 

concentration at the interface turned out to be tightly correlated with the uptake coefficient 

of ozone over the same bromide concentration range. This work clearly shows the preference 

of the intermediate for the liquid-gas interface, and sheds light on mechanistical and 

structural aspects of the reaction. The results provide evidence for a stronger contribution of 

the surface oxidation of bromide than previously thought, which will require re-assessment 

of the impacts on the global ozone budget and mercury deposition. In turn, the formation of 

ozonides on surfaces may be a widespread phenomenon and a key step of critical oxidation 

processes relevant not only for atmospheric chemistry but also for the effects of atmospheric 

particles on human health.  

In another study, we used liquid jet XPS to assess the impact of a monofunctional surfactant 

with a positive headgroup (hexylammonium) and a negative headgroup (propylsulfate) on the 

abundance of bromide and sodium ions at the interface within the probe depth. The 

spectroscopic data were analysed with the support of an attenuation model to obtain 

quantitative information about the enhancement or depletion of cations and anions at the 

interface. The positively charged nitrogen group (even only a few percent at the liquid-vapor 

interface) in hexylamine, along with its surface activity, leads to an enhanced interfacial 

concentration of bromide, while the negatively charged sulfate group in propylsulfate has 

only a small effect on the interfacial concentration of bromide. In turn, sodium cations 

showed a corresponding enhancement in the presence of propylsulfate and only minor 

changes in the presence of hexylamine. In the presence of additional sodium chloride, salting 

effects and competition for ion-pairing with the ionic surfactant in combination determine 

the abundance of bromide anions and sodium cations. In the presence of soluble surface-

active organics, the charge of the headgroup has a strong impact on the abundance of 

inorganic ions at the liquid-vapor interface. Thus, to some degree, this conceptual picture 

allows us to more generally predict how ionic surfactants are affecting the interfacial 
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abundance of the prominent halide, SO4
2-, and NO3

- anions and NH4
+ and other cations as a 

function of pH. However, other effects could complicate this picture, such as the stability of 

ion-pairs and molecular interactions among the surfactants. 

Moreover, we measured the surface propensity of cationic tetrabutylammonium (TBA) at 

the aqueous liquid-vapor interface by liquid jet XPS 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, leads to an enhanced interfacial concentration of bromide and the 

[Br·OOO]- intermediate due to electrostatic interactions as discussed for the simpler 

hexylammonium before. 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. A similar model as above was used to account for the attenuation of 

photoelectrons by the carbon-rich layer of the TBA surfactant. The more quantitative analysis 

demonstrates that TBA increases the local density of bromide ions by a factor of 20 above 

that of a neat aqueous bromide solution at the same bulk concentration. Similarly, mixing 

TBA-Br with NaCl at seawater concentration leads to an interfacial bromide ion density 

enhanced by about 43% 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 concentrations, 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 associated 

with the sea surface microlayer (the topmost organic-rich layer), with an average 

concentration in the range of 50-1500 ng L-1. This work shows that they may exert strong 

effects on halogen activation processes and their presence should be considered when it 

comes to assessing the impact of halogen chemistry on the atmospheric oxidation capacity 

and the climate. 

The overall aim of this PhD work has been to obtain molecular level knowledge of halide 

solution−vapor interfaces, which could be used for better understanding the fundamental 

marine atmospheric chemistry and quantitative atmospheric chemical models, and to 

support future assessments of halogen chemistry on atmospheric oxidation capacity and 

climate. 

7.2  Outlook 

The depth profile information of bromide-related solutions is always an exciting topic, and we 

met the challenge during our liquid jet XPS experiment. In the future, we could have a more 

detailed look into the normalization parameters to better characterize the depth profile 

information of the solutions, as we had to accept quite large uncertainties for absolute 
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elemental ratios. A clear understanding of the interfaces with molecular-level detail will 

remain an important topic in atmospheric chemistry. 

On the one hand, we can improve the kinetics experiments by connecting the flow tube 

experiment setup to a mass spectrometer to look at the gas-phase products. This may give 

way to better understanding the relation between uptake coefficient, [Br·OOO]- 

intermediate, and the released HOBr and other products at neutral and acidic conditions of 

aqueous solutions.  

Further, the HOBr formed from the oxidation of bromide by ozone may be recycled by the 

hydrogen peroxide (H2O2) via halogen peroxides (BrOO-), which decompose rapidly to O2 and 

Br-. Therefore, the ubiquitously present H2O2 could limit the extent of bromide oxidation. A 

H2O2 gas source and the H2O2 detector available in the group could be combined with a 

kinetics experiment to study the potential of H2O2 for recycling OBr- back to Br-. 

As we discussed before, the surface concentration of the [Br•OOO-] intermediate increased 

almost linearly with the bromide concentration, and only a tiny fraction of hexylamine is 

actually protonated, leading to an enhanced interfacial concentration of bromide. Further 

experiment with liquid jet XPS and kinetics experiment in parallel for bromide concentration 

dependence in the presence of positively charged surfactants is necessary to set up a sound 

system to understand better the molecular-level detail in the chemistry of halide solutions.   

Collaboration with the theoretical community could also be generally exploited further, for 

example with Ivan Gladich or Céline Toubin: simulation of bromide related aqueous solutions 

also in the presence of surface-active organic compounds using MD simulations. Such 

collaboration will drive a broader assessment of our experimental results. Contacts with the 

corresponding partner institutions and research groups are established. As we show in this 

thesis, in the presence of additional sodium chloride, salting effects and competition for ion-

pairing with the ionic surfactants in combination determine the abundance of bromide anions 

and sodium cations. In the presence of soluble surface-active organics, the charge of the 

headgroup has a substantial impact on the abundance of inorganic ions at the liquid-vapor 

interface. Céline Toubin is now working on the hexylamine / propylsulfate system with MD 

simulations, and the first results also support our conclusion related to hexylamine / 

propylsulfate chapter. These calculations may be a good starting point to understand other 

effects, such as ion-pairing and molecular interactions among the surfactants. 

In addition, a photoelectron attenuation model with a carbon-layer to represent the aliphatic 

surfactant chains was developed to retrieve the interfacial concentration of bromide and 

sodium in the presence of the different surfactants from the liquid jet XPS experiments. This 

model can be applied to further experiments addressing other halide or alkaline cations, or 

even other inorganic group ions, such as SO4
2-, NO3

-, NH4
+ that exist in atmospheric particles. 
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With liquid-jet XPS, we provided unambiguous spectroscopic evidence for the bromide 

ozonide intermediate, the [Br•OOO-] pre-complex, which has a preference for the liquid-

vapor interface. The [Br•OOO-] intermediate concentration at the interface turned out to be 

tightly correlated with the uptake coefficient of ozone over the same bromide concentration 

range. The important conclusions from this part of the thesis project have already motivated 

some recent halogen modelling studies to emphasize the surface contribution to the 

oxidation of bromide [Koenig et al., 2017; Fernandez et al., 2019; Herrmann et al., 2019; Zhu 

et al., 2019; Herrmann et al., 2021]. More and more studies distinguish the surface 

contribution and bulk contribution of the halogen reactions when they design experiments 

[Moreno and Baeza-Romero, 2019].   

Future experiments are also suggested that use a combination of liquid-jet XPS and molecular 

beam scattering, where the molecular beam of reactants hit a liquid jet [Shaloski et al., 2017] 

and scattered reactant and product molecules are detected with a time-of-flight mass 

spectrometer. On the one hand, XPS gives direct information about the spatial distribution of 

various atoms relative to the interface. On the other hand, molecular beam scattering 

provides information about the depth profile with higher resolution. Together, these 

experiments may provide molecular-level structural information with unprecedented detail 

about these highly complex and ubiquitous interfaces, which will furthermore unravel the 

much sought-after details on the depth profile information of mixed aqueous solutions 

comprised of both salts and organics relevant for marine aerosol or ocean surface water. 

Besides, the surface propensity of bromide and other relevant elements show some strange 

phenomena when the solutions representative for seawater conditions contain an excess of 

sodium chloride. In the depth profiling experiments, where photoemission intensity ratios are 

measured as a function of the electron kinetic energy (see chapter 3), the relative intensity 

ratio increases, or decreases, or remains constant for solutes with concentrations at the 

surface being depleted, enhanced or neutral, respectively. In the presence of NaCl, the 

intensity ratio of bromide to oxygen or other relevant elements showed unexpected jumps at 

both low energy and high kinetic energies. Further studies with sodium chloride are necessary 

to better understand the impact of an excess of chloride on the affinity of the other halide 

ions for the surface. In addition, the different aspects that determine the influence of chloride 

on the oxidation of the other halides by ozone or other oxidants remain uncertain.  

The multiphase reaction of O3 with Br− has been of significant interest in this thesis. In 

addition, we could develop the attenuation model to characterize the solid knowledge of the 

surface propensities of bromide solutions in the presence of surface-active organic 

compounds with pH, temperature, or concentration dependence, based on XPS experiments. 

Such an attenuation model may provide a better understanding in terms of more chemical 



Chapter 7 Summary and Outlook 

 

114 
 
 

details and may thus also further our knowledge of the role of organics in the chemistry of 

halide solutions relevant for marine aerosol or ocean surface water. 

On the other hand, reactions of O3 with a wide range of organic compounds are also of 

essential importance for a wide range of other environmentally relevant systems. Future 

studies of oxidation of iodine by ozone using liquid jet XPS and kinetic experiments are 

proposed. Especially the relation between the uptake coefficient and the [I·OOO]- 

intermediate in the oxidation of iodide by ozone could be the next step. 
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