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ABSTRACT  

Marine short-lived halogenated compounds, emitted from algae, phytoplankton and other marine 

biota, affect significantly both the troposphere and the stratosphere. Here we show that such 

compounds might also be photochemically produced through photosensitized reactions in surface 

water. Gas-phase products were detected and identified by high-resolution mass spectrometry, 

more particularly by means of an atmospheric pressure chemical ionization (APCI) source coupled 

to an Orbitrap mass spectrometer. Under simulated solar irradiation, halogenated organic 

compounds were produced and detected in the gas phase when a proxy of dissolved organic matter, 

i.e., 4-benzoylbenzoic acid, was excited into its triplet state. We present a mechanism explaining 

the formation of a variety of such halogenated compounds. These photochemical reactions take 

place at the air/sea interface and are, therefore, a potential source of short-lived halogenated 

compounds in the atmosphere, participating in the tropospheric halogen cycle. 
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Aerosols, cloud droplets, lakes, rivers, and oceans offer a vast surface area for the exchange of 

chemical species between the aqueous phase and the atmosphere. Oceans, covering about 70% of 

the Earth’s surface, are among the most important surfaces for such exchanges. The top 1 to 1000 

µm of the sea surface, called sea surface microlayer (SML), concentrates many chemical 

compounds compared to the sub-surface water.1 Amino acids, proteins, fatty acids, lipids, phenols, 

humic substances, and microorganisms accumulate in the SML, leading to distinct physical, 

chemical and biological properties that are quite different from the underlying bulk water. These 

compounds are typically released from natural sources, such a cell lysis, and are transferred to the 

surface by diffusion and rising bubbles.2–4 Besides the ocean surface, sea spray aerosols (SSA), 

with an emission estimate of 2-100 Pg per year, offer another large active surface area in the marine 

environment.5,6 They are produced directly at the sea surface by bubble bursting and breaking 

waves, containing a large fraction of the organic compounds found in the SML.7,8 These interfaces 

are clearly enriched in dissolved organic matter (DOM) with some of these compounds, called 

chromophoric dissolved organic matter (CDOM), containing carbonyl functions, some aromatics 

with multiple double bonds which is conferring them the capacity of absorbing light.9–11 Such 

compounds will act as photosensitizers by absorbing irradiation and transferring this energy to 

other compounds, which are photochemically inactive.7,12 Previous studies have shown that such 

photosensitized processes can lead to the production and emission of volatile organic compounds 

(VOCs) from the air-sea interface,13–17 which are potential precursors for secondary organic 

aerosol (SOA) formation. 
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Halide anions (Cl–, Br–, I–) are present in seawater,18 in the SML and in marine aerosols.19,20 

Previous studies have shown that the aqueous phase oxidation of halides can take place through 

an electron transfer from the halide anion to the excited state of a photosensitizer (e.g., aromatic 

ketones), but never reported the production of gas phase products. The formation of reactive 

halogen atoms will have an important role for the aqueous phase reactivity, and one could speculate 

that they may lead to the formation of halogenated compounds that may partially degas in the air 

aloft.21–23 Such halogen-containing compounds play an important role in both tropospheric and 

stratospheric chemistry, destroying ozone through catalytic cycles, influencing hydroxyl radical 

chemistry, and affecting NOx concentrations.24 Moreover, they can trigger new particle 

formation,25,26 potentially affecting the evolution of cloud condensation nuclei (CCN),19 and thus, 

indirectly climate processes. In addition, some of these halogenated products might also be toxic, 

impacting human health. It is therefore important to characterize the chemistry leading to their 

production in the marine environment. 

 

It is believed that a large number of these short-lived brominated and iodinated organic 

substances are produced by algae27,28 in response to various environmental stresses. However, here 

we explore another chemical route in which those gaseous molecules are efficiently produced from 

photosensitized reactions at the ocean surface involving proxies of natural CDOM. Gaseous 

products were monitored by a novel online high-resolution mass spectrometry approach.  

 

For the detection of halogenated VOCs an Orbitrap mass spectrometer (Q-exactive, Thermo 

Scientific) was equipped with a modified atmospheric pressure chemical ionization (APCI) source, 

using a corona discharge for the production of primary reagent ions. This technique combines the 
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advantages of online measurements and the high mass resolution (R=140k at m/z 200) and high 

mass accuracy (<3 ppm) of Orbitrap MS. The online analysis avoids potential sampling artifacts 

common to offline methods, such as evaporation, reaction during sample collection and analysis 

times. Moreover, since gas–phase compounds are analyzed in or close to real time by this method, 

it is possible to obtain time profiles with a high time resolution for a variety of halogenated 

compounds in parallel, which is in particular crucial for the detection of rather short-lived 

compounds. We note that, so far, only few techniques are available offering online analysis of gas-

phase organohalogens with such high accuracy. 

 

Since the original ion source is designed for the analysis of liquid samples, the probe was 

modified according to Hoffmann and co-workers29, i.e., the sampling tube was removed (Figure 

S1). The ion source parameters were optimized for improved detection of VOCs and more 

especially halogenated VOCs while obtaining the best stability and sensitivity. For measurements 

in positive and negative modes the following settings were used, respectively: discharge voltage 

+/-5kV, capillary temperature 300/250°C, sheath gas 1/0 a.u., auxiliary gas 1/0 a.u., maximum 

spray current 1/3.5 µA, and probe heater temperature 100/200°C. The Q exactive Orbitrap mass 

spectrometer was mass calibrated before each analysis using a 2mM solution of sodium acetate. 

Analysis were conducted within a range of 50-750 m/z and a resolution equal at 140 000 at m/z 

200.  

First, halogenated VOC standards were used to investigate the ionization behavior of such 

compounds. 1-bromopinacolone (C6H11BrO), benzoyl chloride (C7H5ClO) and 1,5-diiodopentane 

(C5H10I2) were vaporized and analyzed under the conditions described above. In negative mode, 

clear signals for Br– and I– fragment ions were observed during the analysis of 1-bromopinacolone 
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and 1,5-diiodopentane, respectively (Figure S2 & Figure S3).  Signals for Cl– ions (m/z 34.9694) 

were not detectable during the analysis of benzoyl chloride because of the lower mass range limit 

of the Orbitrap mass spectrometer (i.e., m/z 50). Additionally, during the analysis of 

bromopinacolone signals according to the deprotonated molecular ion (C6H1079BrO-, m/z 

176.9920) including its isotopic pattern were observed (Figure 1). Nonetheless, signal intensities 

for molecular ions (i.e., [M-H]-) in negative mode were generally lower by a factor of ~104 

compared to corresponding [M+H]+ signals in positive ion mode. Halogenated organic compounds 

have apparently a best ionization in positive mode compare to negative mode in these conditions 

of APCI ionization.  

 

 

Figure 1. Mass spectrum of the analysis of 1-Bromopinacolone (C6H11BrO) in negative mode.  

 

Analysis of the three standard compounds in positive mode yielded major signals at m/z 

179.0066 for bromopinacolone ([C6H1179BrO+H]+, Figure S4), at m/z 141.0102 for benzoyl 

chloride ([C7H535ClO+H]+, Figure 2) and at m/z 196.9821 for diiodopentane (C5H10I+, Figure S5). 
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As shown in these figures, isotopic patterns of chlorine and bromine were observed according to 

their natural abundance, further supporting the signal assignments.  

 

 

Figure 2. Mass spectrum of the analysis of benzoyl chloride (C7H5ClO) in positive mode. The 

isotopic pattern of chlorine is clearly visible for the signals at m/z 141.0102 ([C7H535ClO+H]+) 

and m/z 143.0072 ([C7H537ClO+H]+). 

 

After validation of the developed online method for detection of volatile organohalogens, we 

applied it in photochemical experiments focusing on the detection and identification of 

halogenated organic compounds produced by photosensitized process. The irradiation experiments 

were performed using a quartz reactor (2 cm diameter and 10 cm path length), half-filled with 14 

mL of a synthetic sea-microlayer mixture. The final solution was composed of 1 M NaCl, 1 mM 

NaBr, 1 µM NaI in 18 MΩ deionized water. A photosensitizer, 4-benzoylbenzoic acid (4-BBA), 

was added to simulate CDOM under realistic conditions; 4-BBA was therefore mixed with the 

previous solution to reach 0.1 mM. Depending on the actual experiments, 1-octanol was deposited 

on the surface of the solution to mimic the presence of a surfactant film (i.e., a final concentration 
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of ~2 mM). A Xenon arc lamp (150 W Xe, LOT-QuantumDesign France) was placed at a distance 

of 13 cm from the reactor to simulate actinic irradiation. A water filter was mounted in front of the 

lamp to remove infrared light to avoid heating. In addition, a Pyrex filter was added between the 

reactor and the lamp to remove short wavelengths (< 290 nm) to be close to actinic conditions 

(Figure S6 and S7). A flow of 100 mL.min-1 of synthetic air was passed through this reactor and 

its composition was analyzed by APCI-Orbitrap-MS (Figure S7). 

 

4-benzoylbenzoic acid (4-BBA), was chosen as a proxy for CDOM under realistic conditions, 

as we show in our previous investigations that such aromatic ketones, authentic sea-surface 

biofilms13 and products arising for the cell lysis15 do exhibit similar photochemical behavior. Also, 

Canonica et al.12 compared the relative behavior of aromatic ketones and various (commercial and 

standard) DOM material, and showed that overall that the DOM solutions have very similar kinetic 

selectivity as compared to the aromatic ketones, with almost identical rate constants. Therefore, 4-

BBA is a reasonable proxy for DOM especially in the context of this investigation, which aims at 

highlighting the usefulness of the novel APCI Orbitrap MS. 

 

Figure 3a. shows typical chronograms of signals for I– fragment ions from gas-phase halogenated 

VOCs, in negative mode, during the irradiation of a solution containing the halides and 4-BBA in 

absence of any surfactant under synthetic air and nitrogen. 



 9 

0 20 40 60 80 100 120 140
0

1x106

2x106

3x106

4x106

5x106
a. I- (126.9050 m/z)

In
te

ns
ity

Time (min)

light

  

Figure 3. APCI-HRMS signals for I– in negative ion mode from a typical irradiation experiment 

under synthetic air (a) and under nitrogen (b.red line).  

 

The production of I– is quickly increasing as soon as the light was turned on and reaching a 

maximum after about 40 min, before slowly decaying again. However, as soon as the irradiation 

was turned off, the decrease accelerated and the ion signals for I– quickly dropped to background 

levels. Besides signals for I–, clear signals were also observed for Br– (79Br– at m/z 78.9189 m/z; 

81Br– at m/z 80.9168, Figure S8) upon irradiation of the solution, generally exhibiting the same 

trends. These ion signals are clearly related to the fragmentation of halogenated VOCs in the 

ionization source. Figures 3b. compares the initial growth rates of the I– fragment ions from gas-

phase halogenated VOCs, in negative mode, with (black line) and without oxygen (red line). It can 

clearly be seen that i) the production of halogenated VOCs as seen by the I– fragment is also taken 

place under oxygen free conditions, but ii) at significantly slower rate. Jammoul et al21 investigated 

the photoinduced oxidation of sea salt halides by aromatic ketones (i.e., benzophenone) as a source 

of halogenated radicals in deoxygenated solutions. They observed the production of the I2– radical 

anion, and suggested a reaction mechanism in which the oxidation is initiated by an electron 
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transfer from the halogenide anion X– to the excited triplet state of the aromatic ketone, yielding a 

halogen radical X• and a deprotonated ketyl radical. Under oxygen free conditions, those radicals 

may undergo a series of recombination reactions yielding various halogenated products, whereas 

with oxygen the ketyl radical may produce various peroxy radicals boosting radical chains 

processes and potentially explaining the faster growth of products observed in Figure 3b. 

 

In this study, when connecting an ultrafine Condensation Particle Counter (CPC) with a detection 

limit of 2.5 nm at the outlet of the photoreactor, we did not observe any particle formation despite 

that the fact that some of the identified VOC might act as aerosol precursor. There are two main 

reasons for that, firstly the timescale of the experiments is very short (seconds with respect to the 

gas phase residence time in the reactor), and secondly the (probably limited abundance) of the 

VOCs produced. Under such conditions, it is indeed unlikely that significant aerosol may take 

place and we solely observed the production of gaseous products. 

 

In addition, complementary information on the production of halogenated organic compounds 

was obtained from positive mode analysis. Emission of chlorine-, bromine- and iodine-containing 

organic compounds was observed upon irradiation and molecular formulas were assigned to the 

compounds from the high-resolution mass spectra (Figure 4). All detected compounds exhibit at 

least one unsaturation and most of them are oxygenated (Table 1). Interestingly, the time behavior 

of these compounds differs significantly from each other, indicating the emission of multiple 

generation products (Figure S9 a-b). 
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Figure 4. APCI-HRMS results from a typical irradiation experiment. The intensities of C7H6ClO+ 

in positive mode in the gas phase are plotted as a function of time. 

 

Table 1. Compounds identified (detected D or not-detected ND) upon irradiation in presence of 4-

BBA, sea-salt halides with and without octanol by (+) APCI-HRMS: detected mass, formula and 

degree of unsaturation.   

Detected 
mass (m/z) 

Formula of 
neutral 

compound* 
Degree of unsaturation With 

octanol 
Without 
octanol 

134.9441 C3H3BrO 2 ND D 

141.0102 C7H5ClO 5 ND D 

155.0259 C8H7ClO 5 ND D 

167.0259 C9H7ClO 6 ND D 

181.0416 C10H9ClO 6 ND D 

182.9667 C4H7I 1 ND D 

184.9459 C3H5IO 1 ND D 

194.9667 C5H7I 2 D ND 
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198.9614 C4H7IO 1 ND D 

198.9752 C8H7BrO 5 ND D 

212.9771 C5H9IO 1 D D 

226.9928 C6H11IO 1 D D 

231.1148 C12H19ClO2 3 ND D 

241.0085 C7H13IO 1 ND D 

243.1148 C13H19ClO2 4 ND D 

255.0241 C8H15IO 1 D D 

259.1097 C13H19ClO3 4 ND D 

287.0643 C13H19BrO2 4 ND D 

  *a mechanism is proposed for compounds in bold  

 

Clearly, the information gathered by this novel APCI Orbitrap MS is rich in terms of 

(halogenated) product identification, and their changing time profiles. But, these data are also 

difficult to interpret in a quantitative manner as for most of the masses detected, there is a clear 

lack available commercial standards. Therefore, we can only, at this stage, speculate about the 

chemistry underlying our observations. Based, on previous observations,9,12,16 the initiation step is 

the known formation of the photosensitizer triplet state under irradiation. From this energetic state, 

the photosensitizer can then initiate charge exchange reactions with the halides, and especially 

with the most reactive one i.e., iodide.21,22,30 This will produce atomic iodine, which in turn will 

initiate various known chain reactions producing mixed halogenated radical anions and atomic 

halogens21,22. In the presence of a large excess of X-, as in seawater, the corresponding halogen 

atom may react with the halogenide anion to produce the corresponding X•-2 radical anions. 

Naturally, cross-reactions may take place producing the mixed dihalogen radical anion. Those 

halogenated radicals are strong oxidants and will react with most of the neighboring organic 
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compounds (including the photosensitizing molecule), either by electron transfer and H-

abstraction reactions. This would then produce a variety of organic radicals (alkyl, alkoxy, peroxy 

radicals in presence of oxygen), according to the following simplified reaction mechanism (where 

T is a given photosensitizer, 4BBA in this study and DOM in the real environment): 

          

𝑇𝑇 + ℎ𝑣𝑣 → 𝑇𝑇∗ R.1 

𝑇𝑇∗ + 𝑋𝑋− → 𝑋𝑋+ 𝑇𝑇 R.2 

𝑋𝑋− + 𝑋𝑋 (𝑜𝑜𝑜𝑜 𝑌𝑌) → 𝑋𝑋2
− (𝑜𝑜𝑜𝑜 𝑋𝑋𝑌𝑌−) R.3 

𝑋𝑋 + 𝑅𝑅𝑅𝑅 → 𝑅𝑅 + 𝑅𝑅𝑋𝑋  

(𝑅𝑅𝑅𝑅 𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑛𝑛𝑖𝑖𝑛𝑛ℎ𝑏𝑏𝑜𝑜𝑜𝑜𝑖𝑖𝑎𝑎𝑛𝑛 𝑜𝑜𝑜𝑜𝑛𝑛𝑎𝑎𝑎𝑎𝑖𝑖𝑜𝑜 𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑎𝑎𝑐𝑐𝑖𝑖) 

R.4 

𝑅𝑅 + 𝑅𝑅 → 𝑅𝑅2 R.5 

𝑅𝑅 + 𝑂𝑂2 → 𝑅𝑅𝑂𝑂2 R.6 

𝑅𝑅𝑂𝑂2 + 𝑋𝑋 → 𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑝𝑝𝑖𝑖 R.7 

 

 

The production of halogenated and organic radicals is inducing a rich and complex chemistry 

where a multitude of radical recombination reactions may take place. These reactions would 

correspond to the halogen-halogen or organic radicals recombination reactions. In the specific case 

of 4BBA, a cleavage of a C-C bond adjacent to the carbonyl function is possible, leading to the 

formation of various radicals (e.g., radical, phenylic radicals 1 and 2 in Scheme S1). Scheme S1, 

which tends to explain our observations, is still very speculative at this stage but it explains most 

of the products listed in Table 1, through a complex free-radical chemistry in the bulk solution, 

which is readily initiated by CDOM proxies upon irradiation.  
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Under natural conditions, sea salt halides, DOM, and surfactants coexist at the sea surface.1 To 

understand the impact of surfactants on the production of halogenated VOCs, we used 1-octanol 

as a surfactant proxy and repeated the photochemical experiments under the same conditions.  

Generally, in presence of octanol on the surface of the solution, a smaller number of halogenated 

compounds was detected compared to experiments without the surfactant (Table 1), while as 

expected oxygenated organic products were observed.13,14 In presence of an organic surfactant, 4-

BBA has been shown to migrate from the bulk aqueous phase to the interfacial rather organic-like 

phase.31 Thus, the bulk water is impoverished in the photosensitizer, explaining partly the reduced 

emission of halogenated products, as Scheme S1 is not specific to the interface. Obviously, the 

addition of a second organic reactant, i.e., 1-octanol, initiates a competition between the 

photosensitizer and the halogenated radicals that will alter the distribution of observable products. 

In addition, the oxidation products of 1-octanol might be more soluble, further changing the 

emission pattern of volatile compounds.  

 

Interestingly, some of the reactions are clearly favored by the addition of the surfactant. In 

particular, iodine-containing VOCs with several carbon atoms exhibit much stronger emissions 

upon octanol addition. For example, for compounds such as C5H9IO, C6H11IO, and C8H15IO, 

enhancement factors of 10 to 100 were observed in the corresponding ion signals. Moreover, 

signals for the iodine-containing compound C5H7I were solely observed in presence of octanol. As 

substitution of Cl by I is typically slightly increasing aqueous solubility, this cannot explain this 

drastic change in emission.32 This points to some surface specific process. Iodine atoms will not 

undergo H-abstraction reactions, as compared to Cl and to some extent to Br atoms, but might be 
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engaged into radical recombination reactions producing less polar products enriched at the 

interface (this has been observed for 4-BBA31), enhancing their emission into the gas phase.  

 

In summary, multiple generations halogenated VOCs are produced upon irradiation of mimics 

of seawater containing CDOM. The triplet state induced production of halogenated radicals leads 

to complex chemistry that enhances the degassing of iodine-containing VOCs in presence of a 

surfactant. This is especially interesting as such short-lived halogenated substances might have an 

impact on the air quality and particle formation33–35. 
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