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Abstract 

The photochemical transformation processes occurring at the sea surface lead to the formation of 

low volatility organic compounds that contribute to new particle formation in the marine 

boundary layer (MBL). Here, we suggest an alternative formation pathway of organosulfur, 

halogenated and oxygenated aliphatic compounds, initiated by sunlight-activated fluorene (FL) 

and DMSO in the presence of the halide ions Cl
−
, Br

−
, and I

−
.  In particular, we observe a prompt 

formation of methanesulfonic acid (CH3SO3H, MSA) and methanesulfinic acid (CH3SO2H, 

MSIA), upon light irradiation of FL/DMSO. MSA and MSIA are typical precursors of secondary 

organic aerosols (SOA). We also show that the sunlight-initiated degradation of FL is 

considerably faster in the presence of halide ions, compared to its photochemical degradation in 

dilute aqueous phase. Therefore, the photochemical degradation of FL and potentially other 

PAHs would be faster in high ionic strength aerosol particles, compared to analogous diluted 

aqueous-phase photochemical processes occurring in, e.g., clouds. This could considerably affect 

the absorbing properties of the aerosols, which should be considered in future modeling studies. 
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INTRODUCTION 

The sea-surface microlayer (SSM) is defined as the uppermost 1 μm to 1 mm of the ocean 

surface that persists at wind speeds of up to 10 m s−1.1 The SSM is enriched with organic and 

inorganic compounds compared to the bulk aqueous phase. Both experimental and theoretical 

studies have demonstrated that halide ions are enhanced at the SSM, with enrichment in the order 

of I
−
 > Br

−
 > Cl

−
 
2,3

. Dimethylsulfoxide (DMSO) is the most abundant organic sulfur compound 

at the SSM, deposited from the gas phase and produced by the photooxidation and bacterial 

degradation of dimethyl sulfide (DMS) 
4-6

. For example, 78% of DMS in the aqueous phase is 

oxidized by ozone (O3) to DMSO 
7
. Long-term analyses of sea-surface samples collected in the 

period between 1995 and 2003 in the Arctic, Antarctica, Sub-polar North Atlantic, Sargasso Sea, 

Sub-tropical Atlantic, Mediterranean Sea, Black Sea, the coastal North Sea and the coastal 

Mediterranean Sea revealed that the DMSO concentrations range between 1 and 40 nM L−1 5. 

Despite its importance as an intermediate product of DMS oxidation, the behavior of DMSO has 

received relatively little attention.  

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in the SSM, arising from a variety of 

emissions. They are deposited from the gas phase to the ocean surface by air-water diffusive 

exchange, with concentrations ranging from 5 to 193 ng L
−1

 
8-12

.The PAHs are enriched at the 

SSM due to their accumulation at the air-water interface 
13-17

. For example, substantial 

concentrations of PAHs have been detected in the SSM, which were 200 to 400 times higher 

than in the sub-surface seawater collected in Chesapeake Bay.
18

 Fluorene, pyrene and chrysene 

accounted for 77 % of the total amount of PAHs detected in the sea surface microlayer 
18

. 

Fluorene (FL), a three-ring diaromatic hydrocarbon, exhibits concentrations in the range of 30 to 

40 nM reaching up to ~50 nM at the SSM 13,19.  



It has been shown that FL at the water surface can initiate photosensitized chemistry by its 

excited triplet state 
26

. Although there are number of studies devoted to oxidation processes of 

PAHs in the gas phase and on various environmental surfaces,
20-25

 the formation of secondary 

products is largely missing, especially in the gas phase.  Grossmann et al.
27

 have shown that the 

photodegradation of PAHs in different organic solvents is faster compared to their degradation in 

pure water 
28

.  

There is scarce knowledge of the ionic strength effects on the photochemical degradation of 

organic compounds in the aqueous phase 
29

. Recent studies have shown that ionic strength can 

affect the photochemical degradation of aqueous pyruvic acid, and also influence the reactive 

uptakes of ozone on pyruvic acid at a bromide-rich aqueous surface 30-32. Comprehensive studies 

of the photochemical processes occurring at the SSM are required to improve our understanding 

of the ocean-atmosphere interactions 33.   

In this study, for the first time to our best knowledge, we investigate the influence of halide ions 

(Cl
−
, Br

−
, and I

−
) on the photochemical degradation of FL and DMSO, relevant for the upper sea 

surface. The gas-phase products formed during the photochemical degradation of FL and DMSO 

are assessed by the means of a secondary electrospray ionization high-resolution mass 

spectrometry (SESI-HR-MS). Many of the detected compounds can serve as precursors of 

secondary organic aerosols (SOA), which would add to the aerosol-formation pathways triggered 

by biological processes occurring in the ocean. 



EXPERIMENTAL SECTION 

Photoreactor for the kinetic studies 

A custom-built double-wall photoreactor made up of borosilicate glass was used to assess the 

kinetics of the photochemical degradation of fluorene (FL) and dimethylsulfoxide (DMSO) at 

different salt concentrations 
30,32

. The photoreactor is thermostated by thermostatic bath 

(LAUDA ECO RE 630 GECO, Germany). Fresh solutions of 1×10
−4

 mol L
−1

 FL (Sigma-Aldrich, 

98%) were diluted in 100 mL of DMSO (Sigma-Aldrich, 98.5%) and sonicated until fully 

dissolved. Then, the freshly prepared solutions were mixed with ultrapure water (18.2 MΩ cm
−1

, 

Sartorius, Germany) in the ratio 1:9 (FL+DMSO:H2O). The resulting solutions were 

magnetically stirred during irradiation, and the temperature during all the experiments was held 

at 20°C. 

The ionic strength of the solutions to be irradiated was adjusted by adding the required amount of 

sodium bromide (NaBr), sodium chloride (NaCl) and sodium iodide (NaI). All salts were 

purchased from Sigma Aldrich.  

 

Photoreactor for the gas-phase product studies 

To follow the formation of gas-phase products in the dark and upon irradiation of FL and DMSO, 

a double-wall rectangular photoreactor made up of borosilicate glass, with dimensions 5 x 5 x 2 

cm was coupled to a secondary electrospray ionization high-resolution mass spectrometer (SESI-

HRMS) 
26

. The photoreactor is thermostated at 20°C by thermostatic bath (LAUDA ECO RE 

630 GECO, Germany). An air flow of 200 mL min
−1

 (0-500 mL min
−1

 HORIBA METRON mass 

flow controller; accuracy, ±1%) was passed through the reactor during the experiments to bring 



the formed gas-phase compounds through a 4 mm I.D. Teflon tube, into the stainless steel SESI 

chamber of the SESI-HRMS.  

In order to solubilize FL (1×10
−4

 mol L
−1

) (Sigma-Aldrich, 98%), a mixture of DMSO and 

ultrapure water (10:90 v/v), corresponding to a DMSO concentration of 1.4 mol L
−1

, was used as 

solvent. We have chosen DMSO not only because it can help FL dissolution, but also because it 

is an abundant organic compound at the sea surface 6. Similarly, high concentrations of the 

solvent have been used in previous work to study the solvent effect on PAHs photolysis 
27

, and it 

has been shown that organic solvents may affect PAH reactivity by changing the local 

environment 
20,34

. The concentrations of NaCl, NaBr, and NaI in the reactor were 0.01 M, 0.001 

M and 0.0001 M, respectively. The reactor was filled with 10 mL of freshly prepared solution. 

This experimental configuration was chosen to simulate calm seawater covered by an organic 

film made up of DMSO and FL, as a SSM proxy. 

The pH of the FL/DMSO solution was measured using a pH meter (ORION STAR A326, 

Thermo Scientific, USA) to be 5.6 ± 0.03 before irradiation, and it increased to 7.3 ± 0.05 after 2 

h of irradiation. All experiments were performed in duplicate. 

For both types of photoreactors, a Xenon lamp (500 W) was used as a solar simulator to irradiate 

the solutions. A cutoff filter allowed for the transmission of UV-vis radiation in the wavelength 

range between 300 nm and 700 nm, which is relevant to the lower layer of the atmosphere close 

to the sea surface. The spectral irradiance was measured with a calibrated spectroradiometer 

(Ocean Optics, USA) equipped with a linear-array CCD detector, and compared to the sunlight 

radiation 35.  



Secondary electrospray ionization high-resolution mass spectrometry (SESI-HRMS) 

The gas-phase compounds formed upon irradiation of FL/DMSO were analyzed online and 

continuously by employing a homemade secondary electrospray ionization source coupled to a 

commercial Q Exactive Hybrid Quadrupole Orbitrap Mass spectrometer (Thermo Scientific, 

USA) 
36

. In brief, a home-made Sec-nanoESI source was set up by integrating a commercial 

nano-ESI with a compact stainless steel chamber. The chamber was connected to the interface of 

the mass spectrometer. The flow of gas-phase compounds was consequently ionized by crossing 

with the nano-ESI plume in the ionization chamber. Ultrapure water (18.2 MΩ cm
−1

, Sartorius, 

Germany) was used as ESI primary solvent. A 200 nL min−1 flow rate of ESI solvent was 

supplied with a nano-LC system (Thermo Scientific, USA). The temperature of the ion transfer 

capillary was held at 150 °C. The MS analyses were performed in the range m/z 50–500, at a 

resolution setting of 140 000 and a mass accuracy ≤ 2 ppm. The gas-phase samples were scanned 

in positive and negative ion detection modes, and the ESI voltage was set to 2.5 kV and −2.5 kV, 

respectively. Before starting the measurements, the mass spectrometer was calibrated with 

commercial standard solutions complying with the instructions of the manufacturer (Thermo 

Scientific, USA).  

 

Data analysis. The raw data were pretreated by the Python program Breathfinder, developed by 

a collaborator (https://github.com/WanyangSun/BreathFinder). The information regarding the 

intensities of individual ions from each scan was extracted from the raw files. The data matrix 

was further investigated by using hierarchical cluster analysis and Kendrick Mass Defect (KMD) 

analysis,
37

 which have been previously shown as suitable methodologies and have been widely 

used to show visualized trends in the elemental compositions of complex mixtures of organic 



compounds in the atmosphere
38

. The possible element formula of a particular m/z signal was 

generated from Thermo Xcalibur (version 4.2.28.14, Thermo). HRMS has the capacity to 

distinguish low-intensity isobaric features and to accurately identify the elemental composition 

of unknown gas-phase compounds. 

 

RESULTS AND DISCUSSION 

 

Ionic strength effect on fluorene degradation kinetics  

The pseudo first-order rate constants (k1st) were obtained from the decay of FL as a function of 

the irradiation time at different salt concentrations. The concentrations of NaCl and NaBr varied 

in the range between 0 M and 1 M, and the concentration of NaI ranged between 0 M and 0.07 M. 

The experimental data were fitted with a three-parameter exponential function: 

 βαλ +⋅= ⋅− tk stetA 1

max
)(         (Eq-1) 

where )(
max

tAλ  is the absorbance at λmax at the time t, α and β are fitting parameters, and k1st is 

the pseudo first-order rate constant. 

The k1st value increased sharply by one order of magnitude, from (2.1±0.1)×10
−4

 s
−1

 at I = 0 M to 

(2.1±0.2)×10
−3

 s
−1

 at I = 0.1 M of NaCl. Then, the k1st slightly decreased to (1.5±0.04)×10
−3

 s
−1

 at 

I = 0.5 M of NaCl. At higher ionic strength (I > 0.5 M) the value of k1st decreased down to 

(1.7±0.1)×10
−4

 s
−1

 (Figure 1). In presence of NaBr, the k1st increased by eight times, from 

(2.1±0.1)×10
−4

 s
−1

 at I. = 0 M to (1.6±0.2)×10
−3

 s
−1

 at I = 0.3 M, and then slightly decreased to 

(9.5±2.9)×10
−4

 s
−1

 at I = 1 M. Similarly, in the presence of NaI the k1st values increased by 



almost one order of magnitude, from (2.1±0.1)×10
−4

 s
−1

 at I = 0 M to (1.2±0.4)×10
−3

 s
−1

 at I = 

0.03 M, and then slightly decreased to (8.5±0.5)×10
−4

 s
−1

 at I = 0.07 M. 

The increase of the pseudo first-order rate constants with increasing ionic strength can be 

described by the Debye-Huckel-Bronsted-Davies equation 
32,39,40

: 

Ib
I

I
AZZIkk BA +

+
+→=

1
2)0(loglog        (Eq-2) 

where k is the observed pseudo first-order rate constant, A is the Debye-Hückel constant (A = 

0.509 at 298 K), ZA and ZB are the absolute values of the charges for the involved species A and 

B, respectively, I is the ionic strength, and b is the kinetic salting coefficient.  

In case of unimolecular reactions, as the direct photolysis of FL in the present case, the second 

term in Eq-2 can be neglected and the pseudo first-order rate constants depend on the empirical 

linear term (b ·  I), as follows:   

log k = log [k(I → 0)] + b I         (Eq-3) 

The kinetic salting coefficient (b) is an empirical parameter that depends on the difference 

between the activities of the reactant and the transition state 
39

. The value of b determines the 

acceleration of the observed reaction in the presence of added salt 
41,42

. Figure 1 shows that the 

observed pseudo first-order rate constants increase sharply with the ionic strength (0 < I <0.3 M 

for NaCl and NaBr, and 0 < I < 0.01 M for NaI), followed by a slight decrease at higher ionic 

strengths. In the case of NaCl, the observed pseudo first-order rate constant at Imax = 1 M 

approximately reached the initial k1st value observed at I = 0 M. 
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Figure 1. Trend of log k1st vs. I at different concentrations of Cl
−
, Br

−
, and I

−
. The error bars 

represent the σ-level uncertainty of the exponential data fit used to obtain k. The solid, short dash, 

and long dash lines represent the fit of the experimental data by Eq-4 for Cl
−
, Br

−
 and I

−
, 

respectively.   

 

 

It has been suggested that higher-order empirical terms in Eq-3 could describe the slight decrease 

of the observed rate constants at higher ionic strength values, without any further physical insight 

43
. Therefore, the hypothesis of Guggenheim was applied when modifying Eq-3 

32,44,45
.  

 ijij cF
I

I
AIkk +

+
+→=

1
)0(loglog       (Eq-4) 



In Eq-4, Fij is an adjustable kinetic parameter that depends on the solvent, the temperature and 

the nature of the ions i and j, and cij is the concentration of the supporting electrolyte.  Figure 1 

shows the fit of the observed pseudo first-order rate constants with Eq-4. The kinetic parameters 

Fij emerging from the fit with Eq-4 are -1.16, -0.49, and 0.01 for NaCl, NaBr, and NaI, 

respectively. At low ionic strengths a catalytic effect of the Cl
−
, Br

−
, and I

−
 ions leads to a sharp 

linear increase of the rate constants, in agreement with previous studies focused on ionic strength 

effects on reaction rate constants in the atmospheric aqueous phase 
46,47

. The negative values of 

Fij for Cl
−
 and Br

−
 predicted by the fit indicate the decreasing degradation rates of FL at higher 

Cl
−
 and Br

−
 concentrations, while Fij = 0.01 indicates a very slow (almost plateau) increase of the 

degradation rate of FL at higher I
−
 concentrations. The second-order rate constants for 

bimolecular reactions of atmospheric relevance exhibited similar behavior at higher ionic 

strengths 
40,43,48,49

. Obviously, the ionic strength affects the photochemical degradation of FL and 

possibly other PAHs enriched at the sea surface and in the marine aerosol particles, a fact that 

should be considered in future modeling studies.  

 

Formation of gas-phase products 

Cluster analysis. The presence of FL and DMSO that would be enriched at the surface of 

synthetic seawater containing Cl
−
, Br

−
 and I

−
, in the dark and under simulated sunlight irradiation, 

can initiate different chemical pathways of VOCs formation. As a result, many VOCs were 

detected by SESI-HRMS and were further grouped into separated clusters. A total of 334 ions 

with intensities ≥ 1 ∙ 10
5
 a.u. were detected in real-time by SESI-HRMS, and analyzed by the 

Clustergram function in Matlab R2014b. Five groups of ions in the dark and under irradiation, 

illustrating different chronological variations, are shown in Figure 2. In general, the detected ions 



under both experimental conditions (Figure 2 A and B) could be divided in different groups 

according to their distinguished features and time-resolved profiles.  

 

 

 

 

Figure 2: Cluster analysis of 334 ions with intensities ≥ 1 
. 
10

5
 a.u. in the dark (A) and under 

light irradiation (B), respectively. Different chronological variations of the formed VOCs were 

identified and separated into five different groups, under both experimental conditions (A and B). 

 



For example, on both graphs, the first three groups contain ions, the intensities of which start 

decreasing after 5 min. In contrast, the features in the last two clusters (5 and 6) are characterized 

by the fact that the ions reach the maximum peak level 25 min after the reaction has started. 

Most of the halogen-containing oxidized compounds (CHOX, with X=Cl, Br, I) were identified 

in group 1 (29 ions), and they were mostly formed within the first 5 min of the reaction. Features 

in group 2 (80 ions) and group 3 (45 ions) exhibited a similar trend, with the maximum intensity 

reached in the first 5 min of the reaction. The observed tendency of the products with high 

intensities continued up to 30 min after the start of the reaction. Based on the chemical 

composition of most ions from groups 2 and 3, we conclude that these two groups mainly consist 

of saturated long chain fatty-acids. In addition, when compounds from group 4 (12 ions) and 

group 5 (32 ions) were formed, the intensities of the other compounds from groups 1-3 were 

already dramatically reduced. Hence, the ions from groups 4 and 5 might be described as 

secondary products from the self-reaction of FL and the reaction of FL with DMSO. The 

identified chemical compositions suggest that most of the ions in group 4 might be oxidized 

products with 3 to 4 oxygen atoms and DBE (Double-Bond equivalents) ranging between 2.5 

and 3.5. The products identified in group 5 are sulfur-containing oxidized compounds (CHOS). 

Most of these CHOS compounds contain only one sulfur atom, with low DBE values (0.5-1).  

Most of the ions detected under light irradiation of the mixture FL/DMSO exhibit similar time 

evolution profiles (Figure 2B) as the ions generated under dark conditions (Figure 2A). Similarly, 

group 1 (17 ions) might be classified as sulfur-containing compounds (CHOS) with only one 

sulfur atom in their chemical structures. More importantly, 11 out of the 17 identified ions in this 

group are new ions, in the sense that they appeared solely in presence of light. Most of the ions 

in group 2 (11 ions) increased 30 min after light exposure of the solution, indicating formation of 



halogenated organic compounds (CHOX). The most numerous cluster is group 3 with 115 ions, 

mostly consisting of oxygenated long-chain molecules with up to 18 carbon atoms and DBE 

values ranging from 1.5 to 2.5. It is evident from Figure 2B that the majority of the classified 

ions in this group appeared in the first 30 min from the beginning of the light-induced process. In 

analogy with Figure 2A, the last two groups (group 5 and group 6) of Figure 2B did not form at 

the beginning of the experiment but they started appearing after 30 min of continuous light 

irradiation. Thus, ions from group 5 (26 ions) and group 6 (7 ions) might be regarded as 

secondary products initiated by the excited triplet state of FL 
26

 and DMSO. Regarding the 

elemental composition of identified ions from group 5, they are mostly sulfur-containing organic 

compounds (CHOS), while those of group 6 are likely to be oxygenated compounds (CHO). 

 

Kendrick Mass Defect (KMD) analysis. The molecular composition of the compounds was 

calculated with Xcalibur and using KMD analysis, to find out the homologous compounds 

differing only by the number of a base unit CH2 group. Figure 3 illustrates the KMD plot for all 

the observed ions under dark (A) and light-initiated (B) conditions. The KMD diagram is usually 

used for finding relationships between large dataset of molecular formulas, provided by ultra-

high resolution mass spectrometry (UHRMS) studies 
36,50,51

. Here, the regular space pattern of 

CH2 was fixed at precisely 14 u and was used as the reference mass for calculating the Kendrick 

mass (KM), expressed in Eq-5.  

KM (CH2) = observed mass 
. 
(14.00000/14.01565)         (Eq-5) 

In contrast, the KMD is defined as the difference between nominal mass, obtained as rounding 

the number to the nearest integer, and KM as given by Eq-6.  

KMD (CH2) = nominal mass (NM) – KM         (Eq-6) 



 

 

 

Figure 3: CH2-based Kendrick mass defect diagram of all m/z values of identified ions in 

negative ion detection mode, under dark (A) and irradiated (B) conditions, respectively. The 

solid lines connect the compounds, which differ from each other only by an integer number of 

CH2 groups and thus, belong to the same homologous series. For example, the homologues series 

on the graph A might be expressed as Line 1: CnH2n-4O4, Line 2: CnH2n-2O4, Line 3: CnH2n-4O3, 

Line 4: CnH2n-2O3, Line 5: CnH2nO3, Line 6: CnH2n-2O2, Line 7: CnH2nO2. On graph B, Line 1: 

CnH2n-4O4, Line 2: CnH2n-2O4, Line 3: CnH2n-4O3, Line 4: CnH2n-2O3, Line 5: CnH2nO3, Line 6: 

CnH2n+2OS, Line 7: CnH2n-2O2, Line 8: CnH2nO2, respectively. The size of symbols is 

proportional to the abundance of the ions. The color-coding indicates the calculated DBE values.   

 



After this estimation all identified ions, which differ only in the number of the used regular 

spacing pattern, fall on the same horizontal lines in the KMD plot and belong to the same 

homologous series (Figure 3). Such series are defined here as CH2-based KMD patterns, and all 

compounds of a homologous series exhibit the same DBE (this value is also added on the graph 

as color-coding). DBEs, which correspond to the sum of double bonds and rings in molecules, 

were estimated as: 

DBE = c – (h/2) + (n+2) + 1           (Eq-7) 

assuming only compounds with a general formula CcHhNnOoSs.  

In negative mode, we identified within the CHO sub-group 7 (dark) and 8 (light) homologous 

series, composed of 2 to 14 compounds, differing only in mass of CH2. Moreover, as a result of 

the used KMD analysis, there was 1 CHOS homologous series identified under irradiation 

conditions. However, it is worth noting that although the compounds lie on the same homologous 

series, they are not necessarily structurally related but they are only associated with similar 

elemental composition 
52

.  

 

KMD (CH2) series 1 appeared under both experimental conditions (dark and light) and might be 

characterized with the formula CnH2n-4O4. In both cases, the series starts with the tentatively 

identified compound C4H4O4, possibly 2-butenedioic acid, and it contains six members up to C9, 

which might be attributed to unsaturated dicarboxylic acids. They could be assigned also as 

diketo-monocarboxylic acids, having a DBE value of 3.  

Series 2, which has been tentatively identified as long-chain dicarboxylic acids with a general 

formula of CnH2n-2O4 for the homologous series, most likely starts with oxalic acid (C2H2O4) in 



the dark, and with its C3 analogue under irradiation. In both cases (dark and light) it contains 

seven (Fig. 3B) to eight (Fig. 3A) members, up to C8, which all show a DBE of 2. 

Series 3 is illustrated with a tentatively developed formula of CnH2n-4O3. It can be seen from both 

graphs (Fig. 3A and 3B) that within this series, 4 compounds are produced under our 

experimental conditions and have a DBE of 3. The series starts with m/z 99.01 (C4H4O3), which 

might be most probably attributed to unsaturated hydroxyl dialdehydes or diketones.  

Series 4, both in the dark and under irradiation, can be described with the general formula 

CnH2n−2O3. Most formulae within this series have a DBE value of 2, and might be tentatively 

characterized as unsaturated hydroxyl monocarboxylic acids, saturated anhydride or keto/oxo 

esters. The formula C2H2O3 in this series may most likely correspond to oxo-acetic acid with m/z 

72.99, making it the smallest compound of the series. Some larger compounds of this series have 

up to C10, where the largest member shows the formula C10H18O3 and m/z 185.12.  

The identified series 5 exhibits a low DBE value of 1, and could be summarized with the general 

formula CnH2nO3. The smallest compound is probably CH2O3 with m/z 60.99, while the largest 

member’s in this series had m/z 159.10 with a formula of C8H16O3. All members of series 5 

might be tentatively identified as hydroxy carboxylic acids, hydroxyl esters or dihydroxy 

aldehydes.  

Members of a further series, characterized by the general formula CnH2n-2O2 and a DBE of 2 

(number 6 in dark and 7 under photolysis), could be unsaturated monocarboxylic acids. Both 

series with two (Fig. 3B) and three (Fig. 3A) members, respectively, start with acrylic acid 

(C3H4O2). In both cases, the small number of members and the very limited length of the 

homologous series suggests that the formation of unsaturated monocarboxylic acids is not that 



significant in the analyzed samples, despite the fact that they are widespread in the environment 

52,53
.   

The only group, which appeared solely under irradiation (series 6) is the sulfur-containing 

subgroup. Here, the majority of the identified formulae contain only one sulfur atom and exhibit 

a low degree of oxidation and unsaturation. Moreover, these OS compounds are characterized by 

long aliphatic carbon chains. The smallest CHOS compound, found in this CH2 reference mass 

of KMD series, is probably methanesulfenic acid (CH4OS). This series contains only two 

members, which is not surprising because it is usually found that series having heteroatoms such 

as N or S are way shorter than those composed of only CHO compounds 
52

. Long-chain OS have 

been found in different field measurements across several locations in China. These aliphatic-

like sulfur-containing compounds might affect the hygroscopicity of the formed particles, and 

consequently impact their surface tension 
54

. 

The longest of all CH2 series with 14 (line 7 in the dark) or 13 members (line 8 under irradiation 

conditions) could be illustrated as saturated long-chain alkanoic acids, having DBE of 1. The 

smallest member of this series is C2H3O2 with m/z 59.01, which might be acetic acid, and the 

largest member of the series corresponds to m/z 283.26 with molecular composition of C18H36O2, 

possibly representing octadecanoic acid.  

 

Time evolution of organic sulfur compounds under light irradiation 

The chemical interaction between FL and DMSO, in the dark and under light irradiation, releases 

a broad variety of unsaturated multifunctional, organosulfur and even halogenated compounds in 



the gas phase. Figure 4 shows typical time evolution profiles of organic sulfur compounds in the 

gas phase, under irradiation of FL and DMSO in the presence of halide ions.  

Upon light irradiation of FL/DMSO, we observed prompt formation in the gas phase of 

methanesulfonic acid (CH3SO3H, MSA), methanesulfinic acid (CH3SO2H, MSIA), 

hydroxymethanesulfonic acid (CH4O4S, MSAOH), and 2-hydroxyethenesulfonic acid 

(C2H5O4SH, ESAOH). These compounds are typical precursors of aerosol particles, and they are 

commonly detected in ambient particles 
55,56

. 

 

Figure 4: Time profiles (SESI-HRMS) of the selected ions under light conditions. All ions are 

scanned in ESI- and exhibit intensities ≥ 1 
.
 10

5 
a.u. 

 



The photochemical model described below provides insight into the possible environmental 

significance of this process, and shows the formation rates of these organic sulfur compounds 

throughout the year under environmentally relevant conditions.  

 

Photochemical model 

The formation rate RF of a reaction product upon irradiation of FL + DMSO can be expressed by 

Eq-8, where kF is the first-order formation rate constant of the product, Co the initial 

concentration of FL, Pa the photon flux absorbed by FL, ΦF the quantum yield of product 

formation, p°(λ) the incident spectral photon flux density of the lamp, εFL(λ) the molar 

absorption coefficient of FL at the wavelength λ, and b the optical path length in the 

photoreactor (1 cm): 

 

 
−−°Φ=Φ==

λ

λε λλ dpPCkR oFL Cb

FaFoFF ]101[)(
)(

                     (Eq-8) 

Because the absorbance of FL ( oFL Cb)(λε ) in the photoreaction system is relatively low, the 

exponential equation used for the calculation of the absorbed photon flux can be approximated as 

follows: 

 

 oFL

Cb
CboFL )(3.2101

)( λελε ≈− −
       (Eq-9) 

Therefore, the following relationship holds for RF that allows for directly linking kF and ΦF: 
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λ
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It is thus possible to calculate ΦF from the experimental values of kF: 
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The following table reports the calculated values of ΦF for the different compounds that were 

experimentally monitored (MSA: methanesulfonic acid; MSIA: methanesulfinic acid; MSAOH: 

hydroxymethanesulfonic acid; ESAOH: hydroxyethanesulfonic acid). These values represent the 

overall quantum yields of the process that encompasses both the liquid-phase formation of the 

reaction products, and their transfer from the liquid to the gas phase. 

 

Table 1. Formation rate constants and quantum yields of sulfur-containing compounds, detected 

in the gas phase upon irradiation of FL/DMSO. 

Compound kF (s
−1

) ΦF (unitless) 

MSA 3.3×10−5 0.16 

MSIA 3.5×10
−5

 0.17 

MSAOH 9.0×10
−5

 0.43 

ESAOH 4.5×10−5 0.21 

 

From the values of ΦF, it is possible to model the kinetics by which the detected compounds 

could reach the gas phase upon sunlight irradiation of FL + DMSO in the sea surface layer. 

Considering that FL can reach 50 nM concentration 13 in a layer of 1 mm thickness, the low-

absorbance approximation also holds in the environmental scenario. Therefore, by rearranging 

Eq-11, the formation rate constant of the intermediate can be expressed as follows: 

 



 λλελ
λ

dpbk FF  °Φ= )()(3.2        (Eq-12) 

where b = 0.1 cm (i.e., the 1 mm microlayer thickness), and p°(λ) is the incident spectral photon 

flux density of sunlight at the water surface. Figure 5 reports the values of kF for the various 

intermediates in different months of the year, calculated for average sunlight at 50°N latitude. 

The considerable difference between summer and winter formation kinetics is accounted for by 

the fact that FL mostly absorbs UVB sunlight. The sunlight spectra used as p°(λ) 57 are reported 

in figure 6, and represent daylight-averaged spectra for the given month and latitude.  

 

 

Figure 5: Modelled photochemical formation rate constants (kF) of MSA, MSIA, MSAOH and 

ESAOH in different months of the year, at 50°N latitude. The figure insert shows the modelled 

formation trend of MSAOH when kF = 5 ⋅ 10
−5

 s
−1

, under the hypothesis that 100% FL is 

transformed into MSAOH, ESAOH, MSA and MSIA. In this scenario, MSAOH would account 

for 45% of the reaction products. Note that C is the concentration of MSAOH, while Co is the 
initial FL concentration. 



 

 

Figure 6: Sunlight p°(λ) values in different months of the year at 50°N latitude, used for 

photochemical modelling. (a): January to June; (b) July to December.
57 

 



In obvious agreement with the experimental findings, MSAOH is the compound that would 

reach the most the gas phase. Interestingly, during the summer months one expects significant 

MSAOH formation in just a few hours under fair-weather conditions (see the insert of Figure 5), 

which makes the photochemical process potentially significant. It should be remarked that the 

total amount of MSAOH formed is limited by the concentration of FL at the air-water interface 

(Co in the figure insert). 

 

CONCLUSIONS 

The kinetics of FL photodegradation was dramatically enhanced in presence of low 

concentrations of halide ions (0.1 M for Cl− and Br--, and 0.001 for I−), compared to 

photodegradation without halides. In the case of Cl
−
 and Br

−
 the FL photodegradation kinetics 

reached a maximum when increasing the halide concentration, while with I
−
 the overall 

increasing trend reached a plateau. Hence, the photochemical degradation of FL enriched at the 

sea surface or in marine aerosol particles could proceed with much faster kinetics, compared to 

the photochemical transformation of FL in the dilute aqueous phase (cloud, fog) at low levels of 

halide ions. The PAHs buried in aerosol particles account for only 7% of the total organic 

aerosol mass, but due to their light-absorbing properties, they contribute up to ca. 40% of the 

total absorbance of aerosol particles (Lu et al., 2015). Therefore, relatively fast photochemical 

degradation of FL and potentially other PAHs in halide-rich aerosol particles could considerably 

affect the absorbing properties of the aerosols. This feature of PAHs in atmospheric aerosol 

deliquescent particles should be considered in future modeling studies.  

The different kinetics between the dilute aqueous phase and concentrated salt solutions can affect 

the formation of secondary products in the gas phase. The photochemical transformation of 



FL/DMSO in simulated saltwater yielded large amounts of oxygenated, aliphatic, aromatic, 

organic halogen and organic sulfur compounds. The only known source of MSA and MSIA in 

the marine atmosphere is the oxidation of DMS, which is produced biologically by oceanic 

phytoplankton in the oceans. This study reports direct evidence of MSA and MSIA production 

from the photochemical degradation of FL/DMSO. The photochemical conversion of DMSO 

into MSA and MSIA, initiated by light-excited FL, provides an alternative formation pathway of 

OS compounds in the marine boundary layer.  

The oxygenated long-chain aliphatics and the OS compounds produced by the photochemical 

oxidation of PAHs and DMSO can participate in SOA formation, which in turn can better 

explain field observations of new particle formation events which are occurring independently of 

the primary emitted particles from biological activity in the sea (O’Dowd et al., 2004). 
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