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The sea-surface microlayer (SML) has different physical, chemical and biological properties

compared to the subsurface water, with an enrichment of organic matter i.e., dissolved organic
matter including UV absorbing humic substances, fatty acids and many others. Here we present
experimental evidence that dissolved organic matter, such as humic acids, when exposed to sunlight,
can photosensitize the chemical conversion of linear saturated fatty acids at the air-water interface
into unsaturated functionalized gas phase products (i.e. saturated and unsaturated aldehydes and
acids, alkenes and dienes,...) which are known precursors of secondary organic aerosols. These
functionalized molecules have previously been thought to be of biological origin, but here we
demonstrate that abiotic interfacial photochemistry has the potential to produce such molecules. As
the ocean is widely covered by the SML, this new understanding will impact on our ability to describe
atmospheric chemistry in the marine environment.

The air-water interface of the oceans is of major environmental importance as its chemical composition,
driven by chemical and physical processes in the ocean, does not only influence the organic fraction of
marine aerosol produced by sea spray processes"* but also controls trace gas deposition to the ocean and
may be involved in secondary organic aerosol formation in the marine boundary layer. These aspects are
central to atmospheric composition changes, air quality and associated climate change. Hence, a better
chemical characterization of the oceanic surface microlayer (SML) and its chemical processing is highly
desirable to understand the variable biogeochemical and physical controlling factors allowing assessment
of the contributions and consequences of global environmental change?®. The SML, covering up to 70%
of the Earth’s surface?, has an enrichment of organic matter i.e., dissolved organic matter including UV
absorbing humic substances, fatty acids, amino acids, proteins, lipids, phenolic compounds, as well as
trace metals, particulate matter and microorganisms®. Here we show that under solar illumination, com-
pounds present in the SML release highly reactive unsaturated organic compounds to the atmosphere
from the water surface, via a photosensitized process.

There is a growing body of evidence that the heterogeneous reactive loss of gas phase NO, and ozone
at surfaces containing photoactive compounds may be significantly enhanced under illumination®®. In
this context, Reeser et al.” studied the heterogeneous reaction between gas-phase ozone and chlorophyll
present at the air-salt water interface and showed that the kinetic mechanism is altered in the presence of
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Sampling date 10.05.2011
Salinity (Practical Salinity Units) 31
DOC SML (pmol L) 148
POC SML (pmol L) 87

EF (DOC) 1.6

EF (POC) 2
DOC subsurface water (pmol L) 94
POC subsurface water (umol L™1) 44

Table 1. SML sample characteristics.

actinic radiation, throughout the entire near-UV and visible spectrum. Similar observations were made
by Jammoul et al.® with simple aromatic ketones, present at the air sea interface, instead of chlorophyll.
Otherwise, to date, there has been little or no attention paid to atmospherically relevant photochemistry
taking place at the oceanic air-water interface?. It is speculated that some photochemical processes could
be enhanced, but there is little experimental evidence of this up to now®!°.

Air-water interfaces are widespread in the environment. Interestingly, peptide bond formation at
the air-water interface has been recently observed using water-soluble amino acid esters through Cu*"
coordination. The formation of peptide bonds in the presence of bulk water is thermodynamically dis-
favoured as these bonds require the elimination of a water molecule for each peptide bond formed.
However, the hydrophobic environment of the air-water interface has been shown to favour peptide
formation'!. This highlights the fact that organic enriched interfaces exhibit chemistry strongly different
compared to homogeneous bulk media.

In the present study, we explored some atmospherically important consequences of photochemistry at
the sea surface microlayer. The experiments were designed in such a way that thin (up to a monolayer)
organic layers on bulk water were exposed to light, mimicking solar irradiation, whereas the underlying
bulk water contained dissolved organic matter in the form of humic acids, well known natural photo-
sensitizers'?. Photochemistry in the surface ocean is dominated by dissolved organic material (DOM),
among which humic substances do correspond to an important family'’. When exposed to light, the
chromophores contained in the humic acids will be excited. Subsequently, they initiate the degradation
of the organic surfactant at the air-water interface from their triplet state. Such processes in the bulk
water are well documented™ and are known to initiate a series of potential oxidative pathways such H
abstraction, charge transfer reactions, or the production of hydrated electrons, HO, or singlet oxygen, all
of which have the potential to chemically degrade aqueous organic compounds, leading to the formation
of alcohols, aldehydes or ketones the structure of which will depend on their respective precursor mole-
cules. Therefore, under illumination, DOM will initiate the photo-degradation of the organic surfactants
at the interface. The gas phase products arising from the photoinduced reactions were analysed by means
of high resolution proton transfer mass spectrometry (PTR-ToF-MS), using different ionization agents,
in order to exclude any possible interference in the mass attribution.

Results

Authentic SML samples from Norway were used in this study. These samples were collected by means
of the glass plate technique, off the coast of the Raune fjord (Bergen, Norway) and are therefore repre-
sentative of “coastal samples”, which can be more continentally influenced compared to samples collected
in the open ocean. Sampling was performed on a sunny day under calm conditions (low wind speed of
4m s7') at 1pm UTC (Coordinated Universal Time) and the collected SML film was around 200pum
thick. Salinity as well as dissolved organic carbon (DOC) and particulate organic carbon (POC) content
of the SML sample are listed in Table 1. The high POC concentrations in the sample are probably due
to bloom conditions and chlorophyll-a was relatively high, with a concentration value of 2pug L™! during
the sampling period.

Dissolved organic matter (DOM) concentrations in surface water typically range from 0.1 mg L~!
to 20mg L' and is mainly composed of humic substances; the sea surface microlayer contains up to
ten times the concentration of DOM compared to its bulk water concentration!®. In the SML samples,
30mgL ! humic acid was added to mimic the presence of the DOM in underlying subsurface water. The
main difference in chemical composition between terrestrial and marine DOM is the level of H/C, N/C
and O/C and it has been shown that the ratios for the humic acids used in our study are ranging within
the values reported for marine humic acids'*. These samples filled ca. half of a small Quartz cell (2cm
diameter and 5cm length) which was irradiated by means of a Xenon lamp and continuously flushed
with purified air. Background experiments were performed on an empty reactor, on deionized water and
on solutions containing only the humic acids. In all background experiments no gas phase products were
observed in the different ionization modes of the PTR-ToF-MS (H;O" or NO™).
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Figure 1. Typical irradiation spectra on authentic samples. Blue spectra: SML blank, red spectra: SML
containing humic acid (30mg L™1). The figure shows the formation of a certain number of compounds
measured by PTR-ToF-MS in NO™ ionization mode (see also Table S1)

When irradiating the SML samples, the expected photosensitized degradation of the SML led to the
production of a large variety of oxidized products (Fig. 1 and Table S1) such as saturated aldehydes,
ketones, etc. However, in addition, these experiments also revealed the production of a series of unex-
pected, unsaturated and functionalized products (i.e. hexene, hexenal, heptadiene, octadiene) as exempli-
fied in Fig. 1 (see also Table S1). The importance of such observations is that the mentioned molecules
are reactive, for instance with ozone, and could therefore initiate new chemical transformations in the
gas phase close to the air-water interface. This would represent a new chemical photosensitized source
of precursors for radicals and aerosols, while our current understanding points only to biological sources
for such unsaturated compounds.

To gain more insights into the underlying chemistry that leads to the production of these unexpected
compounds, further experiments were performed on synthetic SML samples. These experiments were
performed using organic layers of a known surfactant, nonanoic acid (NA), on a salt solution with
humic acids added again as an environmentally relevant photosensitizer. This allowed us to elaborate
mechanistic information under controlled (and clean) conditions and to extend this knowledge to the
(less controlled) real environmental conditions.

Fatty acids are ubiquitous in the environment; nevertheless, to our best knowledge, the nonanoic acid
concentration in SML is unknown. This fatty acid is a known product from the oxidation of oleic acid;
elevated concentrations of C9 acid have been attributed to the ozonolysis of oleic acid, the latter known
to be enriched in the surface microlayer of the ocean'. King et al.'® investigated the reaction of ozone
with oleic acid monolayers on water and reported a high yield of nonanoic acid (87%) which remained
at the surface of the water. Furthermore, particle and vapor-phase organic compounds measurements
showed 4.9ng m~ nonanoic acid in fine particulate organic acids in marine areas'”'®. Here we use non-
anoic acid as a simple proxy for fatty acids.

After mixing humic acid (photosensitizer) and nonanoic acid (surfactant) in water, upon illumina-
tion, a large number of oxidized gaseous products, as listed in Table S1 and shown in Figure S1 were
observed. These compounds are produced upon the oxidation of nonanoic acid, initiated most probably
by a H-abstraction from the alpha position to the carboxylic function, leading to the breakdown of the
acid. When exposed to light, it is known that excited triplet state!> chromophores in humic acids can
initiate degradation of organics, presumably including the organic surfactant at the air-water interface,
via a series of oxidative pathways such H-abstraction, charge transfer reactions, hydrated electrons, HO,
or singlet oxygen production, leading to the formation of alcohols, aldehydes or ketones which structure
depends on their parents molecule. The same pattern of products was observed in water and salt con-
taining solutions (prepared as a proxy for seawater, Table S1).

Surprisingly, in addition to these expected products, and similarly to the experiments performed on
authentic samples, the photoinduced formation of alkenes, dienes, and series of C2-C9 unsaturated alde-
hydes was also observed. These compounds were detected in the PTR-ToF-MS spectra at m/z 57, 85, 99,
113, 127 and 141 which are indicative of the compounds propenal, pentenal, hexenal, heptenal, octenal
and nonenal, respectively. These chemical attributions were verified by other, independent means (i.e.,
Automatic Thermal Desorption Gas Chromatograph Mass Spectroscopy (ATD-GC-MS), PTR-ToF-MS
using NO™" ionization mode) in order to avoid any misattribution. The formation of such unsaturated
compounds in an oxidative medium is unfavorable in bulk aqueous environments'® as double-bond
formation could occur by water elimination. But as shown in Fig. 2, the more hydrophobic organic
enriched environment of the air-water interface appears to establish a favorable venue for the production
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Figure 2. Typical irradiation experiment of a solution containing salt water, humic acid (30mg L~!)
and nonanoic acid (1 mM) showing the formation of different classes of organic compounds (sum of
saturated and unsaturated acids, saturated and unsaturated aldehydes, alkanes and dienes), nonenoic
acid (red line) measured by PTR-ToF-MS with H;0" as reagent ion. The right ordinate axis represents
the mixing ratios of nonenoic acid, while the left is representing the mixing ratio of the other classes of
compounds.
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Figure 3. Evolution of octenal concentration (left ordinate axis) and of the surface tension (right
ordinate axis) as a function of bulk nonanoic acid concentration. The errors in octenal concentration are
estimated at 30% and for the measured surface tension at 10%.

of unsaturated gaseous compounds. Figure 2 shows the outcome of a typical experiment, where the
above mentioned series of unsaturated compounds are readily produced after switching on the light. The
timescale required to produce these chemical products must be very short as the residence time of the
carrier gas in the quartz reactor is in the order of a few seconds, depending on the actual gas flow. One
of the first possible unsaturated products would correspond to a C9 molecule such as nonenoic acid,
whose formation as a function of irradiation time is also shown in Fig. 2. It can be seen that a steady
state concentration is reached very rapidly and maintained through-out the irradiation period. We stress
here that none of these products were observed using only water, water with humic acid alone or water
with the surfactant alone (Figures S2 and S3).

Due to their molecular structure, surfactants are enriched at the air/water interface, with their surface
excess concentration related to surface tension®. If a surfactant is important to the reaction the chemical
reaction rate and its product yields will not follow bulk phase concentrations but rather will track those
of the surface component. This, in turn, is related to the surface tension, via the Gibbs equation®. With
increasing bulk concentration of nonanoic acid, the surface tension will decrease and reach almost a
steady state when the surface is fully covered by the surfactant (see Fig. 3). This surface tension decrease
indicates an increase in the surface concentration of NA, finally reaching an asymptotic value, despite
continuously and linearly growing bulk concentrations. The implication of this behaviour on product
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Figure 4. Evolution of gaseous nonenal and nonenoic acid concentration as a function of the pH of the
solution.

yields is that they should increase linearly with surfactant concentration for bulk processes but reach an
asymptotic value for interfacial processes. The behaviour observed here is depicted in Fig. 3 for octe-
nal, one of the main products identified. The gaseous concentration levels off at around 1mM of NA
i.e., tracking the behaviour of surface tension. This clearly points to an interfacial process involving the
surface concentration of NA, in which only monolayers of organic compounds trigger the chemistry,
without the requirement of large concentrations of fatty acids in the bulk solution.

Experiments as a function of pH have also been performed using nonanoic acid (pKa=4.9) as sur-
factant, within a pH range of 4 to 12. After increasing the pH of the solution to 12, none of the unsatu-
rated compounds were identified in the PTR-ToF-MS spectra. Figure 4 illustrates the mixing ratios of
nonenal and nonenoic acid as a function of the pH of the solution. This can be explained by an increase
of the solubility of the acidic surfactant under alkaline conditions, due to its acid-base dissociation,
leading to a strongly reduced surface concentration. These observations support the hypothesis that the
organic surfactant must be present at an interfacial layer rather than the bulk liquid; as with a reduced
surface concentration no chemical reactions could be observed.

Discussion

The core of the experiments presented above have been performed on synthetic samples, using nona-
noic acid as a proxy for fatty acids, and are showing that interfacial photochemistry has the potential to
produce unsaturated compounds as identified and monitored mainly by means of a PTR-ToF-MS. While
the approach represents a simple proxy for oceanic surface water, a smaller number of experiments has
been performed on authentic SML samples, highlighting that these observations can be extended also
to real marine conditions, bearing in mind, nevertheless, that this extrapolation currently is based on a
limited number of samples. Our observations show that the observed chemistry lead to the emission of
a variety of reactive compounds i.e., aldehydes, mono and poly-unsaturated VOCs all of which may be
photolyzed or react with ozone, triggering atmospheric reactions which will lead to low volatility prod-
ucts and thus aerosol formation?'. The observed photochemistry depends upon the ability of the oceanic
SML to promote close contact and increased concentration among reagents compared to the bulk, thus
enabling the formation of products at the interface which may easily be released to the gas phase. While
most of these compounds were known to have some biological sources, the present study reveals that
interfacial photochemistry may form an abiotic source of the unsaturated and functionalized chemical
species discussed here.

To explain speculatively (see Fig. 5) how nonanoic acid might be converted, at the air-water interface,
into the gaseous compounds listed above, one first needs to identify the initial oxidant triggering the
chemistry. Humic acids, and more specifically aromatic ketones, are known to yield reactive species in
aqueous solutions, i.e. HO, or O, or they can sensitize the formation of singlet oxygen®*?. As soon as
these species are formed, they react rapidly with a number of organic compounds. Excited humic acids
can initiate chemical reactions via multiple pathways i.e., charge exchange reactions or H-abstraction. In
the case of a saturated carboxylic acid, both are possible. The observation demonstrates the capability of
excited humic acid to react with nonanoic acid. In the case of H abstraction, the initial step would then
be the reaction of nonanoic acid with OH radicals or by direct abstraction of an H-atom at the alkyl
chain by some excited humic acid moiety, to form H,O and a carboxyalkyl radical (which could not be
measured here). The addition of oxygen to this radical could then lead to a-peroxyl radical, the chem-
istry of which has been reviewed by Von Sonntag and C Schuchmann?* where the monomolecular deg-
radation (intramolecular arrangement) could lead to nonenoic acid production, which was identified in
this study, while the recombination pathway, possibly favoured at the interface due to the concentrating
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Figure 5. Suggested reaction mechanism leading to the chemical production of unsaturated compounds
at the air-sea interface; products in bold have been observed in this study; identified products are in
bold in this figure.

effect, would lead to the other a-oxygenated products observed by means of a PTR-ToF-MS, such as
hydroxynonanoic acid or a-keto acids which have also been shown to be photochemically active (in
the case of pyruvic acid®®). Nonenoic acid could then be formed via acid catalyzed dehydration of the
hydroxynonanoic acid as hydrogen ions are available due to the acidity of the solution. Two carboxyalkyl
radicals can also recombine to form a dimer which may also suffer H-abstraction, leading to nonenoic
acid and to new radical intermediates. Analogous dimerization reactions have been observed in the
literature in the case of oxooctanoic acid®. While being still speculative, Fig. 5 nevertheless explains the
formation of the observed unsaturated gas phase products. For completeness, several other classical oxi-
dation steps needs to be added to explain the observation of shorter oxidized products (produced upon
decarboxylation of the parent molecule).

A number of peroxyl radicals can eliminate HO,, but they require a substituent which acts as charge
stabilizer. Amino groups or double substituted alkoxy peroxy intermediates have been shown to greatly
accelerate this elimination process*. Unimolecular decay of a peroxyl carboxylic acid has not yet been
reported, but the carboxylic function might trigger this pathway. Bimolecular decay of peroxyl radicals
derived from carboxylic acids has already been experimentally investigated on aqueous interfaces. Enami
et al”” showed the formation of peroxyl radicals at the water interface region; reacted within 50ps to
produce alcohols and carbonyls. Our findings are consistent with their work.

In addition to reactions described above, it has been shown that disproportionation reactions of per-
oxy radicals can lead to the formation of alcohols and aldehydes, as depicted in PTR-ToF-MS spectra,
these species leading to the formation of extremely low volatility organic compounds (ELVOC)?%.

Recently, there has been renewed interest and debate about the propensity of ions at interfaces®.
Investigations of ions at the surface versus bulk showed an enhancement of hydronium ions at the top-
most layer of water and aqueous acid solution, making the air-water interface acidic®’; although other
experiments showed enhanced surface concentration of hydroxide and depleted hydronium due to accu-
mulation of hydroxide anions at the air-water or oil-water interfaces®’. Direct experimental results and
calculation reports showed that hydronium ions are present at a higher concentration at the surface than
hydroxide ions, yielding an acidic pH (e.g. carboxylic acids tend to deprotonate at the water surface®).
The surface may then be rich in hydronium ions which would thus be available to catalyze reactions
there?”*.

A key feature of reactions which are constrained to occur at an interface is that they may favour
protonation and self-reaction (due to higher concentrations) which will lead to the formation of dimers
(Fig. 5) as suggested by Griffiths et al.?. Following dimer formation, any subsequent hydrogen abstrac-
tion reaction will ultimately result in shorter alcohols, acids, aldehydes or ketones which can in turn lead
to the formation of various unsaturated products as identified in the PTR-ToF-MS spectra (Table S1).

Finally, to ensure the applicability of reaction Fig. 5, future work shall focus of a full assessment of
all products in all phases (liquid and gaseous, not excluding the interface), on the importance of the
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Figure 6. Schematic of the experimental layout.

chemical functionalities of the initial surfactant molecule, and to get closer to environmental conditions
the use of larger number of authentic samples. The latter may then be useful to reveal the seasonality and
geographical importance of the interfacial abiotic production of VOCs and OVOCs.

The largest environmental interface is certainly the one formed by the oceans. Wurl et al.** studied the
surfactants concentration at the air/sea interface in different regions of the ocean (subtropical, temper-
ate, and polar). These authors concluded that the ocean surface microlayer is enriched with surfactants
to a much larger extent than previously recognized, especially in the Norwegian Sea in summer and
fall. According to their data, during these periods, it can be assumed that the sea is fully covered by an
organic layer as thin as a monolayer. Accordingly, the chemistry exemplified in Fig. 5 for one given sim-
ple fatty acid may be a wide spread source of functionalized VOCs. A measurement campaign at a coastal
site observed the presence of insoluble organic films coating the particles in marine air leading to water
uptake suppression. The authors speculated that the coating might be explained by vegetation sources,
although sea-surface microlayer may also represent an important source of secondary film-forming
organic compounds®. The results from the present study could explain their observations, showing
that the particles’ precursors could be of marine origin without any biological activities. Furthermore,
unsaturated aldehydes and mainly polyunsaturated ones have been shown to be widely spread in oceanic
surface water (in this case referring to depth up to 3 meters) and produced from diatoms. Total poly-
unsaturated concentrations ranged from 0 to 4.18 pmol per cells in 1L, the most abundant molecules
being heptadienal, octadienal and decadienal®®. Such concentrations and the similarity of the molecules
measured in ocean surface waters and in the present study is intriguing and certainly tends to show that
potentially non-biological sources have to be considered: photochemistry at the air-sea interface could
also be significant.

Through these results, we have demonstrated formation of functionalized and unsaturated com-
pounds at the air-water interface arising from the photosensitized degradation of organic surfactants,
while previous knowledge points only to biological sources for such molecules. The interface is a specific
venue for such reactions and we suggest that it promotes self-reactions of peroxyl radical intermediates
differently than dilute bulk solutions, while the photosensitizer facilitates the production of oxidative
centers (radicals or triplet states). However, surfactant covered (even if not fully covered) water-air inter-
faces are widespread and typical for the surface of oceans, lakes, and atmospheric aerosols, providing an
auspicious environment for this chemistry which produces reactive unsaturated compounds that in turn
may affect a variety of atmospheric processes, such as particle production.

Methods

The setup used to study the photochemical reactions at the water surface consists of a Quartz cell (2cm
diameter and 5cm length) filled with 7 ml of synthetic mixtures of sea surface microlayer (SML) or natu-
ral SML samples (Fig. 6). The artificial SML mixtures contained an aqueous solution of NaCl, NaBr, Nal,
a photosensitizer (humic acids) and an organic surfactant (e.g., hexanol, octanol, nonanoic acid). The
solutions have been irradiated by means of a Xenon lamp (spectral profile is given in Figure S5 and com-
pared to the actinic flux values at the Earth’s surface) and a 200sccm of purified air was flowing through
the quartz cell. The photodegradation of the artificial SML was carried out at various concentrations of
nonanoic acid ranging from 0.25 and 5mmol L. The gas-phase products were investigated by proton
transfer reaction mass spectrometry (PTR-ToF-MS) with H;O" and NO* as reagent ion. Blanks exper-
iments were routinely performed on 18 M2 deionized water and solutions containing the surfactant or
the humic acids, to assess background signals when irradiating.

For the experiments with artificial SML, a salt solution composed of 1mol L™! sodium chloride
(99+%, Sigma-Aldrich), 1 mmol L' sodium bromide (99+%, Sigma-Aldrich), 10> mmol L~! sodium
iodide (994 %, Sigma-Aldrich) with additional concentrations of humic acids (Fluka) was prepared by
dissolving known amounts of the products in 18 MQ2 deionized water. The surfactant monolayer was
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Splitless/split injection mode
2 minutes prepurge at a flow of 35ml/min
Flow path=130°C
Primary desorption =250°C during 5minutes splitless
ATD conditions mode at 35ml/min
Cold trapping=—10°C
Secondary desorption = 300°C during 3 minutes splitle
mode at 15ml/min
Ramp temperature = 40°C/s

Temperature ramp: 50 °C during 2 minutes

GC Conditions ramping a 5°C/min to 260°C
during 5 minutes

Colum flow = 1,4 ml/min He

SIM/SCAN mode
MS conditions SCAN conditions = mass range 15-300 Da
SIM conditions = 67 Da (dwell time = 100 msec)

Table 2. ATD-GC/MS conditions used in this work.

prepared by adding a known concentration of nonanoic acid (97%, Sigma-Aldrich) in these solutions.
The pH of the solution was raised to approximately 8 using a sodium hydroxide solution; experiments
were performed using solutions to which base was not added, these having a pH in the range of 4-5.

When using the SML samples, 30 mgL~! humic acid were added directly into the SML to mimic the pres-
ence of the DOM in underlying subsurface water. In this case, no artificial salt water was added into the cell.

In some experiments, nonanoic acid was previously purified by bubbling ozone before irradiation. In
this case, the PTR-ToF-MS spectra showed no differences compared to those acquired without purifica-
tion. All the experiments presented in the paper represent the results without purification.

Measurements were carried out using a commercial SRI-PTR-ToF-MS 8000 (Selective Reagent
Ionization Proton Transfer Reaction Time of Flight Mass Spectrometer) instrument from Ionicon Analytik
GmbH (Innsbruck, Austria) in its standard configuration (V mode)*. The PTR-ToF-MS sampled contin-
uously 50 sccm from the emissions stream through 1.5m of 6 mm i.d. peek tubing. No particle filter was
placed at the inlet to avoid artefact from possible organics deposition on the filter. Internal calibration
of the TOF data and peak extraction were performed according to the procedure described in detail by
W. Lindinger et al.”’. PTR-ToF-MS spectra were collected at a time resolution of 8s. Measurements using
H;O™ ionization were performed using a drift voltage of 600V, drift temperature of 60°C and a drift
pressure of 2.25mbar resulting in an E/N of about 130Td (1Td=10""cm?V!). The ionization condi-
tions in the NO™ mode were maintained at a drift voltage of 600V and a drift pressure of 2.25 mbar. The
instrument was operated at an E/N value of 132Td. The volatile organic compounds concentrations are
expressed in ppbv and they have been calculated according to the formula described in Cappellin et al.?®.
We have used the same value of k=2 x 10~°cm?/s for all masses excepting isoprene, which has a value of
k=1.94 x 107 cm?/s*. Uncertainties in our data may arise from systematic errors in the concentration
determination since the accuracy for compounds concentration has been estimated using calculated val-
ues for the collision rate constant which should equal the reaction rate constant within +30%*. Typical
detection limits, precisions and accuracies for the selected VOCs are 5ppt, 3% and 6%, respectively.

One of the main weaknesses of PTR-ToF-MS is that the VOC identification relies solely on mass
spectrometry; therefore comparison of PTR-ToF-MS measurements to those by means of a GC-MS tech-
nique was used for accurate identification of individual VOCs. Analysis of VOCs were then performed
by Automatic Thermal Desorption (ATD Markes Thermal Desorber Unity with an Markes Autosampler
Ultra 2) coupled with GC/MS, using an Agilent 6890 GC (DB-VRX column of 60m x 0.25mm X 1.4 pm,
J&W, 122-1564) and an Agilent MSD 5973 N MS with electron impact ionization mode. A Tenax sorption
tube of 200mg (L=3 1/2”, OD=1/4") has been used (ATD-GC/MS conditions are detailed in Table 2).

The surface tension measurements have been performed using a Kruss tensiometer K6 (measuring
range between 0 and 90 mN/m).

The glass plate technique was used to sample the sea surface microlayer. A glass plate with the dimen-
sions of 500 x 250 x 4 mm was vertically immerged in the water, slowly removed and the surface film was
wiped off with a Teflon wiper. After sampling, the samples were immediately frozen and stored at —20°C
until analysis. No biocide was added. Sub-surface water was collected in order to determine enrichment
factors of organic carbon. Enrichment factor (EF) was defined via the concentration of organic carbon
in the SML and the concentration in the sub-surface water. For sub-surface water sampling a glass bottle
was mounted on a telescopic rod and opened in a depth of 2meters. The authentic sea surface micro-
layer samples were analyzed for salinity, dissolved organic carbon (DOC) and particulate organic carbon
(POC) and the results are showed in Table 1.

Dissolved organic carbon was determined with a total organic carbon analyzer (Shimadzu, Kyoto,
Japan). The oxidation of the carbon within the sample was performed at pH 2 by adding 300 L of the
solutions (SML/sub-surface water, filtered over a 0.2um syringe filter) to a catalyst (aluminium oxide/
platinum) held at a temperature of 720°C. The formed carbon dioxide was detected by non-dispersive
infrared (NDIR). Salinity was determined with a refractometer (RHS-10 ATC). The detection limit for
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POC was 1.8umol/L for a filtration volume of 1000mL. For particulate organic carbon determination
the SML sample was filtered onto pre-combusted (8h at 450°C) glass fibre filters (GF/E, Whatman)
and measured with a Sunset Laboratory Dual-Optical Carbonaceous Analyzer (Sunset Laboratory Inc.
U.S.A.). Temperature control was after the EUSAAR-2 protocol: www.atmos-meas-tech.net/3/79/2010/.
All data were corrected for blank values.

References

1

w

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.
21.

22,

23.
24.

25.

26.

27.

28.

29.
30.

31.

32.

33,
34.

35.

36.

37.

38.

. Facchini, M. C. et al. Primary submicron marine aerosol dominated by insoluble organic colloids and aggregates. Geophy. Res.

Lett. 35, L17814 (2008).

. Keene, W. C. et al. Chemical and physical characteristics of nascent aerosols produced by bursting bubbles at a model air-sea

interface. J. Geophys. Res. 112, D21202 (2007).

. Liss, P. S. & Duce, R. A. The Sea Surface and Global Change. (Cambridge University Press, Cambridge, 1997).
. Donaldson, D. J. & George, C. Sea-Surface Chemistry and Its Impact on the Marine Boundary Layer. Environ. Sci. Technol. 46,

10385-10389 (2012).

. Deguillaume, L. et al. Transition Metals in Atmospheric Liquid Phases: Sources, Reactivity, and Sensitive Parameters. Chem. Rev.

105, 3388-3431 (2005).

. George, C., Strekowski, R. S., Kleffmann, J., Stemmler, K. & Ammann, M. Photoenhanced uptake of gaseous NO, on solid

organic compounds: a photochemical source of HONO? Faraday Discuss. 130, 195 (2005).

. Reeser, D. I, George, C. & Donaldson, D. J. Photooxidation of Halides by Chlorophyll at the Air—Salt Water Interface. J. Phys.

Chem. A 113, 8591-8595 (2009).

. Jammoul, A., Dumas, S., D'’Anna, B. & George, C. Photoinduced oxidation of sea salt halides by aromatic ketones: a source of

halogenated radicals. Atmos. Chem. Phys. 9, 4229-4237 (2009).

. Blough, N. V. The Sea Surface and Global Change, P. S. Liss, R. A. Duce Eds. Cambridge University Press pp. xv, 519 p (2005).
. Donaldson, D. J. & Vaida, V. The influence of organic films at the air-aqueous boundary on atmospheric processes. Chem. Rev.

106, 1445-1461 (2006).

Griffith, E. C. & Vaida, V. In situ observation of peptide bond formation at the water-air interface. P. Natl. Acad. Sci. 109,
15697-15701 (2012).

Canonica, S., Jans, U., Stemmler, K. & Hoigne, J. Transformation Kinetics of Phenols in Water: Photosensitization by Dissolved
Natural Organic Material and Aromatic Ketones. Environ. Sci. Technol. 29, 1822-1831 (1995).

Clark, C. D. & Zika, R. G. in Marine Chemistry (ed. Wangersky, P. ].) 1-33 (Springer Berlin Heidelberg, 2000).

DAnna, B. et al. Light-induced ozone depletion by humic acid films and submicron aerosol particles. J. Geophys. Res. 114,
D12301 (2009).

Rodrigues, A., Brito, A., Janknecht, P.,, Proenga, M. F. & Nogueira, R. Quantification of humic acids in surface water: effects of
divalent cations, pH, and filtration. J. Environ. Monit. 11, 377-382 (2009).

Fraser, M. P, Cass, G. R. & Simoneit, B. R. T. Air quality model evaluation data for organics. 6. C3-C24 organic acids. Environ.
Sci. Technol. 37, 446-453 (2003).

King, M. D. et al. Oxidation of oleic acid at the air-water interface and its potential effects on cloud critical supersaturations.
Phys. Chem. Chem. Phys. 11, 7699-7707 (2009).

Fraser, M. P, Cass, G. R. & Simoneit, B. R. T. Air quality model evaluation data for organics. 6. C3-C24 organic acids. Environ.
Sci. Technol. 37, 446-453 (2003).

Gilman, J. B,, Eliason, T. L., Fast, A. & Vaida, V. Selectivity and stability of organic films at the air-aqueous interface. J. Colloid
Interface Sci. 280, 234-243 (2004).

Adamson, A. W. & Gast, A. P. Physical Chemistry of Surfaces. (Wiley-Interscience, 1997).

Donahue, N. M., Kroll, J. H., Pandis, S. N. & Robinson, A. L. A two-dimensional volatility basis set - Part 2: Diagnostics of
organic-aerosol evolution. Atmos. Chem. Phys. 12, 615-634 (2012).

Zhang, Y., Del Vecchio, R. & Blough, N. V. Investigating the mechanism of hydrogen peroxide photoproduction by humic
substances. Environ. Sci. Technol. 46, 11836-11843 (2012).

Frimmel, F. H. Photochemical aspects related to humic substances. Environ. Int. 20, 373-385 (1994).

Von Sonntag, C. & Schuchmann, H.-P. The Elucidation of Peroxyl Radical Reactions in Aqueous Solution with the Help of
Radiation-Chemical Methods. Angew. Chem. Int. Ed. Engl. 30, 1229-1253 (1991).

Reed Harris, A. E. et al. Photochemical Kinetics of Pyruvic Acid in Aqueous Solution. J. Phys. Chem. A 118 (37), 8505-8516
(2014).

Griffith, E. C,, Rapf, R. J., Shoemaker, R. K., Carpenter, B. K. & Vaida, V. Photoinitiated Synthesis of Self-Assembled Vesicles. J.
Phys. Chem. 136, 3784-3787 (2014).

Enami, S., Hoffmann, M. R. & Colussi, A. J. In Situ Mass Spectrometric Detection of Interfacial Intermediates in the Oxidation
of RCOOH(aq) by Gas-Phase OH-Radicals. J. Phys. Chem. A 118, 4130-4137 (2014).

Rissanen, M. P. et al. The Formation of Highly Oxidized Multifunctional Products in the Ozonolysis of Cyclohexene. J. Am.
Chem. Soc. (2014). doi: 10.1021/ja507146s

Ehn, M. et al. A large source of low-volatility secondary organic aerosol. Nature 506, 476-479 (2014).

Griffith, E. C., Adams, E. M., Allen, H. C. & Vaida, V. Hydrophobic collapse of a stearic acid film by adsorbed I-phenylalanine
at the air-water interface. J. Phys. Chem. B 116, 7849-7857 (2012).

Enami, S., Stewart, L. A., Hoffmann, M. R. & Colussi, A. J. Superacid Chemistry on Mildly Acidic Water. J. Phys. Chem. Lett. 1,
3488-3493 (2010).

Vicha, R., Buch, V., Milet, A., Devlin, P. & Jungwirth, P. Autoionization at the surface of neat water: is the top layer pH neutral,
basic, or acidic? Phys. Chem. Chem. Phys. 9, 4736-4747 (2007).

Mishra, H. et al. Bronsted basicity of the air-water interface. P Natl. Acad. Sci. 109, 18679-18683 (2012).

Wurl, O., Wurl, E., Miller, L., Johnson, K. & Vagle, S. Formation and global distribution of sea-surface microlayers. Biogeosciences
8, 121-135 (2011).

Modini, R. L., Johnson, G. R., He, C. & Ristovski, Z. D. Observation of the suppression of water uptake by marine particles.
Atmos. Res. 98, 219-228 (2010).

Bartual, A. et al. Polyunsaturated Aldehydes from Large Phytoplankton of the Atlantic Ocean Surface (42°N to 33°S). Mar. Drugs
12, 682-699 (2014).

Lindinger, W., Hansel, A. & Jordan, A. On-line monitoring of volatile organic compounds at pptv levels by means of proton-
transfer-reaction mass spectrometry (PTR-MS) medical applications, food control and environmental research. Int. J. Mass.
Spectrom. 173, 191-241 (1998).

Cappellin, L. et al. On Quantitative Determination of Volatile Organic Compound Concentrations Using Proton Transfer
Reaction Time-of-Flight Mass Spectrometry. Environ. Sci. Technol. 46, 2283-2290 (2012).

SCIENTIFIC REPORTS | 5:12741 | DOI: 10.1038/srep12741 9



www.nature.com/scientificreports/

39. Zhao, J. & Zhang, R. Proton transfer reaction rate constants between hydronium ion (H;0%) and volatile organic compounds.
Atmos. Environ. 38, 2177-2185 (2004).

40. Smith, D. & Spanel, P. Selected ion flow tube mass spectrometry (SIFT-MS) for on-line trace gas analysis. Mass Spectrom. Rev.
24, 661-700 (2005).

Acknowledgements

The research leading to these results has received funding from the European Research Council under
the European Union’s Seventh Framework Programme (FP/2007-2013)/ERC Grant Agreement 290852 -
AIRSEA. Helpful discussions with O. Piva and M. Medebielle are gratefully acknowledged. The authors
thank C. Ferronato for providing access to the ATD-GC/MS instrumentation. R.C. thanks Dr. M.
Passananti for fruitful discussions. The authors thank D.J. Donaldson for the insights and excellent
advising.

Author Contributions

C.G. conceived, designed the experiments and led the analysis. R.C. performed the experiments and
analyzed the data. L.F. performed the ATD-GCMS measurements. M.v.P. and H.H. sampled and analyzed
the authentic sea surface microlayer. B.D. provided expertise. C.G. and R.C. wrote the paper. All authors
contributed comments on the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Ciuraru, R. et al. Photosensitized production of functionalized and
unsaturated organic compounds at the air-sea interface. Sci. Rep. 5, 12741; doi: 10.1038/srep12741
(2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oM images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:12741 | DOI: 10.1038/srep12741 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Photosensitized production of functionalized and unsaturated organic compounds at the air-sea interface

	Results

	Discussion

	Methods

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Typical irradiation spectra on authentic samples.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Typical irradiation experiment of a solution containing salt water, humic acid (30 mg L−1) and nonanoic acid (1 mM) showing the formation of different classes of organic compounds (sum of saturated and unsaturated acids, saturated and uns
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Evolution of octenal concentration (left ordinate axis) and of the surface tension (right ordinate axis) as a function of bulk nonanoic acid concentration.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Evolution of gaseous nonenal and nonenoic acid concentration as a function of the pH of the solution.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Suggested reaction mechanism leading to the chemical production of unsaturated compounds at the air-sea interface products in bold have been observed in this study identified products are in bold in this figure.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Schematic of the experimental layout.
	﻿Table 1﻿﻿. ﻿  SML sample characteristics.
	﻿Table 2﻿﻿. ﻿  ATD-GC/MS conditions used in this work.



 
    
       
          application/pdf
          
             
                Photosensitized production of functionalized and unsaturated organic compounds at the air-sea interface
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12741
            
         
          
             
                Raluca Ciuraru
                Ludovic Fine
                Manuela van Pinxteren
                Barbara D’Anna
                Hartmut Herrmann
                Christian George
            
         
          doi:10.1038/srep12741
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep12741
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep12741
            
         
      
       
          
          
          
             
                doi:10.1038/srep12741
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12741
            
         
          
          
      
       
       
          True
      
   




