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»Man merkt nie, was schon getan wurde-
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Marie Curie






Zusammenfassung

Atmosphdrische Aerosole tiben einen starken Einfluss auf das Klima der Erde, auf die
Luftqualitdit und auf die Gesundheit des Menschen aus. Aerosole sind der grote
Unsicherheitsfaktor in der Berechnung des Strahlungshaushaltes der Erde. Sie konnen die
Sonnenstrahlung direkt streuen oder absorbieren, oder indirekt als Nukleationskeime fir
Wolkentropfchen zu einem erhohten Reflektionsverhalten von Wolken beitragen. Dabei spielt
insbesondere die Anzahlkonzentration, die GréRe und die chemische Zusammensetzung der
Aerosolpartikel eine wichtige Rolle. Sekundéres organisches Aerosol (SOA), welches durch die
atmospharische Oxidation von fllichtigen organischen Verbindungen entsteht, tragt aufgrund
einer Vielzahl verschiedenster organischer Verbindungen malgeblich zu der Komplexitat
atmospharischer Aerosole bei.

Das Ziel dieser Arbeit war es, die Zusammensetzung von atmosphérischem SOA mit Hilfe
von massenspektrometrischen Methoden zu untersuchen. Die Echtzeit-Messung von
atmosphdrischem SOA wurde durch ein lonenfallen-Massenspektrometer realisiert und
ermoéglichte somit einen Einblick in dessen Variabilitit der chemischen Zusammensetzung. Die
lonisierung der aerosolgetragenen Komponenten erfolgte durch Korona-Entladung bei
Atmosphérendruck (engl. Atmospheric Pressure Chemical lonization lon Trap Mass
Spectrometry APCI-IT-MS). Der Vorteil dieser lonisierungsmethode liegt darin begriindet, dass
eine Vielzahl organischer Analyten ionisiert werden konnen, ohne dass diese wahrend des
lonisierungsprozesses fragmentieren. Im Rahmen verschiedener Feldstudien, wurde das APCI-
IT-MS in Kombination mit einer Aerosol-Anreicherungseinheit zur Messung von biogenen
organischen Sduren eingesetzt. Hierbei konnte dank der begleitenden Messungen eines Aerosol
Massenspektrometers (AMS) und der Filterprobenahme fur die Analyse mittels
Flissigchromatographie /  hochauflésende  Massenspektrometrie  (LC/UHRMS)  die
Aerosolzusammensetzung umfassend charakterisiert werden.

Insbesondere konnte im Rahmen einer Feldmesskampagne im borealen Nadelwald in
Hyytiédl&, Finnland, die Partitionierung einzelner organischer Sduren zwischen der Gas- und der
Partikelphase gemessen werden. Es konnte gezeigt werden, dass schwerfliichtige organische
Verbindungen zu einem Grofteil in die Gasphase partitionieren. Diese Beobachtung wurde als
ein Hinweis auf eine nicht unmittelbare Gleichgewichtseinstellung zwischen Gas- und
Partikelphase interpretiert, welche entweder durch die kontinuierliche Produktionsrate von
schwerfluchtigen Verbindungen in der Gasphase oder durch einen viskosen Phasenzustand der
Aerosolpartikel  bedingt sind. Des Weiteren ermdglichte der MS/MS-Modus des
lonenfallenmassenspektrometers Messungen, die in-situ Rickschlusse auf die strukturelle
Beschaffenheit einzelner Molekule erlaubten. Der Vergleich zu der experimentellen Ozonolyse
bestimmter Monoterpene im Labor zeigte, dass das atmosphérische Aerosol in Finnland zu
Teilen aus noch unbekannten Oxidationsprodukten besteht. Des Weiteren zeigten die
aufgenommen Massenspektren der atmospharischen Gasphase eine groRe Ubereinstimmung zu
der im Experiment erzeugten Partikelphase. Die atmosphérische Partikelphase hingegen erschien
hoher oxidiert als die experimentell erzeugte Partikelphase. Diese Beobachtungen verdeutlichen,
dass ein besseres Verstdndnis des Ausmales der atmosphéarischen Oxidation sowie der
Partitionierung der Oxidationsprodukte zwischen Gas- und Partikelphase fir eine préazisere
Vorhersage der atmospharischen SOA Konzentrationen erforderlich ist.

Aufgrund einer Modifikation des experimentellen Aufbaus konnte, wahrend einer Feldstudie
auf dem Kleinen Feldberg/Taunus in Deutschland, die Empfindlichkeit fur organische
Verbindungen in der Partikelphase verbessert werden. Dies ermdglichte unter Anderem die



Messung der chemischen Zusammensetzung wahrend eines Partikelneubildungsprozesses. Dabei
wurden organische Verbindungen mit einem Molekulargewicht von ~ 300 Da gemessen, deren
Summenformel durch die Analyse einer gleichzeitigen Filterprobe mittels LC/UHRMS bestimmt
werden konnte. Hierbei konnte gezeigt werden, dass Oxidationsprodukte von Sesquiterpenen
eine wichtige Rolle in der Neubildung von Partikeln und deren Wachstum zu klimatisch
relevanten GroR3en spielen kénnen.

Die eingehende Analyse der Filterproben mittels LC/UHRMS zeigte des Weiteren, dass eine
Vielzahl verschiedener Organosulfate und Nitrooxy-Organosulfate im atmospharischen Aerosol
am Kleinen Feldberg nachgewiesen werden konnten. Diese Beobachtung konnte durch die
Echtzeit-Messung einzelner Massenspuren des APCI-IT-MS bestatigt werden. Der simultane
guantitative Vergleich von Sulfat-Messungen durch lonenchromatographie und die Aerosol
Massenspektrometrie verdeutlichte, dass ein erheblicher Anteil des Gesamt-Sulfats an
organischen Molekiilen gebunden war.

SchlielRlich wurde die umfangreiche chemische Charakterisierung des atmosphérischen
Aerosols mit der durch einen Wolkenkondensationskeimzahler ermittelten Hygroskopizitat der
Aerosolpartikel verglichen. Gleichzeitig wurde die oxidative Alterung des Aerosols durch das
Verhaltnis zweier biogener Oxidationsprodukte zueinander bestimmt. Hierbei zeigte sich, dass
die Hygroskopizitdt des Aerosols mit oxidativer Alterung zunimmt. Des Weiteren wurde
beobachtet, dass mit der chemischen Bindung von Sulfat an organischen Molekiilen die
Hygroskopizitdt der Aerosolpartikel, im Vergleich zu einer internen Mischung aus
anorganischem Sulfat und rein organischen Verbindungen, deutlich verringert ist. AbschlieRend
lasst sich zusammenfassen, dass die Applikation moderner massenspektrometrischer Methoden
detaillierte Einblicke in chemische und physikochemische Prozesse atmospharischer Aerosole
ermoglicht.



Abstract

Aerosol particles are strongly related to climate, air quality, visibility and human health
issues. They contribute the largest uncertainty in the assessment of the Earth’s radiative budget,
directly by scattering or absorbing solar radiation or indirectly by nucleating cloud droplets. The
influence of aerosol particles on cloud related climatic effects essentially depends upon their
number concentration, size and chemical composition. A major part of submicron aerosol
consists of secondary organic aerosol (SOA) that is formed in the atmosphere by the oxidation of
volatile organic compounds. SOA can comprise a highly diverse spectrum of compounds that
undergo continuous chemical transformations in the atmosphere.

The aim of this work was to obtain insights into the complexity of ambient SOA by the
application of advanced mass spectrometric techniques. Therefore, an atmospheric pressure
chemical ionization ion trap mass spectrometer (APCI-IT-MS) was applied in the field,
facilitating the measurement of ions of the intact molecular organic species. Furthermore, the
high measurement frequency provided insights into SOA composition and chemical
transformation processes on a high temporal resolution. Within different comprehensive field
campaigns, online measurements of particular biogenic organic acids were achieved by
combining an online aerosol concentrator with the APCI-IT-MS. A holistic picture of the
ambient organic aerosol was obtained through the co-located application of other complementary
MS techniques, such as aerosol mass spectrometry (AMS) or filter sampling for the analysis by
liquid chromatography / ultrahigh resolution mass spectrometry (LC/UHRMS).

In particular, during a summertime field study at the pristine boreal forest station in
Hyytidld, Finland, the partitioning of organic acids between gas and particle phase was
guantified, based on the online APCI-IT-MS and AMS measurements. It was found that low
volatile compounds reside to a large extent in the gas phase. This observation can be interpreted
as a consequence of large aerosol equilibration timescales, which build up due to the continuous
production of low volatile compounds in the gas phase and/or a semi-solid phase state of the
ambient aerosol. Furthermore, in-situ structural informations of particular compounds were
achieved by using the MS/MS mode of the ion trap. The comparison to MS/MS spectra from
laboratory generated SOA of specific monoterpene precursors indicated that laboratory SOA
barely depicts the complexity of ambient SOA. Moreover, it was shown that the mass spectra of
the laboratory SOA more closely resemble the ambient gas phase composition, indicating that the
oxidation state of the ambient organic compounds in the particle phase is underestimated by the
comparison to laboratory ozonolysis. These observations suggest that the micro-scale processes,
such as the chemistry of aerosol aging or the gas-to-particle partitioning, need to be better
understood in order to predict SOA concentrations more reliably.

During a field study at the Mt. Kleiner Feldberg, Germany, a slightly different aerosol
concentrator / APCI-IT-MS setup made the online analysis of new particle formation possible.
During a particular nucleation event, the online mass spectra indicated that organic compounds
of approximately 300 Da are main constituents of the bulk aerosol during ambient new particle
formation. Co-located filter analysis by LC/UHRMS analysis supported these findings and
furthermore allowed to determine the molecular formulas of the involved organic compounds.
The unambiguous identification of several oxidized C-15 compounds indicated that oxidation
products of sesquiterpenes can be important compounds for the initial formation and subsequent
growth of atmospheric nanoparticles.



The LC/UHRMS analysis furthermore revealed that considerable amounts of organosulfates
and nitrooxy organosulfates were detected on the filter samples. Indeed, it was found that several
nitrooxy organosulfate related APCI-IT-MS mass traces were simultaneously enhanced.
Concurrent particle phase ion chromatography and AMS measurements indicated a strong bias
between inorganic sulfate and total sulfate concentrations, supporting the assumption that
substantial amounts of sulfate was bonded to organic molecules.

Finally, the comprehensive chemical analysis of the aerosol composition was compared to
the hygroscopicity parameter kappa, which was derived from cloud condensation nuclei (CCN)
measurements. Simultaneously, organic aerosol aging was observed by the evolution of a ratio
between a second and a first generation biogenic oxidation product. It was found that this aging
proxy positively correlates with increasing hygroscopicity. Moreover, it was observed that the
bonding of sulfate to organic molecules leads to a significant reduction of kappa, compared to an
internal mixture of the same mass fractions of purely inorganic sulfate and organic molecules.
Concluding, it has been shown within this thesis that the application of modern mass
spectrometric techniques allows for detailed insights into chemical and physico-chemical
processes of atmospheric aerosols.
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1 Introduction

1.1 Atmospheric aerosols and their impact on Earth’s climate

Atmospheric aerosols are liquid or solid particles suspended in air. They are ubiquitous
throughout the atmosphere and originate from natural and anthropogenic sources. According to
their formation processes, it is distinguished between primary and secondary aerosols. Primary
aerosols consist of particles which are directly emitted into the air (e.g. in form of wind-blown
dust, sea-salt, pollen, fungal spores or plant debris) whereas secondary aerosols contain particles
that are formed in the atmosphere through the oxidation of gaseous precursors and subsequent
gas-to-particle conversion (e.g. the oxidation of SO, to H,SO,4) (Pdschl, 2005; Hallquist et al.,
2009). The size of the particles depends on their formation mechanisms. Particles larger than
1 um in diameter (coarse mode) are usually primary in nature and contribute largely to the mass
of aerosol populations. They have short atmospheric lifetimes due to fast gravitational settling
(Seinfeld and Pandis, 2006). Particles smaller than 1 um (fine mode) are usually secondary in
nature and contribute largely to the number and surface area of particle populations. The fine
mode can furthermore be classified into three different submicron size modes: The smallest
particles, which can be less than 10 nm in diameter (nucleation mode), are secondary in nature,
formed by the condensation of low volatile compounds onto thermodynamically stable clusters
(e.g. Kulmala et al., 2013). They usually grow rapidly to larger sizes by condensation of vapors
or coagulation with other particles. Diameters between 10 to 100 nm refer to the Aitken mode.
The accumulation mode spans from 100 nm to 1 um and comprises the aerosol particles with the
longest atmospheric lifetime. Particles of this size mode are mainly removed from the
atmosphere by wet deposition. It is mentioned that, despite of their large size and low number
concentration, primary super-micron particles are essentially important for the formation of
precipitation due to the ability to act as ice nuclei (IN) (Cantrell and Heymsfield, 2005).

Aerosols influence the Earth’s radiative balance directly by scattering or absorbing solar
radiation (Satheesh and Moorthy, 2005) or indirectly by acting as cloud condensation nuclei
(CCN) (Lohmann and Feichter, 2005). The properties of aerosol particles determine whether the
net effect on the radiative balance of the Earth’s energy budget is positive or negative. Emissions
of black carbon (BC) and the formation of atmospheric brown clouds (ABCs), for example, heat
the Earth’s atmosphere due to the absorption of solar radiation and are, after carbon dioxide
emissions, the second strongest contribution to global warming (Figure 1.1) (IPCC, 2013;
Ramanathan and Carmichael, 2008).
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Figure 1.1 Radiative forcing estimates in 2011 compared to 1750 induced by anthropogenic gaseous and
particulate emissions. The best estimates of the sum contribution of each category are depicted as black
diamonds and the uncertainties as black errorbars. The level of confidence of the net forcing is abbreviated
as follows: VH-very high, H-high, M-medium, L-low, VL-very low. Reprinted from IPCC (2013).

In contrast to BC, sulfate particles cause brighter clouds due to a larger number of smaller
droplets, resulting in a net cooling effect (cloud albedo effect) (Twomey, 1977; Boucher and
Lohmann, 1995). Additionally, these brighter clouds mostly have prolonged average lifetimes
(cloud lifetime effect) (Albrecht, 1989). This effect is often observed over polluted regions, where
the available amount of water vapor condenses onto a larger number of CCN, producing many
small cloud droplets. As a consequence, precipitation is suppressed due to a slower coalescence
of a higher number concentration of small cloud droplets into rain droplets (Rosenfeld et al.,
2008). Thus, in addition to the effects on the radiative balance, atmospheric aerosols also have a
significant influence the Earth’s hydrological cycle (e.g. Ramanathan et al., 2001).

Aerosol particles continue to contribute the largest uncertainty in the estimation of the global
radiative forcing (IPCC, 2013). This is due to the fact that the average aerosol lifetime is
relatively short and hence the temporal and spatial distribution highly variable, whereas long-
lived greenhouse gases (GHG) are homogeneously distributed throughout the atmosphere.

Furthermore, aerosol particles have no uniform properties since they can undergo continuous
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chemical and physical alteration throughout their life cycle and interact with atmospheric trace
gases in heterogeneous or multiphase chemical reactions (Ravishankara, 1997).

However, it is still uncertain to which extent the net negative radiative effect of aerosols
involves the danger of masking the global greenhouse effect by compensating the positive
radiative forcing of GHG emissions. Moreover, as anthropogenic aerosol precursor gases, such
as SO,, are reduced in a future scenario, global warming might accelerate, because of a much
shorter lifetime of cooling aerosols compared to the warming GHG (Charlson et al., 1992;
Andreae et al., 2005).

Furthermore, epidemiological studies have shown that particulate matter (PM) can also be
associated to adverse human health effects, especially affecting the respiratory and
cardiovascular system (Schwartz et al., 1996; Pope and Dockery, 2006). However, due to the
complexity or the organic aerosol fraction, it is argued that the *“organic aerosol” cannot be
regarded as an aggregate category when examining its potential health effects. Therefore,
multidisciplinary approaches are necessary for a thorough risk assessment of organic aerosol
constituents (Mauderly and Chow, 2008).

1.2 Secondary organic aerosol (SOA)

Depending on the location, the continental submicron organic aerosol (OA) fraction ranges
between 20 and 90% (Lim and Turpin, 2002; Murphy et al., 2006; Zhang et al., 2007) and there
is increasing evidence that a large stake of the OA can be attributed to secondary organic aerosol
(SOA) (Heald et al., 2005; Jimenez et al., 2009). Current atmospheric models underestimate the
measured SOA mass (Figure 1.2), which indicates that fundamental knowledge gaps are
contributing to aerosol related uncertainties in global climate and air quality models (Volkamer
et al., 2006; Goldstein and Galbally, 2007; Jimenez et al., 2009). These knowledge gaps are
closely related to the chemical complexity, to the continuous transformation and degradation, and
to the composition dependent physical and physico-chemical properties of organic gaseous and

particulate emissions, as discussed in the following sections.



1.2 Secondary organic aerosol (SOA)

100 n 100
- TORCH 2003  NEAQS 2002
3 UK PBL US PBL
? 10 ! -
8 ® ® @ ® .
g ;J ACE-Asia 2001
MCMA 2003

< free tropospher
8 polluted urban

measured = modelled

0.1 1 10 100 1000
Photochemical Age [hh]

Figure 1.2 Comparison of the ratio between measured and modelled secondary organic aerosol (SOA) as a
function of the photochemical age (calculated with the assumption of [OH] = 3*10° molecules cm™®)
(Volkamer et al., 2006).

1.2.1 Formation of SOA

A prerequisite for the formation of SOA is the emission of volatile organic compounds
(VOCs) into the atmosphere— either biogenic or anthropogenic in origin. On a global scale,
biogenic emissions of VOCs are almost one order of magnitude higher than anthropogenic
emissions (Guenther et al., 1995). The emitted VOCs are mainly secondary metabolites, such as
the terpenoid isoprene (CsHg), the monoterpenes (CioH16) and sesquiterpenes (CisHz4), which can
be experienced as the refreshing odour of forests. Other VOCs (e.g. alkanes and non-terpenoid
alkenes) as well as oxygenated VOCs (e.g. carbonyls, alcohols, organic acids) are also emitted by
plants, but not in the same amount as isoprene and monoterpenes (Kesselmeier and Staudt,
1999). Once released into the air, the reaction of VOCs with the atmospheric oxidants hydroxyl
radical (OH), ozone (O3) and nitrate radical (NOg) proceeds, resulting in products with very
different properties. If the oxidation results in functionalization or oligomerization of the initial
VOCs, the oxidation products” vapor pressure is reduced by several orders of magnitude. This
facilitates the gas-to-particle conversion of VOCs to SOA in form of condensation onto pre-
existing particles or the formation of new particles (Figure 1.3). If the oxidation is accompanied
by fragmentation, however, the vapor pressure of the products is usually increased, implying that
the oxidation products remain in the gas phase and do not contribute to the SOA fraction (Kroll
etal., 2011).

Large emission fluxes of VOCs over forested areas thus contribute to an increasing SOA
fraction of local aerosol populations. SOA can be observed in form of a “blue haze” over large

forested areas during summertime, due to wavelength dependent Rayleigh scattering of light. The
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connection between gaseous emissions of forests and the formation of particles that cause the
blue haze was described by Went et al. back in 1960.
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Figure 1.3 Formation mechanisms of atmospheric aerosols (Hoffmann et al., 2011).

Since atmospheric oxidation involves several radical reactions, radical intermediates and
continuous multigeneration oxidative steps, the oxidation of the (already large) variety of
different VOC precursors results in a manifold variety of different compounds present in SOA
(Goldstein and Galbally (2007) estimate that 10* to 10° different organic compounds are present
in atmospheric aerosols). An overview of the initial gas phase chemistry of VOC oxidation is
given in Figure 1.4.

The initial reaction of a VOC with OH, NO; and ozone forms an alky! radical (in the case of
ozone through the hydroperoxide channel, Kroll and Seinfeld, 2008) which further reacts with
oxygen producing an alkylperoxy radical RO,. Depending on the concentration of NO,, HO, and
RO, radicals, the alkylperoxy radical either recombines to products such as alcohols,
hydroperoxides, peroxynitrates or organic nitrates or it reacts with NO forming alkoxy radicals
(RO). Alkoxy radicals can isomerize or dissociate resulting again in an alkyl radical or reacting
with oxygen to produce a carbonyl and HO, (Kroll and Seinfeld, 2008). As these reactions
proceed, the functionalization and fragmentation reactions of the initial VOCs finally result in the
oxidation to CO, and water, as long as the compounds are not removed from atmosphere by dry

or wet deposition.
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Figure 1.4 Initial gas phase oxidation mechanism of volatile organic compounds (VOCs) by atmospheric
oxidants. Bold black arrows indicate reactions that are associated with a significant reduction of the vapor
pressure (Kroll and Seinfeld, 2008).

1.2.2 Gas-to-particle partitioning

The molecular structure of many biogenic VOCs, in form of cyclic molecules incorporating
an endocyclic double bond, prevents the fragmentation of the molecule upon the initial radical or
ozone attack at the C-C double bond. Although the double bond is cleaved during the oxidation,
the molecule only undergoes a ring-opening reaction instead of fragmentation into two products.
Thus, the incorporation of two polar functional groups without fragmentation decreases the vapor
pressure of a compound to an extent of several orders of magnitude (Pankow and Asher, 2008).
However, the large amounts of first generation oxidation products of VOCs do not necessarily
condense onto particles. They are rather considered as semi-volatile organic compounds
(SVOCs), implying that SVOCs partition between the gas and particle phase depending on the
available particle mass (PM (ug/m®)) (see Eq. 1.1, where fp,i is the fraction of the compound i in
the particle phase) (Pankow, 1994a).

Ky, PM (1.1)

Wi =135 Py

The partitioning constant K, ; (m*/ug) of the compound i (Eq. 1.2) is determined by the

complex thermodynamics of the aerosol system where f,y is the fraction of PM that is organic
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matter, MW, (g/mol) is the average molecular weight of the organic matter, y; is the activity

coefficient and p7; (Torr) the liquid vapor pressure of the compound i (Pankow, 1994b).

fom760RT (1.2)
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The semi-volatile character of a large fraction of organic aerosol (OA) implies the exposition
of SVOCs to OH-radicals in the gas phase. Further oxidation of the SVOCs by OH might
substantially affect the oxidation capacity of the atmosphere and produce higher oxidized organic
compounds which have a larger SOA formation potential than the initial VOC precursor gases
(Donahue et al., 2012b). Moreover, particulate emissions (e.g. from vehicle emissions) which
contain a large fraction of SVOCs in the condensed phase, as soon as diluted into the
atmosphere, the SVOCs will partially evaporate into the gas phase where they are oxidized.
Subsequently, the formed less volatile oxidation products will partition back into the particle
phase, and therefore contribe to an increase in particle mass (Robinson et al., 2007). As this SOA
formation potential of particulate emissions was included in a regional air quality model, a much

more precise prediction of ambient aerosol concentrations was achieved (Robinson et al., 2007).

1.2.3 Condensed phase chemistry

Another important aspect of secondary organic aerosols in the atmosphere are heterogeneous
(on the surface of a particle) or multiphase (in the liquid condensed phase) chemical reactions
(Ravishankara, 1997), which can substantially increase SOA mass. Through oligomerization
reactions, even volatile reactive compounds, such as isoprene and glyoxal, were observed to
participate in the formation of SOA (Claeys et al., 2004; Carlton et al., 2009; Lim et al., 2010),
possibly catalyzed by both inorganic and organic acids (Jang et al., 2002; Kalberer et al., 2004).
Condensed phase reactions between inorganic (ammonium, nitrate and sulfate) and organic
aerosol constituents, lead to the formation of low volatile irreversible products like imines and
imidazoles (Shapiro et al., 2009; Kampf et al., 2012), organosulfates from the isoprene derived
epoxydiol IEPOX (Surratt et al., 2010), as well as monoterpene derived organosulfates and
nitrooxy organosulfates (Surratt et al., 2008). These observations indicate the necessity to
account for the chemical diversity of aerosols in order to predict SOA mass and properties more

reliably.

10



1.3 Cloud condensation nuclei

1.3 Cloud condensation nuclei

Whether a particle is able to nucleate a cloud droplet depends primarily on the size of the
particle (Dusek et al., 2006). According to the Kohler theory, larger particles are activated into
cloud droplets at lower water vapor supersaturations (see Figure 1.5, Andreae and Rosenfeld,
2008). A key variable of the impact of aerosols on cloud radiative properties is the particle
number concentration. Therefore, it is crucial to understand which source processes lead to an
enhancement or decrease in the number of cloud active particles in the atmosphere (Andreae and
Rosenfeld, 2008).

The upper limit of atmospherically relevant supersaturation is ~1%, as this is the maximum
value at the cloud base. Particles that are smaller than ~50 nm are generally not activated under
these conditions (Dusek et al., 2006). However, CCN measurements only represent the number
of potential CCN particles. Under realistic conditions, where physicochemical kinetics come into
play, the actual number of activated particles might be different from the measurements. The
competition for a limited amount of water vapor might become affected by the chemical
composition, thus enhancing or decreasing the activation of particles due to different
solubility/hygroscopicity of the involved compounds, surface tension alteration by organic
compounds or by the uptake of soluble gases (Laaksonen et al., 1998; Kreidenweis et al., 2006;
Nenes et al., 2002; McFiggans et al., 2006).

In order to describe the dependency between CCN activity and the dry diameter of a particle,
Petters and Kreidenweis (2007) have introduced the hygroscopicity parameter k. Considering
atmospheric relevant aerosols, k values range between 0 for nonhygroscopic compounds (e.g.
soot) and 1.4 for highly hygroscopic salts such as sodium chloride (Petters and Kreidenweis,
2007).

The hygroscopicity of laboratory generated secondary organic aerosol from the
monoterpenes a- and B-pinene appears to be slightly soluble with k values around 0.1 (Prenni et
al.,, 2007), whereas the secondary inorganic species (NH,),SO, and NH,;NO; are very
hygroscopic with k ~0.61 and ~0.67, respectively (Clegg et al., 1998; Svenningsson et al., 2006).
The biogenic organic acids pinonic acid, norpinic acid and pinic acid are ubiquitous in SOA over
forested areas. Due to their polar functional groups, they are more soluble than the average
laboratory generated SOA with « values of 0.11, 0.18 and 0.25 (Raymond and Pandis, 2003).

As ambient aerosol particles throughout the northern hemisphere are usually an internal
mixture of inorganic and organic compounds (Zhang et al., 2007), the average « for continental
and marine aerosol can be estimated to 0.3+0.1 and 0.6£0.1, respectively (Andreae and

Rosenfeld, 2008). This implies that the low « variability due to the chemical composition of
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particles is a smaller uncertainty factor than the numerous chemical mechanisms that contribute

to the growth of particles to atmospherically relevant sizes.
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Figure 1.5 The droplet diameter as a function of the water vapor supersaturation (Kéhler curves) for
different dry diameters of ammonium sulfate particles at 293 K. The maximum of each K&hler curve refers
to the critical supersaturation, above which particles can grow into cloud droplets. (Andreae and
Rosenfeld, 2008)

The growth rates of particles need to be quantified, since the loss of particles due to
coagulation decreases with increasing size of the particles. Therfeore, the chemical processes of
particle growth need to be understood in order to predict the number concentration of CCN more
reliably (Riipinen et al., 2012). Furthermore it has recently been calculated by using a cloud
parcel model, that the co-condensation of semi-volatile compounds during the updraught of air
masses facilitates the additional uptake of water and thereby enhances the cloud droplet number
(as a function of updraught velocity) up to 30 % (Topping et al., 2013). This finding
demonstrates that the whole picture of both gas and particle phase composition is indispensable
for a reliable prediction of the number concentration of cloud droplets. Furthermore, the
investigation to which extent anthropogenic gas and particle phase emissions alter the number of
cloud active particles by the amount of condensable inorganic and organic species is cutting edge

research in atmospheric science.
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1.4 Mass spectrometry for the analysis of atmospheric aerosol

Mass spectrometry (MS) is the most commonly applied technique for the chemical analysis
of atmospheric aerosol particles (Farmer and Jimenez, 2010). It provides high sensitivity and
selectivity towards single chemical compounds. Some techniques allow to probe ambient aerosol
in real-time (online), thus revealing the dynamics of diurnal cycles or transient events and
avoiding artefacts which can be associated with aerosol sampling (Pratt and Prather, 2012).

Generally, online MS can be distinguished into bulk aerosol mass spectrometry and single
particle mass spectrometry. Bulk aerosol MS means that the average chemical composition of
thousands of particles in the submicron size range is analyzed. Single particle MS uses pulsed
laser ionization techniques for the evaporation and ionization of particles in the size range
between ~100 nm and ~3 um (Pratt and Prather, 2012). As the focus of this study lies on the
chemical analysis of the bulk aerosol composition, a brief introduction of the applied methods is

provided in the following section:

1.4.1 Aerosol Mass Spectrometry

The Aerosol Mass Spectrometer (AMS) is the most established mass spectrometer for the
chemical analysis of submicron aerosol particles in real time (Canagaratna et al., 2007). The inlet
of the instrument consists of an aerodynamic lens, which is the interface between the ambient air
and the instruments vacuum (Figure 1.6). The lens focuses submicron aerosol particles into a
narrow beam of which the non-refractory compounds become evaporated in the ionization
chamber by a heated tungsten vaporizer. The particle beam can be divided by a rotating chopper
in order to obtain size resolved chemical composition. Refractory compounds that cannot be
evaporated under high vacuum (~107° Pa) at ~600 °C (e.g. black carbon) are not accessible by
the AMS. lonization of the vaporized compounds is achieved by electron impact (EI) ionization
and the formed positive ions are mass analyzed by a time of flight (ToF) mass spectrometer. In
this study, the compact time of flight version of the AMS was utilized (Drewnick et al., 2005)
that provides unit mass resolution spectra which translate into quantitative mass concentrations
of sulfate, nitrate, ammonium, chloride and organics. The detection limit of the AMS for the
individual chemical species depends on the average time over which one spectrum is acquired.
Drewnick et al. (2009) report detection limits between 3 ng m™ for nitrate and sulfate and 30 ng

m™ for ammonium and organics based on a 30 seconds average time interval.
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Figure 1.6 Scheme of the Compact Time of Flight Aerosol Mass Spectrometer (Drewnick et al., 2005)

Due to the EI process, organic compounds usually undergo severe fragmentation, resulting
in mass spectra with the majority of ion signals below mass/charge (m/z) 120. Therefore, the
guantitative and size resolved chemical analysis in real time can be seen as the strength of the
AMS. The detailed analysis of certain organic compounds requires the application of soft
ionization techniques that preserve the molecular structure upon ionization, as discussed in the

following chapter.

1.4.2 Atmospheric pressure chemical ionization mass spectrometry

An ionization technique that preserves the molecular structure of organic compounds to a
great extent is the atmaospheric pressure chemical ionization (APCI). This technique goes back to
the work of Carroll and co-workers (1975) who coupled liquid chromatography to an APCI
source, hence enabling the analysis of chromatographically separated molecules by mass
spectrometry. Whether the ionization of sprayed liquid droplets after LC separation or the
ionization of ambient aerosol particles is desired, the fundamental principles of both applications
of the APCI are identical.

The aerosol particles are heated in a ceramic tube in order to evaporate the analytes into the
gas phase, which is a prerequisite for the ionization process. The primary reagent ions are formed
by corona discharge between the tip of a needle and the inlet capillary of the MS. The potential

difference usually ranges between 1.5 and 5 kV and a discharge current between 2 and 10 pA.
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1.4 Mass spectrometry for the analysis of atmospheric aerosol

The primary reagent ions that react with the analytes are H;O" ions and O, -radicals. Analyte
molecules (M) that have higher gas phase basicity than H;O™ are ionized in the proton transfer

reaction

M + H3()+ — [M+H]+ + Hzo

and those molecules having a higher gas phase acidity are ionized in the proton abstraction

reaction with O, -radicals

M+ O, - (H,0), — [M—H] + HO, + nH,0.

Due to the high molecular density at atmospheric pressure, two favorable features of the
APCI are achieved: (1) a large fraction of the gaseous molecules that are introduced into the
ionization region are ionized due to sufficient collisions with the reagent ions and (2) the formed
ions (possibly in an excited and unstable state due to the exothermal proton abstraction reaction)
rapidly attain thermal equilibrium, typically after a few collisions with the neutral carrier gas,
also referred to as “collisional stabilization” (Mitchum and Korfmacher, 1983).

Depending on the chosen polarity of the ion source, the positive or negative ions are
transferred into the vacuum system of the mass spectrometer. In this work, the APCI source was
applied in conjunction with a quadrupole ion trap (QIT) mass analyzer. The QIT consists of two
hyperbolic electrodes (end-cap electrodes) which are arranged opposite of each other and a ring
electrode in between (Figure 1.7 A).

The ions which are entering the ion trap through an aperture in the apex of one end-cap
electrode are exposed to an electric field inside the ion trap. The end-cap electrodes are grounded
and the applied electrical potential at the ring electrode ¢ consists of the direct current (DC)
voltage U and the radio frequency (RF) voltage VcosQt, where IV is the amplitude and Q equals
2ntf with f being the fixed frequency of RF (~1.1 MHz) (Eq. 1.3).

bo = U + VceosQt (1.3)
The RF field of the ring electrode induces oscillation of ions (Figure 1.7 B). Whether the
trajectory of an ion along the radial (r) and axial (z) dimension is stable or not, is described by

the variables a and g which depend on the applied RF (V) and DC (U) components (where z* is

the number of the charge e).
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Figure 1.7 (A) Scheme of the quadrupole ion trap (Yoshinari, 2000) (B) lon trajectory simulation in a
quadrupole ion trap (Cooks et al., 1991)
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The solution of Eq. 1.4 and 1.5 can be illustrated by the Mathieu stability diagram, where the
shaded area represents stable ion trajectories along both (r and z) dimensions. For the most
commercially available ion traps no DC component is applied (U=0), hence &, equals zero and
the stability is determined by g, only. As it can be seen in Figure 1.8, the operating line for the
mass selective instability is confined by the z stability at g,=0.908. Above this value, ions are
becoming unstable in the z direction and are therefore ejected from the ion trap to the detector,
which is usually a conversion dynode and an electron multiplier. As it can be seen from Eqg. 1.5,
g increases with larger V and smaller m. Therefore, in the operation mode of the mass selective
instability, one mass scan proceeds via the destabilization from small to large m/z ions through

the continuous increase of the RF amplitude V.
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Figure 1.8 Mathieu stability diagram of the quadrupole ion trap. The shaded area illustrates where the
Mathieu parameters a, and g, describe stabilized ions in the r- and z-direction simultaneously (Wong and
Cooks, 1997).

In order to improve the mass resolution, the ion trap is filled with inert gas (usually ~1
mTorr helium) that dampens the kinetic energy of the ions. Furthermore, the helium is also
needed for MS/MS studies (also referred to as “tandem-in-time” or MS") that enable the
observation of fragments of single precursor ions. For this kind of analysis, all ions of a smaller
m/z than the target m/z are removed from the ion trap by the mass selective instability mode. lons
with m/z larger than the target m/z are ejected by applying additional RF voltage on the end caps.
The frequency is adjusted to come into resonance with the m/z ratios that need to be ejected
(resonant ion ejection). As one m/z ratio is now isolated, it is stored at g,=0.25 and additional
energy is transferred to the target m/z (resonance excitation). The kinetically accelerated ions
collide with the helium atoms inside the ion trap and form fragments that can be used for the
structural elucidation of the isolated m/z ion. This process is called collisional induced
dissociation (CID) and was applied within this work for the in-situ structural elucidation of

compounds in ambient aerosol.
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1.4.3 Orbitrap mass spectrometry

In chapter 4 of this work, additionally to the online analysis by AMS and APCI-MS, the
ambient aerosol was sampled on filters and subsequently analyzed in the laboratory by liquid
chromatography (LC) coupled to electrospray ionization (ESI)-Orbitrap mass spectrometry. As
this mass spectrometric technique offers the possibility to measure ions with a mass resolution up
to R=150,000, it is also referred to as high resolution mass spectrometry (HRMS) (Nizkorodov et
al., 2011) or ultrahigh resolution mass spectrometry (UHRMS) (Lin et al., 2012; Kourtchev et al.,
2013). Combined with the separation of complex molecular mixtures by liquid chromatography,
this technique provides unambiguous evidence for the presence of certain compounds.
Furthermore, the high mass resolution and accuracy (<2 ppm) of the Orbitrap enables the

determination of the elemental composition by exact mass measurements (Figure 1.9 (b)).

(a) Full spectrum (b) R =100,000
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Figure 1.9 (a) positive ion mode ESI-MS stick spectrum of isoprene/ozone SOA, (b) HR-MS of an
Orbitrap instrument (R=100,000) allows for elemental composition assignment whereas (c) isobar

interfering molecules cannot be resolved at R=5000 (Nizkorodov et al., 2011).

The Orbitrap technique is a new type of mass analyzer that was commercialized within the
last decade (Makarov, 2000; Hu et al., 2005). The working principle is the trapping of ions
around an axial central electrode in an electrostatic field. The ions are injected into the Orbitrap
perpendicular to the z-axis by the C-Trap (Figure 1.10). The trapped ions undergo rotation
around the axial central electrode which is shaped in form of a spindle. Due to this shape, the
ions start to harmonically oscillate around the spindle electrode along its length (z-axis) (Perry et
al., 2008). The axial harmonic oscillation @ depends on the m/z of the ions according to Eq. 1.6,

where K is the force constant of the electrical potential (axial restoring force). Since the harmonic
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oscillation along the z-axis is independent from the initial kinetic energy of the ions, spectra of

high mass resolution and accuracy can be recorded (Makarov, 2000).

[z (1.6)
©= mk

A coaxial outer electrode, that consists of two axial halves, measures the ion image current
of the frequency of the harmonic oscillation of ions orbiting in the space between the inner and
outer electrodes (Figure 1.10). Hence, all ions are measured simultaneously and the amplified ion
current signal is deconvolved by fast Fourier-transformation (FT) into high resolution mass

spectra (Perry et al., 2008).
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Figure 1.10 Schematic of the Q-Exactive Orbitrap-MS, Figure adapted from ThermoFisher
Scientific (2013)
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1.5 Thesis objectives and outline

Ambient aerosols are a highly complex chemical mixture of thousands of different
compounds with different chemical composition and physical properties. Especially the
atmospheric oxidation of biogenic emissions greatly contributes to the mass and to the chemical
diversity of aerosols, hence making the secondary organic fraction an important contributor to
the aerosol related uncertainties in global climate models.

The aim of this work was to establish a soft ionization mass spectrometer for field
measurements of SOA at biogenically dominated locations. The application of the instrument of
choice (an atmospheric pressure chemical ionization mass spectrometer (APCI-MS)) in field
studies, where low SOA concentration levels can be encountered, required the combination of
the APCI-MS with an online aerosol concentration unit, that needed to be built based on the
work of Geller et al. (2005).

The main idea of the online field application was to achieve highly time resolved chemical
analysis of the organic aerosol fraction, which possibly allows for the observation of organic
aerosol formation, gas-to-particle partitioning of specific compounds, bulk aerosol aging and
condensed phase chemistry in ambient air. Preferentially, the APCI-MS was applied within field
studies, as simultaneous measurements of other aerosol instrumentation allowed to obtain a
comprehensive characterization of the aerosol and therefore achieving new insights.
Furthermore, laboratory terpene ozonolysis studies should be carried out in order to study how
different biogenic emissions and different oxidative environments in the field affect the chemical

composition of SOA.

The specific field studies, where the APCI-MS in conjunction with the aerosol concentration
unit was applied, are the

1. HUMPPA-COPEC campaign at Hyytiéla, Finland in summer 2010, the

2. BEACHON-RoOMBAS campaign in Colorado, USA, in summer 2011 and the

3. INUIT-TO campaign at the Taunus Observatory, Germany in August 2012.

During the HUMPPA-COPEC 2010 campaign, the initial aim was the field application of
the APCI-MS, operating in real-time at ambient concentration levels. New insights on the
ambient aerosols chemical diversity were obtained through the comparison between the field
observations and chamber ozonolysis experiments of the most abundant biogenic precursors.
Furthermore, the measurements of the ambient gas-to-particle partitioning of specific known

organic acids was compared to the calculated equilibrium partitioning behavior of these
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compounds. The results of the associated field and laboratory measurements are discussed in
detail in chapter 2 and 3 of this work, which are the reprints of two first author publications.

An additional aim of this work was to compare the APCI-MS with a similar soft ionization
MS technique, namely the MOVI-HRToF-CIMS (Yatavelli et al., 2012), within the BEACHON-
RoMBAS campaign. Due to experimental difficulties of both instruments during the campaign,
simultaneous measurements were not achieved. However, the application of a semi-continuous
pre-concentration unit (MOVI) in conjunction with the APCI-MS operated successfully during
the campaign and resulted in a co-author publication (Briiggemann et al., 2014).

Finally, the INUIT-TO 2012 campaign was conducted at a rural mountaintop field site
which is surrounded by a mixed forest environment. A different setup of the aerosol concentrator
was applied, in order to improve the detection limit of the system. Co-located filter sampling was
carried out for the subsequent analysis by LC-UHRMS analysis in the laboratory, providing
information of the elemental composition of single organic species. Together with the online
APCI-MS, AMS, ion-chromatography of particulate sulfate, and CCN counter measurements, a
unique dataset was recorded, that allowed to resolve the chemical complexity of the ambient
aerosol in detail. The discussion of the outcome of this field campaign is presented in chapter 4

of this work, which is a manuscript in prepartation.
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2 Application of online APCI-MS in a boreal
forest field study

This chapter is a reprint of the article:

A. L. Vogel, M. Aijéla, M. Briiggemann, M. Ehn, H. Junninen, T. Petdj4, D. R. Worsnop, M.

Kulmala, J. Williams, and T. Hoffmann

Online atmospheric pressure chemical ionization ion trap mass
spectrometry (APCI-IT-MS") for measuring organic acids in

concentrated bulk aerosol — a laboratory and field study

Atmospheric Measurement Techniques, 6, 431-443, doi:10.5194/amt-6-431-2013, 2013.
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2 Application of online APCI-MS in a boreal forest field study

Abstract. The field application of an aerosol concentrator in conjunction with an
atmospheric pressure chemical ionization ion trap mass spectrometer (APCI-IT-MS) at the boreal
forest station SMEAR Il at Hyytidld, Finland, is demonstrated in this study. APCI is a soft
ionization technique allowing online measurements of organic acids in the gas and particle phase.
The detection limit for the acid species in the particle phase was improved by a factor of 7.5 to
11 (e.g. ~40 ng/m? for pinonic acid) by using the miniature Versatile Aerosol Concentration
Enrichment System (mVACES) upstream of the mass spectrometer. The APCI-IT-MS was
calibrated in the negative ion mode with two biogenic organic acid standards - pinic acid and
pinonic acid. Pinic acid was used as a surrogate for the quantification of the total amount of
organic acids in the ambient aerosol based on the total signal intensities in the negative ion mode.
The results were compared with the total organic signal of a C-ToF-AMS during the HUMPPA-
COPEC 2010 field campaign. The campaign average contribution of organic acids measured by
APCI-IT-MS to the total sub-micron organic aerosol mass was estimated to be about 60%, based
on the response of pinic acid. Very good correlation between APCI-IT-MS and C-ToF-AMS
(Pearson’s R = 0.94) demonstrates soft ionization mass spectrometry as a complimentary
technique to AMS with electron impact ionization. MS? studies of specific m/z ratios recorded
during the HUMPPA-COPEC 2010 field campaign were compared to MS? studies of selected
monoterpene oxidation products formed in simulation chamber experiments. The comparison of
the resulting fragments shows that oxidation products of the main VOCs emitted at Hyytidld (o-
pinene and A3-carene) cannot account for all of the measured fragments. Possible explanations
for those unaccounted fragments are the presence of unidentified or underestimated biogenic
SOA precursors, or that different products are formed by a different oxidant mixture of the

ambient air compared to the chamber ozonolysis.

2.1 Introduction

It is well known that atmospheric aerosols play an important role in global climate and
human health (IPCC, 2007; Pope, Il et al., 2009). Hence, a large scientific community is
focussing their research on the physical properties and chemical composition of submicron
aerosol particles to understand radiative forcing and air quality (Kulmala et al., 2011). Organic
Aerosol (OA) represents the major fraction of non-refractory submicron particle mass (between
18 and 70%) and in tropical forest regions OA can even account for 90% of total fine aerosol
mass (Zhang et al., 2007; Kanakidou et al., 2005). OA makes up the most abundant but least
characterized fraction of atmospheric aerosol particles. This is because OA is a highly complex
mixture consisting of thousands of different chemical species at very low concentrations.

Goldstein and Galbally (2007) estimate a number of 10*-10° measured organic atmospheric
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species which still might be only a fraction of the number actually present. However, a major
fraction of OA is believed to consist of organic acids (or multifunctional compounds including
organic acid groups) since atmospheric oxidation not only favours the incorporation of oxygen
over the atmospheric lifetimes of atmospheric organics, but the low vapour pressure of organic
acids also drives these compounds into the particle phase (Kroll et al., 2011).

Common offline techniques for measuring single organic compounds from filter samples are
liquid- or gas-chromatography coupled to mass spectrometry (LC/MS, GC/MS); off-line
techniques for measuring bulk properties such as functional group contributions are nuclear
magnetic resonance spectroscopy (NMR) or direct filter analysis using Fourier transformation
infrared spectroscopy (FTIR) (Hallquist et al., 2009; Hoffmann et al., 2011). Unfortunately,
offline techniques offer only relatively poor time resolution (several hours to weeks) and can be
seriously biased by positive (gas phase condensation, reactions on the filter surface) and/or
negative (evaporation during sampling, degradation on the filter surface, losses or degradation
during sample preparation and analysis) sampling artefacts. Turpin et al. (1994) showed that gas
phase adsorption is the dominant artefact in sampling of organic aerosol. The question therefore
arises whether filter samples faithfully display the real atmospheric organic aerosol composition
(Prather et al., 2008). Warnke et al. (2006) mentioned that more volatile organic compounds
(pinonic acid) produce higher artefacts (up to 50%) than the less volatile organics. As a
consequence, further development and field application of online techniques for directly
measuring the chemical composition of the gas and particle phase is required in order to improve
our understanding of formation, composition and fate of atmospheric aerosols.

The Aerodyne aerosol mass spectrometer (AMS) enables online chemical composition
measurements of aerosol particles by flash vaporization of non-refractory components and
subsequent ionization using electron impact ionization (EI) (Jayne et al., 2000). Due to the
relatively high energy of the ionizing electrons (70 eV) most organic molecules are fragmented.
Selected fragments can then be used for the determination of the oxygen-to-carbon ratio, and
indirectly, certain individual sources or the volatility of the organic aerosol components. Using
positive matrix factorization (PMF) analysis, the AMS can be used to classify organic aerosol
into hydrocarbon-like OA (HOA), biomass burning OA (BBOA), semi-volatile oxygenated OA
(SV-0O0A) and low volatility oxygenated OA (LV-OOA) (Zhang et al., 2011; Jimenez et al.,
2003; Jimenez et al., 2009). Based on such an approach also complex processes, such as
photochemical ageing of organic aerosols, can be investigated (Ng et al., 2010; Ng et al., 2011).
However, identification and quantification of specific molecular tracer compounds is not easily
accomplished with EI-AMS (Canagaratna et al., 2007). This goal can only be achieved through
low energy ionization processes, resulting in no or minor fragmentation of the molecular tracers

(soft-ionization techniques). In the extreme case, each ionized organic molecule results in a
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single signal representative for the molecular ion of the compound of interest. One possibility is
the use of corona discharge (CD) at atmospheric pressure; a technique that is well established
when liquid chromatography is hyphenated with mass spectrometry (atmospheric pressure
chemical ionization (APCI)). The technique represents a soft ionization method, where
fragmentation of the analyte molecules plays a minor role and mostly molecular ions are
observed. The application of this technique measuring organic compounds in the particle phase
was reported as early as 1998 by Hoffmann et al. using CD for the generation of O, -ions at
atmospheric pressure (Hoffmann et al., 1998). Prior to the ionization process, the organic
compounds are thermally evaporated from the particle phase by a vaporizer within the ion
source. Gas phase compounds are removed upstream of the ion source by an activated charcoal
denuder. For higher organic mass loadings, e.g. for measurements in simulation chamber
experiments, the atmospheric pressure chemical ionization ion trap mass spectrometer (APCI-IT-
MS) is well suited for online measurements of organic acids in the negative ionization mode,
providing new insights into product structures (Warscheid and Hoffmann, 2001, 2002) and
multiphase chemical mechanism of secondary organic aerosol ageing (Mueller et al., 2012).
Measuring in the positive ion mode, hydroperoxides and hydroperoxy acids, formed during
ozonolysis of biogenic volatile organic compounds (BVOCs), can be identified by a
characteristic loss of 34 Da during MS? experiments (Reinnig et al., 2009). However, for
measuring secondary biogenic organic acids at ambient concentrations below 100 ng/m3, this
technique is not sensitive enough.

Other approaches towards soft-ionization AMS are described by Dreyfus and
Johnston (2008), Dreyfus et al. (2009) and Geddes et al. (2010). An overview article on soft
ionization mass spectrometry of atmospheric organic aerosols was recently published by
Zahardis et al. (2011). Hearn and Smith (2006) describe an aerosol CIMS as an online
measurement technique, using a radioactive polonium source (**°Po) to generate SFs as primary
ions. The reported detection limit of 100-200 ng/m?3 is sufficiently low for sulfate measurements
in ambient aerosols; however, it is not sensitive enough for most organic species in the particle
phase. By using a cold trap U-tube they were able to measure ambient aerosol organic
compounds after sampling for 6 h. Another promising semi-online method for measuring organic
acids in the gas and particle phase has recently been reported by Yatavelli and Thornton (2010)
using a Micro Orifice Volatilization Impactor (MOVI) in front of a CI-MS. This technique has
the advantage of sampling particles by inertial impaction at a relativly high flow rate (10 SLPM)
within 15% of the ambient pressure. During sampling periods gas phase concentration can be
measured online. An instrumental approach towards measuring nanoparticle composition is the
TDCIMS (Thermal Desorption Chemical lonization Mass Spectrometer, Smith and Rathbone,

2008). The authors use a unipolar charger and a nano-DMA to collect 8 — 40 nm particles on an

26



2.1 Introduction

electrostatic precipitator. Subsequent thermal desorption and chemical ionization allows
measurements of mono- and dicarboxylic acids in nucleation mode particles. Further
instrumentation which is based on collection, thermal desorption and ionization of the analytes
are the aerosol collection module coupled to GC-MS (Hohaus et al., 2010), the thermal
desorption particle beam MS (TD-PBMS, Tobias and Ziemann, 1999) and the thermal desorption
PTR-MS (TD-PTR-ITMS, Thornberry et al., 2009). However, these semi-online techniques are
all based on thermal desorption of surface-deposited analytes, which increases the hazard of
decomposition during desorption. Furthermore, a constant collection efficiency is not guaranteed
since particle bounce effects of glassy SOA particles might change with chemical composition,
relative humidity and liquid water content of the aerosol particles (Virtanen et al., 2010; Saukko
etal., 2012).

In this paper we describe for the first time the coupling of the miniature versatile aerosol
concentration enrichment system (mVVACES, Geller et al., 2005) with the soft ionization APCI-
IT-MS, allowing online measurements of the composition of laboratory generated OA and
ambient OA during the HUMPPA-COPEC2010 field campaign at Hyytiala, Finland (Williams et
al., 2011). The mVACES works by first supersaturating the incoming particles with respect to
water vapor and then rapidly cooling the aerosols to force water condensation, followed by
enrichment with a virtual impactor. Consequently, the aerosol particles are not enriched by
sampling onto a surface but rather the enriched minor flow is measured directly by APCI-IT-MS.
Geller et al. (2005) showed that the particle size distribution before and after enrichment and
drying is not altered. Khlystov et al. (2005) investigated the VACES technology with focus on
artefacts due to repartitioning from gaseous compounds into the particle-phase. They observed
significant positive artefacts for semi-volatile nitrate, based on the enrichment factor of sulfate.
Artefacts for organic material were less pronounced; however, the artefacts of semi-volatile
organics were not investigated by Khlystov et al. (2005) and further fundamental studies are
needed in order to clarify those issues. Field applications of the mVACES have been done in
combination with online and offline techniques, resulting in a better signal-to-noise ratio of low
flow rate instruments or shorter filter sampling time, respectively (Ning et al., 2006). Previously,
the mVVACES has been demonstrated to measure bulk aerosol composition in a remote region in
conjunction with HR-ToF-AMS (Sun et al., 2009) or in an urban environment in conjunction
with the soft ionization PIAMS (photoionization AMS, Dreyfus and Johnston, 2008).
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2.2 Experimental

Online analysis of organic acids in the bulk aerosol was realized by using a Finnigan LCQ
ion trap mass spectrometer (IT-MS) (Finnigan MAT, San Jose, USA). The instrument was
equipped with a modified atmospheric pressure chemical ionization (APCI) ion source
(Kuckelmann et al., 2000). It was operated in the negative mode to form [M—H] ions. The
APCI-IT-MS used has been described in detail by Hoffmann et al. (2002) for online
measurements of gaseous and particulate organic compounds in chamber experiments. Briefly,
O, ions are formed at atmospheric pressure by a 3 kV corona discharge between a needle and the
transfer capillary (Figure 2.1). Gaseous analytes, which have a higher gas-phase acidity than O,’,
become ionized by proton transfer reactions. Remaining excess energy of the proton transfer
reaction is transferred by collision to a third neutral molecule. The O, reagent ion is selective
towards organic acids, inorganic acids, nitrophenols and combination between those compound
classes (e.g. organosulfates). Veres et al. (2008) described a similar CI-MS method using acetic
acid as reagent ion. Due to a lower gas-phase acidity of O,” compared to acetic acid (Bartmess,
2011), most atmospherically relevant organic acids are detected by the O, -ionization method.
Both techniques show limited response on organic acids which rapidly undergo thermal
decomposition, e.g. oxalic acid or malonic acid.

To enhance signal intensities of the particle phase compounds, the APCI-IT-MS was
equipped with a miniature versatile aerosol concentration enrichment system (mVVACES) in front

of the MS (Geller et al., 2005). A scheme of the instrumental setup is shown in Figure 2.1.

2.2.1 mVACES/APCI-IT-MS setup during the HUMPPA-COPEC 2010 field

campaign

During July and August 2010 the HUMPPA-COPEC 2010 field campaign was carried out at
the SMEAR |1 station at Hyytiélg, Finland (Hari and Kulmala, 2005). The aim of this campaign
was to investigate summertime boreal forest chemistry, mainly focusing on the photochemistry
of biogenic emissions. Periods influenced by biomass burning, anthropogenic emissions and
sawmill emissions were contrasted to clean natural conditions (Williams et al., 2011).

The measurements described here took place at the main SMEAR Il cottage. Ambient air
was sampled from canopy level height through a stainless steel tube as the main inlet. The OD of
the tube was app. 5 cm and the flow speed was set to 0.5 m/s using a fan at the end of the tube.
The mVACES/APCI-IT-MS and the Aerodyne C-ToF-AMS were sampling from this tube using
Pitot-tube-like sampling ports (Figure 2.1). The sampling port and the mVACES/APCI-IT-MS
were connected by a 12.0 mm ID and 2.00 m long conductive PTFE tube (Type PTFE EX,
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Bohlender GmbH, Grinsfeld, Germany). A 2.5cm ID circular channel was shaped into a
cellulose sponge inside the saturator. The sponge was kept moist using a peristaltic pump which

continuously purged water onto the top of the sponge.
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Figure 2.1 Scheme of the instrumental setup of mMVACES/APCI-IT-MS and C-ToF-AMS during the
HUMPPA-COPEC 2010 field campaign (dimensions are not true to scale).

The water reservoir was exchanged twice a day with ultrapure water to avoid memory
effects by absorbed gas phase species. A heating tape (HBSI, Horst GmbH, Lorsch, Germany)
with a temperature regulator (HT30, Horst GmbH, Lorsch, Germany) was adjusted to keep the
temperature at the center of the saturator at 35 °C. The air at the end of the saturator had a
relative humidity (RH) above 90 % and a temperature of approximately 30 °C (depending on the
conditions of the sampled air). The temperature of the cooling liquid in the condenser (2.0 cm
ID, 40 cm length) was kept at — 1°C using a cooling thermostat (Lauda ECO RE 415 S, Lauda
Dr. R. Wobser GmbH & Co. KG, Lauda-Kdnigshofen, Germany). A mixture of ethylene glycol
and water (1:1, v/v) was used as the cooling liquid. Downstream of the condenser a virtual
impactor was used to let the grown aerosol particles transit into the minor flow. The virtual
impactor used was originally designed as a pumped counterflow virtual impactor (PCVI, Boulter
et al., 2006) which separates gas phase and low inertia particles from high inertia particles. In
this study the PCVI was operated without counterflow to maximize the transition of low inertia
particles into the minor flow. The absolute pressure inside the virtual impactor depends on the
input and output flow rates and ranged between 880 and 910 mbar. The major flow was set to 10
standard liters per minute (SLPM) and the minor flow to 0.8 SLPM using two distinct mass flow
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2 Application of online APCI-MS in a boreal forest field study

controllers (MKS Instruments, Andover, USA) resulting in a theoretical enrichment factor of
12.5. A 1/4" stainless steel tube was used to connect the PCVI with a silica gel diffusion dryer
(cm ID x 40 cm). Each 72 h the silica gel was exchanged with dry gel to ensure constant
drying. To assess the gas phase composition, a particle filter (HEPA capsule, Pall Corporation,
Port Washington, USA) was switched in line every 2.5 h for half an hour to remove the particle
phase signal. A large orifice magnetic valve (VX3244-02F-5DZ1-B, SMC Corporation, Tokyo,
Japan) was chosen to reduce particle losses inside the valve.

Data were recorded between mass to charge ratios (m/z) 50 to m/z 500. Each recorded
spectrum is an average of 200 microscans, resulting in a measurement frequency of one spectrum
per minute. At the beginning of the field measurements the instrument was automatically tuned
on m/z 215 resulting in the settings listed in Table 2.1. The mass calibration of the instrument
was carried out by using the recommended mass calibration solution of the manufacturer. The
background of the instrument was measured at the beginning, during and at the end of the
campaign by connecting zero air (Synthetic air, hydrocarbon free, Westfalen, Germany) to the
inlet of the saturator. Data were recorded using XCalibur® 1.2 software, the data files were
converted to plain text files and then transferred into a matrix with five minute time resolution
using Matlab®, Mathworks Inc. software. Each recorded m/z ratio was rounded to the nominal
mass. Gas phase measurements, which were recorded in 3 h time intervals, were interpolated

linearly and subtracted from the total signal resulting in the particle phase signal.

Table 2.1 Instrument settings of Atmospheric Pressure Chemical lonization Mass Spectrometer

(APCI-IT-MS)
Vaporizer temperature 350 °C
Sheath gas flow 0a.u.
Discharge current 3 HA
Discharge voltage 3kV (x0.3kV)
Capillary temperature 200 °C
Capillary voltage -14V
Tube lens offset 20V
Multipole 1 offset 25V
Lens voltage 16V
Multipole 2 offset 55V
Electron multiplier voltage -1030 V
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2.2.2 C-ToF-AMS setup during the HUMPPA-COPEC 2010 field campaign

During the measurement campaign the C-ToF AMS was operating alongside the APCI-
IT-MS, and was sampling from the same main inlet. The AMS inlet port was situated
approximately 2 meters downstream of the APCI-IT-MS inlet and the AMS was connected to the
port using 6 mm copper tubing of 1 m length (Figure 2.1). For the purpose of intercomparison
between the AMS and the APCI-IT-MS, the instruments can be considered co-located and
having equivalent inlet losses.

The specifics of the C-ToF AMS have been described in detail by Drewnick et al. (2005),
but in short the AMS measures aerosol particle mass and chemical composition. The AMS used
in this study features an aerodynamic lens for concentrating the sampled aerosol particles in the
size range of roughly 50 to 600 nm, into a narrow beam, a particle time-of-flight chamber for
particle size distribution measurement, thermal vaporization of the sample at 600 °C using a
porous tungsten vaporizer, 70 eV electron impact (El) ionization of the produced vapor, and a
compact time-of-flight mass spectrometer (C-ToF-MS). This particular instrument also features a
shorter-than-usual particle time-of-flight chamber, which results in increased transmission of
both particles and gas, and therefore also a larger air signal than in most AMS designs. The high
air signal was reduced by adding 3.5 ml min™ of He (AGA, 6.0 grade) to the time of flight
chamber. The resulting high He signal at mass 4 Th was removed by a small RF-only quadrupole
before the ion lenses and the extraction region of the ToF.

The AMS data was preprocessed using Squirrel (SeQUential Igor data RetRiEval) data
analysis tool v.1.5. The mass concentration of aerosol particles was quantified and the measured
mass was assigned into subgroups of different chemical composition; sulfates, organics, nitrates,
ammonia and chlorides. For a thorough description of AMS data analysis see e.g. Allan et
al. (2003) (2004). The measured data was corrected for collection efficiency (CE). A base CE
value of 0.43 was selected based on a comparison with the sub-micron mass concentrations
derived from the number size distribution measurements with the Differential Mobility Particle
Sizer (DMPS) in the size range of 3 to 600 nm. The base CE was estimated for time periods
when the aerosol acidity was neutral. For periods with non-neutralized sulfate, implicating
elevated aerosol acidity, a higher value was used, based on a linear correction function similar to
that of Quinn et al. (2006) and Middlebrook et al. (2012). CE anomalies caused by high mass
fraction of nitrates were not observed, and the amount of nitrates remained consistently below
10 %.

The quantitativeness of the AMS results gives a good starting point for more detailed
analysis. During the HUMPPA campaign, the ambient aerosol was dominated by organic

chemical species with minimum concentrations near zero on a clean day and maximum of
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23.1 pg/m® observed during a long-range transported forest fire smoke episode. On average
organic species explained 69% of the submicron non-refractory mass, sulfates accounted for 20%
of mass and ammonium compounds and nitrates for 7% and 4% respectively. The amount of
chlorides was negligible. The dataset therefore provides a good basis especially for studying the

composition of organic species using mVACES/APCI-IT-MS.

2.2.3 Laboratory setup

To test the coupling of the aerosol concentrator mVACES with APCI-IT-MS in the
laboratory, secondary organic aerosol from a-pinene ozonolysis was generated in a 100 |
continuous-flow reaction chamber. For this purpose gaseous (+)-a-pinene (Sigma-
Aldrich, >99%), generated in a thermally controlled diffusion source (Thorenz et al., 2012) was
mixed with ozone (1 ppm) in the reaction chamber to produce organic aerosol particles. Ozone
was generated with an ozone generator (1008-RS, Dasibi Environmental Corp., Glendale, CA,
USA) and directly introduced into the reaction chamber. The formed aerosol was measured
online using APCI-IT-MS without mVACES. Gas phase species were removed using an
activated charcoal denuder. When the reactant and aerosol concentration in the continuous-flow
chamber were in steady-state, the online measurement without mVACES was started. After a
few minutes the mVACES was switched in between the reaction chamber and the APCI-IT-MS,
to measure the concentration enrichment factor and to investigate whether the mVACES leads to
an alteration of the chemical composition of the particle phase.

For MS? experiments the same experimental setup was used to record online-MS? spectra
from ozonolysis products from (+)-a-pinene (Sigma-Aldrich, >99%), (R)-(+)-limonene (Sigma-
Aldrich, 97%) and (+)-A%-carene (Fluka analytical, >98.5%). The collision induced dissociation
(CID) of an isolated molecular ion inside the ion trap was achieved by using Helium (5.0,
Westfalen AG) as collision gas. The relative collision energies were adjusted to measure a
relative abundance of the molecular ion after fragmentation of 5-20%. This was achieved by
setting CID energy to 26% for laboratory studies and to 30% in the field studies. Typically 30-70
of the recorded MS? spectra were averaged since the intensities during MS? measurements varied

significantly.
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2.2.4 Calibration of APCI-IT-MS

The APCI-IT-MS was calibrated for two different biogenic organic acids (pinic acid and
pinonic acid) in the laboratory. Both acids are regarded as representative compounds formed
from monoterpene oxidation in the boreal forest atmosphere. Cis-Pinonic acid (Sigma-Aldrich,
98% purity) was purchased as a commercially available standard, cis-Pinic acid is a self-
synthesized standard (Moglioni et al., 2000). Zero air (hydrocarbon free) was purchased from

Westfalen AG.
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Figure 2.2 Setup for the calibration of the APCI-IT-MS.

For the calibration of the instrument, the acids were dissolved in methanol (Sigma-Aldrich,
HPLC grade) and adjusted to concentrations ranging from 0.25 to 2.5 ng/ul. 10 pl of the
individual solutions were deposited on a stainless steel surface. This deposition surface was
installed directly in front of the ion source, a setup similar to the MOVI-CIMS setup described
by Yatavelli and Thornton (2010). Figure 2.2 shows the experimental setup. The deposited
compounds were evaporated by heating the deposition surface within 3 min. to approx. 120 °C.
The zero air flow prior to the ion source was set to 1.0 SLPM using a mass flow controller. The
transfer tube to the ion source was heated to 150 °C to avoid condensation of the evaporated
acids. The resulting peak height was averaged for 5 and 10 min and related to the sampled
volume within these intervals to determine the instruments response of online measurements to a
certain concentration of the investigated acids (Figure 2.3). It has to be noted that the heated

deposition plate was not operative during the field campaign and consequently the calibration
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procedure was done after the field campaign in the laboratory. As a consequence the calibration
procedure is based on the following assumptions:
(D) the vaporization of the analytes from the surface takes place in a quantitative
manner without decomposition
(2 during online measurements vaporization of the analytes from particles is
guantitative
3 the instrumental performance during field measurements and laboratory
calibration did not change significantly.

The recorded mass spectra during the calibration did not actually show any evidence of
decomposition of the tested acids. Furthermore, the investigated m/z ratios did not show any
significant blank signal such as the observed blank signal of palmitic acid described by Yatavelli
and Thornton (2010).

2.3 Results and discussion

2.3.1 Calibration and detection limit for biogenic organic acids

Figure 2.3 (a) shows the results of 12 calibration runs at 4 different concentrations in a
laboratory experiment. During heating cycles of the deposition plate, the analytes evaporate into
a controlled flow of 1.0 SLPM carrier gas and produce a characteristic signal peak. The shape of
the peak essentially depends on the heating rate and the volatility of the analyte. In order to use
this transient signal for calibration of the online APCI-IT-MS measurements, the signals from the
calibration experiments were averaged over two intervals: five and ten minutes. Equation (2.1) is
used to determine the instruments response towards the absolute mass concentration. During the
calibration procedure (Figure 2.2), the mass of the deposited organic acid on the deposition plate
is m (ug), and the denominator expresses the volume (m?) in which the analyte is evaporated
into: the product of flow rate f (SLPM) and average time interval t (min) (red boxes: 5 min; black
boxes: 10 min), resulting in the concentration ¢ (ug m3). Based on the assumption that the
average intensity | (counts) during the calibration procedure equals the same mass concentration
during the online measurement, the linear interpolation (slope s and y-intercept b) was applied on

the ambient online intensities to determine the ambient mass concentration.
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Figure 2.3 (a) Mass trace of pinonic acid (m/z 183) during calibration (blue), mean intensity for 5 minute
(red) and 10 minute intervals (black). (b) Linear fit of calibration for pinonic acid (m/z 183, red) and pinic
acid (m/z 185, blue).

The calibration range was adjusted to match the measured intensity range of gas and particle
phase measurements of m/z 183 and m/z 185 during the HUMPPA-COPEC?2010 field campaign,
and showed a linear response between deposited organic acid mass and resulting average signal

height. Based on the assumptions described above the detection limit (LOD) for pinonic acid in
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the particle phase was determined to be about 300 ng m™3, and for pinic acid about 410 ng m.
This LOD calculation was based on the blank signal intensity assuming three times standard
deviation of the noise signal. The detection limit of pinonic acid and pinic acid in the gas phase
at 25 °C would be 41 pptV and 54 pptV, respectively. These detection limits are in the same
order of magnitude as the reported sensitivities for oleic acid in the particle phase (LOD:
200 ng m3) by Aerosol CIMS (Hearn and Smith, 2006). However, ambient concentrations of
these compounds are expected to be lower than the calculated detection limits. Maximum
reported particle phase concentration of pinonic acid and the isobaric overlapping caronic acid in
Hyytiéld, Finland are 74 ng m and 23 ng m3, respectively (Warnke et al., 2006). Therefore, the
application of the aerosol concentrator mVVACES is necessary to detect these species in the

ambient air.

2.3.2 mVACES concentration efficiency

To test the concentration enrichment factor of the mVACES in the laboratory, the setup as
described in chapter 2.2.3 was used. The measured total ion current (TIC) of the products formed
from a-pinene ozonolysis was used to calculate the enrichment factor. Figure 2.4 shows the
online mass traces of the TIC (m/z 50-500), a lower molecular weight range (monomeric
ozonolysis products, m/z 160-240, hereafter monomers) and a higher molecular weight range
(dimeric ozonolysis products, m/z 320-400, hereafter dimers). The green bars in Figure 2.4 mark
the time interval in which the TIC signal was averaged to determine the enrichment factor in the
laboratory. The overall calculated concentration enrichment factor determined in the laboratory
as described above was 11.0 £ 2.4 (2* rel. SD).

It should be noted in Figure 2.4 that the signal intensities of the three depicted mass ranges
were not constant during the individual measurement periods (i.e. with and without mVVACES).
This is due to the fact that the product concentration in the continuous-flow chamber changed
due to differing flow rates / reaction times when working with or without mVACES. The
resulting change of particle concentration (total organic aerosol mass) can affect the gas-to-
particle partitioning, especially for the semi- or intermediately volatile compounds (i.e.
monomers - resulting in an increased fraction of the monomers in the particle phase with
increasing organic particle mass concentration). To avoid potential influences of such
concentration changes on the determination of the enrichment factor, the time intervals chosen
for the estimation are ‘end of the mVVACES on’ vs. ‘beginning of the mVVACES off’ (Figure 2.4).

Another aspect that should be considered when a VACES system is used are the losses of
semi-volatile and at least partly water soluble compounds during the mVVACES preconcentration
by absorption within the saturator. An estimation of this amount based on the Gormley-Kennedy
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equation (diffusion coefficient D=0.058 cm? s™ at a flow rate of 11.0 SLPM) results in a notable
loss of 30% of the gas phase fraction, assuming that the wet sponge acts as a perfect sink for
gaseous organic acids. Subsequent re-equilibration between gas- and particle-phase (evaporation
of SVOC from the particle phase) might result in negative artefacts. An indication for negative
artefacts of semi-volatile organics can be seen in Figure 2.4 at minute 10: before switching the
concentrator on, the signal of the monomers is higher than that of the dimers, and vice versa after
switching on. Further concerns about possible changes in gas/aerosol partitioning might be raised
by multiple temperature changes during the passage through the concentrator. Contrary to
negative artefacts, Khlystov et al. (2005) showed that the concentration of water soluble semi-
volatile material can be increased at small sizes after passage through the concentrator. Their
maximum observed amount of positive nitrate artefacts (relative to sulphate) on a polluted day
reached a factor of 2.6; organic material showed significantly less positive artefacts (factor 1.2).
These positive artefacts are most probably attenuated due to losses of gas-phase organics in the
saturator. Further investigation on artefact formation of the semi-volatile aerosol fraction in a
water based concentrator is needed for a more precise determination of the concentration factor
of semi-volatile organic compounds.

During the HUMPPA-COPEC 2010 field campaign, the concentration enrichment factor
was determined by measuring the sulphate signal at m/z 97 with and without mVACES since
(1) sulphate has a lower vapour pressure than most organic compounds and thus the influence of
changes in gas/aerosol partitioning due to the mVVACES is low, and (2) sulphate was sufficiently
high to be measured well above background without mVACES. The concentration enrichment
factor during the field measurement was 7.5 £ 2.5 (2*RSD). Sulphate concentration measured by
AMS during this time was around 2 pug m3. Furthermore, the total concentration of organic acids
in the particle phase during the HUMPPA-COPEC field campaign was approximated by using
the average response of pinic acid and applying this response onto the sum of the signals between
m/z 150 — m/z 500. By doing so, pinic acid is used as a surrogate for the quantification of organic

acids based on the total signal intensities in the negative ion mode.
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Figure 2.4 Performance of mVVACES aerosol enrichment during laboratory testing. TIC: total ion current,

monomers: sum of signals m/z 160- 240, dimers: sum of signals m/z 320- 400.

2.3.3 Instrument comparison

Figure 2.5 correlates the two online mass spectrometric techniques mVACES/APCI-IT-MS
and AMS during the HUMPPA-COPEC 2010 field campaign. Data points are five minute
averages between 16 July 2010 and 12 August 2010. Data points for time intervals in which the
AMS and/or the APCI-IT-MS did not run due to power cuts or instrumental maintenance were
taken out. However, 49% of the total campaign duration is still covered with simultaneous data
from both instruments. The AMS data are corrected using a collection efficiency factor of 0.43.
As mentioned above, the APCI-IT-MS data are the sum of the particle phase signal of m/z 150 to
m/z 500, quantified by using the average response of pinic acid, regarding this acid as
representative for all compounds ionized in the APCI-IT-MS negative mode. With certainty this
is an assumption which does not take into account that higher weight molecular compounds
might have a different response factor compared to pinic acid. Unfortunately, to our knowledge
there are no literature data available yet on quantitative determination of e.g. sesquiterpene
derived acids.
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Figure 2.5 Correlation plot of organic signals from mVACES/APCI-IT-MS and C-ToF-AMS during the
HUMPPA-COPEC 2010 field campaign (APCI-IT-MS signal (sum m/z 150-500) based on instruments
response to pinic acid). Estimated errorbars for AMS uncertainty are +/- 20 % and for APCI-IT-MS

uncertainty are £50 %.

As can be seen in Figure 2.5, all data points are well below the 1:1 line. This is expected
since APCI-IT-MS probably exclusively measures organic acids (or multifunctional organic
molecules including carboxylic acid functional groups) and therefore does not include other
organics, e.g. alkanes, alcohols, aldehydes or ketones. The campaign bulk average contribution
of organic acids measured by APCI-IT-MS to total organic aerosol measured by AMS during
HUMPPA-COPEC 2010 was about 60% (possibly induced by the extreme heat and biomass
burning events during summer 2010 (Williams et al., 2011)). Since the sensitivity of the
instrument for heat-sensitive acids (e.g. oxalic acid or malonic acid) is almost one order of
magnitude lower than for the calibrated acids, the contribution of organic acids might be even
higher. However, for the available data the comparison between APCI-IT-MS and AMS shows a
very good correlation with a Pearson’s R of 0.94 for organics.

On 29 July, at 10:00 -14:00 (local time, UTC +2), a plume from strong biomass burning
events in central Russia arrived at the station. During this period the AMS measured the
campaign maximum of 23.1 pg m organic aerosol concentration. Also, the concentration of
organic acids measured by the APCI-IT-MS was the highest during the whole campaign as well
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2 Application of online APCI-MS in a boreal forest field study

as the relative contribution of acids to the total organic aerosol (see Figure 2.5). These
observations suggest that the biomass burning aerosol during this event was extremely oxidized
and photochemically aged— a suggestion also supported by the observed ratio of AMS organic
signals on m/z 43 and m/z 44, which are commonly used as a qualitative indicator of the degree
of aerosol oxidation. Unfortunately, the C-ToF-AMS was not capable to determine a reliable O:C

ratio to further corroborate these findings.

2.3.4 Online MS2 experiments from field and laboratory experiments

On 22 July 2010, at 13:20-15:20h (UTC +2), during the HUMPPA-COPEC 2010 campaign
MS?2 spectra of the total organic signal (gas and particle phase) were recorded. Several individual
m/z ratios between m/z 150 to m/z 250 were isolated (isolation width + 0.5 amu) in the ion trap,
and by subsequent addition of RF energy, collision induced dissociation caused specific
fragmentation of the isolated ions. Figure 2.6 shows the resulting MS?2 spectrum of m/z 185,
measured at the boreal field site together with the online MS?2 spectrum on m/z 185 of a-pinene,
limonene and A3-carene ozonolysis products in the laboratory. The main compound at this m/z
ratio is supposed to be pinic acid and isobaric acids originating from other monoterpenes, e.g. 3-
caric acid. Although the field MS2 mass spectrum is similar to the spectra from the reaction
chamber experiments, some fragments actually appear only in the field MS? spectrum, indicating
that several other compounds might contribute to the signal on the same m/z ratio.

All of these spectra show that m/z 167 and m/z 141 are the most prominent ion signals.
These fragments are the result of waterloss (18 Da) and of CO, (44 Da) — characteristic loss and
evidence for carboxylic acid functional groups. Furthermore, the limonene spectrum shows a loss
of 70 Da (potentially C4,HsO), resulting in the fragment m/z 115, which is not present in the
spectrum of a-pinene and A’-carene ozonolysis but clearly detectable in the Hyytiala spectrum.
The m/z 115 signal was also described as a fragment of ketolimononic acid measured by offline
ambient filter measurements from K-puszta and analysis by HPLC/ESI-MS" (Yasmeen et al.,
2011). The abundance of the MS2 fragment m/z 115 at Hyyti&la seems surprising since the main
monoterpene emissions at Hyytidld measured by GC-MS are a-pinene and A3-carene (Yassaa et
al., 2012). An explanation might be that limonene is emitted in larger amounts than derived from
ambient measurements or cuvette studies— possibly induced by the very high reactivity of the
double unsaturated monoterpene. Due to the diversity of biogenic emissions at the Hyytiala
station, oxidation products from other volatile organic precursor molecules might also contribute
to the m/z 115 fragment, e.g. myrcene-, camphene-, sabinene- or sesquiterpene derived acids.
The loss of CO or C,H, (28 Da), resulting in m/z 157 cannot be found in chamber experiments

with the tested monoterpenes (B-pinene also tested but not shown). The fragment m/z 97 can
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originate from the dissociation of the sulphate group from organosulfates (detachment of HSO,)
or, more likely, from the dissociation of two CO, molecules from the molecular ion at m/z 185.
Since pinic acid and 3-caric acid are both dicarboxylic acids, the dissociation of two CO, is very
likely. In conclusion, we would like to speculate that the oxidation of fast reacting (e.g. myrcene)
or unknown VOCs (Di Carlo et al., 2004) can form products which might explain the not-

assignable fragments measured during the MS2 experiments.
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Figure 2.6 Online MS? experiments at Hyytiéla (CID energy 30%) and from laboratory ozonolysis using o

pinene, limonene and A3 carene (CID energy 26%).
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2 Application of online APCI-MS in a boreal forest field study

2.4 Conclusions

We have demonstrated for the first time the application of an online mass spectrometric
technique with the ability to perform MS2 experiments from biogenic organic acids in the field.
To record the MS? spectra, it is essential to use soft ionization to preserve the structural
information of the molecular ion before entering the detector- in our case a quadrupole ion trap.
The soft ionization technique adopted here was chemical ionization at atmospheric pressure
using O, ions as primary ions reacting with molecules that have higher gas phase acidity. To
improve the detection limit in the field, an mVVACES was operated in front of the MS system.
The APCI-IT-MS data were compared to C-ToF-AMS data, revealing that the two techniques are
complementary mass spectrometric techniques which can lead to an improved understanding of
organic aerosol formation and composition. MS? studies did indicate the abundance of several
compounds on one nominal mass in the boreal forest environment. The overall AMS/APCI-IT-
MS comparison suggests that organic acids formed a major part of organic aerosol mass during
the HUMPPA-COPEC2010 campaign. Furthermore, the APCI-IT-MS technique is in principle
suited to measure quantitatively rarely measured species (i.e. the suite of organic acids) in the gas
phase, which can be of great help in assessing the significant missing reactivity observed in the
boreal forest (Nolscher et al., 2012). For upcoming ecosystem or megacity studies, the capability
to perform online high resolution mass spectrometry for more detailed observation of molecular

tracer compounds would be a very valuable asset.
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Abstract. The chemical composition of submicron aerosol during the comprehensive field
campaign HUMPPA-COPEC 2010 at Hyytiala, Finland is presented. The focus lies on online
measurements of organic acids, which was achieved by using atmospheric pressure chemical
ionization (APCI) ion trap mass spectrometry (IT-MS). These measurements were accompanied
by aerosol mass spectrometry (AMS) measurements and Fourier-Transform Infrared
Spectroscopy (FTIR) of filter samples, all showing a high degree of correlation. The soft
ionization mass spectrometer alternated between gas phase measurements solely and measuring
the sum of gas- and particle-phase.

The AMS measurements of C, H and O elemental composition show that the aerosol during
the campaign was highly oxidized, which appears reasonable due to high and prolonged radiation
during the boreal summer measurement period as well as the long transport times of some of the
aerosol. In order to contrast ambient and laboratory aerosol, an average organic acid pattern,
measured by APCI-IT-MS during the campaign, was compared to terpene ozonolysis products in
a laboratory reaction chamber. Identification of single organic acid species remains a major
challenge due to the complexity of the boreal forest aerosol. Unambiguous online species
identification was attempted by the combinatorial approach of identifying unique fragments in
the MS?-mode of standards, and then comparing these results with MS? field spectra. During the
campaign, unique fragments of limonene derived organic acids (limonic acid and ketolimononic
acid) and of the biomass burning tracer vanillic acid were detected. Other specific fragments
(neutral loss of 28 Da) in the MS? suggest the occurrence of semialdehydes.

Furthermore, an approach to determine the average molecular weight of the aerosol is
presented. The campaign average organic molecular weight was determined to be 300 g mol™.
However, a plume of aged biomass burning aerosol, arriving at Hyytiéla from Russia, contained
organic compounds up to 800 Da (MW, ~ 450 g mol™), showing that the average molecular
weight can vary significantly. The high measurement frequency of both, AMS and APCI-IT-MS,
enabled the partitioning of selected organic acids between gas- and particle-phase as a function
of the total particulate mass to be quantified. Surprisingly high fractions of the higher molecular
weight organic acids were observed to reside in the gas phase. These observations might be a
consequence of large equilibration timescales for semi-solid boreal forest aerosol, as it has been

recently hypothesised by Shiraiwa and Seinfeld (2012).

44



3.1 Introduction

3.1 Introduction

The boreal forest biome is one of the major ecosystems on earth, accounting for one third of
the world’s forested area (Sabine et al., 2004). Due to biogenic volatile organic compound
(BVOC) emissions from the vegetation, the boreal forest significantly affects the chemistry and
physics of the atmosphere. Subsequent to the emission of the VOCs, their atmospheric oxidation
results in low volatility organic compounds that contribute to the condensational growth of
particles to sizes which allow them to act as cloud condensation nuclei (CCN) (Riipinen et al.,
2012). By including the effects of those CCN on the radiative balance of the boreal forest in
climate models, it has been shown that the previously assumed net positive radiative forcing, due
to the low surface albedo (e.g. Bonan, 2008), is counteracted by a more negative cloud albedo
radiative forcing, resulting in an overall cooling effect of the boreal forest on the global climate
(Spracklen et al., 2008).

Many fundamental aspects of this climate feedback process, like the detailed speciation of
emissions, OH-radical budgets, particle formation and aging processes, needed to be investigated
in-situ to obtain a more detailed and holistic picture of the ongoing atmospheric processes. In
order to clarify these issues, a large comprehensive field campaign (HUMPPA-COPEC 2010)
was carried out at the Hyytidld forest station in southern Finland from 12 July 2010 to
12 August 2010, to investigate summertime conditions in the boreal forest (Williams et al.,
2011). Especially the atmospheric oxidation of volatile organic compounds (VOCs) and the
subsequent secondary organic aerosol (SOA) formation is relevant for improving global climate
models, since the major uncertainties are due to the particle derived direct radiative effect and to
the cloud albedo effect (IPCC, 2007). The secondary fraction of organic aerosol (OA) usually
makes up the largest proportion of the total aerosol mass (Zhang et al., 2007; Docherty et al.,
2008; Jimenez et al., 2009). However, the huge number of different species in the organic
fraction, which originates from a variety of different reactive precursors, makes it a considerable
analytical challenge to resolve this complexity (Goldstein and Galbally, 2007; Hallquist et al.,
2009).

The volatility of an organic compound determines whether the atmospheric processing
occurs in the gas- or in the particle-phase. This is an important factor for global climate models.
Since the gas-to-particle partitioning is mass dependent (Pankow, 1994a), low volatility
compounds make up a larger fraction of the OA at low mass loadings. In a simplified
perspective, the volatility of an organic compound can be regarded as a function of carbon and
oxygen atoms (Donahue et al., 2011). Thus, it can be assumed that carboxylic acids make up a
significant, if not the most significant, fraction of the particle phase, due to their reduced

volatility. Furthermore, quantum mechanical calculations have shown that organic acids in the
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gas phase can help to surmount the nucleation barrier by forming clusters with sulfuric acid, and
thus can play an important role in new particle formation (Zhang, 2010). On the other hand, a
large number of organic acids are still volatile enough to partition predominately to the gas
phase, where they can be involved in oxidation processes and contribute to the overall gas phase
OH reactivity. Donahue et al. (2006) argued that the large amount of these intermediate volatile
organic compounds (IVOCs), which are present almost entirely in the gas phase (even can
contain more mass than the condensed phase), are completely ignored by local and global
models.

Recent work illustrated that the OH-initiated aging of semi-volatile organic compounds
(SVOCs) and IVOCs in the gas phase is an important part in the formation of SOA (Donahue et
al., 2012a) and that the first oxidation step of VOCs is only barely sufficient to form SOA at
atmospheric relevant mass concentration levels (Donahue et al., 2012b).

Instruments that provide reliable measurement of single organic species, among the
thousands of different compounds in the organic aerosol, are needed in order to investigate those
atmospheric processes in detail. In parallel to further improvements of the aerosol mass
spectrometer (AMS, Aerodyne, USA) (Jayne et al., 2000; Jimenez et al., 2003; Canagaratna et
al., 2007), which operates with hard ionization, recently chemical ionization (CI) has received
increasing attention. The advantage of this soft ionization technique is that it preserves the
structural information of the molecule (Zahardis et al., 2011; Laskin et al., 2012; Pratt and
Prather, 2012). The mass spectrometric separation after ionization can be achieved by various
techniques. The most common technique measures the time of flight (ToF) of the ions formed in
order to determine their mass-to-charge (m/z) ratio. Yatavelli et al. (2012) described this
technique as highly sensitive (detection limits of organic acids in the particle phase less than
1 ng m®), providing high mass resolution (R=5000 above m/z 250) and high mass accuracy (+20
ppm). A different mass spectrometric technique is the ion trap mass spectrometry (IT-MS),
which typically has less mass resolution and accuracy but offers the unique possibility to
distinguish between isobaric species through collision induced fragmentation. Isobaric species
are ubiquitous in atmospheric aerosols, since the constituents of the main precursor classes of
mono- and sesquiterpenes are often isomeric (examples are given in chapter 3.3.2).

In this paper the results of the online particle measurements during HUMPPA-COPEC 2010
are presented with special emphasis on biogenic organic acids. Biogenic acids were measured
online in the gas and particle phase, with high temporal resolution, by using an atmospheric
pressure chemical ionization (APCI) ion trap mass spectrometer (IT-MS) in combination with a
MVACES online particle concentrator (Geller et al., 2005; Vogel et al., 2013a). These
measurements include, to our knowledge, the first in-situ MS? experiments of biogenic acids in

the boreal forest. Since the Aerodyne’s C-ToF-AMS was operating simultaneously, we have
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explored the potential of combining soft and hard ionization technigques to gain new insights into

aerosol composition and partitioning.

3.2 Experimental

3.2.1 Field site description

From 12 July to 12 August 2010, the large field intensive HUMPPA-COPEC 2010 was
carried out at the Station for Measuring Forest Ecosystem — Atmosphere Relations (SMEAR 1)
at Hyytiala in Finland. During this period, the continuous long term on-site measurements were
extended by a large suite of instruments for measuring gas- and particle-phase chemistry
(Williams et al., 2011). The station is located in southern Finland (61°51" N, 24°17" E, 181 m
a.s.l.) in the middle of a ~50 year old Scots pine (Pinus sylvestris L.) stand, with homogenous
Scots pine forest forming also the main larger-scale surroundings, thus representing well the
boreal coniferous forest environment (Hari and Kulmala, 2005; Kulmala et al., 2001). The town
nearest to SMEAR I, Orivesi (10.000 inhabitants), is situated 15 km south of the station and the
city of Tampere (215.000 inhabitants) is located approximately 50 km SW from the station. The
city of Helsinki lies 200 km to the south of the station and St. Petersburg approximately 350 km

south-east.

3.2.2 Field campaign instrumentation

3.2.2.1 On-line aerosol mass spectrometry

Two online and collocated (same inlet) aerosol mass spectrometers were measuring
simultaneously in the main SMEAR Il cottage for detailed online chemical analysis of non-
refractory sub-micron particles: (1) an Atmospheric Pressure Chemical lonization lon Trap Mass
Spectrometer (APCI-IT-MS, Finnigan LCQ; Hoffmann et al. 2002, Kiickelmann et al. 2000) in
conjunction with a miniature Versatile Aerosol Concentration Enrichment System (mVACES,
Geller et al. 2005) as described by Vogel et al. (2013) and (2) the Aerodyne’s Compact Time of
Flight Aerosol Mass Spectrometer (C-ToF-AMS, Drewnick et al. 2005). Filter samples for FTIR-
analysis were taken at a distance of approximately 200 m from the main cottage.

Briefly, the APCI-IT-MS produces primary ions by corona discharge at atmospheric
pressure. In the negative ion mode, gaseous compounds having a higher gas-phase acidity
become ionized by proton transfer reaction with O, radicals, and are then mass analyzed by the

quadrupole ion trap. Prior to the discharge region source, particulate compounds become
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vaporized by a heating unit. The measurable compound classes are mainly restricted to organic
molecules including a carboxylic functional group (organic acids), sulphate and organic
molecules with a sulphate group (e.g. organosulfates). The class of nitrophenols can be detected
in the negative mode as well. Organic compounds, which show fast thermal decomposition, were
measured with a much lower sensitivity than other biogenic acids. The spectrum was recorded
between m/z 50 to 500 and one recorded spectrum per minute was averaged from 200
microscans.

The Aerosol Mass Spectrometer (Aerodyne Research Inc., Billerca, MA, U.S.A) is an
instrument capable of directly measuring the chemical composition of aerosols using time-of-
flight mass spectrometry. The AMS is widely used and its operation principle and data analysis
methods have been described in detail elsewhere (Canagaratna et al. (2007), general information
on AMS; Drewnick et al. (2005), a description of the C-ToF-AMS variant used in this study).
Analysis of the AMS data has been described by e.g. Allan et al. (2003, 2004), and the analysis
procedure during HUMPPA-COPEC 2010 and the general AMS data outlook during the
campaign by Vogel et al. (2013).

In short, the AMS uses an aerodynamic lens to form the sample aerosol into a particle beam.
This beam is then modulated by a beam chopper and directed to a particle time-of-flight (PToF)
chamber for size distribution measurement. After the PToF chamber, the sample aerosol is
thermally vaporized, resulting in the non-refractory aerosol particle components (i.e. those
vaporizing in 600 degrees Celsius or less) transforming to gas-phase in the ionization region. The
gaseous molecules are subsequently ionized via 70 eV electron ionization, forming both positive
and negative ions. The positive polarity ions are selected and led to the time-of-flight mass
analyzer. The analysis happens in real time, and sample is continuously collected via the inlet,
while the inside of the instrument is kept in high vacuum by a differential pumping system
consisting of five turbomolecular pumps.

The time of flight data from the mass analyzer is inverted to yield m/z mass spectra, based
on which the observed signal amounts are assigned to various chemical species. Using
calibration data, the amount of signal is then quantified to give out particle mass concentrations
in micrograms per cubic meters for organic compounds, sulfates, nitrates, ammonia compounds

and chlorides.

3.2.2.2 Off-line FTIR filter measurements

Submicron particles were collected 4 m above ground level on 37 mm Teflon filters (Pall
Inc., 37 mm diameter, 1.0 um pore size Teflon membrane), downstream of a 1 um sharp-cut
cyclone (SCC 2.229 PM1, BGI, Inc.) (Corrigan et al., 2013). The aerosol was dried to less than

approximately 75% RH prior to reaching the cyclone. Filter collection times varied from 6, 9,
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and 12 hours, including duplicate 24-hour filters, and were based on real-time OM values
measured by the C-ToF-AMS in order to maximize resolution time while staying above the
detection limit. After collection, the filters were stored at 0°C before they were analyzed in San
Diego, California by a Tensor 27 spectrometer with a DTGS detector (Bruker, Billerica, MA). A
peak-fitting algorithm described in Russell et al. (2009) and Takahama et al. (2013) was used to
guantify organic functional groups from the FTIR spectra. Quantified organic functional groups
included: alcohol, alkane, carboxcylic acid, primary amine and non-acid carbonyl. Alkene and

aromatic functional groups were below the limit of quantification during the sampling period.

3.2.2.3 Black carbon aethalometer

Black carbon is not detected by the AMS, as it is not vaporized at 600°C. Therefore, a
separate instrument was needed to obtain black carbon (BC) mass during the campaign. For this
purpose the SMEAR |1 site aethalometer (Magee Scientific Corporation, Berkeley, CA 94704,
USA) data was used. The instrument measures light absorption of an aerosol collector tape, at
several wavelengths, to determine the mass concentration of black carbon particles. Together the
AMS data on non-refractory particles and the BC data from the aethalometer form a

comprehensive picture of the Hyytiala submicron aerosol basic chemical composition.

3.2.3 Other

3.2.3.1 Laboratory experiments

In a 100 L dark continous-flow reaction chamber (glass and Teflon), (+)-a-pinene (Sigma-
Aldrich, >99%) and (+)-3-carene (Fluka analytical, >98.5%), vaporized in an external thermal
diffusion source, were mixed with app. 1 ppm of ozone (1008-RS, Dasibi Environmental Corp.,
Glendale, CA, USA) to produce secondary organic aerosol. The aerosol from this chamber was
sampled directly through an activated charcoal denuder (length ~0.5 m, ID ~0.5cm) into the ion
source of the APCI-IT-MS in order to record the online mass spectra.

To record the MS? spectra of selected authentic standards, vanillic acid (Sigma-Aldrich,
>97%), cis-pinonic acid (Sigma-Aldrich, 98%) and self-synthesized pinic acid were dissolved as
0.1 mM aqueous solutions. Out of these solutions a polydisperse aerosol was generated using a
TSI 3076 atomizer. Before entering the APCI ion source, the aerosol was dried using a silica
diffusion dryer. Due to the lack of a standard of 3-methyl-1,2,3-butanetricarboxylic acid, the MS?
spectrum of this compound was recorded using (-)ESI-UHR-MS after LC separation of an

ambient filter sample extract, collected at the Taunus Observatory, Germany.
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3.2.3.2 Trajectory analysis

Backward trajectories were obtained from the web based HYSPLIT model (HYbrid Single-
Particle Lagrangian Integrated Trajectory, Draxler and Rolph G. D., 2013) which can be accessed
on the NOAA Air Resources Laboratory website (http://ready.arl.noaa.gov) (Rolph, 2013). The
length of the backward calculation was set to 96 hours and the arrival height at 25 m above

ground level.

3.3 Results and Discussion

3.3.1 Aerosol chemical variation and source apportionment during
HUMPPA-COPEC 2010

Figure 3.1 displays the temporal pattern of three different particle phase measuring
techniques during the HUMPPA-COPEC 2010 campaign. The blue time series in the top panel
represents the total counts of organic acids (and possibly other compound classes such as
organosulfates or nitro-phenols and catechols) in the particle phase, which is the sum of the
signal intensities between m/z 150 and m/z 500, measured by APCI-IT-MS. The green time series
shows OA measured by the AMS, which ranged from below detection limit (day 204) to
23 pg/md (day 210). As can be seen, AMS organics and APCI-IT-MS show a similar pattern
throughout the campaign, both capturing days 207-209 with the highest aerosol concentrations.

In the middle panel of Figure 3.1, a PMF (positive matrix factorization, see. e.g. Paatero and
Tapper, 1994) solution for the AMS measurements is shown, using the solutions from Corrigan
et al. (2013). The PMF analysis is one way to deconvolve the complex AMS mass spectra to
yield source-specific time series and mass spectra for the different organic aerosol types. From
the PMF solution space, a solution of three factors (FPEAK = —0.4) was selected, as in this
solution a very clear high f43 factor (OOA-2) emerges. The FPEAK selection was based on
obtaining the clearest difference in correlation profiles for the factors and auxiliary
measurements (i.e. trace gases, BC, and AMS inorganics). However, the two other obtained high
f44 factors had similar temporal behaviour, mass spectra and correlation profiles with auxiliary
measurements, and they were thus combined to form the OOA-1 factor in this analysis. A
probable interpretation for the 3 factor solution would be that the organic aerosol is divided into
(1) long-range transported anthropogenic pollution (OOA-2) and (2) highly oxidized BBOA
generated from Russian wildfires, and highly oxidized biogenic-related OA (OOA-1). In order to

avoid possible over-interpretation of the highly aged aerosol, only the OOA-2 factor and the
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(combined) OOA-1 factor are presented (The mass spectra can be found in the supplemental

material).
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Figure 3.1 Temporal variation of organic aerosol during HUMPPA-COPEC 2010. Top panel: Summation
of particle phase signals between m/z 150 and 500 measured by APCI-IT-MS (blue) vs. the total submicron
organic mass concentration measured by AMS (green). Middle panel: Two factor PMF analysis of AMS
data (OOA: Oxygenated Organic Aerosol, factor -1 and OOA-2, see text). Lower panel: Mass

concentration of functional groups measured by filter-FTIR.

The lowermost time series represents the different organic functional groups (alcohol,
alkane, non-acid carbonyl, amine and carboxylic acid), which were determined by filter based
measurements using FTIR.

Total submicron OM measured by FTIR (lower panel) varied substantially throughout the
campaign, with an average of 4.3 + 3.9 ug m™. The highest OM concentrations, 23 ug m™, were
observed with the arrival of aged biomass burning emissions from central Russia on day 222.
The lowest OM concentrations, roughly 0.4 pg m™, were measured on day 204 and 205, when air
masses arrived from northern Scandinavia and the Arctic Ocean. The organic functional group
composition was dominated by oxygenated groups, carboxylic acid (28%), non-acid carbonyl
(15%), and alcohol (15%) groups, consistent with the high O/C measured by the AMS. Despite
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the fluctuation in total OM, the fraction of oxygenated organic functional groups remained
frequently constant throughout the campaign.

The temporal resolution of the online measurements of the APCI-IT-MS and the AMS are 5
minute averages, AMS-PMF data are based on 30 min average intervals, and the average filter
sampling time for FTIR analysis is approximately 9 hours.

The red marked periods (a-d) in the top panel are 3-hour intervals — the respective average
APCI-IT-MS gas- and particle-phase mass spectra and the average chemical composition
measured by AMS are shown in Figure 3.2. These intervals were chosen to illustrate how mass
spectra of the gas- and particle-phase vary with different airmass histories. All four spectra are
averaged between 12:00 and 15:00h (UTC +2) of the respective day.

During () (day 199, 18.7.2010 12:00 — 15:00h, UTC+2), the back trajectory analysis
(Figure 3.3) indicates that the air masses arriving at the site were coming from the SW,
descending from higher altitudes over Sweden and the Baltic sea. Average submicron particulate
mass (PM) during this period was 7.2 pg/ma. The organic acid distribution in the particle phase
shows a bimodal distribution with maxima around m/z 200 and m/z 300, respectively. The
maximum at lower m/z ratios can be explained by the contribution of monoterpene derived
organic acids, which are mainly measured in the range below m/z 230. We assume that the higher
molecular weight compounds can be attributed to sesquiterpene oxidation products, aged
oligomers of low molecular compounds (isoprene, glyoxal), dimers of monoterpene oxidation
products or, most probably, a combination of these precursors. The m/z distribution in the gas
phase has its maximum on m/z 183. Generally, the gas phase spectrum during a, ¢ and d are very
equally distributed. The small signals in the m/z 370-390 area are most probably cluster artefacts
of smaller organic acids (e.g. 2-hydroxyterpenylic acid), as it was described by Claeys et
al. (2009). Although, the air masses during (a) were coming from SW and might be influenced
by Helsinki and Tampere pollution, the CO mixing ratio during this period was 103.8 ppbV,
distinctly below the mean campaign CO mixing ratio of 208.5 ppbV. This suggests that the air

masses are only marginally influenced by anthropogenic activities or biomass burning.
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Figure 3.2 Average composition of the gas- and particle- phase on four different days during HUMPPA-
COPEC 2010 (a-d, Figure 3.1) measured by APCI-IT-MS and AMS. Black carbon is not included in the

AMS pie charts but in the numbered submicron mass concentration.

On day 204 (b) (23 July 2010 08:00 — 13:00h, UTC+2), the sole new particle formation
(NPF) event during the campaign occurred. In general, during summertime, NPF occurs quite
rarely- annual variation of NPF peaks in spring and autumn (Dal Maso et al., 2007). Back
trajectory analysis of this day shows that air masses were coming from the Arctic region at high
altitudes, descending over the Gulf of Bothnia and then residing approximately 12 hours over the
Finnish boreal forest before arriving at the Hyytidla station. Hence, clean air masses coming from
the arctic region are favourable for NPF events during summertime, since the low number of pre-
existing aerosol particles does not provide sufficient surface for condensation of low volatile
species. This agrees with the observation made by Nilsson et al. (2001) who described a
prevalence for NPF occurring in clean arctic air masses. Such cold air outbreaks from the arctic
region form rarely during summer time. The average submicron particle phase concentration on
23 July 2010 12:00-15:00h was 0.97 pg/ms, and the nucleation event started in the morning
hours. The average CO mixing ratio was 78.2 ppbV — close to the minimum CO mixing ratio
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(77.5 ppbV) of the campaign, which was measured in the morning hours of the same day. The
average APCI-IT-MS gas phase spectrum shows a very weak signal of organic acids, e.g. on m/z
183 8700 counts — the campaign average on m/z 183 was 72000 counts. Thus, the signal
measured during (b) is only slightly above the instrumental background (~6700 counts, 3 X
standard deviation (SD) of the noise signal). The particle phase signals during the NPF event are

below detection limit, indicating the analytical limitations of the utilized setup.
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Figure 3.3 96 hours backward trajectory analysis of four different days (a-d) using the NOAA HYSPLIT
model. (a) to (d) refer to the average intervals in Figure 3.1 (arrival time 14:00 h (UTC+2) of the respective
day). The red star marks the SMEAR station at Hyytidla. MODIS fire data are 100% CI fire spots between

18.07.10 and 29.07.10. Land, borders and populated areas are based on Natural Earth shapefiles

(http://www.naturalearthdata.com).

Backtrajectory analysis of day 207 (c) (26 July 2010), indicates that air masses were coming
from NE situated at low altitudes for approximately 72 h before arriving at the Hyytiél& station.
Elevated CO levels (188.7 ppbV) are a hint for biomass burning influence and/or anthropogenic
pollution from the St. Petersburg region. Average PM1 was 14.3 ug/m? and the average mass
loading of sulphates 1.6 ug/m3, both unusually high for the SMEAR Il station. A bimodal
distribution with two maxima at ~m/z 180-190 and m/z 280-290 appears in spectrum (c), slightly

shifted towards lower m/z ratios compared to spectrum (a).
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Comparing the particle phase spectra (c) and (d) reveals that higher molecular compounds
account for a higher proportion of the total aerosol mass in (d) than in (c). The average spectrum
in (d) was measured during day 210- a period of strong influence from the central Russia
biomass burning events in the Nidzni-Novgorod region (Konovalov et al., 2011; Portin et al.,
2012). During this time (day 210, 29 July 2010) the highest aerosol mass was measured
(27.1 pg/m3  (non-refractory aerosol, AMS), 1.9 pug/mé black carbon (aethalometer)),
accompanied by the highest temperature (32.6 °C), lowest visibility and highest CO mixing ratio
(437.7 ppbV). PMF analysis shows the highest fraction of f44 (OOA-1). As has been shown by
Vogel et al. (2013), during this time the estimated sum of organic acids contribute more than the
campaign average to the total OA mass. The O/C ratio measured by FTIR, which can be regarded
as a proxy for the aerosol oxidation state, was 0.70 on this day, and thus above the average O/C
ratio of the campaign (O/C = 0.56). A similar aerosol oxidation proxy for the AMS data, the ratio
of signals in m/z 44 to m/z 43, also averages relatively high at 3.10 for the day in question,
compared to a campaign average of 2.34. Due to the strong influence of the biomass burning, it is
highly probable that the aerosol contains significant amounts of compounds which are, under
normal conditions, not present in boreal forest aerosol. However, the high contribution of organic
acids can be explained by the prolonged period of photochemical aging experienced by the
plume before arriving at the station. The back trajectories suggest that the emitted aerosol from
central Russia spent more than three days at low altitudes before arriving at Hyytiala without
encountering wet deposition. During this time, biomass burning markers, like levoglucosan and
other lignin derived organic compounds, can undergo strong heterogeneous oxidation and either
become volatilized, oligomerized or functionalized (Kroll et al., 2011). Functionalized (e.g.
carboxylic acid functionalities) compounds can then be detected in the negative ionization mode
of the APCI-IT-MS. Gas phase oxidation of additionally released VOCs through biomass
burning (Andreae & Merlet, 2001) and subsequent gas-to-particle conversion increases the
aerosol mass as the plume is transported to the SMEAR station. Kessler et al. (2010) illustrated
the significant volatilization during the oxidation of levoglucosan. In contrast to levoglucosan,
organic acids show little mass volatilization during heterogeneous OH oxidation, since the loss of
carbon is roughly equivalent to the increase of oxygen (Kessler et al., 2012). Therefore it can be
concluded, that the proportion of organic acids in biomass burning aerosol increases during aging
not only due to heterogeneous oxidation of the aerosol constituents but also due to the oxidative
volatilization of other non-acidic compounds. Lastly, it should be noted that the high temperature
and the biomass burning events during the summer 2010 can be regarded as an extreme anomaly,

compared to average boreal forest summer conditions (see Williams et al., 2011).
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3.3.2 Ambient monoterpene oxidation products compared to simulation

chamber ozonolysis of a-pinene and A°-carene

A detailed knowledge of the specific VOC emission pattern of the boreal forest helps to
understand the chemistry and the composition of the boreal forest aerosol. Therefore
measurements of ambient VOC mixing ratios, using Adsorptive Preconcentration followed by
Thermal Desorption-Gas Chromatography-Mass Spectrometry (TD-GC-MS), were carried out
during the HUMPPA-COPEC 2010 campaign. Those measurements showed that the mixing
ratios of the most abundant biogenic compounds (o-pinene, A®-carene, R-pinene) in ambient air
ranged between a few pptV and 1.5 ppbV (Yassaa et al., 2012).

Additionally, laboratory a-pinene and A3-carene dark ozonolysis experiments were
conducted in the laboratory for comparison with the ambient APCI-IT-MS data. The ambient
spectrum and the laboratory spectrum shown in Figure 3.4, focus on the range between m/z 160
and m/z 240, which includes the most important terpenoid acids. Although there is a certain
amount of OH radicals which are formed during the terpene ozonolysis, a recent study by Hall et
al. (2013) shows that the additional oxidation of a-pinene ozonolysis products by OH radicals
leads to the fragmentation of the dimeric products and an overall increase of the oxidation state.
Therefore we like to mention that the different oxidative environment between laboratory and
ambient air might result in different products which cannot be distinguished by the used method.

The ambient data are a three hour average of 26 July 2010 12:00 — 15:00 (UTC+2). The
partitioning of specific compounds between gas- and particle-phase during the campaign will be
discussed in chapter 3.3.5 — this chapter focuses on the discussion of the chemical composition.

Three main conclusions can be drawn from the pattern of the ambient mass spectra (Figure
3.4, middle panel):

(1) The regular pattern of A m/z 14 between the major signals in the particle phase can be
attributed to an increasing number of CH, groups in the carbon backbone. The gas phase does not
show this A m/z 14 pattern as clearly as the particle phase.

(2) The low signals on even m/z ratios can be attributed to **C-containing molecules since
the pattern follows the odd m/z pattern and ratios to the monoisotopic ion are within the expected
intensity distribution. However, the presence of nitrogen containing organic acids cannot be ruled
out since the instrumental ionization method might suppress compounds with a higher gas-phase
basicity.

(3) By comparing the gas- and particle-phase signal distribution in one peak cluster (e.g.
from m/z 176 to m/z 192), it becomes obvious that the maximum particle phase signals are

shifted towards higher masses.
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Figure 3.4 Top panel: Estimated average oxidation states (red circles) derived from oxidation states of

literature terpenoid organic acids (black diamonds, see Table 3.1). Middle panel: Average spectrum of

organic acids in the ambient air measured with APCI-IT-MS in the negative mode on day 207 (26 July
2010 12:00 — 15:00h (UTC+2)). Bottom panel: Average spectrum of laboratory dark ozonolysis

experiments with a-pinene and A%-carene.

The last observation can be explained by a different average carbon oxidation (0S.) state of
the respective compounds in one peak cluster, meaning that the maximum gas phase compounds
(e.g. all compounds on m/z 183) are on average less oxidized than the maximum particle phase
compounds (e.g. all compounds on m/z 187). Since 0S is strongly related to volatility, an
approach to determine 0S. from the measured ratio between the particle- and the gas-phase
signal (supplementary material) resulted in values between -1 and O (Figure 3.4, top panel). A
clear repetitive character of an increasing oxidation state in the three peak clusters < m/z 206 can
be seen. As it has recently been shown by ESI-UHRMS of filter samples from Hyytiald, 0S.
values of single compounds in ambient aerosol from Hyytidla fall in the range between -1 and 1
(Kourtchev et al., 2013). To which extent highly oxidized compounds (0S->0) contribute to the
total aerosol mass and how those compounds are formed, needs to be investigated in future

measurements.
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Table 3.1 Considered literature organic acids for the estimation of 0S,

compound elem. comp. miz ~ 0Ss.? PP/GP ° Reference
(IM-HT')

Norpinonic acid CoH1403 169 -0.89 6.6e-2 Yuetal., 1998
Norpinic acid CgH1,04 171 -0.50 9.4e-2 Hoffmann et al., 1998
Pinonic acid C10H1604 183 -1.00 4.2e-2 Yuetal., 1998

Pinic acid CyH1404 185 -0.67 1.9e-1 Yuetal., 1998
2-hydroxyterpenylic acid CgH 1,05 187 -0.25 4.3e-1 Claeys et al., 2009
Diaterpenylic acid CsH1405 189 -0.50 7.4e-1 Claeys et al., 2009
10-hydroxypinonic acid C1oH1604 199 -0.80 1.4e-1 Glasius et al., 1999
MBTCA CgH1,06 203 0.00 8.8e-1 Szmigielski et al., 2007
Diaterebic acid acetate CoH140¢ 217 -0.22 1.7e-1 linuma et al., 2009
Diaterpenylic acid acetate | CyoH1604 231 -0.40 2.7e-1 Claeys et al., 2009

2 after 0S; ~ 20/C — H/C (Kroll et al., 2011)
b PP: particle phase, GP:gas phase, average signal measured during day 207 (26 July 2010 12:00 — 15:00h (UTC+2)) (see supp.
mat. for estimation of avg. oxidation state of unattributed m/z ratios)

Comparison between the ambient gas phase spectrum (middle panel, Figure 3.4) and the
A’-carene- and a-pinene-ozonolysis spectrum (bottom panel, Figure 3.4), shows the same
number of peak clusters and that the peak cluster in the m/z 180 to 190 region is the most
dominant one. The spectral pattern of both monoterpene precursors in the laboratory (A-carene-
and a-pinene) are similarly distributed, which can be explained by the fact that ozonolysis of
different monoterpenes results in a highly similar product distribution (Glasius et al., 2000).
Furthermore, it can be seen that the ambient gas-phase spectrum is more similar to the chamber
spectrum than the ambient particle-phase spectrum. This is most probably because the aerosol in
the chamber does not undergo the same degree of heterogeneous aging as the ambient aerosol.

Although the spectra comparison might suggests that single species cause one m/z signal, the
main signals in the spectra cannot be attributed unambiguously to one certain compound. This is
due to the possible presence of isobaric compounds, and thus we cannot state with certainty how
much one compound contributes to one m/z signal. To give a concrete example: regarding only
a-pinene oxidation, several different compounds are formed, which have the same molecular
weight. E.g. the signal on m/z 185 can be assigned to cis-pinic acid (CgH140,). Cis-pinic acid is a
main oxidation product of a-pinene and B-pinene (Hoffmann et al., 1998; Yu et al., 1999; Glasius
et al., 1999). In addition, other isobaric organic acids like 10-hydroxynorpinonic acid and
4-hydroxypinalic-3-acid, formed in the a-pinene/ozone reaction, can contribute to the signal
m/z 185 as well (Yu et al., 1999; Jaoui and Kamens, 2003).
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Other mono- and sesquiterpene precursors form isobaric products, all consisting of CoH1404
as well, and thus contributing to the m/z 185 signal:

1. A3-carene forms 3-caric acid and OH-3-caralic acid (Yu et al., 1998; Ma et al., 2009),

2. limonene forms ketolimononic acid and limonic acid (Jaoui et al., 2006; Gomez-
Gonzalez et al., 2012),
sabinene forms sabinic acid and hydroxy norsabinonic acid (Yu et al., 1999),
myrtenol forms 9-hydroxynorpinonic acid (Glasius et al., 1999),

R-pinene forms homoterpenylic acid (Yasmeen et al., 2010),

o g~ w

R-caryophyllene forms 2-(carboxymethyl)-3,3-dimethylcyclobutanecarboxylic  acid
(Alfarra et al., 2012).

In total this results in twelve possible isobaric species in SOA with the elemental
composition of CgH1404, an indication of the complexity of the organic fraction of atmospheric
aerosols even under relatively well defined boreal conditions with minor anthropogenic
influences.

Furthermore, due to the unit mass resolution of the instrument used, it cannot be ruled out
that other non-isomeric compounds contribute to the m/z 185 signal as well, e.g. undecanoic acid
(C11H2,0,), or organic acids with the elemental composition of e.g. CioHi1303 or CgH1Os.
However, Warnke et al. (2006) showed by HPLC-(—)ESI-MS of filter samples from Hyytiala,
that 3-caric acid and cis-pinic acid are the most abundant organic acids on m/z 185 in the particle
phase of the boreal forest aerosol, which is in agreement with the previous assumption that
o-pinene and A*-carene are the major monoterpenoic precursors at Hyytiala.

Despite of the similarity between ambient and laboratory SOA, some minor signals only
appear in the ambient spectrum, e.g. m/z 177, m/z 191, m/z 193, m/z 207. To our knowledge
organic acids of these molecular masses have neither been found in ambient filter samples nor
have been predicted by chemical mechanism models. Either these signals are real, emerging from
unstable compounds, which cannot be captured by filter measurements, or these signals are
fragmentation or cluster artefacts generated during the online ionization process.

The ambient particle phase spectrum in Figure 3.4 (middle panel, blue bars) shows the
strongest signals on m/z 173, m/z 187, m/z 201, m/z 215 and m/z 229 - a the regular pattern of
A m/z 14 occurs. In the following discussion we want to focus on m/z 187, m/z 203 and m/z 231,
since compounds with a molecular weight related to these m/z ratios have been described in the
literature. As mentioned above, the higher partitioning of m/z 187 and m/z 203 to the particle
phase when compared to m/z 183 and m/z 199 can be explained by a higher oxidation state.
Compared to the rapid formation of first generation acids (m/z 183, e.g. cis-pinonic acid) in

chamber experiments, further atmospheric oxidation towards higher oxidized compounds takes
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minutes to hours. This is the reason why higher oxidized compounds are not observed in the
SOA chamber spectrum as strong as in the ambient spectrum.

Claeys et al. (2009) reported the measurement of 2-hydroxyterpenylic acid (MW 188,
CgH1,05) which was present in ambient PM 2.5 filter samples from a mixed coniferous/
deciduous forest 12 km NE of Antwerp, Belgium. Since this compound is not very abundant in
chamber generated a-pinene SOA, Claeys et al. suggested that it is formed via oxidation of the
first generation terpenylic acid. The high signal in the particle phase at m/z 187 might suggest
that the compounds contributing to this signal are less volatile than e.g. the dicarboxylic acid
cis-pinic acid (m/z 185). However, 2-hydroxyterpenylic acid is most probably more volatile than
cis-pinic acid as it possesses one carbon atom and one carboxylic acid group less. Another
identified carboxylic acid that would appear at m/z 187 is ketolimonic acid (CgH;,0s5), which
consists also of one carbon atom less than cis-pinic acid, but which contains two carboxylic acid
functional groups and one keto-function (Jaoui et al., 2006; Rossignol et al., 2012). Thus,
ketolimonic acid is approximately one order of magnitude less volatile than cis-pinic acid and
therefore might reasonably explain the high signal of m/z 187 in the particle phase. Furthermore,
Yasmeen et al. (2011) suggested hydroxylated norpinic acid as a possible compound at m/z 187,
however, unambiguous identification has not been made so far.

The signal m/z 203 can tentatively be assigned to the compound 3-methyl-1,2,3-
butanetricarboxylic acid (CgH1,0s, MBTCA), which forms during aerosol aging by gas phase
OH-radical induced oxidation of cis-pinonic acid (Szmigielski et al., 2007; Mueller et al., 2012).
Kourtchev et al. (2008) measured MBTCA concentrations based on filter sampling/LC-MS
measurements in the range from 1.6 to 99.3 ng/m2. The maximum value of m/z 203 during the
HUMPPA-COPEC campaign was measured on day 210. This confirms that MBTCA can be
regarded as an aerosol aging marker for biogenic SOA, since the backtrajectory on day 210
indicates several days of intensive photochemical aging over the boreal forest. MBTCA has a
high O/C ratio (0.75) and is expected to partition almost completely to the particle phase.
Nevertheless, a significant amount of m/z 203 was measured in the gas phase. Possible
explanations for this observation are isobaric interference of other more volatile organic
compounds (see chapter 3.3.3) and a biased partitioning due to an amorphous aerosol phase state
(see chapter 3.3.5).

In chamber studies of a-pinene and limonene ozonolysis, the signal m/z 231 has been
described by Warscheid and Hoffmann (2002), who suggest several highly oxidized products
with the composition of CioH160s. Claeys et al., (2009) propose diaterpenylic acid acetate as a
SOA tracer for a-pinene photooxidation, which has been measured in daytime PM 2.5 ambient
aerosol. Diaterpenylic acid acetate has also been identified as an oxidation product of 1,8-cineol
(linuma et al., 2009b).
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To conclude this section, it is worth mentioning that the structural identification becomes
more complex with increasing molecular mass and therefore it cannot be concluded with
certainty which exact compound contributes to which extent to the total signal at a specific m/z
ratio. However, having the possibility to perform in-situ MS? experiments of one selected m/z
ratio, which can comprise several different compounds, enables identification of the

fragmentation markers, and helps to elucidate the chemical structure of unknown compounds.

3.3.3 In-situ MS? measurements

Figure 3.5 shows the major neutral losses from four different m/z ratios measured in the gas
and particle phase during the HUMPPA-COPEC 2010 campaign compared to the neutral losses
of standard compounds of the same masses (m/z 167: vanillic acid, m/z 183: pinonic acid, m/z
185: pinic acid and m/z 203: MBTCA). The fragmentation was achieved by using the CID
(collision induced dissociation) mode, which briefly means that the target molecules of one m/z
ratio were isolated and subsequently fragmented by collisions with helium atoms inside the ion
trap. The measurements were carried out on 22 July 2010 13:20-15:20h (UTC +2) - air masses
during this period came from the south-west. The experimental setup did not allow for measuring
the fragmentation pattern of particle phase compounds exclusively. MS*fragments with a
relative intensity less than 10% (of the base peak) are attributed to the “other” bin. Specific
fragments which can be attributed to structural elements were included despite low intensities
(e.g. 15 Da loss due to a CHj; radical cleavage). In the supplementary material all measured MS?
raw spectra are depicted.

The difference between online MS? described here and offline MS? spectra after
chromatographic separation is that the online technique generates fragments of all isobaric
compounds present, whereas the offline technique generates fragments which can
unambiguously be assigned to one compound (assuming a complete chromatographic
separation). Yasmeen et al. (2011) recently published an overview of MS" spectra of several
terpenoic acids using HPLC-(—)ESI-MS" measurements of filter extracts (selected isobaric
compounds at m/z 183, m/z 185, m/z 187 and m/z 203). These spectra allow for unambiguous
differentiation between different biogenic organic acids. Typically, organic acids show the
neutral loss of water (18 Da) and CO, (44 Da) - which can be observed during both: online- and
offline MS?. However, other neutral losses which are more characteristic can help to confirm the
identity of known compounds or support the structural elucidation of unknown compounds. In
general, the MS?field spectra show many more fragments than during online MS%-studies of
terpene ozonolysis chamber experiments (Vogel et al., 2013) or after chromatographic separation
(Yasmeen et al., 2011).
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Figure 3.5 Neutral losses of four distinct m/z ratios during online MS? on 22 July 2010 13:20-15:20h (UTC
+2) compared with MS?-spectra of authentic standards of vanillic acid (m/z 167), cis-pinonic acid (m/z
183) and cis-pinic acid (m/z 185). The MS2spectrum of MBTCA (m/z 203) is taken from an ambient filter

sample measured with ESI-MS? after chromatographic separation.

Among others, one organic acid which contributes to the signal at m/z 167 is vanillic acid
(CgHgOy4). Vanillic acid has been described, among many other methoxyphenols, as a biomass
burning tracer (Simoneit et al., 1993), which can be directly emitted during burning processes or
formed through heterogeneous reaction of coniferyl alcohol and ozone (Net et al., 2011).
Justesen (2001) reported that the loss of 15 Da during MS? is a common neutral loss from
methoxy-phenolic structures and can be attributed to the cleavage of a CHs-radical from the
methoxy group. The standard MS?-spectrum of vanillic acid shows a stronger loss of the 15 Da
fragment, suggesting that other organic acids than vanillic acid contribute to the signal measured
on m/z 167.

Offline MS? spectra of the compounds on m/z 183, cis-pinonic acid and cis-caronic acid,

show that the strongest neutral loss is 44 Da and 72 Da, respectively (Yasmeen et al., 2011).
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Both neutral losses are observed in the online-MS? spectrum, especially the loss of 72 Da
contributes substantially, compared to the fragmentation pattern of other m/z ratios. However, the
72 Da fragment does not occur in the standard MS? spectrum of cis-pinonic acid, supporting the
fact that the 72 Da fragment originates from cis-caronic acid. This indicates a high abundance of
cis-caronic acid in the ambient aerosol. Furthermore, Yasmeen et al. did show by MS? analysis of
the fragment ions m/z 139 and m/z 111 that the strongest ion formed from both acids was
measured on m/z 57. This signal appears in the online measurements already during MS? (loss of
126 Da). This particular fragment was not measured at other m/z ratios and therefore can be
regarded as an unambiguous marker fragment for the identification of cis-pinonic and cis-caronic
acid. The neutral loss of 28 Da in the field experiment has not been described in the literature-
possible fragments are CO or C,H,. The authentic standard cis-pinonic acid shows a small signal
of the neutral loss of 15 Da, however, a reasonable fragmentation scheme explaining this

fragment would be speculative.
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Figure 3.6 Proposed MS? fragmentation mechanism of OH-3-caralic acid.

The most pronounced neutral losses of m/z 185 are 18 Da and 44 Da. Furthermore, the MS?
pattern shows a strong ion signal at m/z 97 (loss of 88 Da) which can be regarded as an evidence
for a dicarboxylic acid (cleavage of 2 CO,). This seems reasonable since cis-pinic acid, cis-caric
acid and limonic acid are dicarboxylic acids. Surprisingly, only limonic acid shows the signal m/z
97 in offline MS? (Yasmeen et al., 2011). As can be seen in Figure 3.5, the neutral losses of cis-
pinic acid are mainly water and CO,. However, another unique fragment in the ambient MS?
appears on m/z 115 (neutral loss of 70 Da) — it can be observed online and offline. Yasmeen et al.
suggested a McLafferty type rearrangement of ketolimononic acid resulting in the ion at m/z 115.
This indicates that limonic acid and ketolimononic acid are significantly abundant in the ambient

aerosol at Hyytidla. The loss of a neutral 28 Da fragment from the molecular ion m/z 185 might

63



3 Organic aerosol characterization in the boreal forest environment

be attributed to CO, and therefore a possible indication for semialdehydes, e.g. 4-hydroxypinalic-
3-acid (Jaoui and Kamens, 2003) or the A3-carene derivative OH-3-caralic acid (Ma et al., 2009).
Unfortunately, these compounds are not available commercially. One possible fragmentation
mechanism of OH-3-caralic acid is proposed in Figure 3.6, giving an explanation for the neutral
loss of 28 Da. All of the proposed fragments in Figure 3.6 can be found in the online MS?
spectrum of m/z 185, some of them only at low intensities (see supplemental material for the MS?
spectrum of m/z 185). If the semialdehydes partition to a high degree to the gas phase or if
oxidation during filter sampling occurs, it can be explained why the neutral loss of 28 Da has up
to now not been observed in MS? studies of ambient filter measurements.

The MS? fragmentation pattern of m/z 203 shows the strongest loss of water compared to the
pattern of the other m/z ratios. Due to the lack of a MBTCA standard, the shown reference MS?
spectrum refers to the measurement of an ambient filter after chromatographic separation.
However, the spectra shown are consistent with the observations made by Yasmeen et al., where
two different MW 204 compounds in ambient nighttime aerosol show the ion m/z 185 during
MS?. Offline MS® from MBTCA shows a weak signal on m/z 115 which corresponds to the loss
of two carboxylic acid groups, which was also observed during the ambient online MS?
measurement of m/z 203 (neutral loss of 88 Da). The loss of 28 Da indicates that further

unidentified organic acids might contribute to the signal on m/z 203.

3.3.4 Average OA molecular weight

Since a soft ionization process is used, which in general generates molecular ions, it is
obvious to use this information to determine the average molecular weight of the organic fraction
MW,,,, in the particle phase. The average molecular weight is of particular importance for the
calculation of gas-to-particle partitioning coefficients, as it was recently stressed by
Pankow (2011).

The average molecular weight in the particulate phase can be described by the number
average molecular weight MW, (Eq. (3.1)), or the weight average molecular weight MW, (Eq.
(3.2)), where N; is the number of molecules i (represented by the m/z-intensity) and M; is the

molecular mass of i (Kalberer et al., 2006).

SN, (3.1)
M, = XN
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Figure 3.7 shows a negative ion mode spectrum of the particle phase signal (90 min average)
during 29 July 2010 13:00-14:30 (UTC+2). In this particular spectrum the calculation of MW,
and MW, results in 454 g mol™ and 518 g mol™, respectively. It should be stressed that the figure
is not representative for the campaign average, but it indicates that OA components can exceed

500 Da significantly in transported plumes from biomass burning events.

Intensity (a.u.)

100 200 300 400 500 600 700 800
m/z

Figure 3.7 Average spectrum of compounds measured in the negative APCI mode on 29 July 2010 13:00-
14:30 (UTC+2) during a period influenced by the severe biomass burning in central Russia. M, is the

number average molecular weight and M,, the weight average molecular weight.

Using Eq. (3.1) to calculate MW,,,, of each scan and averaging the values over the duration of
the campaign results in MW,,,, ~ 300 g mol™, which is on the upper end of the range described by
Kiss et al. (2003). For simplicity, in the calculation of the campaign average MW,,,, the ideal case
that all ions are singly charged, do not fragment and have similar ionization efficiencies was
assumed. Furthermore, the calculation includes the assumption that the molar mass distribution
of the ions, which are formed in the negative mode, is equal to the molar mass distribution of all
compounds in the particle phase. The determination of MW,,, using mass spectrometry can be
seriously biased as is extensively discussed in the supplemental material. Nevertheless, Kiss et
al. (2003) demonstrated by using two different techniques for the determination of MW, ,
namely electrospray ionization mass spectrometry and vapor pressure osmometry, that both
techniques agree quite well with a slight shift towards lower values obtained with the MS
method.
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In previous field work by Williams et al. (2010) a MW,,, of 220 g mol™ was observed by
using TAG (Thermal Desorption Aerosol Gas Chromatograph). Kalberer et al. (2006) observed
MW,,,-values between 300 and 400 g mol™ in a smog chamber experiment with isoprene and a-
pinene by the use of MALDI-MS (Matrix Assisted Laser Desorption lonization-MS). This shows
that MW,,, is on average variable in the range between 200 and 400 g mol™. Under exceptional
circumstances (e.g. aged biomass burning aerosol) the average molecular weight can exceed this

range.

3.3.5 Gas-to-particle partitioning of organic acids

The modelled gas-to-particle partitioning of three distinct biogenic organic acids, which are
substantially different in their volatility, is represented by the solid lines in Figure 3.8. The
organic acids in question are cis-pinonic acid, cis-pinic acid and MBTCA, which are first and
second generation oxidation products from specific monoterpenes. Equation (3.3), based on the
partitioning model of Liang and Pankow (1996), was used to calculate the fraction in particle
phase f,,; of the compound i as a function of the mass concentration of absorptive particulate
matter PM (ug m®) and the partitioning coefficient k,; (m*ug™) of the compound i. To
determine f,; from the measurements, the signal of species i in the particle-phase F; was divided

by the sum of the gas-phase signal A; and the particle-phase signal F;:

P KpiPM (3.3)
P14 K,,PM Fi+ A

The equilibrium partitioning coefficient K, ; (m® pg™) (Eq. (3.4); Pankow, 1994) depends on
the fraction of PM that is organic matter f,,,, on the temperature T (K), on the average molecular
weight of the particulate organic matter MWW,,, (g mol™), on the activity coefficient y; (which
describes the non-ideal particle-molecule interactions) and on the pure liquid vapour pressure p7;
(Torr) of the respective compound i. R is the gas constant, 760 a pressure conversion factor and

10° a mass conversion factor:

« _ __Jom760RT (3.4)
DL MWymyipp 109
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To model the gas-to-particle partitioning of the compounds cis-pinonic acid, cis-pinic acid
and MBTCA, the partitioning coefficient of each compound(Ky pnoa, Kp,pnas Kpmerca) Was
calculated using Eq. (3.4) with the following parameters: the campaign average value f,,,,=0.64,
T=294 K, MW,,,=300 g mol™, y;=1, and the predicted vapor pressure at 294 K (see Tab. 1) using
the SIMPOL..1 group contribution method (Pankow and Asher, 2008). The organic matter factor
fom Was determined by dividing the campaign average of OA (AMS-data) by the total aerosol
mass incl. black carbon (AMS and Aethalometer). The resulting K, ; for the three acids are
shown in Table 3.2 and represented by the solid lines in Figure 3.8. The C;-value (ug m®) in
Table 3.2 is the saturation concentration, which is the inverse of the partitioning coefficient K, ;,

both describing the volatility of the compound i in a mixture (Donahue et al., 2006).

Table 3.2 Modelled and measured partitioning coefficients of three distinct organic acids.

Cis-Pinonic acid Cis-Pinic Acid MBTCA
p?; (Torr)?® 2.55x 107 4.28 x 10" 3.16 x 10
Ky (m®ug™’ 15x10° 9.1x 107 124
C* (ug m?)° 667 11 8.1x10°

m/z 183 Hyytiala m/z 185 Hyytiala m/z 203 Hyytiala

K, (m® pg*)° 3.6x10° 1.1x10? 4.9x10?

C* (ug m3)° 278 91 20

# predicted by the SIMPOL.1 model at 294 K (Pankow and Asher, 2008).
P based on a, campaign average values of f,,,=0.64 and MW,,,,=300 g mol™, T=294 K and y;=1.
¢ campaign average fit using Eq. (3).

The online partitioning measurements of the related m/z ratios of the three acids are
represented by one hour average points during the time when APCI-IT-MS and AMS were
running simultaneously. The corresponding PM values are averaged in the same time intervals
from AMS and Aethalometer data. All values below 0.7 pg m™ were taken out due to uncertainty
in the measurements. The resulting data points of each m/z ratio are fitted using Eq. (3.3). The
resulting K,,; values are stated in Table 3.2 and the fit of the partitioning data is represented by

the dotted lines in Figure 3.8.

67



3 Organic aerosol characterization in the boreal forest environment

0.9F

o
o)
T

°® m/z 203 Hyytiala
* m/z 185 Hyytiala
m/z 183 Hyytiala
—— MBTCA model
Pinic Acid model L
Pinonic acid model
-------------- fit m/z 203 Hyytiala
-------------- fit m/z 185 Hyytiala
.............. fit m/z 183 Hyytiala
Ketolimononic acid model

©
~

o
[}

o
s
|

fraction in particle phase
o
[&)]
T

o
w
T

o
N
T

0.1

107 10 10 10
PM/ pg’*m'3

Figure 3.8 Modelled (solid lines) gas-to-particle partitioning of three distinct organic acids versus the
measured (dashed lines) gas-to-particle partitioning of the respective m/z ratios. The model assumes
instantaneous partitioning (liquid particle phase). The measured data points are averaged on an hourly

basis. For clarity, separated m/z data points are shown in the supplementary material.

By comparing the model predictions with the measured m/z partitioning values, it can be
seen that model and observation do show the same trend in volatility from the highest volatile
cis-pinonic acid to the lowest volatile MBTCA. However, the huge offset between the
partitioning model and the measurements (especially for m/z 203) does not necessarily mean that
either the model or the measurement is wrong, because isobaric interference of more volatile
compounds on the same m/z ratio can shift the measured partitioning significantly. For example,
as it has been shown in chapter 3.3.3, the signal at m/z 185 does not only emerge from one acid.
Predicting the vapor pressure for the m/z 185 ketolimononic acid at T=294 K results in
P keToLmnoa= 3.1 X 10 Torr, suggesting that ketolimononic acid is almost one order of
magnitude more volatile than cis-pinic acid. The predicted partitioning of ketolimononic acid fits

well to the observations at m/z 185 as it is shown by the black solid line in Figure 3.8. Thus,
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isobaric interferences of organic species having different vapor pressures might be one
explanation for the observed differences between model and measurements.

Furthermore, the model assumes that the particles are in a liquid state and that all of the
particulate matter is involved in the partitioning and that equilibrium is reached very fast
(instantaneous equilibrium). However, recent studies indicate that ambient particles can occur in
a glassy or semi-solid state which implicates much slower diffusion exchange between the
surface and the inner core of a particle (Virtanen et al., 2010; Shiraiwa et al., 2011). Therefore,
the equilibration timescale of the partitioning of organic compounds between gas- and particle-
phase has to be taken into account, since the assumption of instantaneous equilibration can lead
to discrepancies in the mass distribution between gas- and particle-phase. Recently, Shiraiwa and
Seinfeld (2012) demonstrated that the gas-to-particle partitioning of semi- and low-volatile
compounds is far from equilibrium if the particle phase is in a semi-solid state. As a
consequence, the instantaneous partitioning model underestimates the concentration of low-
volatile compounds in the gas-phase by several orders of magnitude. In fact, our findings of
unexpected high gas-phase concentrations can also be interpreted as experimental evidence that
the aerosol during HUMPPA-COPEC was highly viscous and therefore the partitioning not
nearly in equilibrium. We are aware of the fact that the application of a water based concentrator
changes the gas-to-particle partitioning, however, the gas phase concentration was calculated as a
lower limit estimate (see supplementary material) and thus the partitioning might be shifted even
more towards the gas phase.

The observed scattering of the compounds around the fitted function in Figure 3.8 can be
explained by a varying f,,,-value. To illustrate the influence of f,,, on the partitioning, Figure
3.9 shows the signals of m/z 203 (30 min average) including the respective color coded f,,,
value, which was measured by AMS (and Aethalometer for BC) simultaneously. Using Eq. (3.4)
with f,,, =0.3 to 1.0 based on the basis of the fit of all measured data points with

PLm /2203=8-2 X 107 and f,,,=0.64 (campaign average), shows that the broad distribution of the

partitioning of one m/z ratio substantially depends on the f,,, value, as it is predicted by the

model.
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Figure 3.9 Measured gas-to-particle partitioning of m/z 203 with colour coded organic matter fraction. All
modelled functions are based on the average fit of all data points with the average campaign of f,,=0.64

and y=1. The measured data points are averaged on a basis of 30 minutes.

The remaining bias between model and observation can most probably be explained by non-
unity y;-values. If the activity coefficients is larger than 1, the particle phase is forced to separate,
due to e.g. non-solubility between polar and non-polar molecules. In turn, an activity coefficient
< 1 tends to stabilize the particle phase due to intermolecular binding forces. As it can be seen in
Figure 3.9, both phenomena can be observed. To explain the offset above f,,,=1, it is assumed
that the organic molecules are highly oxidized, so that they can build up strong intermolecular
binding forces (hydrogen bonding). Thus, the activity coefficient becomes < 1 and the fraction in
the particle phase increases. This is illustrated by the dashed red line which is based on f,,,=1
and y;=0.5. The other case is that the activity coefficient > 1 describes destabilizing forces such
as “salting out” effects, which results in a higher fraction in the gas-phase. The dashed blue line

(fom=0.3 and y;=2) shows this tendency pushing semi-volatile compounds into the gas phase.
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3.4 Conclusions

The organic aerosol composition during the HUMPPA-COPEC 2010 boreal forest field
study was presented with special attention towards the organic acid fraction. Good agreement
between online APCI-IT-MS and AMS and offline FTIR measurements was achieved.
AMS-PMF analysis indicated that the aerosol was highly oxidized, especially during the arrival
of an aged biomass burning plume from the Russian wildfires. During this biomass burning
plume, the soft ionization APCI-IT-MS measured high MW organic acids compounds up to
800 Da in the particle phase.

Comparison between laboratory experiments and ambient measurements showed that the
chamber generated a-pinene and A3-carene SOA is in terms of the mass spectral pattern more
similar to the ambient gas-phase than to the ambient particle-phase, most probably due to aging
processes of the particle phase in ambient air. Concerning the online identification of single
organic acid species, it has been shown that a first step to overcome the problem of isobaric
interference is utilizing the MS? technique, which can generate distinctive structural fragments.
Unattributed MS? fragments indicate the existence of unidentified compounds in the ambient
gas- and particle-phase at Hyytiala. Applying this technique in future field studies for measuring
MS" of either gas- or particle-phase solely, can resolve how far isobaric compounds partition to a
different extent between gas- and particle-phase due to different functionality / volatility. Further
improvement of this technique can open up the possibility of unambiguous online identification
and quantification of isobaric species in ambient organic aerosol.

It has been shown that the utilization of complementary online mass spectrometric
techniques, such as the combination of APCI-IT-MS and AMS, enables to determine the gas- to
particle-partitioning of specific m/z ratios at a high temporal resolution. It has been considered
that, despite the abundance of unidentified compounds, the phase state (and thus the equilibration
timescale) of aerosol particles might account for the high observed gas-phase concentrations of
low volatile organic compounds. Therefore, in future campaigns it might be essential to measure
the phase state of particles in order to study its effect on the partitioning of low volatile organic

compounds.
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Abstract. The prediction of the number concentration and physico-chemical properties of
atmospheric aerosol particles is a current scientific challenge in atmospheric science that requires
knowledge of the underlying physical processes and the involved chemical compounds. In this
work, we used different complementary online mass spectrometric techniques, such as
atmospheric pressure chemical ionization (APCI) mass spectrometry (MS) and electron impact
ionization (EI) aerosol mass spectrometry (AMS) to precisely measure submicron aerosol
composition at a rural mountaintop research station in central Germany. During a new particle
formation (NPF) event, the online APCI-MS detected signals of compounds with molecular
masses >250 Da. The analysis of co-located filter samples by liquid chromatography (LC)
coupled to ultrahigh resolution mass spectrometry (UHRMS) revealed that several signals can be
attributed to sesquiterpene oxidation products (e.g. CisH»4Os). Those compounds might be
important players in the initial particle growth and thus in the competition between growth and
loss due to coagulation of particles. Furthermore, the comparison between total submicron sulfate
and purely inorganic sulfate measured by AMS and ion chromatography, respectively, indicated
that occasionally inorganic sulfate accounts only for ~70% of the total sulfate. This led us to the
conclusion that ~30% of the sulfate is bonded to organic molecules. Simultaneous online APCI-
MS and filter LC-UHRMS measurements confirmed the significant presence of several
organosulfates (OS) and nitrooxy organosulfates (NOS). The MS based analysis together with
co-located CCN (cloud condensation nuclei) counter measurements allowed us to observe that
freshly formed aerosol particles and the bonding of sulfate to organic molecules leads to
significantly reduced hygroscopicity (k), compared to k-values that would be expected from the

organic fraction determined by AMS, solely.

4.1 Introduction

One of the major uncertainties in global climate models is the role of aerosol particles,
caused by their high spatial and temporal variation throughout the atmosphere (IPCC, 2013). The
ability of aerosol particles to indirectly influence the radiative budget of the planet by acting as
cloud condensation nuclei (CCN) requires insight into their sources, properties and
transformation processes (Andreae and Rosenfeld, 2008; Hallquist et al., 2009). It has been
shown that throughout the northern hemisphere, the organic fraction of submicron particles
accounts for 20-90% (Zhang et al., 2007) and that most of the particulate organic compounds are
secondary in nature (Jimenez et al., 2009). The highly diverse composition of the aerosols
organic fraction (Goldstein and Galbally, 2007) might conceal important interactions between the
chemistry and physico-chemical properties of submicron particles. It has been demonstrated that

the size of aerosol particles greatly affects their CCN ability (Dusek et al., 2006). However, there
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is strong evidence that the growth of particles to atmospherically relevant sizes is dominated by
organic compounds (Riipinen et al., 2012), but the underlying chemistry responsible for the
growth remains poorly elucidated.

Thanks to emerging analytical techniques, such as chemical ionization mass spectrometry
(CI-MS), that face the challenge of resolving the chemical complexity of the organic aerosol
(OA) fraction at low concentrations and high temporal resolution (Aljawhary et al., 2013; Lopez-
Hilfiker et al., 2013; Vogel et al., 2013a; Yatavelli et al., 2012; Holzinger et al., 2010), a more
detailed analysis of aerosol particles becomes feasible. Such elaborate analysis is necessary since
submicron OA cannot be regarded as one chemical class with uniform properties. Chemical
transformation of the organic fraction, also known as aging, can significantly alter the aerosols
physical and physico-chemical properties on short timescales. Oxidative aging processes can
occur in form of fragmentation, functionalization or oligomerization processes, of which the two
latter ones result in increasing aerosol mass (Kroll et al., 2011).

Aging processes appear to be highly diverse with regard to the phase where they take place:
Aging can occur due to reactive uptake of gaseous oxidants (heterogeneous aging) (Shilling et
al., 2007; George et al., 2007; Kessler et al., 2012; Zeng et al., 2013), due to repartitioning
following gas phase oxidation of semi-volatiles (condensational aging) (Robinson et al., 2007;
Donahue et al., 2012a; Tkacik et al., 2012; linuma et al., 2013) or due to condensed phase
chemistry such as oligomerization or organosulfate formation (homogeneous aging) ((Kalberer et
al., 2004; Offenberg et al., 2006; Mueller et al., 2008; Surratt et al., 2008; Ma et al., 2012).
However, the atmospheric implication such as the ultimate impact of different aging processes on
the CCN ability of submicron particles remains highly uncertain.

What has been demonstrated is that the organic mass fraction measured by Aerodyne’s
aerosol mass spectrometer (AMS) can be used to approximate the effective aerosol particle
hygroscopicity (e.g., Gunthe et al., 2011; Rose et al., 2011). Field measurement also have
demonstrated that particles show a reduced hygroscopicity and thus CCN efficiency during new
particle formation (Wiedensohler et al., 2009; Dusek et al., 2010) or during summer time along
with higher amounts of fresh organic emissions (Asmi et al., 2012), both indicating that oxidative
aging of organic precursors has an important effect on the particle hygroscopicity. Unfortunately,
AMS measurements barely account for the chemical complexity of the organic fraction, such as
the differentiation between inorganic sulfate and sulfate emerging from organosulfates (OS)
(Liggio and Li, 2006; Farmer et al., 2010). Thus, due to the occurrence of organosulfates,
measurements are not only biased regarding the ratio between the inorganic and organic fraction.
Also the O/C ratio, which is often used to parameterize the hygroscopicity of the organic fraction
(e.g. Chang et al., 2010; Lambe et al., 2011), would be systematically underestimated. Evidence

for the ubiquitous abundance of OS and nitrooxy organosulfates (NOS) has been provided in a
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variety of studies using different measurement techniques (Romero and Oehme, 2005; Reemtsma
et al., 2006; Surratt et al., 2007; Surratt et al., 2008; linuma et al., 2007; Kristensen and Glasius,
2011; Gomez-Gonzalez et al., 2012). Quantification of the contribution of organosulfates to the
total organic matter (OM) is a current challenge- average contributions vary between 5 to 10%
(Tolocka and Turpin, 2012), and upper-bound estimations amount up to 30% or 50% (Surratt et
al., 2008; Lukacs et al., 2009). Isoprene derived OS were detected also by online-MS techniques
in the free troposphere (Froyd et al., 2010) and in the south-eastern US (Hatch et al., 2011a).
Hatch and co-workers also have shown a strong diurnal cycle of the OS concentrations (Hatch et
al., 2011b), suggesting that different chemical pathways might be involved in the formation (e.g.
Lin et al., 2012 and references therein) and that meteorological conditions show a strong
influence on the concentration levels.

The objective of this work was to characterize the ambient organic aerosol fraction at a rural
mountaintop station using state-of-the-art analytical techniques. We used two complementary
online aerosol mass spectrometers, the AMS measuring the aerosol inorganic and organic
fraction and a chemical ionization mass spectrometer operating at atmospheric pressure (APCI-
MS) for measuring organic species which are ionized in the negative mode- both providing a
high measurement frequency. The APCI-MS technique allowed for measuring the extent of
aging by the ratio of two secondary biogenic organic acids. Semi-online ion chromatography was
applied for measuring the total inorganic sulfate to identify periods with organosulfates present
and to quantify the fraction of sulfate originating from organosulfates. Unambiguous
determination of the elemental composition of organic species (organic acids, organosulfates and
nitrooxy organosulfates) was achieved by the analysis of co-located filter samples using ultrahigh
performance liquid chromatography coupled to electrospray ionization ultrahigh resolution mass
spectrometry (UHPLC-ESI-UHRMS). Simultaneously, the effective particle hygroscopicity was
measured using a CCN counter in order to assess the relevance of particle age and chemical
composition on the cloud formation ability of submicron aerosol particles.

4.2 Experimental

4.2.1 Field site description

Measurements were conducted during the INUIT-TO campaign at the rural mountaintop
research station at Mt. Kleiner Feldberg, located in central Germany (Taunus Observatorium,
826 m a.s.l., operated by the Goethe-University/Frankfurt) in August 2012. The surrounding area

is dominated by Norway spruce, the large scale area to the north-west dominated by mixed
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forests and agricultural lands. To the north-west, the area is sparsely populated, whereas in the
south to south-east the heavily populated Rhine-Main area with the cities Frankfurt, Wiesbaden
and Mainz lies in a distance of approximately 30 km.

All measurements were arranged closely with the inlets at the same altitude and at a distance
of <10 m (Fig. S4.1) Exhausts of pumps were, after filtering and leading through activated

charcoal, released together in a ~20 m long and flexible tube towards the downwind side.

4.2.2 Online (—)APCI-MS

The setup of the online APCI-MS in conjunction with an aerosol concentrator (Geller 2005)
is described in detail by Vogel et al. (2013). Briefly the APCI-MS vaporizes an aerosol particle
stream in a heated ceramic tube (350 °C) and subsequent capillary discharge produces O, -ions
which act as the chemical ionization reagent for the vaporized compounds. Molecules which
have a higher gas phase acidity than O, (e.g. organic acids, organosulfates) become ionized by
proton transfer. The ionization is carried out at atmospheric pressure, thus the preservation of the
chemical structure of the analytes is achieved by the chemical ionization process and by
collisional stabilization.

Different to the described setup by Vogel et al. (2013), in this work the HEPA-filter/valve
setup between the concentrator and the APCI-MS was replaced by a charcoal denuder in order to
remove gaseous species (see Fig. S4.2). This procedure enables to measure more precisely during
low particle concentrations. Furthermore, 1 LPM of sheath air (Synthetic air, Westfalen) was
added to the ion source and the capillary temperature was set to 100 °C. Blank values were
measured daily by manually plugging a HEPA filter in front of the concentrator. The mean signal
height on each mass-to-charge ratio (m/z) during the blank filter intervals were linearly
interpolated and subtracted from the measured signal. Mass spectra were aquired between m/z 80
and m/z 500 and 200 micro scans were averaged into one recorded spectrum resulting in a

measurement frequency of approximately one mass spectrum per minute.

4.2.3 Offline UHPLC/(—)ESI-UHRMS/ data analysis

PTFE-coated quartz fibre filters (Pallflex T60A20, Pall Life Science, USA) were used for
sampling the excess PM 2.5 inlet air flow (~27.5 LPM) between 6 and 30 hours throughout the
campaign (Fig. S4.2). The filters were stored in glass vials at -18 °C until analysis. A field blank
sample was collected by placing a filter in the filter holder at the field site for approximately half

an hour without sample flow and applying the same extraction and analysis procedure in the
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laboratory. Depending on the sampled volume, one quarter or a half of the filter was cut into
small pieces and extracted with 1.5 mL methanol (HPLC grade) using a vortex shaker for 30
min. The extraction step was repeated twice with 1 mL of methanol and the combined extracts
were evaporated to dryness under a gentle stream of nitrogen at 30°C. The residue was dissolved
in 10% methanol solution and directly measured by LC-MS in order to avoid esterification
reactions.

The measurements were carried out using an UHPLC system (Dionex UltiMate 3000,
Thermo Scientific, Germany) with a Hypersil Gold column (C18, 50 x 2.0 mm, 1.9 um particle
size, Thermo Scientific). During the measurements the auto sampler temperature was set to
20 °C, the column compartment temperature was 25 °C. Eluent A (ultrapure water with 2%
acetonitrile and 0.04% formic acid) and B (acetonitrile with 2% ultrapure water) were used in
gradient mode with a flow rate of 500 puL/min. The optimized gradient was 1% B at 0 min, 1 % B
at 1 min, 20 % B at 2 min, 20 % B at 5 min, 30 % B at 6 min, 50 % B at 7 min, 99 % B at 7.5
min and 99% B at 8 min. The injection volume was 10 pL per run and each filter extract was
measured in triplicate.

High resolution mass spectra were obtained using a Q-Exactive mass spectrometer (Thermo
Scientific, Germany) equipped with a HESI (heated electrospray ionization) ion source at
120 °C. The HESI source was operated in negative ion mode with 60 psi sheath gas, 20 psi aux
gas (both nitrogen), 320 °C capillary temperature and -3.3 kV spray voltage. The full-MS mode
was used with a scan range of m/z 80 — 500 and a resolution setting of R=70000 at m/z 200. Mass
calibration was carried out using the Pierce ESI Negative Calibration Solution with additional
4-hydroxybutanoic-acid to calibrate for masses smaller than 250 Da.

The resulting data were analysed by the non-target screening approach using a commercially
available software (SIEVE®, Thermo Scientific). A threshold value of 1e5 counts in the two
dimensional space of retention time 0.7 — 7 min vs. m/z 80 to 500 of the LC-MS analysis of all
filter samples was applied. The software automatically searches for peaks above the threshold
value which are significantly different from the blank chromatogram. Furthermore, it assigns
signals emerging from isotopes and ion-clusters by the same retention time and exact mass
difference to the molecular ion compound. To the resulting list of the exact masses at a certain
retention time, the elemental composition was assigned by XCalibur 2.2 (Thermo Scientific)
using the following constraints: #%C: 1 to 45, #'H: 1 to 60, #**N: 0 to 10, #'°0: 2 to 45, #*'P: 0 to
2, #°S: 0'to 4 and #*Cl: 0 to 2 and a mass tolerance of 2 ppm. Resulting neutral formulas with
a non-integer or negative double bond equivalent (DBE) were removed. Chemically
unreasonable molecules involving several heteroatoms in one molecular formula or chemically
impossible O/C and H/C-ratios were sorted out as well. Additionally, the abundance and

intensity height of the *C isotopic peak was checked to finally verify the elemental composition
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attribution. Due to low intensities on filter #5, which was sampled during a nucleation event,

particular m/z ratios of the LC-MS data were analysed manually.

4.2.4 Aerosol Mass Spectrometer (AMS)

The submicron mass concentrations and size distributions of nonrefractory particulate
organic matter (‘organics’), sulphate (‘SO,’), nitrate (‘NO3’), ammonium (‘NH,’), and chloride
(‘ChI’) were measured with a C-ToF-AMS (compact time-of-flight aerosol mass spectrometer;
Drewnick et al., 2005). The C-ToF-AMS was connected to a PM1 inlet sampling approximately
2 m above the roof of the upper container (10 m above ground level). The particle size
measurement was calibrated using PSL particles at the beginning of the campaign, the ionization
efficiency (IE) was calibrated twice during the campaign with 400 and 450 nm NH4NO;
particles, the relative ionization efficiency for sulfate was additionally calibrated with (NH;),SO4
particles (RIE_NH, = 4.14, RIE_SO, = 0.47). Comparison of the total mass concentration
measured by the AMS added to the black carbon concentration measured by a MAAP to a PM1

measurement (Grimm EDM) yielded a collection efficiency (CE) of unity.

4.2.5 Monitor for Aerosols and Gases in Ambient Air (MARGA)

The MARGA system (Rumsey et al., 2013) is a commercialized version of the GRAEGOR
analyser developed by ECN, Netherlands (Brink et al., 2009; Thomas et al., 2009), and produced
by Metrohnm Applikon BV, Netherlands. The instrument was deployed inside a ventilated metal
cabinet on the roof of the observatory. The methodology and instrument description is contained
in references above and so a brief description of the method follows. The air sample was drawn,
at 1 m®> h™*, through a short, <25 cm length of high density polyethylene (HDPE) tube, through
Teflon coated PM10 cutoff cyclone into a wet rotating denuder (WRD). The WRD consists of
two concentric glass tubes wetted with IC grade water. The gases are efficiently denuded in the
WRD, but the low mobility of particles prevents them from diffusing to the walls of the WRD
(Wyers et al., 1993). The air sample then enters the steam-jet aerosol collector (SJAC) (Khlystov
et al., 1995) where the water soluble particle fraction is condensed using steam and collected.
The samples from both the WRD and SJAC are analyzed online every hour using both cation and
anion chromatography ion chromatography. The MARGA system commonly reports gas-phase
and particle-phase ammonium, calcium, sodium, magnesium, nitrate, nitrite, chloride and sulfate.
From concentrations of the ions, concentrations of ambient components may be inferred, e.g.

HCI from the gas-phase chloride signal. In some cases the analytical ion may result from more
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than one ambient species and care must be taken when interpreting MARGA signals (Phillips et
al., 2013), e.g. N,Os and HNO; can give rise to NOs in the gas-phase as measured during
INUIT-TO. The detection system is continuously calibrated by the use of an internal standard of
LiBr. In addition, before starting the ambient measurements standard solutions were injected to
check the retention times and the analytical system. The MARGA system measures very reactive
analytes and therefore care must be taken with the inlet systems as significant losses of gases
such as HNOs; can occur. Our inlet system including cyclone were cleaned after approximately 2

weeks of operation.

4.2.6 CCN counter

The number concentration of CCN was measured using a continuous-flow streamwise
thermal gradient CCN counter (CCNC), commercially available from Droplet Measurement
Technologies, Inc. (DMT, CCN-100, Roberts and Nenes, 2005). The instrument was coupled to a
Differential Mobility Analyzer (DMA, TSI 3071, selecting quasi-monodisperse aerosol) and to a
condensation particle counter (CPC, TSI 3762, detecting the number concentration of aerosol
particles (CN)) to measure size-resolved CCN efficiency spectra, i.e., the size-resolved fraction
of activated particles at a certain water vapor supersaturation (Frank et al., 2006; Rose et al.,
2008). The effective water vapor supersaturation (S) in the CCNC was alternately set to 0.1, 0.2,
0.3, 0.5 and 0.7%. It was calibrated regularly during the campaign with ammonium sulfate
aerosol particles applying the method described in Rose et al. (2008) (using Kohler model AP3).
The recorded CCN efficiency spectra (CCN/CN) were corrected for multiple charges, the DMA
transfer function, and different counting efficiencies of the CCNC and the CPC (Frank et al.,
2006; Rose et al., 2010). From the diameter at which the CCN efficiency spectrum at a certain S
reaches half its maximum value (activation diameter D,) the hygroscopicity parameter x was
calculated using Eq. 6 of Petters and Kreidenweis (2007). The x parameter can be used to
describe the influence of chemical composition on the CCN activity of aerosol particles. Its
values reach from zero for completely insoluble materials like pure soot or mineral dust to 1.28
for sodium chloride aerosol. Typical values for organic aerosol and ammonium sulfate are « ~
0.1 and ~ 0.6, respectively (Petters and Kreidenweis, 2007; and references therein). On average,

mixed aerosol of continental background tend to cluster around x ~ 0.3 (e.g., P6schl et al., 2009).

80



4.3 Results and Discussion

4.2.7 Mobile Laboratory (MoLa)

Additional particle, gas phase and meteorological measurements were performed by the
mobile laboratory (MoLa) which is described in detail by Drewnick et al. (2012). Briefly, the
particle size distribution between 6 and 560 nm (electrical mobility) was determined by a Fast
Mobility Particle Sizer (FMPS, Model 3091, TSI Inc., USA). For the mass closure of the
submicron particle population (see 4.2.4), the black carbon concentration was determined by a
multi angle absorption photometer (MAAP, Thermo Electron Corp., USA) and the total PM 1
mass by an environmental dust monitor (EDM, Model EDM180, Grimm Aerosoltechnik,
Germany). Oz, SO,, CO and NO, mixing ratios were recorded by the AirPointer (Recordum
Messtechnik GmbH, Austria), meteorological parameters by a WXT520 (Vaisala, Finland) met
station and the solar radiation by a CMP3 pyranometer (Campbell Scientific, Inc., UK).

4.3 Results and Discussion

4.3.1 Observation of ambient organic aerosol nucleating and aging

Simultaneously to the C-ToF-AMS measurements, the highly time resolved measurements
of the APCI-MS are depicted in the upper panel of Figure 4.1. The particle concentration during
the INUIT-TO 2012 campaign mass was strongly affected by the air mass history and
meteorological conditions (e.g. strong decrease in number and mass after the passage of a cold
front on 16 August 2012). From 22 August 2012 on, particle number and mass as well as ozone
and temperature ranged at very low values, since the air masses were transported rapidly from
the Atlantic.

4.3.1.1 Nucleation

It can very clearly be seen that several new particle formation (NPF) events occurred during
the campaign. The most prominent NPF event on 16 August was triggered by a cold front
(accompanied by precipitation) passing the station during the night. During the early stage of this
particular NPF event, the organic aerosol concentration ranged around 300 ng m™ (Figure 4.2).
Meanwhile, the APCI-MS measured signals above background levels despite the low mass
concentration. The mean intensity of the APCI-MS signal at mass/charge (m/z) 203 during the
particle formation event is one order of magnitude higher than the background signal (the time
when the aerosol was removed by a HEPA filter in front of the aerosol concentrator). The

occurrence (although we cannot quantify the concentration) of m/z 203 during the nucleation is
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surprising, since the most abundant compound at m/z 203 is the tricarboxylic acid MBTCA
(Szmiegielski et al., 2007) which is an established aerosol aging marker. With an approximated
vapor pressure of 2.7e-10 Torr (at 293.15 K) by the SIMPOL.1 model (Pankow and Asher, 2008)
and the occurrence during NPF, this compound might substantially enhance the growth of freshly
nucleated particles, especially because of its formation via gas phase oxidation of pinonic acid
(Pierce et al., 2011; Donahue et al., 2012a).

The high signals, which were measured by the APCI-MS but not by the AMS around
11:00 h, are caused by super micron particles, corroborated by aerodynamic particle sizer (APS)
measurements. In contrast to the AMS, the APCI-MS is not size selective, and thus measures the

bulk composition of particles that pass the PM 2.5 pre-separator.
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Figure 4.1 Temporal variation during the INUIT-TO 2012 campaign. The airmass histories were
determined by the 96h backtrajectory analysis using the Hysplit model (Draxler and Rolph, 2013). Blue
bars represent the passages of cold fronts. APCI-MS OAcids represents the PM 2.5 APCI-MS signals in
the negative ionization mode (which is dominated by organic acids) between m/z 150 and m/z 500. AMS

OA refers to the organic aerosol determined by C-ToF-AMS. The submicron aerosol size distribution was
measured by a fast scanning mobility particle sizer (FMPS). The aging proxy is derived from the APCI-
MS signal ratio m/z 203 / m/z 185 — a proxy for aging extent of secondary biogenic aerosol. Low values

indicate fresh biogenic aerosol, whereas high values indicate high oxidative aging of biogenic aerosol.
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Figure 4.2 FMPS number size distribution, APCI-MS (m/z 203) and AMS signal variation during the new
particle formation event on 16 August 2012. The raw data of the APCI-MS signal at m/z 203 are depicted
as light blue circles. The dark blue circles represent the blank signals at m/z 203, when a HEPA filter was

used to remove particles in front of the aerosol concentrator.

The average APCI-MS mass spectrum during the new particle formation event (average time
12:00 — 13:00 h, represented by the black bar in Figure 4.2) is compared to the average APCI-
MS mass spectrum of the entire campaign (Figure 4.3 A). The signal intensitiy distribution of the
campaign average spectrum shows a bimodal character. The base peak occurs at m/z 203 and the
highest peak of the larger mode at m/z 299. During the new particle formation event, this
bimodality cannot be observed- the base peak of the spectrum occurs at m/z 299. The
disappearance of the mode at smaller m/z ratios between the two mass spectra can be explained
by the partitioning theory (Pankow, 1994b), which implies that a species of a certain volatility

partitions with increasing particle mass to a greater extent into the particle phase.
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1 A APCI-MS campaign average spectrum [
Il APCI-MS nucleation event average spectrum (1 hr) | |
@ UHPLC-ESI-UHRMS chromatograms (Fig. 4)

iy
o
w

intensity / counts

100 150 200 250 300 350 400 450 500
mass / charge (m/z)

B Campaign average Nucleation event average
4.65 pg m 0.73 pg m>

55%

| I AMS organic Il AMS sulfate Il AMS nitrate AMS ammonium |

Figure 4.3 (A) The campaign average APCI-MS spectrum and a one hour average spectrum of the organic
aerosol during the nucleation event on 16 August 2012. The green marked signals refer to the LC-UHRMS
analysis (see Fig. 4.4) of the nucleation event filter (see Fig. 4.2). (B) Submicron aerosol composition

during the campaign and the nucleation event measured by the C-ToF-AMS.

Volatility of organic molecules is, beside their functionalities, also affected by their
molecular weight. Thus, it explains that the compounds of the smaller m/z mode are less present
in the particle phase during nucleation due to their semi-volatile character. However, those
compounds appear to be important for the growth of particles to larger sizes. AMS measurements
also show that the organic fraction (Figure 4.3 B) during the nucleation event is lower compared
to the campaign average- indicating that the growth of the particles is substantially driven by the

condensation of organic compounds.
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When using online CIMS techniques, one always has to keep in mind that signals can be
caused by molecular ion clusters. To address this issue, a filter which was sampled for 6 hours
solely during the nucleation event (Figure 4.2, blue bar) was analysed by LC-UHRMS in order to
confirm the existence of the compounds. According to the four highest APCI-MS signals during
the nucleation event (m/z 283, 299, 313 and 345), these nominal masses were checked for signals
in the LC-MS analysis. The chromatogram of the accurate mass at m/z 283.1555 can be
attributed to the elemental composition of CisH,4O5 (Figure 4.4 A). It shows the abundance of
five isomers which seem to be partly hydrophobic due to the relatively long retention time on the
reversed phase column. An oxidation compound of the sesquiterpene R-caryophyllene on this
accurate mass has been described by Chan et al. (2011), namely hydrated R-oxocaryophyllonic
acid. The abundance of five isomers suggests that different sesquiterpene precursors form similar
oxidation products. The estimation of the vapor pressure of the hydrated R-oxocaryophyllonic
acid by the SIMPOL.1 model results in 3.9e-12 Torr (at 293.15 K), thus two orders of magnitude
less volatile than the tricarboxylic acid MBTCA. This extremely low vapor pressure, combined
with the high abundance in the mass spectrum during new particle formation, makes this
compound an ideal candidate for the initial growth of sub-10-nm particles, possibly playing a
crucial role (due to the different functional groups) in the stabilisation of nano-clusters.

The extracted ion chromatogram (EIC) of m/z 299.1502 is shown in Figure 4.4 B. Three
distinct and chromatographically well resolved isomers can be observed. Although the intensities
are very low, the peaks show a very low standard deviation and are significantly different from
the field blank sample. According to the accurate mass, the elemental composition of the
compounds at m/z 299.1502 can be determined with high certainty to CisH»Q06. As it was
mentioned in the discussion of the m/z 283 compounds, an elemental composition with 15 carbon
atoms suggests that the observed compounds are oxidation products of sesquiterpenes (CisHa4).
To our knowledge, a molecule consisting of the elemental composition Cy5H»,0¢ has not been
observed in ambient nor in laboratory generated secondary organic aerosol so far. Since the LC-
MS analysis was conducted in the negative ESI-mode, this compound should contain at least one
carboxylic acid functional group. If we assume that the remaining oxygen atoms are due to two
hydroxyl- and two keto-functional groups (similar to the hydrated 3-oxocaryophyllonic acid), the

SIMPOL.1 model predicts an equilibrium vapor pressure of 1.7e-13 Torr (at 293.15 K).
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Figure 4.4 Extracted lon Chromatogramss (EIC / + 5 ppm) of the most significant abundant exact masses
on the depicted nominal masses in Figure 4.3 (m/z 283, 299, 313 and 345). The exact mass of 283.1555
refers to the molecular formula Cy5H,,05 (1.4 ppm), 299.1502 to Ci5H,406 (0.6 ppm),
313.1295 to Cy5H»,07 (0.7 ppm) and 345.1192 to C45H,,04 (0.3 ppm).

The two other marked high signals in the APCI-MS nucleation spectrum at m/z 313 and 345
do not reveal proper signals in the LC-MS analysis, although there is a broad enhancement in the
exact mass traces of m/z 313.1295 and m/z 345.1192 compared to the field blank samples. These
exact masses would refer to the elemental composition of C;sH,,0; and CysH»,0,, respectively.
One can imagine that the further incorporated oxygen is associated with a further reduction of the
vapor pressure and the presence of additional functional groups. Together with the high
abundance during the nucleation event measured by online APCI-MS, it can be concluded that

these observations are a strong evidence for the participation of sesquiterpene oxidation products
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in the initial growth of newly formed particles in a rural forested site in central Germany during

summertime.

43.1.2 Aging

Considering once again the achievement by the APCI-MS to measure signals on individual
m/z ratios throughout the campaign well above background levels, it opens up the possibility to
measure a new proxy of the aging state of biogenic organic aerosol (middle panel Figure 4.1).
This proxy is the ratio of two organic acids: the aging marker MBTCA (m/z 203) divided by the
first generation pinic acid (PA, m/z 185). It was first described by Miller and Hoffmann
(unpublished results) along with APCI-MS aging studies of a-pinene SOA at the large ambient
photo-oxidation chamber SAPHIR at Jilich, Germany. This proxy is especially suited for
measuring the extent of biogenic aerosol oxidation as these two acids emerge from monoterpene
oxidation. During the chamber experiment at Jilich, it was observed that the ratio steadily
increased during photochemical oxidation of a-pinene SOA, however, even after the two days of
aging in the chamber, the ratio was below unity. Such low values were not observed during the
entire field campaign, which indicates that chamber oxidation barely accounts for the oxidative
potential in ambient air. In principal, the ratio of those two acids can be determined by filter-LC-
MS as well, but as it is shown in Figure S4.3, the offline method shows by nature less temporal
variability and a systematic underestimation during periods with an increased aging ratio. In
Figure 4.1, the time series of this aging proxy clearly depicts that the aerosol during the
nucleation event is freshly formed- shown by a ratio of the two acids close to unity. From this
event on, the ratio m/z 203 / m/z 185 increases for almost 36 hours until it reaches the level from
the day before the passage of the cold front. On several days, the slope of the aging proxy shows
a diurnal pattern- increasing during daytime and decreasing during night time. In order to link
organic aerosol age to the aerosol hygroscopicity, we will address this parameterization and the
temporal fluctuation throughout the campaign in chapter 4.3.4 once again.
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4.3.2 Online mass spectrometry measuring organosulfates and nitrooxy

organosulfates

The time series shown in Figure 4.5A,C,E focusses on the second week of the campaign,
during which transient periods showed a strong bias between sulfate measuring instruments. As it
can be seen in Figure 4.5 A, the comparison of the AMS with the MARGA data indicate that the
AMS measures increased values of sulfate especially during the night of 21 to 22 August 2012.
This observation is a strong indication for the presence of organic bonded sulfate (0bS04) in the
ambient aerosol. The mass fraction of obSO4 of the total sulfate, which is determined by the
deviation from the 1:1 line in Figure 4.5 B, amounts up to 38% during the 22 August 2012. The
average of the mass fraction of obSO4 during the whole depicted period (20 — 27 August) is
10%.

The signal on m/z 97 of the APCI-MS measurements (Figure 4.5 C) can be assigned to
inorganic sulfate (HSO, ), and thus resolving the temporal variation of sulfate based on a higher
measurement frequency compared to the MARGA. Due to the preservation of the molecular
structure of OS in the chemical ionization process, the signal on m/z 97 is less affected by sulfate
originating from the fragmentation of OS as it is observed in the AMS measurements. Therefore
the APCI-MS m/z 97 time series represents more accurately the pure inorganic sulfate. Although,
the APCI-MS was not calibrated for sulfate during the campaign, the APCI-MS sulfate
concentration was calculated based on APCI-MS m/z 97 counts correlated to the MARGA
measurements of sulfate (R2=0.86, Fig. S4.4). On the basis of the higher measurement frequency
of the APCI-MS compared to the MARGA, the maximum fraction of sulfate bonded to organics
amounts up to approximately 50% during the event in the night of 22 August 2012. However,
due to the possibility of isobaric interference of other compounds than sulfate on APCI-MS
m/z 97, in the following analysis, the quantitative amount of obSO4 was determined by the

deviation between AMS and MARGA sulfate measurements.
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Figure 4.5 (A+B) Comparison of MARGA and AMS sulfate at one hour time resolution. (C+D)
Comparison of AMS sulfate and APCI-MS m/z 97, which is converted to sulfate concentration based on
the MARGA data (Fig. S4.4). The black lines in B and D represent the 1:1 line and the color codes time.
(E) APCI-MS m/z 294 was divided into the blue signal which is attributed to C,oH;yNO-S and the green

signal which is attributed to other isobaric interference. This attribution is derived from the black line in F,
which is the linear fit of APCI-MS m/z 294 vs. AMS organics when nitrate & sulfate were below 2 pg/ma3.
The white bars in E represent the filter LC-UHRMS analysis, showing the integral of all five C;qH;7,NO;S

isomers (see Figure 4.6).

The assumption of high concentrations of (nitrooxy) organosulfates ((N)OS), which is
concluded from the bias between AMS and MARGA sulfate measurements, is furthermore
supported by the time series of particular APCI-MS m/z ratios. Coinciding with the measured
divergence of sulfate during 22 August 2012, the signal of m/z 294 was strongly enhanced
(Figure 4.5 E). In previous studies, the nitrooxy organosulfate C;oH;7NO;S (295 Da) was
identified from filter measurements of ambient aerosols in a variety of studies (Surratt et al.,
2007; Surratt et al., 2008; linuma et al., 2007; Kristensen and Glasius, 2011; Yttri et al., 2011;
Lin et al., 2012; Lin et al., 2013). The molecular ion of this compound appears on m/z 294. The
filter/LC-UHRMS measurements indicate that other isobaric interferences can be observed as
well (Figure 4.6), which cumulate in the online APCI-MS signal at m/z 294. In order to estimate
the contribution of C;yH;7NO;S to the total signal of m/z 294, the signal of this particular mass-
to-charge ratio was correlated to the AMS OA signal when AMS sulfate and nitrate both were
below 2 pg/m? (since the occurrence of OS coincides with high nitrate and sulfate). The linear fit
of this correlation is represented by the black line in Figure 4.5 F. The assumption that all data

points above this line can be attributed to the NOS-compound C,,H;7NO-S, and all below to
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compounds other than the nitrooxy organosulfate, results in the NOS-attributed and non-NOS-
attributed (unattributed) time series in Figure 4.5 E. This time series clearly shows when the
transient periods with enhanced concentrations of the nitrooxy organosulfate CioH;7NO-S
occurred.

The unambiguous identification and proof for the presence of the nitrooxy organosulfate at
m/z 294 was achieved by analysing filter samples using LC-UHRMS. As it can be seen in the
lower panel of Figure 4.6, which is the average signal over the entire chromatogram of filter #12,
four major signals of a different elemental composition emerge at m/z 294. The peak of the
nitrooxy organosulfate CyoH;;NO,S is the most intense, and the chromatogram resolves the
presence of five different isomers of this elemental composition.

The relative variation of the integrated intensity of all five CyoH;;NO-S isomers between the
different filter samples is shown in Figure 4.5 E, represented by the white bars. Filter #12 and
filter #16 are showing the highest intensity, which is in agreement with the largest areas of the
NOS-attributed APCI-MS m/z 294 signal. A comparison of filter #13 and #14 reveals that filter
#13, which was sampled overnight, shows an increased signal of the NOS 294, whereas filter
#14, which was sampled only during daytime, does not. During this period, the online APCI-MS
depicts that there is almost no variation between night and day. A possible reason for this
observation might be that reactions on the filter proceed during the night-time sampling.
Therefore we avoid to draw conclusions in terms of quantitative interpretation of night- and
daytime filter samples, since the filter sampling can seriously be affected by (in this case night-

time-positive-) sampling artefacts.
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Figure 4.6 The chromatogram of the accurate mass at m/z 294.0656 resolves that five different isomers
occur on this exact mass. The UHPLC-ESI-UHRMS analysis separates four compounds on the nominal

mass at m/z 294 which cannot be resolved by the online APCI-MS.
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4.3.3 Composition group classification of organics by offline LC/ESI-
UHRMS and online APCI-MS analysis

The presence of five nitrooxy organosulfates of the elemental composition C;,H;7NO-S has
been demonstrated- now we provide evidence for a large number of other OS and NOS. The non-
target-analysis of the negative ion mode measurements resulted in 407 components occurring
above the signal threshold value of 1e5 counts. To 261 out of these 407 components, a molecular
formula with a mass deviation of less than 2 ppm could be assigned. The comprehensive list of
the 261 different compounds (156 different molecular formulas) is given in the supplementary
material (Table S4.1 a-d). All signals could be classified into CHO, CHNO, CHOS or CHNOS
subgroups. Some chlorine containing compounds were observed, but it turned out that those
signals emerged from chlorine adducts of other compounds. The functionalities of the four
subgroups cannot be retrieved from the elemental composition, but since it was measured in the
negative ionization mode, the CHO and CHNO compounds should contain at least one
carboxylic acid function, whereas the compounds from the CHOS and CHNOS group can also be
detected in the negative mode due to a R-OSOs;H moiety. This would involve organosulfates and
nitrooxy organosulfates belonging to the CHOS and CHNOS group, respectively. The
numerically largest group is the CHO-subgroup accounting for 35 % of all molecular formulas,
followed by the CHNOS subgroup with 26 %, followed by the CHOS-subgroup with 21 %. The
CHNO subgroup is the numerically smallest group accounting for only 18 % of all molecular
formulas.

The obtained information on the elemental composition by the LC-UHRMS analysis,
together with the temporal variation (between 20 August and 27 August) measured by APCI-MS,
was used to investigate the temporal correlation of CHO, CHOS and CHNOS subgroups (Figure
4.7). Representative for the CHO group we chose m/z 187 and m/z 203, for the CHOS group m/z
209 and m/z 279 and for the CHNOS group m/z 294 and m/z 296. A high temporal correlation
between different compounds suggests same sources or similar atmospheric formation pathways.
By comparing different m/z signals of the same group (e.g. m/z 209 vs. m/z 279), a high degree of
correlation can be observed (R%>0.92). From previous studies, it is known that the organic acid
CgH1,06 (m/z 203) and CgH1,05 (m/z 187) are of both biogenic origin (Szmigielski et al., 2007;
Yasmeen et al., 2012), which results in a high degree of correlation (R?=0.99). In contrast, the
correlation between the two CHO compounds CgH;,0¢ (m/z 203) and CqHsOs (m/z 193) is much
lower (R°=0.78) (not shown). The high DBE of the compound CyHsOs suggests that this
compound is aromatic in character. The aromatic character does not necessarily imply that this

compound is of anthropogenic origin. However, due to the lower coefficient of correlation
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compared to the correlation between other biogenic compounds, it can be stated that the
compound CgHsOs is most probably of anthropogenic origin.

During the transient periods with increased concentrations of sulfate, organosulfates (CHOS
group) show an increased signal compared to organic acids (CHO group) (Figure 4.7). Even
more pronounced is the signal of nitrooxy organosulfates (CHNOS group) versus the signal of

organic acids during the periods of elevated sulfate concentrations.
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Figure 4.7 Temporal correlation analysis of particular m/z signals measured by the online APCI-MS in the
time period between 20 August 2012 and 28 August 2012. The signals at m/z 187 and m/z 203 represent
the CHO group, m/z 209 and m/z 279 the CHOS subgroup and m/z 294 and m/z 296 the CHNOS subgroup.
It is referred to Table S4.1, showing that isobaric interference of compounds from different subgroups

were not detected above the threshold value of 1e5 counts by the LC-UHRMS analysis.

The observation that particular m/z ratios, which are classified to the same composition
group, show a high degree of correlation, whereas the correlation between different groups is less
pronounced, suggests the implementation of this analysis upon the whole measured mass range

by the APCI-MS in order to classify m/z signals into composition groups. Therefore, the squared
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correlation coefficient matrix for all m/z ratios (between m/z 80 and m/z 500) was calculated (Fig.
S4.5) (negative R-values were set to zero). In Figure 4.8 each R? of the nominal masses in the
range between m/z 150 to m/z 400 is plotted against m/z 203 (upper panel) and m/z 294 (lower
panel). In this figure it can be seen to what extent a signal of one particular m/z ratio is
resembling the temporal variation of m/z 203 (representing the CHO group) and m/z 294
(representing the CHNOS group), respectively. In order to draw firm conclusions, the temporal
correlation analysis was combined with the molecular composition information by the LC-
UHRMS analysis. Each signal in Figure 4.8 which is labelled by a color-coded circle, represents
one or more compounds which show a distinctive peak in LC-MS analysis. The color code
classifies the signals by their elemental composition group. Since the online APCI-MS is not a
high resolution mass spectrometer, compounds of a different molecular composition can coincide
at one m/z ratio (e.g. m/z 227, 266, 308).

What can be learned from this kind of analysis is that the majority of the measured signals
by the online APCI-MS can be attributed to compounds which were also detected by the LC-MS
analysis. As it can be seen in the upper panel of Figure 4.8, the majority of compounds belonging
to the CHO group are highly correlated to m/z 203 (R*>>0.95). In contrast, all CHO compounds
show a lower temporal correlation to the CHNOS-containing compound at m/z 294 (R?<0.85).
Furthermore, it can be seen that the greater the mass difference between a CHO compound and
m/z 203, the degree of correlation decreases. However, it cannot be stated that this is an effect
which displays the real atmospheric variability between different molecules, because at higher
m/z ratios the probability of isobaric interference increases, and thus minor contribution of other
isobar molecules might also be a reason for the decreasing correlation trend.

Regarding the correlation to m/z 294, it turns out that several different compounds of the
CHNOS group are enhanced during the period with high sulfate and nitrate concentrations, and
therefore show a high degree of correlation to the m/z 294 signal. Furthermore, it can be seen that
some CHNO-compounds show a higher degree of correlation than organosulfates from the
CHOS group (e.g. m/z 264, 278, 336, 348). This observation suggests that under the prevailing
conditions the CHOS compounds probably further react to from CHNOS-compounds.

Furthermore, this kind of analysis may shed light on the formation routes of terpene derived
0OS, which are not completely elucidated. The study by Minerath et al. (2008) revealed that the
rate of OS formation by alcohol-sulfuric acid esterification is kinetically insignificant under
atmospherically relevant timescales. Instead it was found that the reactive uptake of epoxides can
explain the formation of organosulfates (linuma et al., 2009a; Minerath et al., 2009). Despite this
finding, the formation of the most abundant nitrooxy organosulfate C,oH;;NO-S still cannot be
explained by the epoxide pathway, as it is discussed by Lin et al. (2012), and it stands to reason

that NO; night time chemistry might be involved. A consequence of the high correlation of other
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NOS to m/z 294 might be that the NOs night time chemistry is also an important formation
pathway for those compounds which in principal incorporate sufficient oxygen atoms necessary
to explain formation via the the epoxide pathway, but in fact are formed by via the NO; radical
chemistry.

Another interesting aspect is that the IEPOX-derived organosulfate CsH1,SO- (Surratt et al.,
2010; Hatch et al., 2011a) does not considerably contribute to the signal at m/z 215, but so do the
isobar organic acids CgH1,06 and Cy1oH16O5 resulting in a high correlation to m/z 203. The LC-
MS analysis indicates that the highly polar IEPOX derived OS CsH;,SO; elutes from the column
within the solvent peak, thus we do not rule out that this compound is an important compound in
the ambient aerosol at the Kleiner Feldberg field station.
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Figure 4.8 Temporal correlation analysis (20 to 28 August 2012) between the APCI-MS signals m/z 150 to
m/z 400 and APCI-MS m/z 203 (primarily CgH,04, upper panel) and APCI-MS m/z 294 (primarily
C10H17NO;S, lower panel). The identified molecular formulas by the LC-UHRMS analysis (Table S4.1)
are depicted as color coded circles according to the elemental composition group
(CHO, CHOS, CHNO or CHNOS).

What cannot be concluded from Figure 4.8 is a quantitative estimation of the OS and NOS
concentration, since it shows only the degree of the temporal correlation. However, elucidating
which OS (and NOS) compounds are the most abundant molecules and estimating the total

fraction of OS would be very valuable for assessing their atmospheric implications. Therefore, a
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period with low concentrations of (nitrooxy) organosulfates (low OS) was compared to the
period with enhanced concentrations of (nitrooxy) organosulfates (high OS) (Figure 4.9). The
average spectra of both periods were normalized on their base peak (m/z 203) and depicted on
top of each other (middle panel). It can be seen that m/z 97, 123 and 125 are strongly enhanced
during the high OS periods. The higher signal of m/z 97 and m/z 125 can be attributed to the
enhanced concentration of inorganic sulfate and nitrate (HSO, and HNO3;*NO; "), respectively.
The enhanced contribution of m/z 123 cannot be attributed with certainty (possible explanations
are the cluster ions CH3;NO,*NO;™ or C,H;NO*NO;). Furthermore, above m/z 200, many
signals emerge that are enhanced during the high OS period. In the lower panel of Figure 4.9, the
difference between the two normalized spectra is depicted. Again the LC-UHRMS results (Table
S4.1) appear in the spectrum as color-coded circles. Almost all m/z ratios related to CHOS,
CHNO and CHNOS compounds are increased during the high OS period. A two sample t-test
proves that the signals assigned to CHOS-, CHNO- and CHNOS-compounds are significantly

enhanced, compared to the CHO-attributed signals which scatter around zero.
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Figure 4.9 APCI-MS mass spectra comparison of periods showing low and high organosulfate
concentrations. The mass spectra in the middle panel are normalized on the base peak (in both spectra m/z
203). The undermost panel shows the difference between the two normalized spectra. The identified
molecular formulas by the LC-UHRMS analysis are depicted as color coded circles according to the
elemental composition group (CHO, CHOS, CHNO or CHNOS).
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The most pronounced difference between those two periods arises at m/z 294 and amounts
up to 20% increase during the high OS period. A variety of other (nitrooxy) organosulfates can
be observed in the spectrum, in total substantially contributing to the bias between AMS and
MARGA sulfate concentrations. Further strongly enhanced CHNOS compounds appear on m/z
292 and 308 which could be identified as C11H;9NOgS and C13H,;NOsS by the LC-MS analysis.
This probably implies that not only monoterpenes (Ci,-compounds) are involved in the formation
of organosulfates.

In order to estimate the average molecular weight of the organosulfates (OS and NOS), all
signals which are confirmed by LC-UHRMS as CHOS- or CHNOS-compounds are used for the
calculation of the number weighted average molecular weight (MW,,). Of course, using MS
techniques for measuring MW, can only provide a rough estimation, since the different
molecules can be substantially different in their ionization efficiency (Vogel et al., 2013b;
Kalberer et al., 2006; Kiss et al., 2003). However, MW, of the CHOS-assigned signals solely
results in 258 g/mol and MWW, of the CHNOS-assigned signals results in 320 g/mol. The vast
majority of CHOS and CHNOS compounds incorporate only one sulphur atom. If we assume
that this sulfur is incorporated into the molecules by a sulfate group, the average molecular
weight of the organic part of the CHOS molecules would refer to 161 g/mol (258 g/mol — 97
g/mol). We obtain the same result for the CHNOS compounds: 320 g/mol — 62 g/mol — 97 g/mol
= 161 g/mol. Using this average molecular weight of the OS’s organic moiety, it is possible to
calculate the organosulfate fraction contributing to the total OA. The mean sulfate concentrations
determined by AMS and MARGA during the high OS event are 4.9 and 3.2 pug/m?, respectively.
Thus, the amount of sulfate which is bonded to organics is 1.7 pg/m® translating into 17.3
mmol/m®. Using 161 g/mol as an average molecular weight of the organic moiety of
organosulfates, results in 2.8 pg/m® OA due to organosulfates. The average OA during the high
OS event is 6.1 pg/m®, thus 46% of the OA signal would be caused by organosulfates. However,
it has to be emphasized that the APCI-MS obviously does not to measure all organosulfate
species, since a strong deviation between MARGA and AMS sulfate was observed also during
the night of 23 August, which cannot be explained by enhanced APCI-MS mass traces. We
assume that small organosulfates decompose during the APCI ionization (e.g. isoprene or glyoxal
derived organosulfates (Surratt et al., 2010; Galloway et al., 2009). This fact would shift the
average molecular weight towards lower values, resulting in a lower contribution of OS to total
OA. Thus, the contribution of 46% organosulfates to the total OA mass has to be regarded as an
upper-limit estimation.

To conclude this section, the extremely high OS-fraction in OA is a current best estimation
of a transient event and further studies are needed in order to investigate the fraction and

frequency of the occurrence of organosulfates. The application of online high resolution mass
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spectrometric techniques, which are able to resolve e.g. the isobar compounds CyoH;;NOS and
C1oH17NOg at m/z 294, will contribute to a better understanding of this subject. Furthermore,
authentic standards or at least adequate surrogate standards are needed in order to quantify the

organosulfate fraction more reliably.

4.3.4 Impact of oxidative aging and organic bonded sulfate on particle

hygroscopicity

As the submicron aerosol during the campaign has been characterized in detail, the impact of
the chemical composition on the effective hygroscopicity (k) of the CCN active particles was
investigated. We hypothesize that particles, which contain high amounts of sulfate that is bonded
to organic molecules, show a decreased hygroscopicity compared to particles in which sulfate
appears to be purely inorganic. Decreased values of k, caused by a high fraction of organic
bonded sulfate (fons04), Can be counteracted by a highly aged organic fraction. Therefore we
estimate foys04 Dy the difference between MARGA and AMS sulfate (Figure 4.10 D) and the
particle aging state by the ratio of the APCI-MS signals m/z 203 / m/z 185 (Figure 4.10 C).

In contrast to the work by Gunthe et al. (2011) and Dusek et al. (2010), the following
analysis focusses only on the k parameter derived from CCN measurements performed at the
lowest supersaturation (S=0.11%), which is most closely representing the aerosol bulk
composition. The composition of smaller diameters (k derived from higher supersaturations) was
not considered because the utilized instruments, which provide a more detailed picture of the
organic fraction (APCI-MS and MARGA), are not capable to measure size resolved chemical
composition. At the supersaturation of S=0.11%, the critical particle diameter for CCN
activation, which is used to derive k, was observed to be in the size range of 120 to 220 nm
(predominantly in the range 130 to 180 nm), whereas for larger supersaturations the activation
diameters were much smaller. Depending on D, (at S=0.11%), the size resolved chemical
composition by the C-ToF-AMS was hourly averaged and calculated for the size bins between
120-150 nm (for D,<150 nm) and between 150-180 nm (for D,>150nm). An average density of
1.5 g/lcm® was assumed in order to calculate the electrical mobility into the vacuum aerodynamic
mobility. The size resolved NH, concentrations were calculated from the SO, and NO;

concentrations under the assumption that the aerosol was fully neutralized.
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Figure 4.10 (A) Size resolved aerosol chemical fractions determined by C-ToF-AMS. (B) x, values which
are determined from the CCNc measurements at the lowest supersaturation of $=0.11%. k;, was calculated
from the Gunthe et al. (2011) parameterisation. (C) Biogenic aerosol aging proxy m/z 203 / m/z 185 at the
temporal resolution of the CCNc measurements. (D) Fraction of organic bonded sulfate determined by the

difference between MARGA and AMS sulfate measurements.

Figure 4.10 B clearly depicts that the predicted k-value (calculated from the AMS fractions
by the Gunthe et al. (2011) parameterisation) fits very well to the observed k, between the 13
August and 19 August, despite a short period on 14 August where the predicted k-value (i)
underestimates the actually measured value of k,. During 18 August foyso4 IS increased to 30%,
and coincidently «;, is slightly larger than k,. The largest offset between measured and predicted «
can be observed from 22 August on, when the fy,s04 Was continuously high and the organic
aerosol sparsely aged. To recall the observations from previous chapters, the highest fraction of
organosulfates was measured by the APCI-MS during the night of 22 August. Thus it emerges
that if the highly hygroscopic sulfate and nitrate is bonded to monoterpenes, that are sparsely

hygroscopic, the resulting total hygroscopicity appears to be lower from what would be expected
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by the AMS measurements. This implies that chemical reactions between anthropogenic
inorganic emissions and biogenic organic emissions results in less hygroscopic particles,
compared to the oxidation pathways leading towards pure sulfuric acid particles and organic
oxidation products. To which extent these inorganic/organic interactions influence the indirect

cooling effect of anthropogenic SO, emissions has to be evaluated in future studies.
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Figure 4.11 The size resolved AMS organic fraction vs. the effective hygroscopicity parameter «, 0f CCN
active particles at S=0.11%. The size of the data points represents the fraction of organic bonded sulfate
and the color the extent of the aerosol age (blue: fresh aerosol, red: aged aerosol). The orange and blue line
represent the parameterisation of k derived from f,. The shaded area represents the uncertainty of the fo.-

derived parameterisation.

In Figure 4.11, the size resolved organic fraction is plotted against the measured k, at
5=0.11% as in the previous work by Gunthe et al. (2011) and Dusek et al. (2010). The APCI-MS
aging proxy (Figure 4.10) and the fraction of sulfate that is bonded to organics is depicted by
colour and size coded data points, respectively. It can clearly be seen that the measured « agrees
with the AMS dependent parameterisation when the fraction of organic bonded sulfate is low and
the aerosol moderately to highly aged (represented by small reddish points). However, the
parameterisation is not applicable with decreasing aerosol age (blue to green points) and/or an

increasing fraction of organic bonded sulfate (large points). The observed overestimation of «k by
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the AMS-parameterisation can, under certain conditions, be larger than 0.2 and thus significantly
different from the uncertainty of the measurements. Most of the data points that show a reduced
k are affected by both chemical effects: sparsely aged and a high fysos. However, a few data
points suggest that aging effects alone can explain a reduction of k of more than 0.1. Vice versa,
two data points show high fy,s04 and are highly aged, but appear below the expected k-values. To
conclude, one can estimate that both effects have significant influence on the hygroscopicity, but
for a more thoroughly analysis of the chemical effects, future studies which are based on larger

data sets are required.

4.4 Conclusions and outlook

We have demonstrated that the utilization of comprehensive analytical techniques
contributes valuable insights in the chemistry of organic aerosols during new particle formation
and helps to understand the hygroscopicity behaviour of CCN-active particles. It is incontestable
that the size of aerosol particles is the most important variable in determining the CCN activity of
aerosol particles. However, the size distribution is affected by (1) the number of pre-existing
particles on which low volatile compounds can condense on and (2) chemical reactions of the
aerosol constituents such as aging or oligomerization processes. Therefore, it is crucial to
understand the formation and particle growth processes which seem to be governed by the
condensation of highly oxidized organic acids, whose formation pathways remain largely
unidentified. The determination of the molecular formula by ultrahigh resolution mass
spectrometry of a nucleation event filter, suggests that the oxidation products of sesquiterpenes
(e.g. C15H240s) are due to their low vapour pressure key players in the growth of newly formed
clusters, and possibly important for the stabilization of sub-3-nm clusters due to several different
functional groups.

Secondly, it has been shown that high amounts of a variety of organosulfates and nitrooxy
organosulfates were observed by online APCI-MS and co-located filter sampling for UHPLC-
ESI-UHRMS analysis. During a particular night time event, the fraction of organic bonded
sulfate (fonsos) Was determined to be larger than 30%. Periods of a large fonsos also occurred when
APCI-MS measurements did not indicate high amounts of (nitrooxy) organosulfates, suggesting
that certain organosulfates cannot be measured by the APCI-MS method. Thus, further
development of ambient ionization techniques is needed in order to make labile organic
compounds accessible by mass spectrometry. Since the chemical composition of large particles is
not seriously affecting the CCN-destiny of a particle (because larger particles are already

activated at lower supersaturations) it should be an analytical aim to achieve size resolved
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chemical analysis of particle sizes where chemical composition can become the crucial factor

whether a particle grows to a cloud droplet or not.
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The field application of a soft ionization mass spectrometric technique for the analysis of
organic compounds that form stable negative ions has been demonstrated within this thesis. Due
to low particle phase concentrations of organic compounds in the ambient environment, the
aerosol was enriched prior to the MS by using a miniature versatile aerosol concentration
enrichment system (mVACES). It has been demonstrated, that the application of the concentrator
enriches the aerosol mass by approximately one order of magnitude which allows for the
operation of an APCI-IT-MS at ambient concentration levels.

The application of the system in a field study at the boreal forest research station in Hyytiala,
Finland, facilitated the quantitative measurements of the gas-to-particle partitioning of organic
acids. In-situ MS/MS studies revealed the occurrence of isobaric compounds which can show a
significantly different partitioning behaviour. For example, evidence for two isobar compounds,
pinic acid and ketolimononic acid, was provided by MS/MS experiments of m/z 185. These
compounds have the same elemental composition, but contain different functional groups, hence
affecting the vapour pressure which results in a different partitioning behaviour of up to one
order of magnitude. This observation demonstrates that solely the information on the elemental
composition is not sufficient to reliably predict gas-to-particle partitioning. Moreover, it was
found that the partitioning of low volatile organic compounds (LVOCs), such as a tricarboxylic
acid, which are expected to partition completely into the particle phase, occurred to a large extent
in the gas phase. MS/MS spectra of this compound showed the minor abundance of other
isobaric compounds. Hence, it was concluded that this partitioning behaviour results from the
large aerosol equilibration timescales that can be caused by (1) continuous production of the
LVOCs in the gas phase or (2) a semi-solid phase state of the particles that reduces bulk
diffusion, resulting in a decreased uptake of low volatile compounds into the particle phase.

As the partitioning of oxidation products between the gas and particle phase can
significantly affect the particulate mass and thus the size of atmospheric particles, it is important
to clarify those micro-scale processes through observations. The approach of measuring the
partitioning of single molecular compounds presented within this work is promising. Associated
uncertainties through the application of the aerosol concentrator can easily be reduced by the
application of state-of-the-art mass spectrometers that are more sensitive and therefore making
the concentration step obsolete. Modern MS techniques can provide information of the molecular
composition through high mass resolution and precision as well as provide insights into the

molecular structure of the analytes through the in-situ MS/MS capability.
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Within the field study at the Mt. Kleiner Feldberg, Germany, high molecular weight compounds
were observed by the online APCI-MS during a new particle formation event. Co-located filter
sampling allowed for the determination of the elemental composition of single organic
compounds that occurred during nucleation. The observation that organic compounds which
appear during nucleation incorporate 15 carbon atoms, suggests that oxidation products of
sesquiterpenes are involved in the growth of newly formed particles. The high average oxidation
state of the observed compounds indicates that their vapor pressure is low enough to participate
in nucleation processes.

Furthermore, evidence for the abundance of organosulfates during particular periods could also
be demonstrated by the applied complementary MS techniques. The effect of oxidative aging and
of the occurrence of organosulfates on the particle hygroscopicity has been investigated. Further
field and laboratory measurements are necessary in order to examine to which extent the
occurrence of organosulfates can alter the hygroscopicity of particles. Estimations from the field
observations show that the hygroscopicity parameter kappa can be decreased by ~0.2 when a
large fraction of sulfate is chemically bonded to organic molecules. The formation mechanisms
of organosulfates also need to be investigated in future laboratory studies, since their formation
can largely increase the particle mass of organic aerosols.

This thesis has shown that the application of complementary mass spectrometric techniques
within field studies enables to gain detailed insight into the chemical composition and
transformation processes of atmospheric aerosols. The application at different environments,
such as in the tropics, in the marine boundary layer or at semi-arid regions might shed light into
the variety of unknown but atmospherically relevant chemical species in organic aerosols.
Further long-term field deployment of online soft ionization techniques is important to study
seasonal cycles of ambient aerosol composition. The application in urban areas for the
investigation of the atmospheric degradation of pollutants can reveal new findings that are
closely related to human health issues. Further improvement of soft-ionization methods is also
needed in order to investigate those compounds by online mass spectrometry that usually

undergo fragmentation upon heating.
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“In-situ submicron organic aerosol characterization at a boreal
forest research station during HUMPPA-COPEC 2010 using soft and
hard ionization mass spectrometry”

Alexander L. Vogel, Mikko Aijélé, Ashley L. Corrigan, Heikki Junninen, Mikael Ehn,
Tuukka Petdjd, Douglas R. Worsnop, Markku Kulmala, Lynn M. Russell, Jonathan Williams and

Thorsten Hoffmann

1. AMS Positive Matrix Factorization Spectra

As it was described in the manuscript, the AMS factor analysis (Corrigan et al., 2013)
resulted in a three factor solution (FPEAK=-0.4). Factor OOA-1 comprises two merged factors
having high f44, since both factors had a very similar temporal behavior, uniform mass spectra
and showed similar correlation to auxiliary measurements. The factor OOA-2 shows high 43

and was higher during the beginning of the campaign (see Figure 1).
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Figure S3.12 Mass spectra of AMS positive matrix factorization solution
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2. Estimation of the average Oxidation States
The average molecular oxidation state 0S. (Kroll, 2011) in the top panel of Fig. 4 was
estimated for all signals in the range between m/z 163 and m/z 237 in the following practice: The
average oxidation states of biogenic organic acids in this mass range which are described in
literature (Tab. 2) were calculated after Eq. (S1) (Kroll et al., 2011):
0S.=20/C-H/C (S1)
For those acids, the ratio between particle phase (PP) and gas phase (GP) was calculated,
based on the average of the measurements on 26 July 2010 12:00 — 15:00h (UTC+2) (the average
mass spectra of this period are shown in Fig. 4, middle panel) and then plotted against 0S. (Fig.
S2) with
Q = PP/GP. (S2)
A single term exponential fit resulted in R?=0.55, and was used to determine the OS,. of all
unattributed m/z ratios resulting in the red circles in the upper panel of Fig. 4. This approach does
not account for the fact that multiple organic acids appear on one m/z ratio, however, it nicely
illustrates the repetitive character of an increasing oxidation state within the discussed mass
range. This approach cannot be applied on a broader mass range, since the volatility is not only

governed by the oxidation state but also by the molecular mass.

e it. organic acids (Tab. 2)
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Figure S3.13 Exponential fit to determine the average oxidation state in Fig. 4
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3. Online MS? spectra

For completeness, all online-MS? spectra, recorded during the HUMPPA-COPEC campaign
on 22 July 2010 13:20-15:20h (UTC +2), are depicted in the following table.
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m/z 245
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4. Average molecular weight determination

As it is mentioned in chapter 3.3.4, the determination of the average molecular weight can
be seriously biased by the following phenomena: The determination can lead towards an
underprediction of MW,,,, by multiply charged ions, fragmentation of the ions or by a higher
ionization efficiency of low molecular weight compounds (Kiss et al., 2003; Graber and Rudich,
2006). MW,,,, can be biased towards an overprediction caused by a higher ionization efficiency
of high molecular weight compounds, mass discrimination effects of small m/z ratios or by
cluster formation.

Stenson et al. (2002) showed by the use of an ultra-high mass resolution technique (ESI-
FTICR-MS) that virtually all ions formed from humic and fulvic acid standards were singly
charged. Testing several organic acids in the mass range of 120-200 Da in the laboratory
supported these findings.

Concerning the issue of fragmentation it has to be distinguished between heat induced
fragmentation and fragmentation due to the ionization process itself. Caldwell et al. (1989)
described the thermal decomposition of small dicarboxylic acids (malonic acid and succinic acid)
at temperatures as low as 120 °C. In this work, the signal of ions < m/z 150 have low intensities
compared to higher masses. Besides the fact that small dicarboxylic acids decompose very fast,
those small weight acids are also affected by mass discrimination effects in the ion optics. These
effects depend on the RF-voltage of the ion optics and can vary with different settings (e.g. the
width of the spectrum). Aufmhoff et al. (2011) stated a mass discrimination effect of < 2
comparing m/z 125 to m/z 160 for an identical constructed ion trap. Since small weight
dicarboxylic acids were described as the most abundant species in OA at a semiurban site
(Khwaja, 1995), the thermal decomposition and mass discrimination effects of those small
weight dicarboxylic acids might bias the picture of organic acids in the particulate phase
substantially towards higher masses. Regarding the decomposition rate during the ionization
process itself, it is commonly known that chemical ionization at atmospheric pressure is one of
the techniques showing the smallest decomposition rates. Actually, the APCI technique shows
less fragmentation than CI (which operates at a lower pressure regime), because the proton
transfer in the ion/molecule reaction can leave an amount of internal energy in the product ion,
which is sufficient for fragmentation of the product ion (Bartmess, 1989). At atmospheric
pressure, the product ion can be stabilized rapidly by transferring the internal energy in a
collision with a neutral molecule (Mitchum and Korfmacher, 1983).

Furthermore, the fragmentation of higher molecular weight compounds is different from
small molecules. In short: Reemtsma and These (2003) showed that fragmentation of high
molecular weight compounds is accompanied by hydrogen shifts, leading up to unity of the
odd/even (or M/M+1) distribution. The mass spectral pattern below m/z 200 in Fig. 4 does show
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only a slight evidence for a biased odd/even distribution. E.g. the ratio of m/z187 to m/z 188 is
0.14. The 95% confidence interval (n=16 scans) of this ratio ranges from Cg (0.09) to Cy4 (0.18)
compounds. Since a Cy4-carboxylic acid with the mass of 189 Da is not reasonable, a possible
explanation might be that hydrogen atoms shift due to fragmentation, or organic compounds
including nitrogen. However, the upper limit value of 0.18 is still far away from unity, and thus
fragmentation of higher molecular weight compounds, which is accompanied by hydrogen shifts,
seems not to be a major issue.

Finally, the major uncertainty in predicting MW,,, is based on different ionization
efficiencies of different organic compounds. This seems reasonable since different carboxylic
acids do show a strong variation in gas-phase acidity, which results in compound dependent
ionization efficiency. Unfortunately, the affinity between the negative ion O, and the analyte
molecule cannot be assigned to certain chemical properties or to functional group contributions
(Sekimoto et al., 2012) and further fundamental studies on the ionization process at atmospheric

pressure are needed.

5. Gas-to-particle partitioning

As mentioned in the text, the gas-phase concentration might even be higher than observed,
since the application of the water based concentrator might result in an underprediction of water
soluble gas-phase species due to diffusive losses in the saturator. These losses in the gas phase
(app. 30 %) were not taken into account in calculating the partitioning between gas and particle
phase.

Furthermore, the behavior of semi-volatile compounds in the condenser is highly uncertain-
nevertheless, for the calculation of the partitioning it was assumed that the semi-volatile acids in
the gas phase condense onto the particle surface and thus get enriched as strong as the particle
phase compounds while passing the virtual impactor (see Vogel et al. 2013 or Geller et al. 2005).
This assumption leads to a lowermost estimate of the gas phase concentration of the semi-volatile
compounds. However, future measurements of the gas-to-particle partitioning are needed in

order to better understand the impact of the phase state of organic aerosols.
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Figure S4.1. Field Site during INUIT-TO 2012 campaign at the Taunus Observatorium (826 m a.s.l.).
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Table S4.1a. CHO containing organic compounds on filter samples during Inuit-TO 2012 determined
by UHPLC/(-)ESI-UHRMS.

measured elemental mass deviation /

m/z [M-H]” composition ppm DBE 0S¢ retention time / min literature

157.0507  C;H10s 0.305 3 -0.29 1.60 Gomez-Gonzales 2012
157.0871  CgH1Os 0.461 2 -1.00 2.16 Kourtchev 2013
1710664  CgHyOs 0.397 3 -0.50 0.86; 1.90 Claeys 2009; Hoffmann 1998
1730456  C;Hi10s 0.019 3 0.00 113 Bateman 2012
1750613  C;H1,0s 0.133 2 -0.29 1.14

1830664  CoHyOs 0.480 4 -0.44 2.10

1850457  CgHi0s 0.288 4 0.00 2.46

1850820  CoHiO4 0.420 3 -0.67 1.80; 1.92; 2.18, 2.29 e.g. Yu 1998
187.0614  CgH1,0s 0.231 3 -0.25 1.39; 1.64; 1.79 %i?f&osc'risnggzlfonza'ez
189.0407  CiH106 0.945 3 0.29 115,153

189.0770  CgH1Os 0599 2 -0.50 141 Yasmeen 2012
1930144  CoHeOs 0.381 7 0.44 1.95

199.0619  CoH1,0s 1.021 4 0.22 272

201.0411  CgH1Os 1.287 4 0.25 1.03;1.63

2010771 CoH1Os 0613 3 -0.44 154;1.92: 1.99 linuma 2013, Kahnt 2013
203.0563  CgH10s 0.437 3 0.00 175 Szmiegielski 2007
203.0927  CoHisOs 0.754 2 -0.67 1.72;2.06

2050719  CgHi1O6 0.335 2 -0.25 1.29; 1.59 Shilling 2009
2130775  CyHuOs  1.001 4 -0.40 1.96; 2.06 Kahnt 2013

2150567  CoH1,06 1.063 4 0.00 152;1.78 Hamilton 2011
2150926  CiHiOs  0.108 3 -0.60 2.23:2.36 linuma 2013, Kahnt 2013
2170719  CoH1Os 0.408 3 -0.22 1.84; 1.97: 2.07; 2.39 linuma 2009

227.0567  CyHuOs  0.875 5 0.00 152

227.0928  CuHiOs  0.939 4 -0.55 1.99; 2.15: 2.22

2290717  CyHuOs  -0.486 4 -0.20 1.72;2.15 linuma 2013, Kahnt 2013
2291082  CuHiOs  0.363 3 -0.73 2.59; 2.79

231.0875  CiHiOs  0.340 3 -0.40 239 Claeys 2009

2330670  CoH1O» 0575 3 0.00 1.44

2331032  CiHiOs 0508 2 -0.60 159; 1.74

2410510  CuHiOs 0821 10 -0.14 4.42

2411085  CpHigOs 0718 4 -0.67 234

2430876  CuHiOs  0.117 4 -0.36 1.99; 2.67

2450667  CiHuO;  0.098 4 0.00 1419

2451031  CuHiOs  0.320 3 -0.55 1430

247.0825  CiHiO;  0.259 3 -0.20 162

2561242 CiHpOs  0.953 4 -0.77 2.91; 4.07 Chan 2011

2571398  CiHpOs  1.100 3 -0.92 4.97

250.0824  CuHiO;  0.208 4 -0.18 1425

2501188  CuHxOs  0.167 3 -0.67 1530

2711190  CuHyOs  1.027 4 -0.62 2.48

2711555  CuHnuOs  0.859 3 -1.00 2.84 Chan 2011

2730982  CpHyO; 0783 4 -0.33 1228

2731346 CuHpOs  0.909 3 -0.77 1.7-40

2751139  CuHxO;  0.886 3 -0.50 1.0-30

2750775  CuHiOs  1.052 4 0.00 08-25

2831555  CisHaOs 0.611 4 0.93 g:gg; 4.05,5.17,5.54; Chan 2011

285.0981  CiHiO; 0575 5 -0.31 1330

2851346  CuHpOs 0731 4 0.71 1540 Chan 2011

2871138  CuHxO; 0745 4 -0.46 1232

289.0931  CpHiOs  0.862 4 0.17 1228

2891295  CiHpO;  0.843 3 -0.62 1530

2991138 CuHxO; 0447 5 -0.43 1535

299.1502  CisHpuOs  0.629 4 -0.80 2.0-4.0

301.0930  CiHigOs 0529 5 -0.15 1.0-3.0
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301.1294 C14H207 0.511 4 -0.57 1.5-4.0

303.1087 C13H200s 0.426 4 -0.31 1.0-3.0

313.1295 Ci5H2,07 0.651 5 -0.53 1.5-4.0 Chan 2011
313.1661 C16H2606 0.984 4 -0.88 6.71

315.1089 C14H200s 1.013 5 -0.29 1.5-3.0

317.1243 C14H2,0s 0.250 4 -0.43 1.2-35

329.1243 Ci15H2,0s 0.210 5 -0.40 1.5-35

331.1037 C14H2009 0.709 5 -0.14 1.0-3.0

* not found by SIEVE® due to bad chromatographic separation, but peak intensity was >1e5 counts (used peak threshold
value)
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Table S4.1b. CHNO containing organic compounds on filters samples during Inuit-TO 2012 determined
by UHPLC/(—)ESI-UHRMS.

measured

elemental

mass deviation /

m/z [M-H]” composition ppm DBE retention time / min  literature
154.0147 CeHsNO,4 0.708 5 251 Mohr 2013
168.0304 CsH;NO, 0.53 5 2.32 linuma 2010
182.0097 C7HsNOs 0.794 6 2.33

194.0097 CgHsNOs 0.281 7 2.55

198.1138 CiHi7NO;  0.673 3 2.02

200.0931 CoHisNO,  1.093 3 152

206.1191 CioHiyNO,  0.184 5 3.08

218.0308 CsHgNO; 0.528 4 2.28

224.1294 CioHigNO;  0.728 4 3.08

227.0312 CeHsN.Os  0.884 6 3.46

230.0461 C12HgNO, 0.474 9 6.91

232.0466 CgH1:NO; 0.496 4 2.46

239.0312 CoHgN.Os  0.505 7 2.95

248.0414 CeHuNOs  0.284 4 2.04;2.33

252.1091 CoH19NO; 0.535 1 1.49

261.0152 CuHeN,Os  -1.836 10 175

264.0727 CoHisNOs  0.267 3 2.55

266.0522 CgH13NOg 0.435 3 1.49;2.09 Surratt 2006
271.0422 CeH12N,O1p  0.599 2 523320349 253,

271.1670 Ci3H2N.O,  0.773 3 173

275.0307 CioHgN,Os  -0.87 10 2.06

278.0883 CiHi7NOg  0.505 3 2.34

288.1460 CisHsNOs  1.108 3 2.94

292.0680 CioHisNOy  1.218 4 2.96

293.0256 CeHioN0yp  -1.221 5 1.76

302.1617 CuH2sNOs  0.858 3 2.23

308.0992 CuHioNO 1.025 3 3.30; 3.46; 5.10

336.0936 CioHigNOyy  1.134 4 2.47

336.1306 CisHsNOy  1.087 3 2.34

339.1049 CuH20N;05  0.153 3 4.61;4.94,6.22

348.1303 C1H2sNOy  -0.128 4 2.33 Chan 2011
366.1417 CuH2sNOy,  0.439 3 2.75

372.2393 CioH3sNOs  0.481 3 6.68

397.1472 C14H26N01;  0.295 3 6.21;6.82

403.2458 CioH3eN.O;  0.112 3 6.84
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Table S4.1c. CHOS containing organic compounds on filters samples during Inuit-TO 2012 determined by
UHPLC/(-)ESI-UHRMS.

measured elemental mass deviation /

m/z [M-H]  composition ppm DBE retention time / min  literature
167.0385 CsH1,04S -0.017 0 1.80; 1.92; 2.22 Lin 2012
195.0700 C7H1604S 0.651 0 4.63
209.0134 CeH1006S 0.852 2 0.88; 1.07
209.0497 C7H1405S 0.586 1 1.65;1.92 Lin 2012
209.0855 CgH1504S 0.751 0 6.69
211.0284 CeH12,06S 0.843 1 1.14;1.25; 1.57
225.0442 C7H1406S 0.835 1 1.72 Nguyen 2012, Lin 2012
235.0655 CoH1605S 1.031 2 1.63; 2.00; 2.25; 3.53  Surratt 2008, Kristensen 2011, Lin 2012
2370442 CeHuOGS 0497 9 1.03: 1.54: 1.59 SS:II’-I’Z&H 2008, Altieri 2009, Nguyen 2012, Lin
239.0233 CHLOS 0558 2 0.62: 0.72: 1.06 ggir;\tt 2008, Altieri 2009, Nguyen 2012, Lin
linuma 2007, Surratt 2007, Surratt 2008,
2490811 CaoMiOsS  1.575 2 26 Kristensen 2011, Yttri 2011, Lin 2012
2510600 CoH106S 0589 9 193 SS:II’-I’Z&H 2008, Altieri 2009, Nguyen 2012, Lin
253.0393 CgH1407S 1.396 2 1.30; 1.44; 1.82 Surratt 2008, Altieri 2009, Nguyen 2012
253.0762 CoH1506S 0.979 1 2.63; 2.95 Lin 2012
263.0965 C11H200sS 0.807 2 6.91 Yttri 2011
265.0399 CoH1,0,;S 0.805 3 1.21;1.44;1.71; 200 Nguyen 2012
267.0186 CgH1,08S 0.819 3 0.72;1.41 Nguyen 2012
1.59; 1.68; 1.72; Surratt 2008, Altieri 2009, Nguyen 2012, Lin
267.0548 CoH1607S 0.873 2 1.97:2.41 2012
267.0919 CiH20sS  1.826 1 2.48 Lin 2012
269.0344 CgH1408S 1.259 2 1.17;1.39
269.0714 CyH150,S 2.056 1 1.55;1.85
Surratt 2007, Surratt 2008, Altieri 2009,
279.0549 Ci1oH160;S 1.194 3 1.27;1.87 Kristensen 2011, Yttri 2011, Nguyen 2012,
LeClair 2012, Lin 2012, Lin 2013
281.0336 CoH1408S 0.814 3 1.68; 2.03; 2.17 Nguyen 2012
. . Surratt 2008, Altieri 2009, Nguyen 2012, Lin
281.0715 C1oH1507S 1.541 2 1.50; 1.95; 2.02 2012, Lin 2013
295.0871 CuHx0;S  1.807 2 2.25 Lin 2012
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Table S4.1d. CHNOS containing organic compounds on filters samples during Inuit-TO 2012 determined
by UHPLC/(—)ESI-UHRMS.

measured

elemental

mass deviation

m/z [M-H]  composition / ppm DBE retention time / min  literature
238.0758 CsHi7NOsS  0.644 1 1.70
241.9983 CsHsNOsS 0.702 2 1.30; 1.44; 1.65; 2.08 Lin 2012
252.0918 CoH19NOsS 0.807 1 1.44
260.0084 CsHUNOS 0135 1 153 ggiréatt 2007, Surratt 2008,Altieri 2009, Lin
266.1074 CioHNOsS  1.027 1 2.45
284.0091 C;H1:NOyS 0.758 3 1.77
292.0868 CuH.NOgS  1.399 3 2.01

. . . . Surratt 2007, linuma 2007, Surratt 2008,
294.0659 CwHiNO;S  1.409 3 g'ég’ 582,6.12,6.37;  Atieri 2009, Kristensen 2011, Yitri 2011, Lin

’ 2012, Lin 2013

. Surratt 2008, Yttri 2011, Kristensen 2011, Lin
296.0450 CoHisNOsS  0.877 3 2.29;2.68 2012, Lin 2013
300.0340 CisHuNO,S  0.361 11 247
3049936  CsHN,OuS 0.876 2 ;'ggf ;'gg; 208, 2.17; Ng 2008, Surratt 2008, Altieri 2009, Lin 2012
306.1022 CpHxuNOS  0.616 3 233
308.1543 CisHzNOsS  0.886 1 3.09
310.0610 CioHiNOsS  0.902 3 2.43: 2.64: 2.88: 3.21 gg;rzatt 2007, Surratt 2008, LeClair 2012, Lin
312.0404 CoHisNOsS  1.426 3 2.02;2.28 Surratt 2008
312.0768 CioH1sNOgS  0.992 2 2.81 Lin 2012
324.0399 CioHisNOsS  0.417 4 2.37 Surratt 2008

. Surratt 2007, Surratt 2008, Kristensen 2011,
326.0560 CioH17NOS  1.089 3 1.92;2.17 LeClair 2012, Lin 2012
328.0352 CoHisNOyS  0.977 3 2.05; 2.23; 2.36; 2.74
330.0146 CsHiNO;S  0.745 3 1.24;1.72
338.1287 Ci3HsNO,S  0.751 2 1.92
340.0350 CiHisNOwS  0.178 4 2.42

1.96; 2.03; 2.83; 2.92; Surratt 2008, Altieri 2009, Kristensen 2011,

3420503 CioHiNOwS  0.644 3 3.30. 3.40 LeClair 2012, Lin 2012
349.9790 CsHgN3013S  0.654 3 6.13; 6.20 Ng 2008
355.0461 C1oH1sN2010S  0.99 4 6.9 Surratt 2008, Lin 2012
3730559  CiHiN:0nS 0554 3 gg; 273,3.1,33L g ratt 2008, Kristensen 2011, Lin 2012
374.2014 CigH3sNOsS  0.462 3 6.7
376.2167 CisHssNOsS 0513 2 6.97
387.0360 CioH16N201,S  0.600 4 6.75 Surratt 2008
390.0180 CyoH17NO1;S, 0.885 3 2.5
390.1964 CisHiNOGS  0.765 3 6.6; 6.9
392.2121 CisHssNOS  0.888 2 6.52
404.1755 CisH3:NO,S  0.282 4 6.65; 6.85
408.2068 CisHssNO;S 0229 2 6.91
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C. List of related publications and presentations
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