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Zusammenfassung

Zusammenfassung

Die vorliegende Dissertation befasst sich mit der Entwicklung und Optimierung neuartiger
lonisationsmechanismen in der Einzelpartikel-Massenspektrometrie (SPMS). Diese Technologie
ermoglicht in Echtzeit die massenspektrometrische Analyse der chemischen Zusammensetzung
einzelner Partikel, in Abhangigkeit der jeweiligen GroBe, in einem gesundheits- und
klimarelevanten Bereich unterhalb von 2,5um sowie Quellenzuordnung atmospharischer
Aerosole. Trotz der Ublichen universellen lonisationsmethode dieser Messtechnik, ist die Analyse
karzinogener polyzyklischer aromatischer Kohlenwasserstoffe (PAKs) und deren Verteilung
innerhalb einzelner Partikelklassen aufgrund von Limitierungen der lonisation nur eingeschrankt
moglich. Ziel dieser Arbeit ist die Entwicklung neuartiger lonisationsansétze fur die SPMS zur
effizienteren Analyse organischer und anorganischer Schadstoffe (PAKs, Metalle), um zu einem
besseren allgemeinen Verstandnis atmospharischer Aerosole und deren Auswirkungen auf das
Klima und die Gesundheit beitragen zu kénnen. Im Rahmen dieser Arbeit wurde erstmals in
SPMS die Laser Desorption (LD) und anschlieBende Analyse von PAKs mittels Resonanz-
Verstéarkter Multiphotonen lonisation (REMPI) mit der universellen Laser Desorption/lonisation
(LDI) gekoppelt. Der neuartige lonisationsansatz erlaubt dabei die Analyse der Verteilung von
PAKs auf Einzelpartikeln in Kombination mit klassischen Methoden zur Quellenzuordnung in
Abhangigkeit der PartikelgréBe. Zunachst wurden beide Flugzeit-Massenspektrometer eines
SPMS Systems zur Detektion positiver lonen aus unterschiedlichen lonisationsprozessen
verwendet, was einen Verlust der negativen lonen aus dem LDI-Prozess zur Folge hat. Dem
gegenuber steht jedoch der Informationsgewinn zur Verteilung der gesundheitsgefahrdenden
PAKs. Diese neuartige lonisationstechnik ermdglicht neue und vertiefende Einblicke in
Partikelsysteme, wie zum Beispiel tar balls. Diese Spezies bildet eine Unterkategorie der
organischen Aerosole und tritt hauptsachlich bei Verbrennungsprozessen auf, die auch die
Hauptursache der PAK-Emission darstellen. Detaillierte PAK-Massenspekiren geben dabei
Hinweise auf das Absorptions- und Alterungsverhalten dieser Partikel in der Atmosphére. In einer
weiteren Evolutionsstufe dieser Messtechnik konnten erstmals PAKs mittels LD-REMPI sowie
organische und anorganische Bestandteile Uber einen vollstandigen LDI-Prozess mit positiven
und negativen lonen von einzelnen Partikeln nachgewiesen werden. Diese Methode bietet dabei
einen, bisher in dieser Tiefe nicht moglichen, Einblick in die chemische Zusammensetzung des
Partikels bei gleichzeitiger Bestimmung der Verteilung organischer und aromatischer
Schadstoffe. Neben dem Vorkommen und der Verteilung partikelgebundener PAKs ist auch der
Metallgehalt atmosphérischer Partikel fir marine Okosysteme sowie die menschliche Gesundheit
von groBer Bedeutung. Die Resonante lonisation partikelgebundener Metalle, wie sie in dieser
Arbeit entwickelt wurde, fuhrt zu einer Steigerung der lonisationseffizienz in SPMS und damit zu
einer verbesserten Analyse der Verteilung und dem atmospharischen Transport dieser Elemente.
Zusammenfassend konnten im Rahmen dieser Dissertation neue lonisationsansatze zur
chemischen Analyse von Einzelpartikeln entwickelt und optimiert werden. Insbesondere
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Abstract

durch die Kombination resonanter lonisationsmethoden mit konventionellen Techniken konnten
wesentliche Fortschritte in der Weiterentwicklung der Einzelpartikelanalyse und dem Verstandnis
atmospharischer Partikel erzielt werden.

Abstract

The dissertation focuses on the development and optimization of novel ionization mechanisms
in single-particle mass spectrometry (SPMS). This technology enables real-time mass
spectrometric analysis of the chemical composition of single-particles as a function of their size
in a health and climate-relevant size range below 2.5 um as well as source apportionment of
atmospheric aerosols. Despite the universal character of the standard ionization method in
SPMS, the analysis of carcinogenic polycyclic aromatic hydrocarbons (PAHs) and their
distribution within individual particle classes is limited due to ionization restrictions. This work
aims to develop novel ionization approaches in SPMS for a more efficient analysis of organic and
inorganic pollutants (PAHs, metals) to contribute to a better overall understanding of atmospheric
aerosols and their effects on climate and health. For the first time in SPMS, laser desorption (LD)
with subsequent analysis of PAHs using resonance-enhanced multiphoton ionization (REMPI)
was coupled with universal laser desorption/ionization (LDI). The novel ionization approach allows
the analysis of the distribution of PAHs on single particles in combination with classical methods
of source apportionment depending on the particle size. Here, both time-of-flight mass
spectrometers of the SPMS system are used to detect positive ions, which results in a loss of
negative ions from the LDI process, but this is counterbalanced by the gain of information on the
distribution of the health-endangering PAHs. This novel ionization technique provides new and
deeper insights into particle systems such as tar balls, a species of organic aerosols and occurs
mainly in combustion processes, which are also the leading cause of PAH emissions. Detailed
PAH mass spectra provide information on the absorption and aging behavior of these particles
in the atmosphere. In a further evolutionary stage of this measurement technique, PAHs could be
detected for the first time employing LD-REMPI along with organic and inorganic constituents via
a complete LDI process with positive and negative ions of individual particles. This method offers
a complete insight into the chemical composition of the particle while simultaneously determining
the distribution of organic aromatic pollutants. In addition to the occurrence and distribution of
particle-bound PAHSs, the metal content of atmospheric particles is of great importance for marine
ecosystems and human health. Resonant ionization of particle-bound metals leads to an increase
in ionization efficiency in SPMS and, thus, to an improved analysis of the distribution and
atmospheric transport of these elements.

In summary, new ionization approaches for the chemical analysis of single particles could be
developed and optimized in the context of this dissertation. By combining resonant ionization
methods with conventional techniques, significant progress in the further development of single-
particle analysis and the understanding of atmospheric particles could be achieved.
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Introduction

1. Introduction

Aerosols are defined as a suspension of small liquid droplets or solids in gas, whereas the
expression of atmospheric aerosols in the current discussion mostly refers to solid particles in air
exclusively. In atmospheric science, the term particulate matter (PM) is commonly used. Aerosol
particles cover a size range of 10°-10* m and can have diverse natural and anthropogenic
sources (mineral dust, sea salt, soot, etc.). The lower limit of the size distribution is determined
by molecules and clusters, whereas the upper limit is formed by the prompt sedimentation of
large particles or droplets. [1] Scientifically relevant size categories are PM0.1 (< 0.1 um, ultra-
fine particles), PM1, PM2.5 (fine particles), and PM10 (coarse particles), where the number
indicates the maximum of the respective size range in micrometers (e.g., PM2.5, particles smaller
than 2.5 um).

1.1.  Sources and physical parameters of atmospheric aerosol

Particulate matter can be emitted into the air from a variety of sources. In general, they are either
emitted directly into the air as particles (primary aerosol) or are formed in the atmosphere by gas-
to-particle conversion processes (secondary aerosol). For example, semi-volatile organic
compounds (SVOC), as well as condensable gases, condense in the cooling exhaust gas stream
through homogeneous or heterogeneous condensation with ultrafine primary particles
(nucleation mode). By coagulation with already emitted particles, the accumulation mode
(0.1 =1 um) is formed. Through reaction with volatile organic compounds (VOC) and further
coagulation, atmospheric particles can continue to grow until sedimentation predominates due
to their size (see Fig. 1 (b)). The most common natural particle classes are sea spray and soll
erosion. However, volcanic activity, wildfires, and biological emissions such as pollen, plant
debris, and microorganisms also contribute to the total volume of natural aerosols. [2]
Anthropogenic aerosols are caused by the combustion of fossil and non-fossil fuels, road, rail,
and air traffic, industrial production, heating and cooling, road dust, and cooking. [3], [2] Due to
the daytime, position, weather conditions, and the particle formation mechanisms mentioned
above, the size and chemical composition of the particles changes. In particular, condensation
of gases on their surface, coagulation with other particles, a multitude of atmospheric chemical
reactions, and activation to cloud or ice condensation nuclei play a significant role (see Fig. 1).
Ultrafine particles (PM1) occur in a number concentration from 10 to 10° cm™ with high values for
smaller particles. [4], [5] Once particles of this size class are emitted into the atmosphere, they
grow rapidly by the aforementioned chemical and physical processes or by uptake of gaseous
precursors. [6] Particle deposition can occur through two different mechanisms: Sedimentation
of large particles on the earth's surface, called dry deposition, or by precipitation droplet washing,
called wet deposition. Due to these processes, particles of the accumulation mode (0.2 — 1 um)
have a residence time in the atmosphere of a few days up to a few weeks. As a consequence,
this size class dominates in natural environments, with ultrafine primary particles predominant in
densely populated urban environments and a number concentration in the order of 10° cm™. [4]
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Due to the variety of origin of aerosols, particles of the same diameter can possess different
shapes and morphology. [7]-[9] Particle concentrations (e.g., number, mass, chemical species)
are often specified and determined in relation to the particle size. In case of deviations from the
ideal spherical shape and the standard density of 1 gcm™ there are significant differences
depending on the measuring technology. [10] The aerodynamic diameter, for example, which

Fig. 1 Size modes and growth mechanism
[T Particle number of aerosols. (a) Ultrafine particles typically
g sonace ared show high particle numbers, whereas
[ OC particles surface area, particle mass (PM), and OC

(organic carbon) particles peak around the
accumulation mode. However, the highest
particle mass contribution is caused by
large particles of the coarse mode. (b)
Condensation, coagulation, and chemical
reaction processes cause particle growth in
the atmosphere.

(a)

o dN/dlogDp, ds/dlogDp, dM/dlogDp

.001 0.01 0.1 1 10 100

1

1 b

, Coarse Parficles (Plv.
Fljpe Particles (PM.

e Parﬁciel plays a decisive role in the context of

Nu-de ! C-e this work, is defined as the spherical
Accu_)de diameter of a particle with standard

i density and the same terminal

preoxting paricies  Coagulation velocity as the  considered

o elle el particle. [9] Correla.tions between

(b) o . ‘0. ‘.. Qe * morphology, density, and the
— influences of the different measuring

Condensation of SVOCs and
condensable gases
nucls i

exhaust (hot) ;

Chemical reaction of

VOCs with principles are extremely diverse and

or

eterogeneous nucleation

complex and are described and

° | BPO “© o discussed in  detall in the
® ‘ o o @0 Y % .
° ‘o‘ .o.o. *% o & literature. [9], [10] However, the total
Solid UFP L . . . .
liquid croples °.. L o0 ® e ®e & » * mass of particles in the ambient air

1

: is usually relatively small and ranges
Condensable UFPs 1
Filterable UFPs ! from 1-100ug m*®. Whereas the

1

! average in Germany is in the lower

1

range with about 15ugm?,

Cooling  Dispersion  Dilution

individual  pollution  events in
metropolitan areas can cause concentrations of up to 400 ug m?®. [11] In atmospheric particle
analysis not only the particle size, density, morphology, and mass but also the particles mixing
state is of major interest. Particle mixing state describes the distribution of chemical compounds
in individual particles of a class in an aerosol. Internal mixing occurs when a particle class of an
aerosol consists of the same mixture of chemical compounds, external mixing is present when
all particles consist of pure chemical species. In atmospheric aerosols pure mixing states are
extremely rare. [12]
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1.2. Chemical composition

Generally expressed, atmospheric particles are often composed of an organic and an inorganic
fraction, the inorganic part mainly consisting of sulfate, nitrate, ammonium, and chloride, except
mineral particles (see Tab. 1). [13] However, the total amount of both fractions depends on the
respective emission source and atmospheric and environmental influences, such as solar
radiation and photochemistry, and can vary considerably. Other inorganic elements such as alkali
and transition metals and inorganic molecules also play an essential role in the evaluation and
source apportionment. Some examples are listed in Tab. 1. The carbonaceous and organic
aerosol (OA) fraction is much more complex and divided into different classes based on various
analytical methods. One classification of OA was established by evaluating aerosol mass spectra
(AMS) and is based on measurements of ambient particles: hydrocarbon-like OA (HOA), biomass
burning organic aerosol (BBOA), and oxidized organic aerosol (OOA) resulting from fossil fuel
and biomass combustion and associated with secondary organic aerosol (SOA). The
atmospheric SOA formation process is extremely complex and is based on the interaction of
anthropogenic aerosol species (SO., NOy, sulfate, nitrate, ammonium) with natural biogenic
aerosol. [6], [14] HOA and BBOA are released by primary emissions and belong to primary
organic aerosols (POA). [15] Another approach to classify OA focuses on the condensation and
mobility of the organic fraction. It was developed by Donahue et al.: volatile (VOC), intermediate
volatile (IVOC), semi-volatile (SVOC), low-volatile (LVOC), and extremely low-volatile (ELVOC)
organic compounds belong to the organic aerosol (OA) and are described by volatility and the
oxidation states of carbon. [16], [17]

1.3.  Environmental impact

Despite their comparatively small mass, particles have a significant impact on global weather,
climate, environment, and human health. [1], [3], [18], [19] Fine and ultrafine particles have a
similar size as the incident light wavelength and, therefore, probably have a more significant effect
on climate than large particles at comparable PM concentrations. Furthermore, they have a
longer residence time in the atmosphere and can therefore have a more global and delocalized
effect regarding emission location. [14] Atmospheric aerosols are capable of reflecting,
refracting, diffracting, and absorbing solar radiation, which can have a considerable influence on
the radiation balance of the earth's atmosphere, which describes the direct effect and is termed
radiative forcing (RF). Radiative forcing is the difference between absorbed sunlight and reflected
energy into space and is measured in W m™®. Black carbon (BC), which is mainly produced by
biomass burning and fossil fuels, can heat the earth's atmosphere by absorbing sunlight over a
broad wavelength spectrum and representing, besides CO,, one of the most important
anthropogenic emissions. [20], [21] BC indicates, according to IPCC 2013, an RF of +0.64 W m"
2 with uncertainty limits of (0.25 to 1.09), in contrast to the total aerosol output, which shows a
negative value (-0.35 W m®). [18] Also, once emitted into the atmosphere, brown carbon (BrC),
a fraction of OA which, unlike most OC compounds, absorbs light in the visible (380 — 750 nm)
and near-UV (300 — 400 nm) range, has a negative value for radiative forcing, on snow and ice-
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covered surfaces, in turn, the values shift to positive numbers. [18], [22], [23] Other aerosols
(e.g., colorless particles) can also cause a cooling effect, for example, by scattering light back to
space. Atmospheric aerosols can also act as cloud condensation nuclei (CCN) and ice
nucleation particles (INP) and thus have an indirect climatic effect. [6] A modeling study of
D’Andrea et al. 2013 indicates that in many continental locations, low-volatility SOA may be
causing more than half of the total CCN. [24] Both the indirect effect of CCN/INP and the strength
of scattering and absorption of solar radiation through atmospheric aerosols are strongly
dependent on the chemical and physical particle properties. [25] However, anthropogenic
particle emissions can also significantly impact the environment through sedimentation and the
associated input of nutrients into the oceans. [26] Iron is considered a growth-limiting nutrient in
high nitrate, low chlorophyll (HNLC) regions and plays a crucial role in marine primary production.
Although the amount of iron introduced by mineral dust is significantly higher, anthropogenic
bioavailability is considerably more significant due to its partially much higher solubility and
stability in the oxidizing environment of seawater. [26]-[28] Solubility and bioavailability are
strongly influenced by the oxidation state (Fe(ll), Fe(lll)), organic ligands and chelating agents,
and particle pH. [28], [29] When deposited into ocean water, inorganic Fe(ll) is oxidized within
minutes to Fe(lll), which has a significantly reduced solubility and immediately coagulates and
forms nanoparticles. [28], [30] Organic ligands and chelating agents strongly increase the
solubility, so it is assumed that > 99 % of the bioavailable iron is present in this form. [28], [31]
Also, particle pH, which can be significantly reduced by acidic secondary ions (e.g., NOg, SO,
Cl"), leads to a better Fe solubility in ocean water. [29] While cobalt, manganese, and zinc are
also essential trace elements, copper is toxic to some species in high concentrations. [32], [33]
Important elements, whose emission and input into the oceans has strongly increased due to
industrialization, are Al, Ti, Mn, Fe, Co, Cu, Zn, Cd, and Pb, which can act as important catalysts
or inhibitors in the context of biogeochemistry. [26], [34] This demonstrates the complex
correlations between anthropogenic particle emissions and natural reaction processes in the
atmosphere and reveals that PM emissions can have both positive and negative feedback on
global warming. According to the IPCC Report 2013, there is nearly no doubt that the
concentration, chemical composition, and spatial distribution of aerosols present in the earth's
atmosphere have changed since the start of industrialization (1750). However, there still exist a
variety of uncertainties in estimations of the aerosols climate effects. [18]

10 TotalParticle Deposition
gigﬂ\/ Fig. 2 Size-dependent regional deposition
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1.4. Health effects

In addition to the effects on the earth's climate, atmospheric aerosols also severely impact human
health. Even low concentrations can lead to significant negative consequences and influence
morbidity and mortality when exposed over a long period. A large variety of epidemiological and
toxicological studies have shown and confirmed the health effect of PM. [19], [35]—-[41] Both the
cardiovascular system and the respiratory organs can be damaged by PM. The exact toxicity and
direct effect of particles depend on many factors, such as chemical composition, size, and
physical properties. Not all types of aerosols are harmful and dangerous to health. A good
example is the high sea salt concentration in the air in coastal climatic health-resorts. When
breathing in PM, not all of it reaches the alveoli, where the gas exchange between air and blood
occurs. Only fine and ultra-fine particles (PM2.5, PM1, and PM0.1) can penetrate deep into the
respiratory tract and cause damage there through deposition and reaction with the tissue. [42]
While larger particles are already deposited in the upper airways (pharynx and larynx), PMO0.1
particles can easily penetrate deep into the lungs and are effectively deposited in the alveoli (Fig.
2). Especially particles from combustion processes, which contain some very harmful substances
(e.g., PAHSs, soot, toxic combustion products, and metals), are increasingly found in this size
class and well known for their long term toxicity. [37], [39], [43]-[46] Polycyclic aromatic
hydrocarbons (PAH) form a subgroup in organic chemistry and consist of at least two aromatic
rings. The PAH molecules are mainly formed during natural and anthropogenic combustion
processes and partly have a strong carcinogenic and mutagenic effect. The most significant
carcinogenic effect on  BeralPyrene-BlalP 7.8-BlalP-epoxide 7.8-BlalP-diol
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products such as epoxides. [40], [47] Reactions with nucleophilic centers of DNA nucleobases
and proteins result in covalent binding of PAH metabolites, which can lead to DNA mutations and
genetic effects such as cancer, cardiovascular damage, and adverse reproductive
outcomes. [41] Benz[a]pyrene is known for its strong carcinogenic effect and was used in Fig. 3
as an example substance for the metabolic pathway and the binding reaction with DNA. The
carcinogenic effect of soot was already proven in the late 18th century. Through numerous
studies, three main pathways of the disease could be proven and clarified: Cardiovascular
diseases, which can be caused by reactions of lung cells and platelet cells, cancer via DNA
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methylation and histone modification, respiratory diseases by infiltration of eosinophils and mast
cells. [37] Besides PAHs and soot, also metals are often critical and harmful to human health, as
they can cause and intensify inflammations via oxidative stress (e.g., zinc, lead, cadmium, iron,
nickel, copper). [29], [48], [49] Due to their high redox activity, transition metals can contribute to
an increased formation of ROS (reactive oxygen species) in the human body. [50] ROS are
hydrogen peroxide (H205), superoxide (Oz"), hydroxyl radicals (-OH), and singlet oxygen ('O.),
and an increase of these reactive species in the human body can lead to various reactions such
as the substitution of unnatural metals in enzymes, disorders of metabolic and antioxidant
pathways, and repression of DNA repair enzymes.

2. Analysis of atmospheric particles

In atmospheric science, many different ways of classifying particles are known: origin (volcanic
ash, biomass combustion, desert dust, marine aerosols, etc.), regional occurrence (urban, forest,
marine aerosol, etc.), function (cloud condensation nuclei), and chemical composition (soot,
mineral dust, organic aerosol, salt, ammonium, sulfate, phosphate, etc.). Therefore, the
enormous heterogeneity and variability of atmospheric particles complicate the analytical
determination of detailed data regarding quantitative chemical speciation, so that
characterization is frequently reliant on sum parameters or physical characteristics such as light
absorption. Stationary off-line laboratory analysis methods offer various techniques for chemical
characterization and can sometimes detect and determine thousands of substances in a single
filter sample with enormous accuracy and high resolution. [27], [28] However, temporal
information is not available, and artifacts (e.g., volatilization of organics from filter material during
sampling) can partly influence the evaluation. [53] In contrast, on-line analysis techniques provide
time-resolved data but only approximate information about the chemical composition due to
significantly lower resolution and sample material. [54] Nevertheless, the large variety and
number of different particle classes that are simultaneously present in the atmosphere show that
the time-resolved on-line analysis of single particles offers an important element for a better
understanding of the impact of atmospheric aerosols on the environment and human health. In
the context of this work, on-line mass spectrometric analysis methods for the investigation of
single particles were applied and further developed to contribute to a better chemical and
physical understanding of atmospheric particles.

2.1. Laser-based analysis of individual complex particles

Laser-based analysis of single particles using time-of-flight mass spectrometry (TOF-MS) has
gained in importance over the last decades and is a powerful method for on-line analysis of the
chemical composition of climate- and health-related atmospheric aerosols (PM2.5). Adapted to
the different questions in atmospheric sciences, however, several different ionization techniques
have been developed over time, which can roughly be divided into two categories: (1) laser
desorption/ionization (LDI), (2) laser or thermal desorption prior to ionization. The first approaches
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of LDI-SPMS (laser desorption/ionization single-particle mass spectrometry) date back to the
1970s. With LAMMA (laser microprobe mass analysis), it was possible to obtain either positive or
negative mass spectra of single particles sampled on a substrate, selected by the operator
through an optical microscope. [55] In the 1980s and 90s, techniques for analyzing single free-
flying isolated airborne particles in positive or negative ion mode were developed. [56], [57]
Further developments facilitated the simultaneous detection of positive and negative ions to
obtain the full information capacity of LDI-SPMS. [28], [29] LDl is a non-selective and compelling
ionization method, making it possible to analyze both organic and inorganic particles in SPMS.
The process of LDI is explained in more detail in section 3.1.3.2. During the analysis of single
particles through LDI, characteristic fragment ions are generated depending on the particle class,
which plays an important role in evaluating mass spectra and particle source apportionment. In
the positive mass spectra, carbon clusters (C+*, C,*, Cs*, ...), electropositive metals, transition
metals, alkali and alkaline earth metals (e.g. Na*, K*, Al*, Fe*, Pb*), organic fragments ([CH,] "),
and cluster ions (e.g., [Na:Cl]*, [K:CI]") are observed. In the negative spectra, however,
electronegative elements (e.g. CI), organic fragments ([CiH,] ", also with heteroatoms N or O),
carbon clusters (C+, Cz, Cg, ...), oxygen-containing anions (e.g., NOs', HSO., POg3), and cluster
ions (e.g., [NaCl], [KCl:]) can be found (see Tab. 1). Multi-step ionization techniques have been
developed to further increase the ionization efficiency, and selecting information content, and, for
example, to detect and investigate PAHs on single particles. [26] — [29]

2.2. Novel ionization approach in on-line SPMS

LDI-SPMS is a powerful tool for analyzing airborne particles and has already produced interesting
and important research results in various studies. [54], [64], [65] Due to its universality
concerning origin and chemical composition of the particles and sensitivity to the rather low
numbers of produced ions from single particles, this technology is ideally suited for airborne
particle analysis and source apportionment. [66]-[71] However, due to its high fragmentation,
this method is not well suited for the analysis of polycyclic aromatic hydrocarbons (PAH), which
are formed during combustion processes and adsorbed on the particles in the cooling exhaust
gas stream. The formation process of particle-bound PAHs is e.g. described in detail by
Frenklach 2002. [72] Besides, PAHs are classified as very hazardous to health and are therefore
of particular research interest. In various studies PAHs could be detected in combustion particles
with SPMS using multi-stage ionization processes (e.g., thermo desorption [73] or laser
desorption [61], [62], [74]). One of the tasks of this work was to analyze PAHs from single
particles in a multi-step photoionization process using sensitive and selective REMPI (resonance-
enhanced multiphoton ionization) and to combine this with the universal LDI in one SPMS system,
thus implementing an additional dimension of information to the single-particle analysis.
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Tab. 1
desorption/ionization). The particle classes and their ion types listed here represent only a small selection of the most
frequent atmospheric aerosols. Ambient aerosols are much more complex than possible to present here and contain

Overview of major particle classes and their most frequent cations and anions in laser-based SPMS (laser

various internally mixed compounds. The evaluation and source apportionment in SPMS experiments is not based on
the mere presence of the ion signals but patterns and characteristic distributions of several ions, using computational
methods.
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3. Methodology

In the following sections, the fundamentals of the techniques applied in this work are described
and briefly explained. The main focus of this PhD thesis lies on the mass spectrometric analysis
of single-particles using different ionization and TOF-MS technology.

3.1. lonization

lonization is of fundamental importance for analysis by mass spectrometric methods. Molecules
and atoms are transformed into ions, separated according to their mass-to-charge ratio, and
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detected employing secondary electron multipliers. Different methods and techniques for
ionization depend on the respective analytes and the available mass analyzers. In general, these
are divided into hard and soft ionization types, which mainly differ in the amount of fragmentation
or the formation of molecular ions. In the following, the most frequently used hard ionization
method (electron impact ionization) and two photoionization techniques are presented, as they
were applied in the context of this thesis.

3.1.1. General aspects of ionization in mass spectrometry

The ionization of molecules, atoms, clusters, or particles can produce both positively and
negatively charged ions. As explained in more detail in the following sections, a wide variety of
ionization techniques are used in this work, which results in the formation of both positively and
negatively charged ions. While positively charged ions are primarily formed by electron
deprivation, negative ions can be formed by impact reactions and electron capture. To convert
an analyte into ions by positive ionization (i.e., EI, REMPI), a certain amount of energy must be
supplied to the analyte. This amount of energy is called ionization energy (IE). It is defined as the
quantity of energy required to convert an analyte that is in its electronic and vibrational ground
state into a positively charged analyte ion that is also in its ground state (adiabatic IE) by the
ejection of an electron. Electrons can be ejected from o-bonds as well as from n-bonds and free
electron pairs, whereby the latter is generally preferred because it is the most preferential position
for charge localization. [92]

According to the Born-Oppenheimer approximation and the Franck-Condon principle, electrons
and nuclei movements can be viewed separately due to the high mass difference since the
electronic transitions take place much faster than atomic nuclei need to adjust to a new
equilibrium position. Therefore, it is assumed that the atoms' positions, i.e., the bond length,
remain constant during ionization. The Franck-Condon factor indicates the probability of a certain
transition from the ground state of the neutral particle to a certain oscillation state. The probability
of a transition is highest for the maximum interference of the ground state's electronic wave
functions and ionized state. The ionization leads to a weakening of the bonds within the ion, which
usually causes longer bond lengths and increases the tendency to dissociate the bonds. The
more significant the difference in the nuclear spacing of a transition, the higher is the probability
that the dissociation barrier will be exceeded and that fragmentation of the molecule will
occur. [92] However, since these are considerably simplified assumptions, the individual IEs, in
reality, need to be determined individually.

3.1.2. Electron impact ionization (El)

Electron impact ionization (El) is the most commonly used ionization technique in the analysis of
organic substances using mass spectrometry. Especially in combination with MS techniques and
gas chromatography (GCMS), El is often used, as the analytes already exist in the gaseous
phase. In the context of this thesis, this technique was exclusively used in the Aerosol Mass
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Spectrometer (AMS) for the analysis of tar balls. The single-particle analyses were all performed
by laser-based photoionization.

The basic principle of ionization using El is the interaction of high-energy electrons with the
analytes' valence electrons. First, electrons are emitted from a heated tungsten filament and
accelerated with a voltage of 70 V. The resulting kinetic energy of 70 eV is substantially above the
ionization energies (IEs) of most existing organic components, which are in the range of 7 to
15 eV. In the mass analyzer's ion source, the accelerated electrons impact orthogonally on the
beam of molecules from the inlet system, respectively, the cloud of vaporized analytes in the
AMS. Due to the high excess energy of the electrons, ionization and fragmentation occur, which
characterizes this method as a hard ionization technique. Molecular ions formed in the first step
are in vibrationally and rotationally excited states, which may lead to the breaking of atomic bonds
as due to relaxation. [92] An advantage of fragmentation is that it allows conclusions to be drawn
about the underlying molecular structure, thus enabling the identification and quantification of the
analytes. El delivers reproducible mass spectra with the highest ionization efficiency at 70 eV,
due to the plateau of ionization cross sections at 60 — 80 eV. Whereby, the plateau is caused by
the fact that the de-Broglie wavelength directly corresponds to the typical inner atomic distance
of the valence electrons. [93] This allows the direct comparison of different mass analyzers using
the same ionization method and simplifies evaluation with the benefit of databases. A
disadvantage of fragmentation is reflected in the large number of unspecific molecular fragments,
making the analysis of complex samples considerably more difficult. For example, samples of
different analytes of homologous series provide a large proportion of identical fragment ions and
are challenging to identify and quantify in the absence of their molecular ions. Furthermore, the
analysis by El also ionizes the main components of the carrier gas (N», O,, CO,, noble gases),
which makes the analysis of organic trace substances only possible in combination with mass
analyzers with a large dynamic range. For these reasons, softer photoionization methods are
widely used, which will be presented in the following sections.

3.1.3. Photoionization (PI)

In contrast to El, photoionization (PI) involves predominantly soft ionization types. For the
ionization of the analytes, different light sources can be utilized whose photon energies mostly
correspond to the IEs of many organic substances, whereby many more molecular ions than
fragment ions are formed. When selecting the light source, continuous light with usually
significantly lower photon density or pulsed light can be chosen. For the analytes' ionization, light
is required whose photon energy is sufficient to overcome the ionization energy or has a
sufficiently high photon density to perform multi-photon processes. In the past, lasers and lamps
have been successfully implemented for ionization in mass spectrometry in many scientific
studies. [64], [94]-[98] In this thesis, the focus lies on the application of different lasers as light
sources. In the following sections, different laser techniques are presented, which were used in
this work for Laser Desorption (LD), Laser Desorption/lonization (LDI), and Resonance Enhanced
Multiphoton lonization (REMPI).
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3.1.3.1. Lasers as a light source for Pl

Laser stands for Light Amplification by Stimulated Emission of Radiation and delivers intense and
coherent light with a narrow bandwidth and low divergence. These properties enable a wide range
of applications and have made lasers one of the most important sources of radiation in the natural
sciences, technology, and medicine. [99]

Nd:YAG solid state laser

The laser medium of the Nd:YAG laser flash lamp
pump energy Q-switch fundamental

consists of an yttrium aluminum garnet Pockels-cell radiation

U . . . ~shAdLs ockelsce e
grating in which Y°" has been partially 4 AR
exchanged for Nd**. The laser medium is
excited (pumped) by a strong external »« »
energy supply (flash lamp), resulting in the
emission of photons, which produce ¢, refiecting partially reflecting
further photons of the same wavelength ~ resonator mirror resonator mirror

and direction. Electrons of the laser Fig. 4 The figure illustrates the schematic representation of a
medium are transferred from the ground Nd:YAG laser source. The laser medium is excited by the
state (E+) by radiation of a xenon-filled flash pump energy, causing it to emit radiation, which is reflected by
lamp into a higher electronically and the mirrors. By stimulated emission, further radiation of the

. . , same wavelength is generated, amplified in the resonator, and
vibrationally excited state (Es). Commonly,

a parallel beam is generated. Utilizing a partially transparent
the E. state has a very short lifetime, so the  mirror on one side of the resonator, a small portion of the light
electrons instantly switch to a metastable can be coupled out and utilized. To obtain short pulses with
state (Es) of lower energy, accompanied by high peak power, a Pockels-cell is utilized as an active Q-
fluorescence and non-radiative transitions. switeh.

If the Es state is also more persistent than a lower state E,, a permanent population inversion
occurs, which is essential for the stimulated emission. High intensities are achieved by
continuously repeating this operation within the Perot-Fabry resonator, which consists of a fully
reflecting mirror and a partially transmitting mirror with the laser medium in the center. Photons
emitted by the process are reflected between the mirrors and pass through the laser medium,
causing excitation of further electrons and releasing radiation of the same wavelength, direction,
and phase. This is called stimulated emission. Through the partially transparent mirror, part of the
radiation can be decoupled and used for technical applications. Due to the curvature and
arrangement of the mirrors, only photons that travel parallel to the resonator axis can be coupled
out and used for light amplification. Therefore the laser beam has a low divergence and small
bandwidth of the wavelength corresponding to the energy difference from E; to E,, which is
1064 nm for a Nd:YAG laser and is considered the fundamental radiation.[100] A Q-switch
(quality switch) is utilized to provide the high pulse energies for photoionization in mass
spectrometry. Therefore, the beam path between the mirrors is interrupted, or the internal losses
in the resonator are increased. For this application, electro-optical modulators as Pockels-cells
are utilized as active Q-switches. At the end of the pump pulse, the population inversion reaches
its maximum, and the resonator is released, resulting in a short laser pulse with high peak
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pumping level power. [101] Despite the high output power

E 4 A of typically several watts at a wavelength of
\\\“ 1064 nm, the photon energy amounts only to

E3 upper laser level 1.17 eV, which is far below the level required

to ionize the analytes for mass spectrometry.

In the following, the high intensity of laser light

is used in anisotropic crystals or isotropic

E .
2 lower laser level ases to obtain photons of reduced
V4 ; P

E1 7ground level wavelength and, therefore, higher energy.

The linear relationship between the
Fig. 5 Displays the energy levels of a four-level laser. polarization P, the strength of the electric field

Excitation from E; to Es takes place by pumping, with an
e P Y pumping E of the valence electrons, and the

approximately direct transition to Es. The laser light is o . . .
susceptibility a for the anisotropic medium

emitted at the transition from Es to Ez. The population
inversion can only be maintained if the decay rate romE2to P = o - E (3.1)
Ei is higher than from Es to E.. diminish at very high intensities and also
induce inharmonic oscillations. If the field
strengths increase to such an extent that the electrons oscillate inharmoniously, function 3.1 can
be written as a series expansion where the terms of higher order exceed the first linear term.
P=a-E+B-E°+y-E®+ .. (8.2)
Utilizing anisotropic crystals, the photon frequencies can be doubled (second harmonic
generation, SHG) or even sequentially reach photons of A = 266 nm (fourth harmonic generation,

FHG) with a photon energy of 4.66 eV, suitable for REMPI experiments. [96]

COq-laser

COq-lasers represent one of the most important laser classes for industrial applications, and in
the scientific field. In continuous and in pulsed operation, a broad energy spectrum from several
kKW to low watt range and pulse widths from ns to ms can be achieved. The light of CO»-lasers,
in general, is in the infrared range between 9 and 11 um, the models used here have a maximum
at 10.6 um. Similar to the Nd:YAG laser, the CO»-laser represents a 4-level laser system. However,
the laser medium is composed of CO,, N», and He, whereby all components assigned different
tasks. The helium does not contribute to the laser process and is used to increase the pressure
and, thus, stabilize the discharge and regulate the temperature. Furthermore, it plays a major role
in the emptying of the lower laser levels, which can be done by impacts of helium with CO,
molecules. The excitation of the CO, molecules into the upper energy level is done on the one
hand by elastic collisions with the electrons of the gas discharge, on the other hand, by resonant
energy transfer via metastable N, molecules, which is of great importance for inversion. Due to
the geometry of the CO, molecule, three types of oscillations are possible, a) bending oscillation,
b) symmetric stretching oscillation, and c¢) anti-symmetric stretching oscillation, whereby radiation
of different wavelengths is generated during the laser process. The laser emission can occur in
two wavelength ranges, which are 9.6 um and 10.6 um, depending on the vibration level into
which the transition leads. The regular bands of the energy levels consist of hundreds of lines, as
the vibration levels are split by rotation. In the context of this work, a so-called TEA-laser
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TEA-CO,-laser

Fig. 6 Schematic representation of a

TEA-CO»-laser with transverse

resistors IR laser radiation

v - mo 0 0 0 0 D 0 D 0 ﬁ 0 D ﬂ 10.6 um wavelength discharge. The laser medium, consisting
. of CO2, Nz, and He, circulates through the
tip cathodes
RV - cell and is excited by a gas discharge.
v The resulting laser radiation is collected
C > anode

by a concave mirror at one end of the cell
and emitted through a window on the

other side.

(transversally excited atmospheric pressure laser) was used. Here, the laser medium is passed
through the cell in a weak gas stream and pre-ionized by electron beams. The main pulse is
generated by the direct excitation of the laser levels in the discharge. The slow decay of the pulse
is caused by the subsequent energy transfer from N. to CO.. The pulse width of the used laser
was 150 us and 50 — 100 mJ pulse energy. [101]

Excimer laser

Excimers are molecules that consist of two atoms and possess no stable ground state. The term
excimer stands for a diatomic molecule (dimer), which is only stable in the excited state and only
for very short periods. When the molecule returns from the excited state to the ground state by
emitting radiation, it decays again into two atoms. The ground state, which is also the lower laser
level, has a substantially shorter lifetime than the excited state, favoring a population inversion. In
such excimer lasers, noble gas/halogen compounds are used. In the context of this work, ArF
and KrF were used in particular. The technical design of such lasers corresponds approximately

to No-lasers or TEA-CO,-lasers. KrE*

The laser medium of the systems used in these applications 7 ns

consisted of 2 % noble gas, 0.15 % fluorine, and helium as a
buffer gas. The general architecture is similar to the TEA-CO,-
laser, but the laser was operated in the overpressure range

7

E;

Kr* +F

of up to 6bar and not with a continuous gas flow. A

1ps

homogeneous discharge is achieved by pre-ionization with

electron densities of ~10° cm™®, which can be caused by UV
radiation (100 — 200 nm) from an additional spark or corona
discharge or by X-rays. Within the gas discharges, the
excimers are formed predominantly by collisions of excited
noble gas atoms (Ar*, Kr*) with Fz:

Kr* + F, - KrF* + F. (3.3
The excited states of e.g., KrF* have deep minima in which

- E
1 K+ 2

Fig. 7 Unlike the Nd:YAG laser and CO2-
laser, the foundation of excimer lasers is
a 3-level system. The laser medium is
excited by strong pumping. By impacts
of the Krypton atoms excited by the gas
discharge with the F2 molecule, it comes

the atoms have a certain equilibrium distance so that the o the formation of Krf*. This state is

L . i stabilized for a few nanoseconds before
molecule is ionically bound in these states, similar to the e W

the molecule changes to its ground state

alkali halides (e.g., NaCl). During the collision of Kr* with F,
one of the outer electrons of Kr* passes to F», forming F>"and

under emission of the laser light and
dissociates within picoseconds.
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Kr'. Now F and Kr* react to KrF*, which is called harpoon reaction. From the KrF* state, the
laser radiation is emitted, then the molecule dissociates in the ground state within a very short
time. While the excited state can be stabilized for a few nanoseconds, the dissociation proceeds
in the picosecond range. Laser emission in the UV range is much more challenging to generate,
has a broader emission spectrum, and a reduced efficiency compared to other techniques. One
reason for this is the Einstein coefficient for stimulated emission, which states that the cross-
section is inversely proportional to the third power of the frequency. Furthermore, the
spontaneous emission is very high, so that the excited state decays faster. Besides, the laser
state of the excimers is hardly bound, so that the transitions into these states show a broader
frequency spectrum. For these reasons, the cross-section for stimulated emission is considerably
smaller compared to other lasers and requires very strong pumping. The efficiency of such an
excimer laser is about 1 -2 %. [101]

3.1.3.2. Laser desorption ionization (LDI)

Laser desorption/ionization is the most commonly used ionization method in single-particle
analysis and is usually performed using pulsed UV-lasers. Often the fourth harmonic of a Nd:YAG
with A = 266 nm is used, but also excimer lasers (ArF, A = 193 nm; KrF, X = 248 nm) or Ng-
lasers (A = 337 nm) are applied. [91], [102]-[104] Such a laser pulse is typically 5—-10ns in
duration and has a peak intensity of 10" — 10" W cm™ in the focus. [105] When a particle enters
the ionization zone and is exposed to the focused laser beam, positively, and negatively charged
ions are generated during the ionization process, whereby this proceeds in two phases. Laser
desorption of neutrals from the particle produces a plume, wherein Pl generates positive ions
and electrons in the first phase of ionization. In the second ionization phase, electron capture and
charge transfer result in the formation of negatively charged ions. Depending on the density of
the plume, the formation of ions, stable enough to be detected by the mass analyzer, is
influenced. If the density of the plume is higher, mainly stable and long-lived ions of both charge
types are formed. However, if the plume is less dense, there are fewer collisions and charge
transfer effects, so that less stable ions can also be detected in the mass spectrometer. [106]
Since a single particle in a vacuum represents a closed system, the sum of the charges must
always be balanced. If not all electrons are captured, the negative ion yield is lower than the
positive ion yield. The formation of positively charged molecules and atoms is therefore clearly
predominant. [21], [33], [34] Generally stated, energetically preferred ions of both charges show
a positive correlation to each other (e.g., low ionization potential, high electron affinity), and less
preferentially formed ions show a negative correlation. [105], [109]
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3.1.3.3. Resonance-enhanced multiphoton ionization (REMPI)

Resonance enhanced multiphoton ionization (REMPI) is a selective ionization method in which
molecules are ionized by absorption of several photons, although the energy of the individual
photon is lower than the ionization potential of the molecule or atom. [95] The excitation of one
or more photons (UV-spectroscopic step) is followed by the absorption of another photon for
ionization (ionization step). The REMPI method uses photon energy in resonance with an excited
molecular or atomic state. The different REMPI processes are distinguished according to the
number of photons required and the excited states. Processes

in which x photons lead to a transition state and y photons to 4

REMPI

M* + e
ionization, thus exceeding the ionization potential, are called ¢

(X +y) REMPI processes. Aromatic, organic compounds can
be ionized with a simple (1+1) - REMPI process at 2. UV-photon
wavelengths of 248 nm (KrF) or 266 nm (FHG, Nd:YAG),

whereby only 248 nm was used in this work. In principle, efficient

Energy
<
*

and soft multiphoton ionization is only feasible if the wavelength
of the laser is in resonance with the excitation energy of a UV-
, - . 1. UV-photon
spectroscopic transition and the sum of the energies of two

photons exceeds the ionization potential, so that two-photon
ionization is energetically achievable. However, the lifetime of 0 T M__

the excited states must not be significantly longer than the pulse Fig. 8 In REMPI at least wo

duration of the laser (usually 5 ns). [35], [36] Due to different photons are necessary for the

ionization potentials and UV-transitions of the different ionization process. The absorption
molecules, only certain compounds can be ionized at given ©f one photon leads to excitation,
. while another photon triggers the
laser wavelengths. For example, aromatic compounds absorb

photons with energies from 3.9 eV (320 nm) to 5.0 eV (250 nm).

ionization.

Thus, by two-photon ionization, the molecules are exposed to energies between 7.8 eV and
10.0 eV. This energy is already sufficient for aromatic compounds to generate a molecular ion.
This means that the selectivity of REMPI can be controlled by various parameters such as photon
wavelength, laser pulse duration, and light intensity. At the wavelength of 248 nm and laser
intensity of 10° to 10® W cm™ this method shows very high selectivity for aromatic compounds.
Due to the much lower excess energy supplied to the analytes compared to electron impact
ionization (70 eV), an almost fragment free ionization process is achieved.[37], [38]

3.2. Time-of-flight mass analyzer

The first time-of-flight (TOF) mass analyzer was introduced in 1946 by W. E. Stephens and
impressed with its simple operating principle and enormous speed of analysis. [113] After
ionization, the analytes are accelerated in a static field, and ions with different mass-to-charge
ratios (m/z) are dispersed in time during flight along a field-free drift path. [113] Only a few years
later, in the 1950s, the new mass analyzer was able to establish its position in some areas against
the conventional sector field systems and was mainly used in combination with gas
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chromatography. [114] The work of Wiley and Mclaren in 1955 [115] with two-stage ion
extraction and Mamyrin in 1973 [116] with the development of the so-called reflectron system led
to significant improvements in the field and paved the way for the development of high-resolution
TOF systems.

The general working principle of a TOF analyzer is to separate analyte ions in time according to
their mass-to-charge ratio. In a TOF, ions are accelerated at a defined time by a high voltage U.
Afterwards, they travel a field-free drift distance s and hit the detector. If we compare single
charged ions of different masses, their drift time t depends on the respective mass m.
Considering the same kinetic energy, for example, the same acceleration voltage, heavier ions
need more time for the same distance. The electric charge q of an ion of mass m is equal to the
number z of elementary charges e, independent of the ionization method:

g=2z-e (3.4)
The energy absorption E caused by the acceleration voltage U results:
Ea=qgq-U=2z-e-U (3.5)
Thereby Eq is converted into kinetic energy Exin Of the ions:
Eo = Exn=5 m-V (3.6)
Assuming that the ions were initially at rest, the ion velocity can be formulated as follows:
_ |2-e-z-U
V= — (8.7)
With v = s - t" and a constant drift distance s the formula can be changed to t:
_ _S m
= oo (3:8)

This means that v is inversely proportional to the square root of the m/z of the associated ion,
which must be considered in the mass calibration of the system. An important parameter of a
mass spectrometer is the mass resolution (R) of the instrument. The mass resolution of a mass
spectrometer describes the ability to detect two signals of different ions with small mass
differences in optically separated signals. Two such peaks are called separated from each other
if the signal between the peaks decreases by at least 50 %. R is defined as:

R= o= — (3.9)
where Am is the smallest mass difference between two peaks, and At is the pulse length. [117]
The mass resolution in a TOF is mainly influenced by three factors: spatial, velocity, and time blur.
Regardless of the ionization method used, the ionization location is not infinitesimal, so the
starting point of the ions slightly differs relative to the acceleration electrodes. This causes an
uneven acceleration of ions, which leads to a signal broadening at the detector due to the
different drift distances and flight times of ions with the same m/z. The so-called spatial focus
describes the point where this blurring is minimal so that this represents the optimal location for
the detector. However, if the detector is positioned too close to the ion source due to excessive
spatial blur, sufficient mass separation cannot occur. Furthermore, the acceleration of the
generated ions does not start at the same time. The neutral molecules and atoms in the ion
source are not at rest so that after the ionization, an ion can initially move oppositional to the
electric extraction field and requires time to change direction. In 1955, Wiley and McLaren

invented two-stage ion extraction, whereby the spatial focus of the ions can be adjusted for longer
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drift distances using the first and second extraction voltage. Here the Wiley-MclLaren criterion
applies:

s=2X; ° \/@( 1= % ) (3.10)

(k+ VKk)-x;
with the flight path s, the distance between the first extractor and ionization zone x4, the distance
between the first and second extractor x., and the ratio of the first and second acceleration
voltage k to calculate the spatial focus equal to the flight path s. [115]
The development of the two-stage reflectron TOF by Mamyrin et al. [116] brought a further
significant improvement in mass resolution. To compensate for the energy errors of the ions, one
or more units are used to

inlet reflect the ions. Electrostatic
detector

fields decelerate the ions
YN and reflect them at a certain
field free flight path angle to the incident ion

+U -U
S beam, which is then focused
.(HH) S | Y
reflectron

on the detector. Faster ions

ONSOHIEE of the identical mass dip

Fig. 9 Schematic view of a time-of-flight mass spectrometer with Wiley-McLaren — deeper into the reflector field
optics and reflectron. The analyte enters the vacuum through the inlet and is and thus have to travel a

ionized by El or PI, for example. The ions are accelerated by Wiley-McLaren .
Y P v ey longer distance. The

structure of such a TOF-MS
system is depicted

optics and separated by their m/z on the field-free drift path. The reflectron unit
is capable of correcting the energy errors and increasing the detector resolution.

schematically in Fig. 9. By applying this technique, the broadening of the ion packages after the
Wiley-McLaren spatial focus can be partly corrected by extending the drift distance. All TOF-MS
systems used in this work are reflectron mass spectrometers.

In a static electric field of the extraction electrodes in the ion source, subsequent to PI, electrons
would be accelerated in the direction of the repeller plate, and the fragmentation e.g. of the PAHs
would be significantly increased by electron impact. To effectively reduce this effect, time lag
energy focusing, also known as delayed extraction, can be used. [118], [119] The delay enables
free electrons generated during the ionization process to exit the ion source. Since that the speed
of the electrons is orders of magnitude higher than the velocity of molecules, this process takes
place in nanoseconds. After a specific time, typically a few hundred nanoseconds, when the
plume has expanded to macroscopic size, the ions are extracted from the ion source. Here, the
energy spread can be compensated, and the resolution enhanced utilizing the Wiley MclLaren
ion optics. [115], [120], [121]

Fast detectors with very short response times are essential for analysis using TOF-MS. In modern
measuring systems, so-called microchannel plates are used, which have a similar function as a
linear channeltron. The MCP usually measures between 20 and 50 mm in diameter and has
several million channels with a size of several micrometers. To prevent the ions from passing
through the channel without colliding with the channel wall, the channels are tilted relative to the
ions' flight axis. Each channel is capable of generating secondary electrons by impacting ions.
The secondary electron multiplication of a single MCP results in a gain of 10° - 10%, which is less
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than in a classical secondary electron multiplier, but the MCPs can be stacked in packets of
usually two (Chevron-plate) to three plates (z - stack). In this case, the gain factor increases to
10° respectively 10%, using voltages of about 1 kV per plate [92]

3.2.1. Bipolar single-particle mass spectrometer

The main objective of a single particle mass spectrometer (SPMS) is the analysis of the chemical
composition and size of individual particles, utilizing mass spectrometers such as ion
traps, [122], [123] and time-of-flight analyzers. [58], [91], [124], [125] In the second half of the
20th century, significant progress has been made in this field through TOF-MS and laser
technology, [57], [124],
[126] whereupon the -

scattering light
principle of the bipolar particle inlet, —  few aerodynamic E detectors (PMT)

beam collimation = mbar lens /

single-particle mass 3 ./
spectrometer  or  an , cw lasers -+‘ tmnell
det'ec.:tlng, 104 Sizing g em—— /\ el
aerosol time-of-flight Sene  mbar ptof
mass spectrometer : » "
S aton o 3 [ m
(ATO F-M S) was mass spectrometer mbar [TV IRREEEEEEES NYY\ NW\ """"""""""""""""" \MU
. . ww
developed in 1996 by Hinz
Ised UV pulsed IR
et al. [58] The ATOF_MS Iaps:rs'?orLDl laser for LD
essentially consists of a and REMPI
vacuum inlet, the particle ' t

detector and  sizing

system, the ionization Fig. 10 Instrumental setup of an ATOF-MS, based on two reflectron TOF-MS, a

velocimetric sizing unit, and an aerodynamic lens as the inlet for introducing single-

region with ion optics, and particles into the vacuum system. Single-particles are detected in the sizing unit

two orthogonally oriented  using the scattered light of two cw-lasers, and via the particle-time-of-flight (ptof),
TOF-MS systems. The theionization process is triggered, and the aerodynamic diameter of the particle is
particles are sampled calculated. Positively and negatively charged ions are formed within a laser

. . desorption ionization (LDI) process, performed by intense UV laser light pulses. As
directly at atmospheric P (LDhe P / gnp

. described in section 3.3.3, REMPI can also be performed in combination with laser
pressure and, with the desorption on single particles.

assistance of an

aerodynamic lens, transferred as a narrow particle beam to the first pressure stage of the vacuum
system or via a nozzle-skimmer inlet and accelerated into the vacuum through gas expansion. In
this pressure stage (~ 10 mbar), the sizing unit is localized, here the particles are sized by laser
velocimetry, and the timing for ionization with intense UV-laser pulses is determined. Based on
the signals of two photomultipliers (PMT) detectors, the so-called particle-time-of-flight (PTOF) is
determined and provides the foundation for triggering the ionization laser and the calculation for
the vacuum aerodynamic diameter of the individual particles. However, the aerodynamic
diameter, which depends on the flow regime, differs from the shape and geometric diameter of
the respective particle. In contrast, the electric mobility diameter, which determines the migration
velocity of the particles in a constant electric field, is often determined by standard measurement
technology for particle size distribution. [9] The most common ionization scheme used in SPMS
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is laser desorption/ionization (LDI). This involves the use of intense UV-laser pulses to desorb
and ionize the analytes bound on the particle, most commonly Nd:YAG (FHG, A = 266 nm),
excimer laser (ArF, A = 193 nm; KrF, A = 248 nm), and Ne-laser (A = 337 nm). [91], [102]—-[104]
Both positively and negatively charged ions are generated and analyzed in the two TOF-MS
instruments, mounted orthogonally to the ion source. The ionization process is described in detail
in section 3.2.3.2. A schematic overview of this setup is given in Fig. 10. Due to the strong
fragmentation of ions upon LDI with high UV-laser intensities, several multi-step ionization
methods were developed in the context of this work. Herein, laser desorption (LD) and ionization
are decoupled. Therefore, a laser desorption (LD) step using a CO.-laser (A = 10.6 um) was
added, especially for predominantly organic combustion particles. The ionization is subsequently
carried out in the second step using a UV-laser. [61] Another approach is using LD to volatilize
surface-bound organic and aromatic compounds and ionize them in the first ionization step using
REMPI. [74] In the subsequent second ionization step, the residual of the particle is analyzed with
LDI. [30], [52] This design is also shown in Fig. 10 and is explained in more detail in section 3.3.3.

3.2.2. Aerosol mass spectrometer (AMS)

The Aerosol Mass Spectrometer (AMS) is designed for on-line analysis and characterization of
aerosols and was first presented by Jayne et al. 2000. It utilizes a TOF analyzer for on-line
investigation of the chemical composition of nanoparticles in the aesrodynamic diameter range of
70 - 500 nm. [127] The measurement system contains three main components, the inlet, the
particle sizing unit, and the detection unit. Similar to the SPMS, particles are sampled under
atmospheric conditions, pass through an aerodynamic lens, and enter the vacuum within a
focused particle beam. The sizing unit mainly consists of a mechanical chopper wheel, spinning
with a high frequency of >100 Hz, only allow small packages of particles to pass. A small infrared

photodiode detector pair delivers the

_______ TOF Mass Analvzer ) McP exact starting time of the particles and
':_‘__‘_;:,—_,_u-_--_-'_“_"_"_"_"_"_"_':' 1 facilitates ~ the  calculation  of
:::..\./.'._To"e XV_’_”‘_O_?E:::’ aerodynamic diameters. After the flight
,_._-_—_—:E-';":"’--'-'-'-T..'. ............... path, particles of the selected size hit

the tungsten vaporizer at 600°C in a
== pressure range of 10° to 10°® mbar.

Evaporation

e TTTT T ech & &% & J eroeve Here, non-refractory organic and

inlet & ——— fonization inorganic  particle  components are

ptof region particle sizing
aerodynamic

lens

chopper

volatilized, ionized by El, separated,

b 4 <

turbo turbo turbo and detected by a mass

pump pump pump
spectrometer. [128] The early aerosol

Fig. 11 Schematic of the Aerodyne HR-TOF-AMS comprising of | nggs spectrometers were equipped
an inlet system with an aerodynamic lens, particle sizing unit,

o _ , , with a quadrupole MS, but in this work,
thermal vaporizer, ionization unit for El, and a time-of-flight mass ) )
spectrometer. To substantially enhance the mass resolution, the a hlgh—resolutlon TOF-MS system was

TOF-MS can be operated in W mode. Thereby, the ions are Used (HR-TOF-AMS, Aerodyne
reflected three times with a considerably extended drift path. Research Inc., USA). [22], [127]-[129]
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With the instrumentation used, the analyzable particle size range is 35— 1500 nm, and the
resolution of this instrument is in the range of 2100 in V—mode and 4300 at m/z = 200 in
W —mode of the TOF-MS which allows direct separation of ions from several organic and
inorganic species, quantification of some organic fragments, and the direct identification of
organic nitrogen and sulfur. [129] The complete fraction of particle-bound organic substances is
called organic matter (OM) and is quantified together with nitrate, ammonium, sulfate, and
chloride from the measured fragment ions. Furthermore, particle analysis using AMS provides
elemental ratios such as O:C, H:C, and N:C and organic mass to organic carbon (OM/OC), which
are important parameters in data analysis. [130] In the aerosol sciences, TOF-AMS has prevailed
over other techniques and represents a commercially successful and established on-line method
of mass spectrometric particle analysis due to its speed and accuracy.

3.3. Instrumentational setup for single-particle analysis

3.3.1. On-line analysis of single-particles and simultaneous detection of polycyclic
aromatic hydrocarbons using ATOF-MS technique — Publication 1

Two opposite time-of-flight (TOF) mass analyzers (Reflectron RFT10, Firma Stefan Kaesdorf,
Gerate fur Forschung und Industrie, Germany) attached to the central inlet and ion source
constitute the main components of the measurement system. In this setting, one flight tube
provides the possibility to change polarity for combined measurements of either LDI*/LDI" or
polycyclic aromatic hydrocarbons (PAH) with LD-REMPI ionization and the following LDI*
experiment giving information about the chemical composition of the particles’ residual structure.
The velocimetric sizing unit is a key part of the experimental setup providing the essential timing
of the whole experiment and information concerning the particles’ aerodynamic diameter. It is
equipped with two continuous-wave (cw) Nd:YAG lasers (A = 532 nm, GCI-050-L, CrystalLaser
Inc., USA) and photomultipliers (PMT, model 931B, Hamamatsu, Japan) and detects single-
particles (in the size-range of 200 — 3000 nm). To detect PAHs, condensed on a particles’
surface, the measurement system is equipped with a pulsed CO.-laser (A = 10.6 um, Urenco
ML104, Uranit GmbH, Germany) to heat each particle individually to evaporate the PAHs. Within
this plume, PAHSs are ionized with a single pulse of a KrF excimer laser (A = 248 nm, Excistar XS,
Coherent Inc., USA) using REMPI. For subsequent analysis of the residual particle, utilizing an
LDI scheme, an ArF excimer laser was installed (A = 193 nm, Atlex 300, ATL GmbH, Germany).
The basic idea of this experiment is the separation of the positively charged ions from both
ionization steps. Therefore, both mass analyzers are operated in positive mode, and the polarity
of the ion extraction electrodes is inverted between the two ionization processes (fast high voltage
switches, HTS31-03-GSM, Behlke GmbH, Germany). Due to the high time difference between
the two ionization steps, a separate mass calibration is necessary.

Single-particle measurements were performed either with redispersed combustion particles or
ambient aerosol.[63] The combustion particles, namely, diesel particles (VW Transporter Typ 3,
1.7 D) and ash from coniferous wood combustion, were introduced into the ATOF-MS using a
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turntable powder disperser (Model 3433 SSPD, TSI Inc., USA) and a flow rate of 1 | min™ of clean
Nitrogen (N2 5.0), whereas only 0.1 I min™ is guided into the MS. To achieve an adequate number
of particles for analyzing ambient aerosols, an aerosol concentrator was applied (Model 4240,
MSP Corp., USA).

3.3.2. Dynamic changes in optical and chemical properties of tar ball aerosols by
atmospheric photochemical aging — Publication 2

Similar to the formation mechanism of tar balls during biomass combustion, polydisperse tar ball
particles were generated. [131] Commercially available wood pellets were crushed, heated, and
dry distilled at 530°C in the absence of oxygen. After filtration and separation into polar (water-
soluble) and non-polar tar solution, the samples were dissolved and nebulized separately in
methanol. The solvent was dried in a constant nitrogen flow, and the tar balls were artificially aged
in the OFR (oxidation flow reactor) by adding Os, vaporized water, and UV light. The construction
and operation of the reactor are described elsewhere in detail. [132] Besides measurements of
chemical and physical parameters, two mass spectrometers were used to characterize the tar
pballs. The HR-TOF-AMS (Aerodyne Research Inc., Billerica, USA) was operated alternately in the
highly sensitive V-mode and high-resolution W-mode (scheme Fig. 11) to detect chemical mass
fragments and elemental ratios for quantifying OM. The SP-LD-REMPI-TOF-MS has already been
described in detail in the previous section. [63] In this experiment, only LD-REMPI of single-
particles was performed, and LDI was omitted entirely, because the PAHs in the tar balls were
the main focus. The experimental setup is shown and described in detail in Appendix 7.2.

3.3.3. Simultaneous detection of PAHs as well as positive and negative inorganic ions
in on-line single-particle mass spectrometry — Publication 3

The SPMS instrument is based on two opposite TOF-MS systems, described in an earlier section
of this work (section 3.2.1). Modifications to the instrument as mentioned earlier incorporate the
complete optical setup, the inlet system, and high voltage supplies.

Through an aerodynamic lens, which minimizes the divergence of particles entering the
vacuum [133], [134] (optimal work range at 0.1 | min™ and > 3 um aerodynamic diameter), the
narrow particle beam passes the velocimetric sizing unit. Accordingly, the particles are
individually exposed to an intense pulse of a CO-laser (A = 10.6 um, MTL-3 mini-TEA,
Edinburgh, UK) for fast and efficient desorption of PAHs. As distinguished from previous
instrumental setups, here, the spatial beam profile of only one laser is needed for ionization
(A = 248 nm, PhotonEx Excimer, Photonion GmbH, Germany). As depicted in Fig. 12, the parallel
laser beam traverses the gaseous plume of desorbed PAHs for REMPI with relatively low intensity
(~ 3 MW cm?). A concave mirror (f = 150 mm) back-reflects the light and focuses the laser
beam to the center of the ionization region. The laser beam hits the particle residue with high
intensity (~ 2 GW cm™) for LDI. The short delay time from optical path difference of ~ 1 ns and
the longer laser pulse duration of 5 ns enables the simultaneous execution of both ionization
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steps by one laser. lons from both [ o [T
. . . Laser LDI+REMPI
ionization processes are extracted from the Desorption ionization .
ion source after a delay of 0.6us, [—]
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LD PAHs are volatilized from the particles’ surface. (b) With
positive flight tube is reduced. Fast high 248 nm and low intensity, the aromatic compounds are

voltage switches (HTS31-03-GSM, Behlke ionized within a REMPI scheme. The back-reflected and

GmbH Germany) change the voltage of a focused laser light hits the particles’ residue and ionizes via
. . LDI.

lateral deflection element for a time frame of

2.5 us, which corresponds to m/z = 100 in the detected mass spectra. Thus, the sensitivity for

LDI cations is reduced by 20, which helped increase the data quality. [91]

3.3.4. Resonance-enhanced detection of metals in single-particles with on-line SPMS
measurements using an Nd:YAG laser and optical parametric oscillator —
Publication 4

The basic setup of the SPMS system used in this research was already described in other
publications. [58], [59] Shortly, the particles enter the vacuum through an aerodynamic lens and
an optical sizing unit, consisting of two Nd:YAG cw lasers (A = 532 nm), ellipsoidal mirrors, and
photomultipliers for velocimetric sizing. The central part of the SPMS instrument deployed in this
research (Hexin Instruments Ltd., Guangzhou, China, and Photonion GmbH, Germany) is the
bipolar TOF mass analyzer with z-shaped drift paths, which was firstly described by Pratt et al.
2009. [136] Fundamental modifications to the commercial system are made to the electronics,
the optical setup, and the ionization laser. [137] To improve the peak quality of the mass spectra,
delayed ion extraction enabled with high voltage switches (HTS31-03-GSM, Behlke GmbH,
Germany) were deployed within this setup. Besides, the standard Nd:YAG ionization laser and
its appropriate optical setup were removed and changed to a tunable laser system (parametric
optical oscillator, OPO, Opolette HE 355 LD UV, Opotek LLC, USA), and two additional excimer
lasers at A = 248 nm (KrF, PhotonEx, Photonion GmbH, Germany) and A = 193 nm (ArF, ATLEX-
| 300, ATL GmbH, Germany). To detect resonance effects in laboratory experiments, different
types of standard particles with both organic and inorganic matrixes were analyzed. Diesel
exhaust particles as samples with preponderant organic matrix (well described in
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publications 1 & 2 [30], [52]), Arizona test dust 0 -3 um diameter (Powder Technology Inc.,
USA) for mineral dust particles, hemoglobin as a complex organic matrix with high metal content,
and as a complex anthropogenic matrix with trace metals NIST urban dust 1649b [138] were
chosen. To introduce the particles into a 1 | min™ gas stream (N, 5.0 purity) from which 0.1 | min®
" were guided into the SPMS, a turntable powder disperser (Model 3433 SSPD, TSI Inc., USA)
was used. The ambient air experiment took place at a meteorological station in rural surroundings
at the western coast of Sweden, approximately 30 km south of Gothenburg (Map coordinates:
57°23 37.8"N, 11°54’ 51.4”E). The ambient air was sampled at the height of 15 m above sea
level and was concentrated from 300 | min™ airflow to 1 | min™ carrier gas stream using a virtual
impactor device (Model 4240, MSP Corp., USA). The carrier gas stream was dried (MD-700-12S-
1, Perma Pure LLC, USA) and further concentrated to 0.1 I min™ directly at the inlet system. The
two ionization excimer lasers used in this experiment were alternately fired on particles to ionize,
using a custom build trigger box. Here a complex programmable logic device (Intel Max V) with
8.5 ns pin-to-pin delay was used and programmed with Very High-Speed Integrated Circuit
Hardware Description Language (VHDL).

4. Results

In this section, the results regarding the development of novel ionization approaches for the
investigation of airborne particles with on-line single-particle analysis are shown. Although the
technical development of the analytical methods was the main focus of this work, the results are
presented in the context of the analyzed aerosols. The exact instrument setup is described in the
publications, which can be found in the appendix of this thesis; a short description was also given
in the previous sections.

41. Implementing Resonance-Enhanced Multiphoton lonization to the
ionization scheme of single-particle analysis

4.1.1. Research objective

On-line single-particle MS techniques are essential and powerful tools for detecting the chemical
composition of airborne particles and are an important part of current atmospheric research.
Various devices and technical advancements in ionization allow on-line monitoring and source
apportionment of both natural and anthropogenic aerosols. It is an important element in research
to determine the influence of aerosols on climate and human health. PAHs are of particular
research interest due to their high persistence in the environment and their carcinogenic effects
on the human body. PAHs are formed during combustion processes and adsorbed onto particles
during the cooling process of exhaust gas, which has brought the analysis of particle-bound
PAHSs into focus. Here, the distribution of the pollutants on the particles plays a major role, as
they can either be dispersed in low concentrations or occur in very high concentrations distributed
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over a few particles. The latter leads to a higher local dose when deposited in the lungs and could
overcome cell defense. In previous studies, [73], [74] PAHs could be detected in single particles,
but the information on source apportionment was lost due to the ionization process. In the context
of this PhD thesis, new ionization schemes have been developed to allow the analysis of
hazardous PAHs and source apportionment from individual particles.

4.1.2. Simultaneous detection of PAHs and positively charged inorganic compounds —

Publication 1
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ionization
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Ms 2 environment and human

health, underlining the
importance  of  developing

L

Fig. 13 (a) lllustrates the basic principle of ATOF-MS. Particles enter the ~ SOphisticated analytical
vacuum through an aerodynamic lens, are accelerated and sized by laser  techniques. [139]-[141] ATOF-

velocimetry. On entering the ionization zone of the MS, the sequence for MS provides an excellent
ionization is initiated. (b) Above the ion source, several microseconds before
ionization, the particle is heated by an IR-pulse. (c) The desorbed PAHs are
selectively ionized via REMPI and analyzed in one of two TOF-MS. (d) Fast
field inversion of the ion source for the following ionization step. (e) The airborne particles and
residual particle is hit by a strong UV-pulse for LDI* and analyzed in the determining their origin and
opposite TOF-MS.

technical basis for analyzing
particle-bound PAHs  on

mixing state, which is crucial for
a better understanding of atmospheric processes and health effects. The classical instrument
design and ionization scheme are described in more detail in sections 3.2.1 and 3.1.3.2 and
appendix 7.1. LDI provides a good basis for classifying particles and determining their chemical
composition via organic and inorganic fragments and elements and identifying their origin. In
numerous field campaigns and laboratory experiments, a large number of particle classes could
be identified and analyzed (see Tab. 1). [67]-[70], [86], [142]-[144] However, to improve the
detection of organic substances more efficiently and reduce the number of fragments, desorption
and ionization can be decoupled, and PAHs can be ionized from the resulting plume via
REMPI. [61], [74] The desorption is performed with an infrared pulse of a CO.-laser via laser
desorption (LD). In the context of this study, the LD-REMPI process was coupled with LDI* and
implemented in an ATOF-MS with classical design. The basic idea here is to analyze positively
charged ions from both ionization processes in separate TOF-MS-analyzers to get a deeper
insight into the mixing state of the particles and the detection of PAHs and determine their origin.
To achieve this, both TOF mass analyzers have to operate in positive mode, which in this opposite
configuration requires a complex ionization scheme (see Fig. 13). The particles enter the vacuum
through an aerodynamic lens and are accelerated. Velocimetric sizing is used to determine the
vacuum aerodynamic diameter and velocity and start the electronic trigger cascade. Slightly
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above the ionization zone, the particle is heated by an IR-pulse so that PAHs are desorbed, which
have been adsorbed on the surface. After a few microseconds, the PAHSs are selectively ionized
from the expanding plume by REMPI and analyzed in one of the two orthogonally aligned TOF-
MS. Subsequent to the fast field inversion, the remaining particle is hit by a strong UV-pulse
(A = 193 nm), and the positively charged ions from the LDI process are detected in the second
TOF-MS. Since this method focuses on the analysis of single particles mainly from combustion
aerosols, two different test particle systems were selected for testing and optimizing the method:
(a) Diesel exhaust and (b) wood ash particles (Fig. 14). The diesel particles were sampled from
the exhaust pipe of a car, milled and re-dispersed with a turntable powder disperser (for exact
description see appendix 7.1). Fig. 14 (a) shows the mass spectra of a single diesel exhaust
particle, LDI" in blue, and REMPI in red. The LDI spectra show mainly signals for carbon clusters
(C."), smaller signals for Na*, K*, Fe*, and smaller organic fragments (e.g., ?[C.H3]"). This
underlines the soot character of the particles as described in the literature. [68], [69] But in this
experiment, the LDI process delivers spectra slightly modified from the literature since the UV-
pulse does not hit an unaffected particle but a heated, complex system of a residual particle
embedded in an expanding gas plume. For this reason, the mass spectra show, for example, a
higher proportion of organic fragments. The REMPI spectra of PAHs are dominated by non-
alkylated species, such as phenanthrene/anthracene and pyrene/fluoranthene, but other signals
are also clearly evident (Tab. 2). The pattern of the signals does not directly indicate the frequency
distribution of PAHs, which is strongly dependent on the cross-section of the ionization, which
varies significantly for the individual substances. [145] The most dominant signals are listed in
Tab. 2 and form a typical pattern, described and documented in the literature. [146]-[149] All
diesel particles showed a high uniformity, due to the repeated exposure to combustion gases in
the exhaust pipe, making these particles a unique test system for the new ionization scheme.
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Fig. 14 (a) Mass spectra of a single diesel exhaust particle, with LDI+ (blue) and REMPI (red) superimposed. The
mass spectra show a soot matrix with predominantly non-alkylated PAHs (black m/z numbers). (b) Mass spectrum of
a single wood ash particle, with LDI+ (blue) and REMPI (red) superimposed. The mass spectra show a soot and
potassium matrix with increasing numbers of alkylated (green m/z labels) and oxidized PAHs.
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Tab. 2 Polyaromatic compounds detected in the mass spectrometric data of this study. Black m/z of Fig.14 and 15
are found in column 2 and green m/z in columns 3-6.

# of C in aliphatic side chains 0 1 2 8 4
PAHs m/z
naphthalene 128 142 156 170 184
acenaphthylene 152
phenanthrene; anthracene 178 192 206 220 234
pyrene; fluoranthene 202 216 230
benzanthracenes;
228 242
benzphenanthrenes
Benzpyrenes;
il 252 266
benzfluoranthenes
benz[ghi]perylene;
: [ghi]pery 276
indeno(1,2,3)[c,d]pyrene
dibenzphenanthrenes;
278

dibenzanthracenes

An important parameter in ATOF-MS is the hit rate, measured in laboratory experiments with
diesel exhaust particles at 60% for REMPI exclusive and 50% for REMPI and LDI" simultaneously.
Hit rates of this magnitude are extremely high compared to literature values but may be explained
by the high IR-pulse energy applied in this setup. In Fig. 14 (b), the typical mass spectra of a
single wood ash particle from a lambda-probe controlled 20 kW log wood combustion furnace
are depicted. The LDI* spectrum is dominated by the strong K* peak, with carbon clusters (C,*)
also occurring, indicating a soot matrix. These results are consistent with previous single-particle
studies in which K" was introduced in conjunction with C," as marker ions for biomass
combustion. [61], [150]-[152] However, the most important application of this measurement
technique is the on-line analysis of ambient particles. Fig. 15 shows an example of the respective
mass spectra of two different particles measured during an ambient air measurement directly in
front of the laboratory building (54° 04" 41.0”N, 12° 06’ 31.9”E) in a suburban environment with
low traffic and strong winds from northern directions, directly from the Baltic Sea. To be capable
of analyzing a sufficiently high number of particles, an aerosol concentrator (model see section
3.3.1) was used. Within a period of 2 hours, 1000 particles could be detected, whereby a majority
of these were sea salt particles (Fig. 15 (a)). Characteristic ions for sea salt particles in the LDI+
spectrum are Na*, K™, [Naz] ", [Na.Cl]*, [NaKCI]*, and [NasCl,]*, which have been described in
detail in the literature, PAH signals are not observed in sea salt particles. [75]-[77] In addition to
predominantly inorganic particles, single-particles containing PAH were observed. The mass
spectra of such a particle are shown in Fig. 15 (b). In the LDI* spectrum, dominant signals are
K*, Al*, C,*, and small molecular fragments, most likely organic fragment ions. The strong K*
peak combined with the other elements and fragment ions suggests that this particle originates
from wood combustion. While source apportionment based on LDI mass spectra is also feasible
with other approaches, [70], [83] this new method can additionally include a REMPI spectrum of
PAHSs in the data evaluation and provide important information on the origin of the particle and
its chemical composition. The strong retene peak at m/z = 234, a marker for (soft) wood
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combustion, provides information about the origin and, together with the strong K™ peak,
confirms the indication of wood combustion. Also, the large number of alkylated and oxidized
PAHs indicates incomplete combustion or smoldering, which occurs mainly when a fire is lit in
domestic heating. With this study, it is now possible for the first time to perform an on-line analysis
of single-particles to determine their chemical composition and PAH load. The analysis of PAHs
on single-particles opens up a new dimension of information on health-relevant combustion

aerosols.
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Fig. 15 Ambient air particles: (a) Mass spectra of a typical single sea salt particle. (b) Mass Spectra of a PAH-
containing particle with intense PAH pattern. Black and green m/z show non-alkylated and alkylated PAHSs, for this
particle source apportionment to incomplete biomass or wood combustion is appropriate.

4.1.3. Chemical and physical properties of tar ball aerosols — Publication 2

Organic aerosol (OA) plays a crucial role in atmospheric science and the balance of regional and
global radiation and is, therefore, one of the main sources of aerosol pollution in the
troposphere. [6], [14], [15] Anindirect effect of OA on the earth's climate is the reaction with water
and the formation of cloud condensation nuclei (CCN), which influences cloud formation, the
hydrological cycle, and the earth's albedo. [18], [153] The most important part of this effect is
caused by the light-absorbing carbonaceous aerosol fraction with the established term brown
carbon (BrC). [154] Due to the complex physical and chemical properties of BrC, its behavior
and evolution in the atmosphere are poorly understood. [23] However, BrC contributes
10 % - 40 % to the total light absorption in the atmosphere, [155], [156] and reaches a global
forcing of 0.10 - 0.25 W m? with partly regionally much higher values. [157] BrC is emitted as
primary particles but can also be formed secondarily by reactions of aromatic or carbonyl
compounds in clouds or particles. [23] In total, two-thirds of the primary BrC worldwide originates
from biomass burning, which is mainly responsible for OA formation. [158], [159] Tar balls are a
particular type of BrC, which is produced by wood combustion and, in particular, by smoldering
combustion, which occurs abundantly in natural and anthropogenic environments. [160], [161]
Tar balls are homogeneous, spherical, carbonaceous particles that occur in sizes from tens to
hundreds of nanometers and have been identified collectively in many biomass combustions
plumes. Tar balls represent a significant fraction of the BrC from biomass combustion. [160],
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[162], [163] Tar balls can be formed under different combustion conditions, occur consistently
together with other particle classes, and react rapidly after their release into the atmospheric
environment. [160], [162], [163] In the context of this study, tar balls were generated by flameless
wood pyrolysis, [131] and the refractive index (RI) as a function of wavelength (365 — 425 nm,
0.5 nm resolution) was determined with a broadband cavity-enhanced spectrometer (BBCES).
The chemical characterization of the tar balls was performed with an HR-TOF-AMS and an LD-
REMPI-ATOF-MS. Dynamic changes of the optical properties in correlation with the chemical
composition were investigated, with a focus on the atmospheric aging process and the influence
on the earth's climate. The experimental setup is briefly described in section 3.3.2 and is more
precisely described in appendix 7.2.

4.1.3.1. Single-particle analysis - LD-REMPI-ATOF-MS
Single-particle analyses were performed on non-polar and polar tar balls, and an exemplary

spectrum is shown in Fig. 16: (a) red, non-polar tar ball, (b) blue, polar tar ball. Both mass spectra
show a distinct PAH signal pattern, with the non-polar and polar tar balls differing significantly.
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Fig. 16 SP-LD-REMPI mass spectra of exemplary tar ball particles of (a) non-polar Tar Balls with
predominantly alkyl-substituted and unsubstituted PAHs and (b) polar Tar Balls with many
oxidized aromatic species such as methoxy-phenol and benzenediol.

The features found in the mass spectra are consistent with the polarity of the examined samples
and ambient BBOA. [164] A detailed list of the substances identified in the mass spectra is given
in Tab. 3. The REMPI spectra show a rather complex pattern, with the spectrum of non-polar tar
balls dominated by unsubstituted and partially alkylated PAHs. Especially naphthalene,
acenaphthylene, phenanthrene, and pyrene show intense signals. The softwood combustion
marker retene at m/z = 234 is the most intense signal and also possible derivatives as oxidized
retene at m/z = 250 (one oxygen oxidation), methyl retene at m/z = 248 (one methyl addition),
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and common fragments at m/z = 203, 204, 205, 219 can be identified. [165], [166] Although,
several of the previously mentioned PAHS, including retene, are also found in the REMPI mass
spectrum of polar tar balls. The spectrum is dominated by oxidized aromatics, such as
benzenediol and methoxy-phenols (e.g., catechol, guaiacol, acetovanillone, syringaldehyde,
conifery aldehyde). A variety of studies show consistent results on the dominance of aromatic
compounds in laboratory experiments, [73], [74], [167], [168] and ambient BBOA. [164] The SP-
LD-REMPI spectra show a high correspondence to the analyses with the HR-TOF-AMS. Non-
polar tar balls show a large fraction of CiH,” fragments with strong signals at typical fragment
ions for aromatic compounds, whereas polar tar balls show a large fraction of C;H,O" and
CiH,0O." fragments and a high O:C ratio. Biomass combustion is a major source of environmental
PAHs (alkylated PAHs, oxygenated PAHSs, nitrogen-substituted PAHS, etc.) and poses a severe
risk to human health due to its carcinogenicity. [43], [162], [169] As precursors for ambient BrC
and tar balls, PAHs can also participate in a strong climatic effect. The newly developed
instrumentation (section 4.1.2 [63]) can contribute to a better understanding of tar balls and their
climatic effects by chemical analysis.

Tab. 3 Exemplary aromatic compounds indicated by the SP-LD-REMPI-ATOF-MS spectra in Fig. 16. Only major and
the most proper aromatic compounds were listed.

m/z name formula polar nonpolar reference
110 catecol CeHsO2 + [170], [171]
115 PAHs fragments 4 4 [172], [173]
124 guaiacol C7HgO2 + [162], [171]
128 naphthalene CioHs + + [43], [63], [173]
138 4-methylguaiacol CeH1002 + [171], [172]
vanillin CsHsOs
152 _ + + [63], [171], [174]
4-ethylguaiacol CoH1202
methoxynaphthalene C11H100
158 1,4-naphthalenedione C10H602 + [171], [175], [176]
methylnaphthol C11H100
165 PAHs fragments + + [172], [173]
4-methylsyringol CoH120
168 ISYing e * [173], [175), [176]
vanillic acid CsHsO4
h th H 4 7
178 p.enan rene CiaH1o N N [43], [63], [73],
conifery aldehyde CioH1003 [74]
syringaldehyde CoH100
182 yringaiceny T + [171], [175], [176]
4-ethylsyringol Ci0H1403
189,190,191 retene fragments + + [73], [74], [177]
43], [63], [73],
192 methylphenanthrene CisHi2 + + [43] [[74]] [73]
rene 63], [73], [74],
202 Py CieH1o + + [63], 1731, [74]
fluoranthene [172]
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m/z name formula polar nonpolar reference
wombers O =+ DN EEE
203,204,205 retene fragments + + [63], [177]
206 ethylphenanthrene CieH1a + [43]
219,220 retene fragments + + [63], [73], [74]
234 retene CigH1s + + [43], [[ii]]' (73],
248 methyl. retene CigH20 + [63], [177]
250 ox. retene CigH1O + + [43]

4.1.3.2. Chemical composition of tar balls

The chemical composition of the tar balls was determined by HR-TOF-AMS. It was confirmed that
tar balls contain mainly carbonaceous compounds and less N, S, and ClI. [160], [163] In the
following only the organic fraction in the specimens was considered for the evaluation. In Fig. 17,
the mass spectra of bulk organics from non-polar and polar tar balls before photooxidation or
NO,-dependent oxidation are given. The mass spectrum of non-polar tar balls is dominated by
alkyl fragments such as C,H" 2.1 and C.H"2.+1. However, characteristic fragment ions for organic
aromatic compounds are also detected (CsH; ", CsHs™, CsHs™, CeHs™, CeHs ™, CsHo ', C7H7 ™), which
indicate that tar balls from the non-polar phase contain a significant proportion of aromatic
compounds. [178] Both, nonpolar and polar tar ball mass spectra show distinct signals at
m/z = 28 (CO"), m/z = 29 (CHO"), and m/z = 43 (C.H;O"), indicating carbonyl ions. Oxidized
species, therefore, dominate the mass spectra of polar tar balls. Characteristic fragment ions
from levoglucosan m/z = 60, 73 (C.H4O.", CsHsO.") show higher signal intensities in polar tar
balls due to the higher solubility in water. [179] f44 represents a fraction of a mass spectrum
signal at m/z = 44 and presents the degree of oxidation in OA. Therefore, higher values represent
more oxidized OA, and f44 has been shown to conduct linear correspondence to the elemental
O:C ratio. [180] The values for O:C ratio are 0.25 and 0.44 for non-polar and polar tar balls, which
results in an OSc (OSc = 20:C - H:C) of -1.05-0.76 in this study and corresponds well to
literature values (-1.0 - 0.7 for primary BBOA [181]). Aerosols can achieve atmospheric residence
times of hours to several days and are subject to various atmospheric aging processes during
this time, which can lead to changes in chemical composition and physical properties. [15] In
this study, photochemical oxidation of non-polar tar balls was investigated, which occur during
the atmospheric aging process. In the oxidation flow reactor (OFR), two aging experiments were
performed, NOy-free and NO,dependent photochemical aging. The oxidation of NO.-free
oxidation covers 0.7 — 6.7 equivalent daytime oxidation days (EAD). The average complex
refractive index (RI) of non-polar tar balls was measured during aging and dropped in a range of
0-3.9 EAD from 1.661 + 0.020ito 1.632 + 0.007i and remained stable at one value. This implies
that the tar balls bleached out during the aging process, which was also observed in previous
studies. [182] This bleaching reveals a direct correlation between photochemical aging and the
light scattering and absorption of the tar balls. Chemical analysis of the aged non-polar tar balls
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Fig. 17 High-resolution TOF-AMS spectra from (a) nonpolar tar balls with the
highest signals for CxHy* fraction and (b) polar tar balls with the highest amount of
CxHyO:* fragments. The percentage distribution of the four ion groups are
visualized by pie charts. (adapted from Li et al. 2019 [22]) H:C decreased.

Furthermore, NO,*
fragments appear in the mass spectra, and C,H,0", C;H,O.", and CH,ON," fragment ions also
showed significantly increased signal intensities. The Rl increased from 1.632 + 0.007i to
1.648 + 0.019i at 2 % vol N.O due to NOC (nitrogen-containing organic compounds) formation.
This implies that photochemical oxidation with NO, addition increases the oxidation level and
increases both absorption and light scattering of the tar balls. During photochemical aging with
OH radicals, aromatic rings, and methoxy phenolic structures, which presumably represent the
chromophores in tar balls, are broken down. This explains the change in light scattering and
absorption of the tar balls. On the other hand, NO, dependent aging promotes the formation of
N-containing chromophores, which outweigh the bleaching of the aging process. This shows that
the optical and chemical properties of tar balls are related to atmospheric aging via dynamic
processes.

4.1.4. Simultaneous detection of PAHs as well as positive and negative inorganic ions
— Publication 3

On-line single-particle analysis of complex aerosol samples with SPMS is a powerful technology
for determining the chemical composition of anthropogenic and natural airborne particles.
Positive and negative ions are generated in a vacuum through LDI and detected in a bipolar mass
spectrometer. [58] Metals, salts, ammonia, organic fragments, and carbon clusters can be
detected as cations. In the negative mass spectrum, nitrate, sulfate, phosphate, and carbon
clusters of organic or elemental carbon dominate. In diverse studies of ambient particles, certain
marker substances such as oxalic acid as photooxidation marker, [183], [184]
methanesulfonates for marine environments, [85] and alkylamines [185] were detected, EC/OC
content, [186], [187] and oligomer formation (negative peak series) [84] were investigated.
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Fig. 18 Single particle mass spectra obtained using SP-LD-REMPI-LDI*--ATOF-MS with negative LDI (black), positive
LDI (blue), and REMPI (red). (a) Shows a single particle mass spectrum of an diesel particle consisting mainly of an
EC matrix of soot, iron and some organic fragments, the REMPI spectrum reveals predominantly unsubstituted PAHs.
(b) Single-particle mass spectrum of a wood ash particle with a soot matrix as well as stronger organic, also oxygen-
containing fragment ions and a very strong signal for K* for LDI. The REMPI spectrum shows a different distribution
compared to (a), which contains the (coniferous) wood combustion marker retene. (c) Purely organic tar ball particles
with a weakly pronounced negative LDI spectrum, a large number of organic fragments in the positive LDI range and
a pronounced REMPI spectrum (see Tab. 3).

Source apportionment with LDI-SPMS was further developed in numerous field studies, and
many natural and anthropogenic aerosols could be identified and classified (see Tab. 1). In
contrast, the analysis of particle-bound PAHs constitutes a particular challenge. Detailed PAH
mass spectra can be obtained by multi-step ionization processes, whereby the ionization is
preceded by a desorption step through either TD, [73], [188] or LD. [61], [62], [74] Decoupling
the desorption and ionization steps can reduce fragmentation and improve quality significantly,
but usually, the information about inorganic refractory components is lost, making source
apportionment impossible. In a three-step ionization process, this limitation could recently be
overcome (4.1.2 and appendix 7.1), but this process allows only positive ion detection, which
strongly limits the information content of the LDI compared to the conventional method. [63] A
new ionization method has been developed to address this limitation that allows the analysis of
particle-bound PAHs via REMPI and the analysis of positive and negative ions of individual
particles via LDI in a two-step ionization process. [91] A detailed description of the experimental
design is given in section 3.3.3 and appendix 7.3. The modifications to the previous instrument
configuration concern the optical setup and the high voltage supply. A brief description is
provided here. Subsequently to the velocimetric sizing, the individual particles are hit by an IR-
pulse of a CO: - laser (A = 10.6 um) for efficient desorption of organic aromatic compounds (Fig.
12 (a)). The UV-laser beam of the KrF excimer laser (A = 248 nm) traverses the plume for REMPI
of desorbed PAHs with relatively low intensity. The laser beam is then reflected by a concave
mirror (f = 150 mm) and focused on the remaining particle (Fig 12 (b)). In contrast to the three-
step method, REMPI and LDI are performed by the identical laser at the same time (time
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difference due to distance and speed of light ~ 1ns, laser pulse duration 5ns). While the
negatively charged ions are analyzed in one TOF-MS, positive ions from LDI and REMPI are
detected together in an orthogonally positioned positive TOF-MS. By using delayed extraction
(DE), the quality of the detected TOF-MS spectra can be significantly improved. [120], [121],
[189] High dynamic range of the LDI signals is already very demanding from an instrumental
perspective in classical detection, but the analysis of LDl and REMPI ions in one mass
spectrometer requires dynamic adjustments since the REMPI signals are much weaker. To
achieve the maximum quality of the positive mass spectra in all ranges, the transmission of the
lighter LDl ions is attenuated by detuning a lateral deflector of the ion optics without affecting the
flight time. In several aspects, this method is different from a straightforward combination of LD-
REMPI with LDI*". A pure gas-phase REMPI experiment with the laser parameters used in this
study could be operated fragment free. [110] The fragmentation in this setup of LD-REMPI
depends on the internal energy of the particle transmitted by the IR-pulse. [190] In the optical
setup of this study, the laser pulse for LDI traverses a part of the desorbed plume, leading to an
additional formation of fragment ions. Due to an expansion time of the plume of 14 us, the fraction
of these ions in the total spectrum is relatively small. In contrast to laboratory plume expansion
experiments, [60], [190], [191] laser desorption of ambient air particles is strongly affected by
matrix effects and hit efficiency of the IR-pulse, which can lead to the increased fragmentation.
However, the degree and proportion of aromatic compounds can be evaluated using PAH-
specific fragment ions (e.g., m/z = 189 from alkylated phenanthrenes [73], [74]). In Fig. 18, three
single-particle mass spectra of different particle classes are depicted as an example, showing
the possibilities and the information gain of the new method. In laboratory experiments, hit rates
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Fig. 19 Single-particle mass spectra of ambient air particles. (a) Exemplary particle for classes without PAHs, here
the method yields conventional bipolar LDI spectra. (b) The negative LDI reveals strong signals for important
secondary components such as sulfate and nitrate, positive LDI shows a strong signal for potassium and some
organic fragments. Photooxidation processes in the atmosphere become apparent through peaks at m/z = 43
(CoHsO*, CsH7*) und oxalate at m/z =-89. The dominant PAH signals at m/z = 228/252 (e.g.,
chrysene/benzo(k)fluoranthene) in combination with the strong K* peak indicate coal or wood combustion.

of 60 % for LD-REMPI and 40 %, including bipolar LDI signature, were achieved. LDI of diesel
soot particles (Fig. 18 (a)) produce strong signals for carbon clusters in both the negative (black)
and positive (blue) range, and organic fragments are detectable in both mass spectra. [83], [192]
The REMPI spectrum (red) shows mainly lighter and unsubstituted PAHs, which are typical for
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diesel emissions [46] and are listed in Tab. 2. Comparable to previous studies (4.1.2 and 4.1.3),
Fig. 18 (b), (c) shows single particle mass spectra of wood ash and tar ball. Negative LDI of wood
ash shows an EC matrix similar to diesel, but both spectra differ in the organic fragments, which
show a higher oxygen content in wood ash. A typical characteristic of wood/biomass combustion
in positive LDl is a very strong potassium peak at m/z = 39/41 and 113 for [K.CI]*. [150] The
REMPI spectrum of PAHs is slightly shifted into the higher mass range than diesel and shows
additional alkylated PAHs such as the (soft) wood combustion marker retene at m/z = 234. [73],
[165] Tar balls represent an important particle subclass of BrC, which is of major interest in
atmospheric and environmental research. Fig. 18 (c) shows single-particle mass spectra from a
laboratory-generated homogeneous and spherical particle from wood pyrolysis, [22], [131]
described in detail in section 4.1.3 and by Li et al. 2019. [22] In contrast to the aforementioned
diesel and wood ash particles, the REMPI spectrum of PAHs show more alkylated and also lighter
PAHs from incomplete combustion. Both, positive and negative LDI-spectra exclusively reveal
organic fragments. Basically, this corresponds to previous studies but adding a third information
channel leads to substantial enhancements, especially for analysis of ambient aerosols. In a short
on-line experiment with ambient particles from 16" of December 2018, 20:00 to the 17" of
December 2018 12:00 local time, a total of 69,900 particles could be detected and sized. With a
hit rate of 36 % for positive LDI, 42 % for negative LDI, 30 % for bipolar LDI, and 29 % for PAHSs,
mass spectra for several thousand particles were detected. However, negative ion formation is
strongly influenced by humidity. [193] Nevertheless, in this experiment, almost all particles with
evaluable mass spectra showed signals in negative LDI for important secondary components
from long-range transport (Fig. 19). [68] The size distribution of the detected particles is shown
in Fig. 20 and represents a typical progression for long-range transported particles, [2] with the
maximum in the range of the highest detection efficiency of velocimetric sizing of standard SPMS
systems. [194] In Fig. 20, the composition of particles without (a) and with (b) PAH signature is
plotted as a function of three ion signals. Particles from wood and biomass combustion can be
identified in LDI-SPMS by a strong K" peak, which often suppresses other element and fragment
ions (Fig. 19 (b)). [85], [195], [196] These particles are shown in the lower-left corner of the
ternary plot. Strong Fe" signals in ambient particles are often associated with coal, waste
incineration, industry or traffic. [197] These particles are shown in the lower-right corner of the
plot. An example of this particle class is shown in Fig. 19 (a). Signals from organic fragments and
carbon clusters are overlaid in the negative LDI by nitrate and sulfate, which are aerosol aging
markers and indicate long-range transport. In the positive LDI spectrum, organic fragments and
strong signals for iron and other metals such as Pb* are also detectable. In the upper corner of
the ternary plot, the anion signal of “°[C,H] is evaluated, which is a common fragment of aromatic
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Fig. 20 Size distribution for ambient particles with and without
PAHs (left side). The right side shows two ternary plots of the
single-particle composition in dependence to three specific
ions from LDI for ambient particle with (a) and without (b) PAHs.
(a) Shows a distribution for particles without PAHs with
dominant K* (wood/biomass combustion, left corner) and Fe*
(coal combustion/industry/traffic, right corner). This cluster
contains of 19,866 Particles. (b) Shows a more even distribution
but with a maximum at the top with pure organic particles. This
cluster contains 6762 particles.

and aliphatic organic compounds in the
negative LDI spectrum. [83] Fig. 20 (a) and
(b) show a relatively even distribution of
aged particles on the three indicator ions,
with PAHs more frequently occurring with
higher intensity on organic and biomass
combustion particles,
without PAHs hardly occur in the upper
corner of the plot. For the first time, it is
possible to detect bipolar LDI spectra with
on-line SPMS simultaneously to REMPI
analysis of individual particles. This new
method allows the analysis of hazardous
PAHs
composition for source apportionment and
detection  of aging
mechanisms with the same instrument.

while particles

and metals and chemical

atmospheric

The three mass spectra contain complex
correlations.  Therefore,
methods will be necessary for the future to
evaluate and determine the environmental

novel cluster

and health impacts of the particles.

4.2. Wavelength dependent amplification effects of metals induced by
resonance in laser desorption ionization single-particle mass
spectrometry

4.2.1. Research objective

Natural and anthropogenic aerosols play a significant role in biogeochemical cycles, the earth's
climate, and human health. Under this premise, countless studies have been conducted on
aerosols containing carbon and also sulfate, [2], [14], [20], [198], [199] whereby particle-bound
metals can also have far-reaching effects on the environment and human health. Through redox
cycling activity, inhaled transition metals are able to induce oxidative stress [29], [48], [49], [200]
and introduced into the oceans, they provide essential sources of nutrients and influence the
biological ecosystem and climate. [26], [27], [34] In the context of this work, the resonant
ionization of particle-bound metals was applied with on-line LDI-SPMS to contribute to a better
understanding of the occurrence and distribution of metals in aerosols and a more efficient
ionization scheme in SPMS.
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4.2.2. Resonance-enhanced detection of metals in single-particle mass spectrometry
— Publication 4

As described in the previous sections, SPMS is a powerful technique for single-particle analysis
and is capable of detecting not only organic and inorganic molecules but also particle-bound
metals, which are important for source apportionment. [64], [68], [85] Vanadium, for example, is
a marker for ship emissions, [87], [201] and specific patterns of Al, Si, Ca indicate dust from soil
erosion. [79] Resonant laser ablation and ionization of metals from solid samples have been
studied for laser microprobe mass analysis (LAMMA) from surfaces, [202], [203] but not for single
aerosol particles. In this study, wavelength-dependent amplification effects in single-particles with
an SPMS and OPO system for resonant ionization of Fe, Mn, Zn were investigated in laboratory
experiments. Furthermore, resonant absorption of iron coincides with the spectrum of a KrF
excimer laser and, therefore, the REMPI absorption spectra of aromatic compounds, which
provides the possibility to connect this feature with the detailed LD-REMPI-LDI-SPMS, [91]
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Fig. 21 Shows accumulated mass spectra (each n = 400) for re-dispersed car diesel exhaust particles (a) as an
example of anthropogenic combustion particulates and Arizona desert dust (b) as a natural and mineral particulate
system. The OPO was applied to both particle systems via LDI to ionize iron resonantly at a wavelength of 248.3 nm.
The mass spectra with resonant ionization are shown in red and non-resonant ionization in blue, both particle systems
show a significant increase of iron in resonant ionization. (c) and (d) show the total ion yield (black circles) of %*Fe in
SPMS (n=1200; three replicates of 400 each) for (c) diesel soot and (d) Arizona desert dust in a wavelength range of
242 — 255 nm. In blue important atomic transitions of Fe (Kramida et al. 2019 [205]) are plotted and in grey the
spectrum of the KrF excimer laser.

described in section 4.1.4. The application potential of resonance effects is demonstrated in a
field campaign comparing a KrF excimer laser with the more commonly used ArF excimer laser
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concerning their iron detection capabilities of metal-containing ambient aerosols. The SPMS
measurement system utilized in this study is described in other publications, [125] and a detailed
experimental setup is given in section 3.3.4 and appendix 7.4. Briefly, the instrumental setup in
principle is close to the ATOF-MS of Su et al. 2004 [204] equipped with an aerodynamic lens,
introducing and focusing the particles into the vacuum, a sizing unit for velocimetric sizing and
two TOF-MS systems designed in Z-shape, as introduced by Pratt et al. 2009. [136] The basic
Nd:YAG solid-state laser (A = 266 nm) was removed for both a tunable optical parametric
oscillator (OPO) system and KrF and ArF excimer lasers (A = 248 nm and A = 193 nm). As
representative model systems for both anthropogenic and natural particles, diesel exhaust and
Arizona desert dust were measured with LDI-SPMS at different wavelengths. The cumulated raw
mass spectra are shown in Fig. 21 without normalization or post-processing,

which caused here the side-effect of signal broadening. The mass spectra show the typical
chemical composition of the two particle classes. Fig. 21 (a) predominantly carbon clusters (EC
from soot), small fragments of organic molecules, predominantly hydrocarbons, and alkali metals
(low ionization energy). Fig. 21 (b) shows mainly signals for metals and metal oxides, typical for
natural mineral particles from soil erosion. The mass spectra of the two ionization wavelengths
are almost identical, only the iron signature changes drastically (see insets Fig. 21 (a) and (b)).
The wavelength of 248.3 nm matches the 3d°4s? to 3d°4s4p transition of Fe atoms, which is
commonly used for Fe determination in atomic absorption spectroscopy. For further analysis of
this wavelength effect, the wavelength-dependent total ion yield of **Fe within a wavelength range
of 242 — 255 nm was measured from 1200 particles (three replicates of 400 each) all wavelengths
with the OPO at constant laser energy (Fig. 21 (c) and (d)). Due to potential interferences of *Fe
in the positive mass spectrum with CaO* and [C3H.O]", the signal of the **Fe isotope was applied
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Fig. 22 Shows accumulated cation mass spectra (each n = 400) of re-dispersed standard reference material (NIST
urban dust 1649b). The spectra were obtained at resonance wavelengths with constant laser pulse energies of Fe (a),
Mn (b), and Zn (c) and plotted in red and at slightly different and non-resonant wavelengths in blue. Enhancement
effects are clearly visible, while signals of molecular fragments and other elements stay constant. (d —f) Show the
single-particle distribution of the relative ion signals and indicate higher numbers for detected metal-containing
particles.

37



Results

for evaluation. Superpositions of this signal with other organic and inorganic fragments and
molecules are considered to be significantly smaller. The blue lines represent the absorption
Spectrum of Fe atoms from the NIST atomic spectra library. [205] Near the main absorption line
at 248.3 nm an enhancement effect of factor 3 - 4 is achieved in both particle systems. Such an
effect has not been described in SPMS so far. Wade et al. 2008 found minimal wavelength effects
on ion yields but strongly superimposed of laser intensity and particle size effects. [206] However,
various studies show that effects in the plume after desorption during LDl dominate the ion yield
in SPMS rather than the absorption of the particle itself. [106], [107], [206] The resonance effect
occurs when Fe atoms are formed during the first phase of the laser pulse and vaporized from
the particle. The shown resonance amplification effect during the ionization of iron in single-
particles raises the question of whether other biologically important and health-relevant metals
can be analyzed in this manner with SPMS. Fig. 22 illustrates the results of resonance
enhancements experiments in SPMS, conducted with NIST urban dust 1649b as standard
reference material and well-characterized anthropogenic and metal-containing particle model.
Accumulated cation mass spectra show in pairwise comparison the resonance enhancements
for Fe (a), Mn (b), and Zn (c). The histograms in Fig. 22 (d —f) illustrate the single-particle
distribution of the relative ion signals and reveal a higher number of individual metal-containing
particles, which indicates a more sensitive and efficient detection. In a field campaign in Sweden
(—30 km south of Gothenburg), the resonance effect of the laboratory tests on ambient long-
range transported aerosols could be investigated and applied. In this field study, the OPO system
was replaced by more robust, powerful, and freely triggerable excimer lasers (see instrumental
setup [137]), with the spectrum of the KrF excimer laser, coincidingly matching the strongest
absorption line of Fe (Fig. 21 (c, d)). A custom electronic circuit triggers the 193 nm ArF excimer
and 248 nm KrF excimer alternately for focusing on long-range particles with the minimum time
difference. On the 14" of November 2019, between 15:00 and 24:00 local time, with each laser,
15,000 particles were analyzed, whereas spectra of the ArF laser achieved higher hit rates for
positive, negative, and bipolar mass spectra due to its higher photon energy and lower intensity
thresholds for ion formation. [207] Almost all negative mass spectra contained nitrate signals,
which occur due to condensation of NOs and replacement of ClI' by NOs during long-range
transport. [68], [85], [197], [208] The majority of the detected mass spectra showed either sea
salt signatures (Tab. 1), [209] predominantly organic fragments [83] or showed internal mixtures
of these dominant signals. A cluster analysis with ART-2a (described in more detail [210]-[212])
was performed to determine at the single-particle level the iron extension and the role and
distribution of the major components of the particles. The dominating particle classes of this
dataset are shown in Fig. 23. Despite the significantly lower hit rate, Fe can be detected in almost
all particle classes with ionization at 248 nm, whereas with ionization at 193 nm, Fe can only be
detected in EC particles despite a significantly higher hit rate and thus a more than twice as large
total particle count. The dark grey fractions show peak area at m/z = 56 (only for signals larger
than m/z = 40, Ca* and m/z = 55 fragment signal) possibly interfering with CaO" and [CsH.O] ",

38



Summary and Outlook

5000 500

(a) ArF-laser [ all particles
(193 nm) [ m/z=56 only

Il ~Fe & *Fe

4000 400

300

200

Number of particles

5000 500
(b) KrF-laser EEI:'DE;S‘CIES\
(248 nm) m/z=56 only
g 40%0 B “Fe & SFe 400
o
8 3000 300
B
3 2000 200
5
Z 1000 100

oc
OC&EC
oc
OC&EC
Fe

o
only anions
o

Aged sea salt
Salt & minor OC
Salt & OC mixed

only anions

Aged sea salt
Salt & minor OC
Salt & OC mixed

Fig. 23 Number of particles within the main classes revealed
from ART-2a clustering of ambient long-range transport
particles. Dark grey fractions show peak area at m/z = 56,
possibly interfering with CaO™, black fractions show peak area
at m/z = 54 for ®*Fe*. (a) Particles ionized with 193 nm UV-
laser show a noteworthy Fe signal almost exclusively with EC
signatures, whereas the spectra from ionization with 248 nm
reveal much larger iron signatures for all clusters. This shows
impressively that iron signatures are not only contained in EC
particles, but are distributed over considerably more particle
classes and can be detected with resonance-enhanced
ionization

to strengthen the criteria black fractions
show peak area at m/z = 54 for **Fe*. The
Fe signal in the dominating cluster in

Fig.23 (b) Salt & OC mixed even
completely disappears in (a). For Fe
dissolution and, therefore, the

anthropogenic increase of bioavailable iron
input to the oceans, the mixing of Fe
containing aerosols with sulfate and nitrate
are assumed to be crucial. [213] Previous
studies suggest that anthropogenic Fe
transport to the oceans is mainly caused by
coal combustion aerosols containing large
amounts of sulfate and traffic emissions
mixed with nitrate. [197], [214], [215]
These studies also showed strongly
internally mixed particles, but SPMS found
only small fractions of Fe mixed with OC
and Fe containing sea salt particles were
results

completely These

contrast the data from the cluster analysis

neglected.

shown in Fig. 23, where this particle class

showed the highest iron content using
resonance-enhanced ionization. Considering that previous SPMS studies were performed with
non-resonant ionization, the Fe transport in organic and saline ore mixed particles could be
underestimated.

5. Summary and Outlook

Different methods for the analysis and characterization of complex laboratory-generated and
airborne single-particles were developed, optimized, and applied in the presented dissertation.
For this objective, the fast and sensitive on-line TOF-MS measurement technique was utilized
and equipped with multiple ionization techniques to perform analyses of both natural and
anthropogenic organic and inorganic, ambient, and tar ball particles. The focus was on
developing and improving new ionization approaches to strengthen the information yield and,
thus, the understanding of atmospheric particles. Laser desorption/ionization mass spectrometry
of individual particles allows the determination of the chemical composition depending on the
particle’s aerodynamic diameter. Especially anthropogenic aerosols from combustion processes
are of great interest since they contain a large number of environmental and health-relevant
substances. The combination of LD, REMPI, and LDI" has opened up the possibility to directly
assess the health risks from PAHs in air pollution, providing information on the distribution of
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PAHs among particle types and sizes, and assigning them to specific sources. Despite the
limitation to positive ions, this approach provides new and meaningful information for the analysis
of climate and health-related aerosols. Tar balls are a component of brown carbon, form a
subcategory of organic aerosols, and are considered highly climate and health-relevant. Dynamic
changes in the simulated atmospheric evolution of laboratory-generated tar ball particles show
their relation between optical and chemical properties by photobleaching and secondary
chromophore formation. LD-REMPI analysis of single tar balls reveals a considerable aromatic
fraction of alkylated PAHs, oxygenated PAHs, phenols, and nitrogen-substituted PAHs that
contribute to higher UV vis-absorption and therefore increases atmospheric and climatic
implications. By spatial separation of laser-desorbed and refractory components and further
development of the ionization scheme, a full bipolar LDI mass spectrum and detailed PAH
signature of single-particles have been achieved for the first time. This technology enables the
detection of carcinogenic PAHs via REMPI, health-relevant metals by LDI*, atmospheric aging
parameters through LDI, and allows source apportionment and mixing state determination to
estimate the local dose on inhalation as a function of particle size within a single instrument.
Concerning previous methods, this approach, by gaining an additional layer of information,
allows new insights into the single-particle distribution of PAHs and expands the understanding
of OA and atmospheric PM. In addition to PAHSs, another focus of single-particle analysis is the
detection of particle-associated metals that affect the environment and climate as well as human
health through multiple and complex mechanisms of interaction. Material cycles and
mechanisms of interaction are the basis of numerous studies but have not yet been fully
elucidated. By enhancement effects based on resonant light absorption in the ionization process
(LDI) of single-particle analysis, metal detection efficiency could be increased considerably. The
KrF laser line at 248 nm coincidentally encounters a strong absorption line of iron atoms and
enables the application of this resonance effect. The combination of resonant and efficient
analysis of Fe with other key substances such as sulfate, nitrate, and phosphate allows the
detection of atmospheric iron transport and important Fe distribution and bioavailability
parameters at the single-particle level.

Single-particle bipolar LD-REMPI-LDI-TOF-MS provides a basis for analyzing climate and health-
relevant aerosols and allows deep insights into the distribution of particle-bound pollutants, aging
processes, and improved source apportionment and size-related evaluation. To push the limits
of this technology even further, the development of an improved sizing unit to enable the efficient
detection of atmospheric particles < 200 nm will be necessary. The development of adapted and
complex evaluation mechanisms through data clustering for the analysis of atmospheric particles
and extensive field studies enables a wide range of applications and future projects. PAH-source
apportionment, investigation of health-relevant aerosols with both a specific metal and PAH
content (e.g., ship emissions), aerosol transport of metal micronutrients into the oceans, and
atmospheric particle aging are of considerable interest in this field of research. These studies will
benefit considerably from the new developments presented in this dissertation.
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Abstract. Following wood pyrolysis, tar ball aerosols were
laboratory generated from wood tar separated into polar and
nonpolar phases. Chemical information of fresh tar balls
was obtained from a high-resolution time-of-flight aerosol
mass spectrometer (HR-ToF-AMS) and single-particle laser
desorption/resonance enhanced multiphoton ionization mass
spectrometry (SP-LD-REMPI-MS). Their continuous refrac-
tive index (RI) between 365 and 425 nm was retrieved us-
ing a broadband cavity enhanced spectroscopy (BBCES).
Dynamic changes in the optical and chemical properties
for the nonpolar tar ball aerosols in NO,-dependent photo-
chemical process were investigated in an oxidation flow re-
actor (OFR). Distinct differences in the chemical composi-
tion of the fresh polar and nonpolar tar aerosols were iden-
tified. Nonpolar tar aerosols contain predominantly high-
molecular weight unsubstituted and alkyl-substituted poly-
cylic aromatic hydrocarbons (PAHs), while polar tar aerosols
consist of a high number of oxidized aromatic substances
(e.g., methoxy-phenols, benzenediol) with higher O: C ra-
tios and carbon oxidation states. Fresh tar balls have light ab-
sorption characteristics similar to atmospheric brown carbon
(BrC) aerosol with higher absorption efficiency towards the
UV wavelengths. The average retrieved Rl is 1.661 + 0.020:
and 1.635+0.003; for the nonpolar and polar tar aerosols,
respectively, with an absorption Angstrém exponent (AAE)
between 5.7 and 7.8 in the detected wavelength range. The
RI fits a volume mixing rule for internally mixed nonpo-
lar/polar tar balls. The RI of the tar ball aerosols decreased

with increasing wavelength under photochemical oxidation.
Photolysis by UV light (254 nm), without strong oxidants in
the system, slightly decreased the RI and increased the ox-
idation state of the tar balls. Oxidation under varying OH
exposure levels and in the absence of NO, diminished the
absorption (bleaching) and increased the O: C ratio of the
tar balls. The photobleaching via OH radical initiated oxida-
tion is mainly attributed to decomposition of chromophoric
aromatics, nitrogen-containing organics, and high-molecular
weight components in the aged particles. Photolysis of ni-
trous oxide (NO) was used to simulate NO,-dependent pho-
tochemical aging of tar balls in the OFR. Under high-NO,
conditions with similar OH exposure, photochemical aging
led to the formation of organic nitrates, and increased both
oxidation degree and light absorption for the aged tar ball
aerosols. These observations suggest that secondary organic
nitrate formation counteracts the bleaching by OH radical
photooxidation to eventually regain some absorption of the
aged tar ball aerosols. The atmospheric implication and cli-
mate effects from tar balls upon various oxidation processes
are briefly discussed.
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1 Introduction

Organic aerosol (OA), which represent a ubiquitous and
dominant burden of the tropospheric particulate pollutants,
play important roles in atmospheric chemistry and balance of
regional and global radiation (Jimenez et al., 2009; Kanaki-
dou et al., 2005; Seinfeld and Pandis, 2016; Shrivastava et
al., 2017). An indirect climate influence of OA relies on
their interaction with water, thus acting as cloud conden-
sation nuclei (CCN) that may alter the hydrological cycle
(cloud formation and perception) and modify Earth’s albedo
(Forster and Taylor, 2006; IPCC, 2013; Seinfeld and Pan-
dis, 2016). The direct climate effect of OA is through ex-
tinction of incoming solar radiation and outgoing longwave
radiation. Of particular importance is the warming effect due
to light-absorbing carbonaceous aerosol commonly termed
brown carbon (BrC) (Andreae and Gelencsér, 2006). BrC is
an important yet poorly understood OA component due to
its complex physical properties, undefined chemical compo-
sition, and dynamic evolution under atmospheric processes
(Adler et al., 2010; Moise et al., 2015; Laskin et al., 2015). It
has been estimated that BrC accounts for 10 %—40 % of the
total light absorption in the atmosphere and when deposited
on snowpack (Bahadur et al., 2012; Park et al., 2010), and
contributes a global forcing of 0.10-0.25 W m~2, with even
higher values on regional scales (Feng et al., 2013).

The origin of BrC can be either primary (i.e., directly
emitted) or secondary (i.e., generated by reactions of aro-
matic or carbonyl compounds in clouds or particles) (Laskin
et al., 2015). On a global scale, biomass burning releases
over two-thirds of primary BrC and also contributes sub-
stantially to overall secondary OA formation (Jacobson,
2014; Jo et al., 2016). Better understanding of the optical
properties of biomass burning BrC aerosols is crucial for
constraining its atmospheric and climatic implications and
Earth’s energy balance. Unlike black carbon that absorbs
light strongly throughout the entire UV-visible range, dif-
ferent chromophores that may also be coupled via charge
transfer complexes enable BrC absorption in a much more
pronounced and complicated wavelength-dependence man-
ner (Phillips and Smith, 2004; Reid et al., 2005; Lin et al.,
2016, 2017).

Tar balls are a specific type of particle produced from
wood combustion (especially from biomass smoldering
burning) which is abundant in the troposphere (Pésfai et al.,
2004; Hand et al., 2005; Chen et al., 2017). Tar ball par-
ticles have been collected and identified in many biomass
burning plumes (Pésfai et al., 2004; Fu et al., 2012; Li et
al., 2017). Microanalysis has found that tar balls are homo-
geneous spherical carbonaceous particles with sizes ranging
from tens to hundreds of nanometers. These particles con-
tribute a considerable fraction of the biomass burning BrC
(Posfai et al., 2004; Hand et al., 2005; Li et al., 2017). The
estimated burden of tar balls on regional and global climatic
forcing has been emphasized (Chung et al., 2012; Jacobson,
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2012, 2014). Tar balls from different burning conditions and
bio-fuels coexist with many other types of particles (e.g., in-
organic salts, soot, and other carbonaceous aerosols in the
form of internal or external mixing), and these smoke par-
ticles undergo rapid atmospheric processing once they are
released from the fire (Pésfai et al., 2004; Hand et al., 2005;
Li et al., 2015, 2017). However, in situ determination of the
optical properties of these particles during their lifetimes in
the air has seldom been reported due to inherent difficulty in
selective tar ball sampling out of complex particle ensembles
typical of field burning emissions.

The complex refractive index (RI = n+ki; n and k are real
and imaginary parts, corresponding to scattering and absorp-
tion, respectively) is an intrinsic optical property of aerosols.
Quantifying the RI of OA is highly needed for evaluating
the related radiative forcing influence (Moise et al., 2015).
Recently, several studies have investigated the optical prop-
erties of tar ball particles (Chakrabarty et al., 2010; Hoffer
et al., 2016; Sedlacek et al., 2018). The optical measure-
ments reported for tar balls or other biomass burning BrC
were discrete over several wavelengths that were constrained
by instruments measuring particle light coefficients, or in-
directly inferred from calculations based on their electron
energy-loss spectra or from UV-visible absorption of solu-
tions containing dissolved tar balls (Alexander et al., 2008).
Hand et al. (2005) measured light scattering coefficients of
tar ball-dominated fire plumes using a nephelometer, and
reconstructed the scattering coefficients with simplified or-
ganic carbon (OC) and elemental carbon (EC) data to get
an average RI of 1.56+0.02i for tar balls at A = 632 nm.
Chakrabarty et al. (2010) measured the RI of tar ball parti-
cles from smoldering biomass combustion at 405, 532, and
780 nm; they observed a clear wavelength-, biofuel-, and
even burning condition-dependent RI. The light absorption
by tar balls was similar to humic-like substance (HULIS)
with an imaginary part (0.002-0.015) that increased expo-
nentially towards the near-UV wavelengths. Recently, Hoffer
et al. (2016) generated tar ball particles from flameless wood
pyrolysis in the laboratory. They reported a higher RI value
of 1.84+40.20i at 550 nm, which fell closer to RI of soot than
to that of HULIS. Large discrepancies reside in these results
and discrete RI values make it difficult to decipher the com-
plicated wavelength-dependence character of tar ball optical
properties, which finally constrains the assessment of its ra-
diative forcing effect.

Freshly emitted smoke BrC contains chromophores with
diverse chemical structures, polarity, and volatility (Lin et
al., 2016, 2017). After emission into the atmosphere, smoke
particles undergo dynamic changes as a result of dilution,
precipitation, and chemical processing on scales of seconds
to days, which eventually affect the physiochemical proper-
ties of BrC particles during their lifetimes in the atmosphere
(Reid et al., 2005; Li et al., 2015; Laskin et al., 2015). Sum-
lin et al. (2017) simulated atmospheric photooxidation of
biomass burning BrC and reported that photooxidation di-
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minishes their light absorption. Zhong and Jang (2014) in-
vestigated the influence of humidity and NO, presence in
photochemical aging of biomass burning BrC. They found
that sunlight faded the color of BrC and humidity facilitated
the decay of light absorption by BrC, while the presence of
NO, delayed the fading. Overall, they concluded that light
absorption by BrC is governed by chromophore formation
and bleaching by sunlight in the atmosphere. Therefore, eval-
uating the climatic impacts of tar ball particles requires more
extensive investigation of its optical properties and under-
standing of the dynamic transformations of the optical prop-
erties during atmospheric aging.

In this study, we generated proxies for tar ball particles
by flameless wood pyrolysis (Téth et al., 2014; Hoffer et al.,
2016). This method allows consistent and continuous gen-
eration of tar ball proxy aerosols for studying their prop-
erties and processes. The RI of the tar aerosols as a func-
tion of wavelength in the ultraviolet—short visible region
(365-425nm, 0.5nm resolution) was determined using a
broadband cavity enhanced spectrometer (BBCES). A high-
resolution time of flight aerosol mass spectrometer (HR-ToF-
AMS) and a single-particle mass spectrometer applying laser
desorption/resonantly enhanced multiphoton ionization (SP-
LD-REMPI-MS) were used for probing the chemical pro-
file of tar ball aerosols under NO,-dependent multiple-day
photochemical oxidation. Specifically, the dynamic changes
in their optical properties in correlation with their chemi-
cal composition were investigated. The atmospheric impli-
cations and climate forcing due to atmospheric aging of tar
aerosols and evolution of their optical properties were also
explored.

2 Experiment
2.1 Tar ball particle generation

Following the formation mechanism in biomass burning pro-
cess, polydisperse tar ball particles were generated from
droplets of wood tar in the laboratory (Téth et al., 2014;
Hoffer et al., 2016). In this study, a similar procedure was
applied for producing tar ball aerosols. In brief, commer-
cial wood pellets (Hallingdal Trepellets, water content of
6.55 wt %, size of 2-3cm in length, 0.2-0.3 cm in diame-
ter) were smashed, heated and dry-distilled in the absence
of air (25°Cmin~! increase to 530°C from room temper-
ature, and held for 20min at 530°C) to produce liquid
tar-water emulsions (~ 25mL per hundred grams of used
wood pellets). The emulsions were filtrated using 0.45 um
pore size filters (PTFE membrane, diameter 47 mm, Pall
Corp.) to remove particulate matter or solid precipitation.
After overnight static stabilization, the wood tar solution
was phase-separated into water soluble and non-soluble oily
phases at an initial 3: 1 volume ratio. Herein, we will term
these two fractions as “polar” and “nonpolar” phases, respec-
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tively. The phase-separated solution was further concentrated
using a heating plate at 300 °C with N, purge flow to pre-
vent oxidation. A final 1:1 volume ratio of polar to nonpo-
lar phase was obtained; then the concentrated solutions were
sealed and stored in the dark under 2 °C for following exper-
iments. With respect to their potential reactivity and instabil-
ity, the distillation products were used within a few days.

For particle optical measurement, tar balls were produced
from aerosolization of above predefined wood tar diluted
in methanol (Gradient grade for HPLC, purity > 99.9 wt %,
Merck) using a constant output atomizer (Model 3076, TSI)
with high-purity N, as a carrier gas. As the actual fractions
of the polar and nonpolar compounds contributing to the
mass of ambient tar ball or biomass burning organic aerosol
(BBOA) can vary with biofuel sources, burning condition,
atmospheric process, and also method/efficiency to classify
the polar and nonpolar materials from the sample (Sengupta
et al., 2018; Lin et al., 2017, 2018; Chen and Bond, 2010;
Rajput et al., 2014), tar ball aerosols in this study were gen-
erated from polar, nonpolar, and mixtures of these two phase
tar solutions at volume mixing ratioof 2:1, 1:1,and 1 : 2,
respectively. Activated charcoal denuders and quartz heating
tube (150 °C, residence time ~ 0.7s for particles at a nitrogen
flow of 1.0Lmin~!) were used after the atomizer to outgas
the methanol from the gaseous and particulate phases. Mesh
filters (TSI) downstream were used to filter out some ultra-
fine (less than 100 nm) particles.

2.2 NOy-dependent OH oxidation of tar ball aerosols

Heterogeneous oxidation of tar ball aerosols was simulated
using an oxidation flow reactor (OFR), shown schematically
in Fig. 1. The OFR has been characterized (Kang et al.,
2007; Peng et al., 2015, 2016) and the operational procedures
have been described previously (He et al., 2018). Briefly,
the OFR consists of a horizontal 13.3 L aluminum cylindri-
cal chamber (46 cm long x 22 cm ID) operating in contin-
uous flow mode. The chamber is equipped with two power-
controllable ozone-free mercury lamps with peak emission at
A =254 nm (82-934-08, BHK Inc., CA, USA). The two UV
lamps are surrounded by Pyrex sheath tubes that are contin-
uously purged with N, to cool the lamps and remove out-
gassing compounds. OH radicals in the OFR are produced
through photolysis of externally introduced O3 under 254 nm
illumination and further reaction of singlet oxygen (O'D)
with water vapor:

03 + hv(254nm) — O'D + 0», (R1)
0'D + H,0 — 20H. (R2)

External O3 was produced by irradiation of 0.2L min~!
high-purity O, using a mercury lamp (A = 185 nm, 78-2046-
07, BHK Inc., CA). The O3 concentration downstream of the
OFR was measured by an Oz monitor (2B Technology). A

Nafion membrane humidifier (Perma Pure LIC, NJ) was used
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Figure 1. Experimental setup for laboratory generation and aging of tar ball aerosol, including generation setup, OFR photochemical aging,
gaseous—particulate chemical monitoring, particle size distribution and optical property measurements.

to supply water vapor to the OFR. Tar ball aerosols carried
by 1.0Lmin~! N; flow from the atomizer were introduced
into OFR. The initial aerosol concentrations in the OFR were
mediated by controlling the concentration of the wood tar so-
lution to be atomized until the number of 350 nm particles
was above 100 cm ™3, as shown in Fig. S1 in the Supplement
of tar ball aerosol size distribution. Finally, a total flow of
5.5L min~! with 36 %-38 % RH, initial 27-28 ppm O3, and
200250 ug m~3 tar ball particles (assuming material density
of 1.0gcm™3) was maintained, with a corresponding plug
flow residence time (RT) of 144 s for aerosols in the OFR.

The extent of simulated daytime oxidation by OH expo-
sure was varied by changing the UV light intensity. Here,
OH exposures in the OFR were inferred by measuring the
decay of added SO, (monitored by Thermo SO, analyzer,
model 43i) due to reaction with OH radicals at specific UV
lamp intensity. A low concentration (~ 60 ppb) of SO, was
used to minimize its influence on the OH radical reactivity.
Typical total OH exposures ranged from (8.7 £2.3) x 10'°
to (8.6 £ 1.7) x 10" moleccm™3 s or 0.5-7 equivalent day-
time atmospheric oxidation days (EAD) were maintained,
taking typical ambient average OH concentration as 1.5 x
10° molec cm™3 (Kang et al., 2007; Peng et al., 2015, 2016).

In addition to reactions with oxidants, organic aerosols
may change their chemical and physical properties by pho-
tolysis (Epstein et al., 2014; Lee et al., 2014; Wong et
al., 2014). Therefore, the influence of light irradiation dur-
ing tar ball photochemical aging was assessed at the short
exposure time in the OFR. Here, tar ball aging was re-
peated at the same conditions (e.g., RT, RH, N> /O, flow,
tar ball concentration, UV lamp power) without O3 supply
in the OFR. The 254 nm photon flux at specific to maxi-
mal UV lamp power was calculated by fitting the OH ex-
posure estimated from SO, decay and by the Aerodyne
OFR Exposure Estimator (v3.1, https://sites.google.com/site/
pamwiki/hardware/estimation-equations, last access: 20 De-
cember 2017).

Under polluted conditions, nitrogen oxides (NO,) are of-
ten involved in the atmospheric transformations of organic
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aerosol and alter their physiochemical properties (Rollins
et al., 2012; Ng et al., 2007; Lin et al., 2015). Therefore,
NO, influence on tar ball aerosol aging was also investi-
gated. Due to rapid conversion of NO, (NO + NOy) into
nitric acid (HNO3) under high O3 and OH concentrations,
simple addition of NO, into OFR cannot sustain NO, levels
that compete with HO» radicals in the reaction with organic
proxy (ROO). NO, generated via N> O reaction with O'D has
been modeled and tested to suit the characterization of NO, -
dependent SOA formation pathways using OFR (Peng et al.,
2017; Lambe et al., 2017). In this study, N>O (99.999 %) ad-
dition of 0.5 % vol and 2.0 % vol were used during tar ball
aerosol photochemical oxidation in the OFR, and equivalent
OH exposure of about 4.0 EAD was maintained. NO, (NO
and NO,) concentrations downstream of the OFR was mea-
sured using a NO/NQO; analyzer (Ecotech, Serinus 40 NO,).
Experimental parameters including initial Oz and N,O con-
centrations, NOy, moisture ratio, maintained OH exposures
and the corresponding photon flux at 254 nm are presented in
Table 1.

2.3 Online optical and chemical characterization

Prior to the optical and chemical measurements, excess
ozone and NO, were removed from the sample air stream
following the OFR using two diffusion denuders packed
with Carulite (Carus Corporation, Peru, IL) and one ac-
tivated charcoal tube. The streamflow was further dehy-
drated with two silica gel diffusion dryers. Afterward, the tar
ball aerosols were characterized by a combination of online
chemical and optical instruments.

Bulk chemical fragments and organic elemental ratios of
tar ball aerosols were monitored in real time by the HR-ToF-
AMS (Aerodyne Research Inc., Billerica, MA, USA) in al-
ternating high-sensitivity V and high-resolution W modes.
The working principles of the AMS have been described
in detail elsewhere (DeCarlo et al., 2006). In short, aerosol
particles are separated from the gas phase through an aero-
dynamic lens system and then transferred into the vac-
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Table 1. Experimental conditions for tar ball particles photochemical oxidation.

Experiment O3 N;Omixing Endpoint NOy RH  Water mixing Exposure
(ppm) ratio (ppb) (%) ratio OH radical photon flux
(molecules cm™3 s)  (photons cm_z)
Pl - - — 3890 0.0126 - 7.47 x 1013
P2 - - - 3970 0.0128 - 4.83 x 1016
P3 - - - 4050 0.0130 - 1.00 x 1017
0.0.7 24.46 - ~ 3729 0.0120 8.68 x 1010 1.56 x 1013
017 24.76 - - 3766 0.0122 2.23 x 101! 7.47 x 1013
0.3.9 24.63 - - 3558 0.0115 5.11 x 10!! 4.83 x 1016
0_6.7 25.31 - - 3567 0.0116 8.65 x 1011 5.17 x 1010
N_0.5 24.18 0.005 9.1 36.60 0.0118 5.37 x 101! 5.92 x 1010
N 2.0 28.21 0.020 528.3  35.90 0.0116 4.85 x 1011 1.00 x 1017

Note: P1-P3 mean photolysis test, O_0.7-0_6.7 correspond to the photochemical oxidation experiment from equivalent 0.7 to 6.7 days’ ageing, and N_0.5 and
N_2.0 indicate photochemical oxidation with N, O addition at 0.5 % vol and 2 % vol mixing ratios (standard deviation for the parameters was not given in above

table).

uum system, where they are impacted onto a vaporizer
at about 600°C, thus vaporizing the particles. The ana-
lyte vapors are ionized with 70eV electron impact ioniza-
tion (EI). A time-of-flight mass spectrometer is used for
high-resolution analysis of the ions. SQUIRREL v1.16 and
PIKA v1.57 codes (http://cires.colorado.edu/jimenez- group/
ToFAMSResources/ToFSoftware/, last access: 24 Novem-
ber 2016) were used to process the collected AMS data. Four
ion groups were classified as CyH}, CyH,0", C;H,07
(z>1), and CxHinN;;(iO, pl) based on fragment features.
The ions O, OH™, and H,O™" were included in the C,H, 0}
group, as concentrations of these species were calculated
from the organic CO;‘ ion abundance using the method in
Aiken et al. (2008). The ambient improved (Al) atomic ratios
of oxygen to carbon (O : C), hydrogen to carbon (H: C), ni-
trogen to carbon (N : C), and organic mass to organic carbon
(OM / OC) were generated from the measured ion fragments.

Particle-bound organic molecules were measured using a
custom single-particle time-of-flight mass spectrometer. This
instrument features laser desorption and resonantly enhanced
multiphoton ionization (SP-LD-REMPI-ToF-MS), allowing
for the detection of aromatic substances on individual parti-
cles. Detailed description and application of the instrument in
LD-REMPI ionization mode is given by Bente et al. (2008)
and Passig et al. (2017). Briefly, aerodynamically accelerated
particles are individually sized using laser velocimetry, and
heated by a pulsed CO; infrared laser (10.6 ym) to desorb
organic molecules. Aromatic substances in the gas plume are
selectively ionized via REMPI by a KrF-excimer laser pulse
(248 nm) and detected in the positive MS flight tube. The
REMPI-MS technique is very sensitive and selective for aro-
matic substances (Boesl et al., 1978; Grotemeyer et al., 1986;
Rettner and Brophy, 1981) and suitable for studies on pyrol-
ysis and (wood) combustion processes (Heger et al., 1999;
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Czech et al., 2017). For the tar ball aerosols it provides com-
plementary information to the HR-ToF-AMS spectra. A cus-
tom software on LabView basis records and calculates the
aerodynamic size and individual mass spectra of the parti-
cles.

For optical measurements, tar ball aerosols were size-
selected using an Aerosol Aerodynamic Classifier (AAC,
Cambustion, UK). AAC has significant advantages over the
commonly used Differential Mobility Analyzer (DMA) clas-
sifier. The AAC classifies particles based on the aerodynamic
size without charging and hence it avoids the contribution
of multiply charged particles, thus generating real monodis-
perse size-selected particles distribution, reducing the errors
associated with multiply charged large particles. In addition,
the AAC has higher particle transmission efficiency at the
relevant size range (Tavakoli and Olfert, 2013, 2014). Aero-
dynamic size-classified particles after the AAC were further
scanned by a scanning mobility particle sizer (SMPS, classi-
fier Model 3080, DMA Model 3081, CPC model 3775, TSI)
to derive their mobility size distribution. The effective den-
sity of tar balls can be estimated from Eq. (1) with assump-
tions of homogeneous composition and particle shape factor
of 1.0, which was verified later in this study:

Daero
- pO 9

D
where pefr is an effective density, and Dyero and Dy, are aero-
dynamic and mobility diameters, respectively. p, is unit den-
sity of 1.0 gem ™3,

Based on the derived effective density, size-specific tar ball
aerosols covering mobility diameters between 175 to 350 nm
with an interval of 25 nm were size-selected via AAC, and
monodisperse tar balls were introduced into a dual-channel
broad-band cavity enhanced spectrometer (BBCES) for light
extinction (cex;) measurements in the wavelength of 360-395

ey

Peff =
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and 385-435nm (at resolution 0.5nm). A detailed descrip-
tion of the instrument can be found elsewhere (Washenfelder
et al., 2013; Flores et al., 2014a, b). With the combination
of a condensation particle counter (CPC, Model 3575, TSI)
to measure particle concentration (V) in series, size-specific
particle extinction cross section (oex) can be calculated by
Eq. (2):

@ext(A, Dp, RI)

Oext(A, Dp, RI) = N(Dy)
p

, @

where A is the wavelength of incidence light and Dy, is the
particle mobility diameter.

Using the Mie-Lorenz scattering theory, the wavelength-
dependent complex refractive index of spherical homoge-
neous particles was derived (Pettersson et al., 2004; Abo
Riziq et al., 2007). The retrieval algorithm was limited to
search for nl and kO as their physical boundaries. There-
after, spectral dependent extinction, scattering, and absorp-
tion cross sections (Oext, Osca, and oapg) were calculated from
the complex RI at a specific particle size. Using these pa-
rameters, the single scattering albedo, indicating the scatter-
ing fraction of light extinction (SSA = 0ca/0ext), Was calcu-
lated.

The absorption and extinction Angstrém exponents (Aabs
and Acy) describe the spectral dependence of aerosol light
properties, and are widely used in climate modeling (Russell
etal., 2010). It is customary to extrapolate the optical spectral
absorption and extinctioncﬁtting to the range of wavelengths

using a power law A~ Aas and o A‘Acxt, respectively. In
this work, we determined Aexc and A,ps With a linear regres-
sion of In(oex) and In(oyps) against In(A) over the range of
365 to 425 nm:

In(oext) < In(oaps)

=T T TGy @

ext

Here Aext, Aabs, and SSA were calculated for tar ball aerosols
with a median diameter of 150 nm.

2.4 Offline optical characterization

In addition to the in situ measurements, tar ball particles
were also collected quantitatively onto Teflon filters (47 mm
diameter, 0.45 um porosity, Pall Corp.) at a sampling flow
rate of 2L min~! and then extracted using methanol (HPLC
grade, purity > 99.9 %, Merck) for offline UV-visible ab-
sorption measurement (Cary 60 UV-VIS spectroscopy, Ag-
ilent). Methanol extraction of organic compounds has been
commonly performed in various studies (Hoffer et al., 2006;
Laskin et al., 2009; Yee et al., 2013; Finewax et al., 2018; Xie
etal., 2017). Here we verified the completeness of the extrac-
tion by extracting each filter twice with methanol. Moreover,
vortex shaking (Vortex Genie-2, Scientific Industries) rather
than sonication was applied to avoid chemical degradation of
the extracts upon ultrasonic irradiation (Miljevic et al., 2014;
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Mutzel et al., 2013). The methanol extractable BrC mass ab-
sorption cross section (MAC, m? g~!) and refractive imagi-
nary k of the tar balls were estimated based on the following
relations (Chen and Bond, 2010; Laskin et al., 2015):

MAC(A):M, @
Cxb
A x pxMACL)

4 ©)

kay =
Abs(y) is the base-10 absorbance result from UV-visible
spectroscopy (unitless), b is the optical length of the solution
(1cm), and C is the extracted organic carbon mass concen-
tration in solvent (gm~3), which can be determined directly
by normalizing the extract concentration and OC mass frac-
tion for tar balls as OC / OM obtained from AMS data, as no
other refractory elemental carbon (EC) content was detected
in our samples (see details in the Supplement). A is the inci-
dent light wavelength, and p is the material density (gcm ™).
Here, the derived effective density pefr was used. The absorp-
tion Angstrom exponent based on MAC was also derived as
Aabs_uv_\/is over the 365-425 nm spectral range.

In addition, particles were impacted at a flow of
2.5Lmin~! onto cyclopore track-etched polycarbonate
membrane (47 mm, 0.1 um porosity, Whatman Inc.) to inves-
tigate the morphology of tar balls using scanning electronic
microscopy (SEM, JEOL JSM-7000F).

2.5 Radiative impacts of tar ball aerosols

To assess the climatic influence of tar ball aerosols, a
wavelength-dependent direct shortwave aerosol simple ra-
diative forcing efficiency (SRF, W g~!) was estimated us-
ing the clear sky air mass global horizonal solar spectrum
(AM1GH), assuming that tar ball aerosols form a uniform,
optically thin aerosol layer at the lower troposphere or on
ground (Bond and Bergstrom, 2006; Levinson et al., 2010):

dSRF _ 1dSg) ,

T T Ta @ e
—4Rsic - MAC (M)], (6)

(1= Fo) [21 = Rye) By MSC ()

where dS(A)/dA is the solar irradiance (photons s~1 cm_z),

Tym 1S the atmospheric transmission (taking 0.79 for sim-
ple calculation), F¢ is the cloud fraction (approximately 0.6),
Rt 1s the surface albedo (approximately 0.19 for urban area
ground and 0.8 for snow) (Chen and Bond, 2010), 8 is the
average up-scatter fraction (the fraction of scattered sunlight
that is scattered into the upward hemisphere), and MSC(1)
is the wavelength-dependent mass scattering cross section,
respectively. We simply calculated radiative forcing of parti-
cles with an atmospheric-relevant size of 50 to 500 nm, and
SRF was estimated and integrated over the measured range of
365425 nm. The actinic flux over 365-425 nm was obtained
from the “Quick TUV Calculator”, available at http://cprm.
acom.ucar.edu/Models/TUV/Interactive_TUV/ (last access:
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15 May 2018) using the following parameters: SZA (solar
zenith angle) of 0°, noon time, 30 June 2000, 300 Dobson
overhead ozone column, surface albedo of 0.19 for urban
area and 0.8 for snow, and 0 km altitude.

3 Results and discussion

3.1 Chemical composition and optical properties of
fresh tar ball aerosols

Negligible fractions of inorganics (e.g., sulfate, nitrate, chlo-
ride, and ammonium) in tar balls are obtained from AMS
measurement as shown in Fig. S2, and these results confirm
again that tar ball aerosols contain dominated carbonaceous
compounds with minor amounts of N, S, and Cl (Pésfai et al.,
2004; Hand et al., 2005; Adachi and Buseck, 2011). There-
after, only organics in tar balls are considered, and the high-
resolution bulk organic mass spectra for polar and nonpo-
lar tar ball particles are given in Fig. 2. The mass spectra
features and particle effective densities are summarized and
compared in Table S1 in the Supplement. Distinct differences
in the chemical composition were observed between polar
and nonpolar tar ball aerosols. The alkyl fragments (CXH;L,
e.g., CnH;rn_ 1 CHHZFn +1) dominate the signals for nonpolar
particles (accounting for ~ 56 % of the total fragments), im-
plying that the nonpolar tar balls have compositional simi-
larity to common hydrocarbon organic aerosol (HOA). The
CyH,O™ fragments are the primary ions for the polar tar
balls, contributing ~ 42 % of their mass spectrum, suggest-
ing that most of the organic constituents in the polar tar
balls are substantially oxygenated. Both spectra exhibit sig-
nificant intensity at m/z 28 (CO™), m/z 29 (CHO™), and
m/z 43 (C;H30™), indicating the presence of carbonyl ions.
The strong signal at m/z 31 (CH30™) results from methoxy
species that preferably partition into the polar tar fraction.
In addition, the significant signals at m/z 50-52 (C4H,
C4HY, C4H[), m/z 65 (CsHY), m/z 77-78 (CeHY, CeHY),
m/z 81 (C6H;’), and m/z 91 (C7H;'), which are characteris-
tic of aromatic compounds, indicate that tar balls, especially
from the nonpolar phase, contain a considerable amount of
aromatic organics or present high aromaticity. Ion peaks at
m/z 77-78, 81, and 91 are typical of monocyclic aromat-
ics such as alkyl-substituted benzene (for m/z 77-78, 91)
and heterocyclic aromatics (for m/z 81) (Li et al., 2012),
while the relatively higher signal at m/z 128 (C10H8+) in
the nonpolar tar ball mass spectra can be assigned to the
molecular ion of naphthalene (Herring et al., 2015). More-
over, signals at m/z 55 and 57 (C3H30™, C3H50™) are sig-
nature fragments of aliphatic and non-acid oxygenated or-
ganics that are used to trace cooking emissions (He et al.,
2010), and these two fragments were also observed in the tar
ball aerosols. Similar to ambient biomass burning emissions,
C2H4O; (m/z 60) and C3H50§' (m/z 73), two characteristic
fragments from levoglucosan and similar cellulose pyrolyzed
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species (e.g., mannosan, galactosan) were detected in all the
tar ball aerosols, and these fragments were more prominent
in the polar aerosols due to the solubility of levoglucosan and
analogs in water. Weimer et al. (2008) reported the percent-
age of m/z 60 and 73 for the burning of various woods to be
0.6 %—4.1 % and 0.1 %-2.0 %, respectively. The percentages
of these two fragments in our tar ball aerosols (0.7 %—1.6 %
for m/z 60 and 0.5 %—0.9 % for m/z 73) are comparable to
the literature data, although the fuel and the pyrolysis proce-
dure are different. The m/z 137 peak is dominated by frag-
ments of CgHgO;— and C7H50§', and these fragments have
been determined in biomass burning emissions and were as-
signed to lignin-related ions with methoxy-phenolic struc-
tures (Li et al., 2012, 2014). Phenols and methoxy phenols
are prominent compounds, accounting for 41 % of the identi-
fied organic species in primary BBOA (Schauer et al., 2001).
The signal at m/z 137 is much higher in the nonpolar-phase
tar ball aerosols (1.0 % and 0.5 % for nonpolar and polar tar
balls, respectively), and the fraction of fragment m/z 137 is
consistent with reference values of 0.3 %-2.0% (Li et al.,
2012).m/z 44 (CO;‘ ), a marker fragment of carboxylic acids,
has been parameterized as f44 (fraction of a mass spec-
trum signal at m/z 44) to present the oxidation degree of
organic aerosols (Aiken et al., 2008; Ng et al., 2010). Higher
f44 values indicate more oxidized OA (OOA), while less
oxidized OA is characterized by lower f44 (Schauer et al.,
2001). Peroxides can also produce a CO;‘ signal via exten-
sive fragmentation in the AMS (Aiken et al., 2008). f44
has also been shown to be linearly correlated with the ele-
mental O : C ratio of OA (Aiken et al., 2008). In this study,
f44 for the nonpolar and polar tar ball aerosols are 1.9 %
and 2.4 %, and the corresponding O: C ratios are 0.25 and
0.44. The higher O:C and H: C ratios explain the polarity
of the polar tar ball aerosols. The simplified average car-
bon oxidation state (OSc &~ 20 : C-H : C) describes the oxi-
dation level of particulate complex organic mixtures (Kroll
et al., 2011). The calculated OSc for the tar ball aerosols
are —1.05-0.76, which agrees well with reference values of
—1.0-0.7 for primary BBOA (Kroll et al., 2011). These val-
ues are in the broad range of —1.7-1.6 for HOA and —0.5—
0 for semivolatile OOA (Aiken et al., 2008). In addition,
a small fraction of nitrogen-containing organic compounds
(NOCs) was detected, with the C HinN;' group contribut-
ing 1.6 %—-3.6 % of the tar ball mass spectra with an estimated
N : Cratio below 0.01, which agrees with previously reported
N: C values of 0.008-0.018 for biomass burning emissions
(He et al., 2010). Biomass burning is an important source
of NOC:s in the atmosphere, and alkaloid and nitro-aromatic
constituents were detected to be abundant constituents of the
NOCs (Laskin et al., 2009; Lin et al., 2017). Nitroaromatic
compounds were also identified in urban fire emissions (Blu-
vshtein et al., 2017; Lin et al., 2017). Although these com-
pounds constitute a small fraction of the BBOA mass, these
chromophoric NOC species accounted for 50 %—80 % of the
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Figure 2. High-resolution AMS mass spectra of fresh polar and nonpolar tar ball particles. Four ion groups are grouped for clarity as Cx H;,"
(green), C)CHyOJr (purple), CxHyOg' (z>1) (violet), and Cyx HinN]'," (@10, p1) (light blue). The mass fractions of the four fragment groups

are presented by pie charts.

total visible light absorption by the extractable BrC (Lin et
al., 2017).

Fragments larger than 100amu (fy/; > 100) contribute a
large fraction of the total organic signals for tar ball aerosols,
consistent with biomass burning emissions that contain a
large fraction of high-molecular weight compounds (Ge et
al., 2012; Zhou et al., 2017). fy/; > 100 is 32 % for the non-
polar tar ball aerosols, which is higher than that of the po-
lar particles (15 %), demonstrating that the nonpolar tar balls
consist of more high-molecular weight organics. The mea-
sured effective densities for polar and nonpolar tar balls are
1.33 and 1.24 gcm™3. Chemical characteristics from AMS
and densities for internal mixture tar balls follow the volume-
linear mixing of polar and nonpolar tar solutions.

A considerable aromatic fraction in the tar ball aerosols
was confirmed by the LD-REMPI-MS measurement. Fig. 3
presents the mass spectra of aromatic substances obtained
for one exemplary polar and one nonpolar particle, respec-
tively. Aerodynamic size distributions for the detected tar
ball aerosols are given in Fig. S3, and substances identified
in the mass spectra are listed in Table S2. The features in
the mass spectra are consistent with the polarity of exam-
ined tar ball aerosols and ambient BBOA (Lin et al., 2018).
The complex REMPI spectrum shows rows of intense un-
substituted and partially alkylated PAH peaks in the nonpo-
lar tar balls, including naphthalene, acenaphthylene, phenan-
threne, pyrene, and, in particular, the softwood combustion
marker retene at m/z 234 and some possible derivatives (ox-
idized retene at m/z 250 with one oxygen addition, methyl
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retene at m/z 248 with one methyl addition) (McDonald
et al., 2000; Shen et al., 2012). Retene and some of the
aforementioned PAHs are also observed in the polar tar ball
aerosols’ mass spectra with lower intensities. In contrast,
the polar tar ball REMPI mass spectra show strong peaks
from oxidized aromatics, more specifically, benzenediol and
methoxy-phenols (e.g., catechol, guaiacol, acetovanillone,
syringaldehyde, conifery aldehyde). These results are also
verified in ambient BBOA, of which the nonpolar BrC con-
sists of primary unsubstituted PAHs, while the polar fraction
includes major aromatic acids and phenols (Lin et al., 2018).
The REMPI mass spectra correspond to the large fractions
of CHO" and CH30" fragments and high O :C ratios ob-
served for the polar tar aerosols via HR-ToF-AMS, and re-
main consistent with the strong signals of typical aromatic
fragments observed in the nonpolar tar aerosols in Fig. 2.
The dominance of aromatic compounds in tar ball chemi-
cal composition agrees well with previous work on BBOA
(Schauer et al., 2001; Wei et al., 2015; Bente et al., 2008,
2009; Czech et al., 2017). Biomass burning is a major source
of environmental PAHs (alkylated PAHs, oxygenated PAHs,
phenols, nitrogen-substituted PAHs, etc.) in both particulate
and gaseous phases, and extensive emissions of PAHs from
incomplete combustion pose a great threat to ecosystem and
human health due to their carcinogenic toxicity (Li et al.,
2017; Shen et al., 2013; Sigsgaard et al., 2015; Shrivastava
et al., 2017). Moreover, the primary PAHs can act as pre-
cursors that substantially contribute to ambient SOA or BrC
aerosol when involved in atmospheric photochemical aging,
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Figure 3. LD-REMPI mass spectra of exemplary single tar ball particles; some feature peaks were identified and labeled. (a) Nonpolar tar
ball spectra show predominantly alkyl-substituted and unsubstituted PAHs. (b) Polar tar ball spectra reveal many oxidized aromatics, e.g.,
methoxy-phenol and benzenediol. Note the softwood combustion marker retene at m/z = 234, its characteristic fragments (m/z = 203, 204,

205, 219), and possible retene derivatives (m/z = 248, 250).

leading to profound climatic influence (Yee et al., 2013; Yu
etal., 2014; Lu et al., 2011; Zhang et al., 2012).

The complex refractive index (RI) of tar ball aerosols was
retrieved under the assumption that the particles have sim-
ilar chemical composition and a spherical shape. The SEM
images shown in Fig. S4 confirm the spherical morphology
and homogeneous composition of the tar ball particles gener-
ated in this study. Electron energy-loss spectroscopy (EELS)
spectra indicates that the tar ball particles contain major C
and minor O, which fits the AMS result and previous work
(Pésfai et al., 2004; Chakrabarty et al., 2010). Continuous
spectral-dependent RI and SSA for tar balls were derived
and are presented in Fig. 4, RI results for tar ball aerosol
at mixing ratio of 2:1 and 1:2 are presented in Fig. S5.
Although scattering dominates the light extinction, absorp-
tion in the UV and in the visible ranges was unambiguously
identified for the tar ball aerosols, with characteristic absorp-
tion similar to atmospheric BrC and HULIS (Hoffer et al.,
2006; Bluvshtein et al., 2017; Lin et al., 2017). The imag-
inary part, k, increases towards the UV range, presenting
0.02-0.03 difference over the measured spectra range. The
real part, n, for the nonpolar tar balls decreased from 1.673
at 365 nm to 1.647 at 425 nm, which is almost parallel to the
descending n for the polar tar balls ranging from 1.651 at
365 nm to 1.625 at 425 nm. k is 0.029-0.013 for the nonpo-
lar tar ball over light wavelength of 365-425 nm, while the
imaginary part for nonpolar aerosols is 0.007 at 365 nm and
zero at wavelength longer than 410 nm, indicating that there
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is no detectable absorption or k is lower than our detection
limit. The overwhelming imaginary part for the nonpolar tar
aerosol agrees with many reports that nonpolar or less po-
lar organics have higher absorption compared with the po-
lar BrC in BBOA (Lin et al., 2018; Sengupta et al., 2018).
The stronger absorption and relatively higher scattering abil-
ities resulted in a lower SSA compared with the polar tar ball
aerosols. The SSA increases towards the visible wavelength
from 0.86 at 365 nm to 0.90 at 425 nm for nonpolar tar ball,
and the corresponding values are 0.95 to 1.0 for the polar tar
balls.

The optical properties of aerosols relate to their chemical
composition. Evidently, most of the PAHs identified in the
tar ball aerosols with high intensity have strong absorption
between 350 and 450 nm (Samburova et al., 2016; Lin et al.,
2018), as shown in Fig. S6, which coincide with the range
of tar ball absorption measured here, implying that PAHs
could be a dominant contributor to the absorption of fresh
tar balls. Higher imaginary k can be explained partly by the
larger proportion of PAHs as well as more high-molecular-
weight organics present in the nonpolar tar ball particles, as
conjugated aromatic rings and phenols contribute to the ma-
jor chromophores in the wood smoke (Laskin et al., 2015;
Lin et al., 2017, 2018). High-molecular weight organics may
resemble HULIS that can form charge transfer complexes
(Phillips and Smith, 2004), and that can absorb light at a
longer wavelength range. The result is consistent with the
finding that higher molecular weight and aromaticity result in
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stronger absorption for atmospheric BrC (Dinar et al., 2008).
Moreover, the higher NOC content may also contribute to the
chromophores in the nonpolar tar aerosols (Lin et al., 2017,
2018).

The average Rls at 375 and 405nm are 1.6714-0.025i
and 1.659 4 0.017i for nonpolar tar ball aerosols. The cor-
responding Rls are 1.647 4 0.005i and 1.635 + 0.04i for the
polar tar ball aerosols. The imaginary part k retrieved from
the BBCES data, though low, agrees well with k values cal-
culated from UV-visible absorption of the bulk solution. The
MAC for the methanol-extracted BrC in tar ball aerosol is
shown in Fig. S7. The absorption may be different for com-
plex materials in the particulate and aqueous phases since pa-
rameters such as shape factor and mixing state together with
artifacts from the optical instruments’ detection and data re-
trieval methods can all affect the final optical results, while
solvent-dependent extraction/dissolving efficiency of chro-
mophores or the solvent effect (e.g., pH in water solution)
may impact the solution absorption coefficient (Huang et al.,
2018; Lin et al., 2017). The light absorption coefficient of
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particulate BrC has been reported to be 0.7-2.0 times that of
bulk BrC extracts by Liu et al. (2013).

The absorption Angstrom exponent (Agps) is often used
to describe the wavelength dependence of aerosol light ab-
sorption, with a value of nearly 1 for BC particles and val-
ues substantially larger than 1 indicating the contribution
from BrC (Reid et al., 2005; Chen and Bond, 2010). In this
work, Agps for the nonpolar and polar tar ball particles ranges
from 5.9 to 6.8 between 365 and 425 nm, which is consis-
tent with values of 5.7-7.8 calculated from the bulk absorp-
tion in solution. The nonpolar tar balls have a lower Aabs.
The difference in Ay reflects the different chemical com-
position of chromophores in the particles, as inferred also
from the AMS data. Bluvshtein et al. (2017) reported rel-
atively low values of Aex (2-3) and Agps (4-6) over 300—
650 nm for ambient fire plume, which are likely affected by
BC in the smoke aerosol and are also due to lower wave-
length dependence of aerosol absorption and scattering over
the longwave visible range. Overall, the broadband optical
results for fresh tar ball aerosols are consistent with lim-
ited discrete measurements of atmospheric BBOA as sum-
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marized in Table 2. It has also been found that the biomass
fuel type, combustion conditions, and atmospheric process-
ing eventually affect the optical properties of BBOA. Lack et
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Table 2. Comparison of tar ball particle optical properties with reference values of BBOA (mean =+ standard deviation).

www.atmos-chem-phys.net/19/139/2019/ Atmos. Chem. Phys., 19, 139-163, 2019



150

.70

C. Li et al.: Dynamic changes in tar ball aerosols by photochemical aging

{a) -
1.68 — _-  — — F

" R T 380 390 400 410 420

it v T ‘Wavelength (nm)
1.66 — L L b S

= 8 tresaia ROt DY Eq‘a

élu— N T B -”"'"-.. .
162 — ' lh ---------

- - Rl and S5A @375 nm L [ ]
- = Rl and S5A @405 nm
1.60 —
0.08 —
(b)

o 004 —

a i Fresh 007

[y . 8 o017

£ oo L e = i 0_39 0._6.7

° TR - - = T -

E sor - e L_E R -:E‘_‘ : l ----- q.-_ﬁ
el M eassnde B
1.00 — x

(c) ‘B g
N L pelaestoiras
0.95 — E‘--"d ------ <

S [ PR i Y ]

W e ST _____E,.- 5
0.85 — o o

OH phaotochemical oxidation
0.50 T T T T T T T
0.24 0.26 028 0,20 0.32 0.4 0.26 038 040
QIC ratio

Figure 5. Evolution of the retrieved wavelength-dependent complex RI

and SSA as a function of O: C ratio for tar ball particles upon OH

photochemical oxidation: (a) real part, (b) imaginary part, and (¢) SSA calculated for 150 nm particles. The color scale shows the span in the

RI for the wavelengths measured from 365 to 425 nm. For clarity, error
for imaginary part on average), and SSA (40.006) are not shown. Two

bars for O : C ratio (£0.01), RI (£0.007 for real part, and £0.003
dashed lines trace the RI and SSA at 375 nm (purple) and 405 nm

(green). O_0.7-0_6.7 represent equivalent atmospheric photochemical oxidation for 0.7 and up to 6.7 days.

of the wavelength-dependent RI and SSA as a function of the
aerosols’ O: C ratio following NO,-free photochemical ag-
ing in the OFR. The oxidation covers 0.7-6.7 EAD. Substan-
tial decrease in the RI and an increase in the SSA are corre-
lated with an increase in the O : C ratio; these specific param-
eters are summarized in Table S5. Light scattering as well as
the absorption by the tar ball aerosol decrease with increas-
ing OH oxidation. The tar aerosols lose their scattering and
absorption significantly up to 3.9 EAD aging. The average RI
decreased from initial 1.661 + 0.020: to 1.632 4+ 0.007i, and
the corresponding average SSA increased from 0.89 £ 0.01
to 0.96 £0.02. Then, the RI by tar balls persisted with en-
hanced oxidation, so that the MAC values remained sta-
ble after 3.9 days’ oxidation (Fig. S13), suggesting that all
the photochemical-labile chromophores were largely elimi-
nated, while the remaining fraction still presented some light
absorption. Forrister et al. (2015) also observed a stable frac-
tion of biomass burning BrC that had persistent absorption
even after a long photochemical evolution time in the am-
bient environment. They suggested that the remaining per-
sistent fraction determines the background BrC levels. In
our study, the O : C ratio for tar ball aerosols increased con-
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tinuously with photochemical oxidation, implying produc-
tion of oxygenated constituents (carboxylic, carbonyl com-
pounds, etc.) and the interaction between these increasingly
oxidized species coupled with the relatively stable intrinsic
chromophoric structures (e.g., fused aromatic rings in Fig. 3)
in some supermolecular structure that may explain the per-
sistent absorption for aged tar ball aerosols (Dewar and Lep-
ley, 1961; Desyaterik et al., 2013; Samburova et al., 2016).
In addition, a balance between photobleaching of intrinsic
chromophores and photochemical formation of BrC via gas-
particle transfer, as well as dynamic gas-particle partitioning
of chromophores and products of their photo-degradation,
should also be considered in the overall absorption behavior
for BBOA during photochemical processes.

The observed photooxidation bleaching is consistent with
previous studies on atmospheric processes of BrC. Sumlin et
al. (2017) conducted multiple-day photochemical oxidation
on primary biomass burning BrC aerosols and observed that
BrC loses its light absorption and scattering in the near-UV
wavelengths by aging. Their derived RI at 375 nm decreased
from 1.59 +0.03i for fresh emission to 1.504 0.02i after
4.5 EAD oxidation with a corresponding O : C ratio increase
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from 0.34 to 0.40. Decrease in the overall BBOA absorption
and scattering was also detected in situ following a 1-day
evolution by Adler et al. (2011). They monitored an average
RI of 1.53 4 0.07i and 1.54 4 0.04i for aerosols dominated
by open fire and smoldering emissions, respectively, while
the RI decreased to 1.49 4 0.02i of the aged aerosols during
the following day. Zhong and Jang (2014) reported that light
absorption of wood smoke BrC was modified by the photo-
chemical process, owing to the production of BrC from SOA
formation and loss of BrC from photochemical bleaching of
the chromophores. The total MAC for the BrC eventually de-
creased by 19 %—68 % within 1 day of aging. They proposed
that bleaching occurred by excitation of electrons through the
absorption of sunlight via w —m* (UV and near UV illumina-
tion) or n — m* (visible wavelengths irradiation) transitions.
Then, the excited electrons disrupted the conjugated struc-
ture of chromophores, leading to the fading of wood smoke
color.

When tar ball aerosols were illuminated merely by 254 nm
UV light at a residence time of 144 s, photolysis occurred
and weakly diminished their light absorption, in line with
the extent of photon flux exposure. UV irradiation similar
to the O_3.9 condition slightly decreased the average RI to
1.6494-0.018i, indicating that photolysis played a minor role
in tar ball aerosol bleaching and contributed less than 15 %
of imaginary k changes in the NO,-free photochemical ag-
ing process. Even at full power of UV lamps in the OFR,
the average RI decreased by 0.012 and 0.005; for maximum
photolyzed tar balls (Tables S6-S7, Figs. S14-S17). As we
also did not observe detectable optical changes in blank tests
upon exposure to O3 in the dark (Figs. S18-S19), the bleach-
ing of the tar balls in the OFR is mainly attributed to OH-
initiated chromophore decomposition via heterogeneous re-
actions, rather than to O3 oxidation or photolysis.

These results indicate a fundamental relationship between
photochemical processes and impairment of light absorbing
and scattering abilities in tar ball aerosols. The optical be-
haviors of tar balls are a consequence of their chemical com-
position changes, which are very sensitive to photochemical
processes, and one daytime atmospheric aging even resulted
in significant oxidation and bleaching of tar balls. In Fig. 6a,
the H: C, OM/OC, OSc, and particle effective density ver-
sus O: C ratios are shown. Figure 6b presents the contribu-
tions of CXH;F, C.H,0%, CH,07, and C,CHinN;)r groups
to the tar balls’ composition under a range of OH exposure
conditions. Mass spectra features and densities of the tar ball
aerosols under various oxidation processes are summarized
in Table S8. Increasing the OH exposure leads to continuous
increase in O : C and H : C ratios, leading to higher OSc for
the tar ball aerosols. This result is consistent with Sumlin et
al. (2017), who reported that the O: C and H: C for BBOA
increased by ~ 0.08 and ~ 0.03 after 4.5 EAD photochemi-
cal oxidation, respectively. In this work, the measured O : C
ratio increased from 0.25 to 0.38 after maximum aging, while
the H : C ratio increased by 0.07 from an initial value of 1.55.
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Other previous studies also depicted a dynamic change in
elemental ratios for SOA upon aging (Aiken et al., 2008).
The H: C ratio may either increase or decrease, depending
on the precursor type and oxidation conditions. Overall, O : C
and H: C ratio changes relate to specific chemical processes
or/and to gas-particle mass transfer during aging of aerosols
(Heald et al., 2010; Kim et al., 2014). The tar ball acrosols
consist of mostly reduced species (OSc <0), which can be
oxidized primarily via oxidative formation of polar func-
tional groups to the carbon skeletons. In OH-initiated oxi-
dation, functionalization includes OH / OOH function group
addition and COOH : carbonyl group formation that increase
the net oxygen content in SOA (Kroll et al., 2011). Hydra-
tion or polar functional group addition to unsaturated C—C
bonds may also increase the H : C ratio. Moreover, fragmen-
tation or evaporation also mediates the O : C and H: C ratios
of SOA in further aging (Zhang and Seinfeld, 2013; Kim et
al., 2014). We attribute the increase in the H : C ratio to such
oxidation mechanisms that involve bulk species in the parti-
cles. As shown in Table S8, fy /.~ 100 decreased monoton-
ically with aging. After 6.7 EAD photooxidation, fi,/; > 100
contributed only 21 % of the total organic signals. The de-
crease in f,/; > 100 indicates that fragmentation reactions are
involved in the photochemical evolution, and decomposition
of high-molecular weight compounds, thereby, reduced the
size of the conjugated molecular system. The persistent high
value of f,/; > 100 after 6.7 EAD photooxidation implies that
some high-molecular weight compounds remained in the tar
ball aerosols and continue to contribute to light absorption
either as individual chromophores or as charge transfer com-
plexes. From Fig. 6b, C, H:‘V‘ fragments deplete with OH ex-
posure, while CyH,O" and CH,O7 fragments increase,
implying the formation of oxygenated moieties in the tar ball
aerosols. In addition, a decrease in the C,(HinNl;r fraction
was measured from initial 3.6 % to 1.9 % after the maximum
oxidation. Ng et al. (2010) suggested using f 44(CO; ) Vs.
f43(C,H307) triangle space as an indication of OA sources
and for estimation of their degree of oxidation and volatil-
ity. The CoH30™ (less oxidized fragments) is an indicative
fragment from aldehydes or ketones. A high f44/f43 ratio
indicates low volatility and a high oxidation level of SOA.
Moreover, high f44/f43 and O : C ratios are associated with
increased hygroscopicity and possible CCN activity of OA
(Hennigan et al., 2011; Lambe et al., 2011). The f44 vs. f43
in this study varied with photochemical aging and fell within
the expected range for ambient OOA, as shown in Fig. 7. In-
crease in the f44/f43 ratio with OH oxidation in Fig. 6b de-
picted the increase in carboxylic and/or peroxide compounds
compared to carbonyl species in the tar balls, which is consis-
tent with the atmospheric evolution of ambient biomass burn-
ing plumes (Hennigan et al., 2011; Canonaco et al., 2015).

To infer the possible chemical processes, detailed mass
spectra were compared between fresh and 6.7 EAD photo-
chemical oxidized tar balls (Fig. S20). We found that de-
crease in alkyl/alkenyl chains (e.g., CnH;n_l, CnH;n 41 ), and
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oxidation times in term of C, H;‘, CxHy o+, CxHij, and CxHinN; fragment groups.

aromatic ring structure fragments (e.g., C6H;', C6H;' ) con-
tributed the prominent changes in the C, H;r group, and a rel-
atively higher CO;r increment relative to CoH30™ explained
the increase in the f44/f43 ratio. The decrease in the abun-
dance of C,H405 (m/z 60) and C3HsO5 (m/z 73) is consis-
tent with recent studies that levoglucosan or similar species
can decay in the atmosphere due to photochemical oxidation
(Hennigan et al., 2010). The pronounced decrease in inten-
sity at m/z 137 (CgHgO;r and C7H5O§r ) suggests that the
methoxy-phenol components were dissipated substantially in
the aged tar balls.

In summary, photochemical oxidation by OH radicals de-
structed the aromatic rings and methoxy phenolic struc-
tures, which are expected to be the primary chromophores
in the tar balls. The NOC content and high-molecular weight

Atmos. Chem. Phys., 19, 139-163, 2019

species were also depleted via OH oxidation. These chemical
changes upon OH oxidation may explain the observed dimin-
ishing in light scattering and absorption upon photochemical

aging.
3.3 NO,-dependent tar ball particles oxidation

N, O was recently introduced for simulating NO, -dependent
SOA formation pathways in OFR under high-O3 concentra-
tion, as O('D)+N,O reactions can be applied to systemat-
ically vary the branching ratio of the RO,+NO reactions
relative to the RO>,+HO, and/or RO;+RO, reactions over
a range of conditions relevant to atmospheric SOA forma-
tion (Lambe et al., 2017). Here we introduced 0.5 % vol and
2.0 % vol N7 O to investigate NO,-involved daytime aging of
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tar ball aerosols in the OFR. The OH exposures were main-
tained for all these tests at about 4 EAD. The correspond-
ing NO; concentrations downstream of the OFR were mea-
sured to be 96.1 &= 1.3 and 528.3 4 6.2 ppbv. The concentra-
tion of static NO can be neglected under these severe oxida-
tion conditions. Figure 8 shows the mass spectrum features
for fresh and aged tar balls reacted in the absence/presence
of NO,. Parameters including organic elemental ratios and
densities are summarized in Table S8. In general, tar balls
oxidized under N,O addition exhibit higher O : C and rela-
tively lower H : C ratios. NOY (NO™ and NOJ) signals ap-
pear in the mass spectra and the intensities of NO; display
a positive trend with NoO concentration, together with an
increase in oxygenated fragments (CyH,O" and C,H,07)
and a decrease in hydrocarbon fragments (CxH;r). The sig-
nal ratio of NO™ (m/z 30) to NOEL (m/z 46) is used to dis-
tinguish organic nitrate from inorganic nitrate. The signal
from standard inorganic nitrate (e.g., NH4sNO3) has a typi-
cal NO;‘ /NOT ratio of 0.485 obtained from our AMS data
(detailed mass spectra are shown in Fig. S21). The ratio and
standard mass spectra are similar to previous studies (Zhou
et al., 2017). The fraction of NO;r (NO* and NOJ) signals
in the aged tar balls increased from 0% to 0.7 % and 1.5 %
at 0.5 % vol and 2.0 % vol NO additions, respectively. The
corresponding values of the NO;' /NO™ ratio are 0.162 and
0.174, which are much lower than that for inorganic nitrates.
Furthermore, the contribution of CxHinNlj fragments in-
creased from 1.9 % to 4.4 % and 4.5 % over the course of
aging. Therefore, we can conclude that NOC rather than in-
organic nitrate formed in the NO, -dependent photooxidation
process, resulting in an overall increase in the N : C ratio from
0.010 to 0.012 and 0.015. Additionally, the density of tar
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balls slightly increased from 1.24 for the fresh tar balls to
1.26 for the one aged in the presence of 2 % vol N, O.
Detailed changes in the mass spectra over the course of the
experiment are shown in Fig. S22. Indicative ions of cyclo-
lakyl fragments (e.g., C,HT, C3HT, C4H7+ ) decreased, while
NO, addition increased the COT and C02+ intensities rela-
tive to CoH307™, leading to a higher f44/f43 ratio. Ng et
al. (2007) observed a similar change for photooxidation of
terpenes in the presence of NO,. Changes in AMS spec-
tra with NO, addition may mark differences between the
dominating reaction pathways in tar ball photooxidation as
RO,+NO versus RO,+HO, and/or RO>+RO; reactions.
Photochemical oxidation with NO, addition enhances the
oxidation level and increases both the absorption and scatter-
ing of tar ball aerosols. Dynamic changes in the complex RI
are shown in Fig. 9 and summarized in Table S5. The RI of
tar ball aerosols increased from an average of 1.632+40.007i
for pure OH-initiated photooxidation to 1.635 4 0.015; with
the addition of 0.5 % vol N,O, and a greater increase up
to 1.648 +0.019i with 2.0 % vol N>O. The increase in RI
is therefore primarily attributed to NOC formation. Zhong
and Jang (2014) observed that a higher NO, level slowed
photo-bleaching of wood smoke BrC, and they suggested that
NO,-modified reaction pathways produce secondary NOC
chromophores (i.e., nitro-phenols). Liu et al. (2016) simu-
lated daytime chemistry of various VOCs in the presence of
NO, and found that light absorption of produced SOA, es-
pecially aromatic ones, increased with NO, concentration.
These findings were also corroborated by the experimental
study of Lin et al. (2015), where the chemical composition
and the light absorption properties of laboratory-generated
toluene SOA were reported to have a strong positive depen-
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oxidation.

dence on the presence of nitro-phenols formed at high-NO,
oxidation conditions. The color of the BrC diminished with
photolysis, correlated with a decline of the NOC fraction. Ni-
tration of aromatic species via NO, /N2Os / NO3 has been
proposed as one of the main mechanisms to produce sec-
ondary BrC in the atmosphere (Lu et al., 2011; Lin et al.,
2015, 2017; Bluvshtein et al., 2017).

The imaginary part at 2.0 % vol N,O addition was almost
comparable with that of the fresh tar ball aerosols (average
value: RI = 1.6614-0.020i), although the real part was lower,
suggesting that photooxidation in the presence of NO, pro-
motes the formation of N-containing chromophores via sec-
ondary processes. In our experiments, formation of the N-

Atmos. Chem. Phys., 19, 139-163, 2019

containing chromophores overweighed the bleaching from
OH photooxidation to eventually regain the absorption of the
aged tar balls. The average SSA calculated for 150 nm par-
ticles decreased from 0.96 to 0.91 and 0.89 with N, O addi-
tion. Absorption enhancement with N, O addition for tar balls
upon photooxidation can also be seen in the MAC changes
shown in Fig. S23, where MAC at 375nm for fresh tar
balls was 0.854 m? g~ !; it decreased to 0.416 m? g~ ! via OH
photo-bleaching, and then MAC increased to 0.459 m? g~ ! at
0.5 % vol N,O addition, and up to 0.598 m?> g~! at 2.0 % vol
N, O addition due to chromophore formation.
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3.4 Atmospheric and climate implication

Atmospheric aging alters the RI of SOA, and the dynamic
changes in RI depend on complicated reaction pathways (Liu
et al., 2016). OH-initiated photochemical oxidation and pho-
tolysis decrease the RI of laboratory proxies of tar balls under
NO,-free conditions, while photooxidation under high NO,
has an opposite effect on the RI of tar balls. We investigated
the relationship between the dynamic RI values of tar ball
particles and their possible climatic implications, including
the change in light extinction/absorption efficiency and the
clear-sky direct radiative forcing. For clarity, light extinc-
tion/absorption efficiencies were calculated and compared
at wavelengths of 375 and 405 nm, while radiative forcing
was estimated over all the measured wavelengths from 365
to 425 nm. Atmospheric and climatic implications were as-
sessed for fresh and oxidized tar balls upon NO,-dependent
~ 3.9EAD photooxidation (0_3.9, N_0.5, and N_2.0), in
which fresh tar balls were taken as a reference.

As shown in Fig. 10, photochemical oxidation under NO, -
free condition (O_3.9) diminished light extinction and ab-
sorption efficiency of tar ball aerosols in the atmospheric rel-
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evant size of 50-300 nm, causing about 5 %—40 % decrease
in extinction at 375 and 405 nm wavelength. For aerosols
larger than 400nm, the extinction efficiency of tar ball
aerosols increased instead after photochemical aging. The
light extinction efficiency presented higher size-dependence
than absorption, and extinction changes were more sensitive
to particle size, especially in the smaller sizes. The decreased
absorption was more pronounced, with an ~ 60 % decrease
at 375nm and over 75 % at 405 nm. Previous studies have
confirmed the relationship between biomass burning emis-
sions and acute regional visibility deterioration (Huang et
al., 2012; Chen et al., 2017). Our results demonstrate that
OH radical initiated daytime aging may play an important
role in improving visibility degradation caused by primary
biomass BrC. However, photochemical evolution under high-
NO, conditions may compensate effects of the photooxi-
dation bleaching of tar ball aerosols via the formation of
NOC chromophores. At N_0.5 conditions, the light extinc-
tion decreased by 4 % to 20 % at 375 nm and 5 % to 24 % at
405 nm, respectively. The corresponding absorption decrease
was 20 %-27 % at both wavelengths. With more N,O addi-
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tion, formation of secondary N-containing chromophores al-
most completely offsets light extinction/absorption decrease
caused by photooxidation. Under the N_2.0 conditions, en-
hancement of light absorption efficiency for tar ball was
about 0%-9 % at 405nm in the entire size range of 50—
500 nm.

Radiative forcing from aerosols over both ground and
snow is vital to climate models (Barnett et al., 2005; Kanaki-
dou et al., 2005). Integrated radiative forcing for tar ball
aerosols as a function of particle size under various ox-
idation conditions is shown in Fig. 11. Size-/wavelength-
resolved SRF are also shown in Figs. S24 and S25. Inte-
grated SRF over ground has negative values for tar balls over
almost all the atmospheric relevant sizes, indicating a radia-
tive cooling effect by tar ball aerosols except at 195-210 nm,
where fresh tar ball particles present warming effect with
SRF up to ~ 0.48 Wg’l. In practical fire emissions, the size
of tar balls depends on the burning and environment con-
ditions and biomass fuel types with typical values between
tens to hundreds of nanometers (Reid et al., 2005; Pdsfai
et al., 2004). The complicated size-dependence character of
SRF makes it difficult to assess the real climatic effect of
tar ball particles without extensive calculations. Figure 11a
suggests fresh tar balls have SRF values of —7.46 W g~ ! at
150 nm and 0.45 W g~! at 200 nm, respectively. The SRF de-
creased for all size ranges due to photochemical oxidation to
—7.93Wg~! at 150nm and —1.37 W g~ ! at 200 nm for tar
ball aerosols under O_3.9 condition. At N_0.5 conditions,
SRF was —7.37W g~ ! at 150nm and 0.16 W g~! at 200 nm,
and the corresponding values at N_2.0 conditions increased
to —7.20 W g~! at 150 nm and 0.31 W g~ ! at 200 nm.
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In contrast, tar ball particles contributed to positive forc-
ing (warming effect) over the bright terrain throughout the
atmospheric aging, as shown in Fig. 11b. Radiative forcing
over the snow showed a simple increasing trend with particle
size, indicating that larger BrC aerosol with identical mass
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loading in the air have a higher warming effect. The changes
in snow-based radiative forcing upon photochemical aging
followed the same trends as in the ground-based cases. Fresh
tar ball at size of 200 nm has SRF of 20.12W g~! over the
incident solar wavelength of 365-425nm on the snow ter-
rain. With photochemical oxidation under NO,-free condi-
tion, radiative forcing decreased significantly. After 3.9 EAD
atmospheric aging, snow-based radiative forcing for tar ball
decreased by 65 %—73 % over the size range of 50-500 nm,
the value of 200 nm tar ball became 6.99 W g~!. When NO,
was involved in the photochemical oxidation of tar balls, the
decrement of radiative forcing was weakened. At N_0.5, SRF
for 200 nm tar ball was 14.01 Wg’l, while at N_2.0 condi-
tion, size-dependent SRF from the aged tar ball was almost
comparable with that from fresh tar ball, and SRF for 200 nm
tar ball was 18.56 W g~ 1.

Although less than 10 % of the solar spectrum’s energy
is distributed between 365 and 425 nm, the radiative forcing
over this range represents a significant warming or cooling
potential over the arctic terrain. In conclusion, photochemi-
cal oxidation under NO,-free conditions can decrease radia-
tive forcing of tar ball aerosols, resulting in enhancement in
the cooling effect over ground and decreased in warming ef-
fect over the snow. However, NO, involvement in photoox-
idation inhibits the decrease in radiative forcing of tar ball
aerosols. Overall, the complex changes in optical properties
of tar balls at long aging times impose great uncertainties in
traditional model-based estimation of BBOA. Our study em-
phasizes the importance of taking this atmospheric process
into consideration to refine the understanding of the climatic
and atmospheric influences from these aerosols.

4 Conclusions

In this study, proxies for tar ball aerosols were generated
in the laboratory following a flameless wood pyrolysis pro-
cess. The optical and chemical properties of the generated tar
balls were constrained using BBCES and HR-Tof-AMS/SP-
LD-REMPI-MS and were shown to have many similarities
to ambient biomass burning aerosols. Laboratory-generated
fresh tar ball aerosols have light absorption characteristics
similar to atmospheric BrC with higher absorption efficiency
towards the UV. The average complex refractive indices be-
tween 365 and 425 nm are 1.661+0.020; and 1.635+0.003;
for nonpolar and polar tar ball aerosols, respectively.
Atmospheric evolution for tar ball aerosols was exper-
imentally simulated using an oxidation flow reactor. The
study focused on dynamic changes in the optical and chem-
ical properties due to NO,-dependent photochemical oxida-
tion. Furthermore, the relationship between oxidation level
and the resulting RI of the tar ball aerosols was explored.
We found a substantial decrease in the scattering and ab-
sorption properties of tar balls, with a corresponding in-
crease in SSA with OH oxidation in the absence of NOy.
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A correlation between the RI decrease and increase in the
O:C and H:C ratios was observed. The decrease in light
scattering and absorption is attributed to the destruction of
aromatic/phenolic/NOC and high-molecular weight species
chromophores via OH-initiated photooxidation of tar balls.
Over longer aging times, the average RI of the tar ball
aerosols decreased from 1.6614-0.020i to 1.632+4 0.007i
upon atmospheric equivalent to 3.9 days’ aging, and the cor-
responding O : C and H : C ratio increased from an initial 0.25
and 1.55 to 0.35 and 1.59, respectively.

Our results suggest that OH oxidation rather than photoly-
sis or ozone reactions plays the dominant role that determines
the optical and chemical properties in tar ball aging. The ob-
served decrease in absorption results from depletion of chro-
mophores such as aromatic rings, phenolic compounds and
high-molecular weight species.

Simulations under high-NO, environments enhanced the
aerosol oxidation state and increased the scattering and ab-
sorption of tar ball aerosols relative to OH photooxidation in
the absence of NO,.. At ~ 3.9 EAD, addition of 0.5 % vol and
2.0 % vol N> O increased the organic elemental ratios (O: C,
H:C, and N: C ratios) and doubled the organic nitrate frac-
tion in the particles from 1.9 % to ~ 4.4 %. The formation
of NOC chromophores overweighs the intrinsic depletion of
chromophores, leading to a higher RI of 1.635+0.015; and
1.648 4+ 0.019:.

The atmospheric and climatic implications from tar ball
aerosols under various oxidation conditions were assessed
using a simple radiative forcing model in terms of extinc-
tion/absorption efficiency changes and ground-/snow-based
radiative forcing. These results demonstrate that the optical
and chemical properties of tar ball particles are dynamically
related to atmospheric aging, and optical changes are gov-
erned by both photobleaching and secondary chromophore
formation. Therefore, the atmospheric process should be em-
phasized in model predictions for evaluating biomass burn-
ing BrC aerosol radiative forcing as well as climate change.
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1. Tar ball aerosol size distribution at downstream of the OFR

Tar ball particles were generated via TSI atomizer, and concentration of tar ball particles was mediated in the OFR before these

aerosols being photochemically oxidized. Polar, nonpolar, and mixture tar ball particles present similar size distributions.
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Figure S1. Size distribution of laboratory generated tar ball aerosols at downstream of the OFR. The distribution presents a

norrow range with a single peak at ~70 nm diameter, similar to the size distribution of practical tar balls obtained from the

wildfires and domestic biofuel burning (Pdsfai et al., 2004; Chakrabarty et al., 2010).



2. OC-EC content of fresh polar and nonpolar tar ball aerosols

Non-refractory organic carbon (OC) and refractory elemental carbon (EC) in fresh tar ball aerosols were analyzed using a DRI
Model 2015 multi-wavelength thermal/optical carbon analyzer (Desert Research Institute, Nevada, USA) with the IMPROVE A
protocol (Chow et al., 2011; Li et al., 2018). In details, fresh nonpolar and polar tar balls were collected onto pretreated quartz
filters (Whatman, Mainstone, UK, baked over 450 °C for 6 hr to eliminate any contamination), a circular punch (0.8 cm in
diameter) of each loaded filter including operational blank filter was taken and analyzed. Four OC fractions (OC1, OC2, OC3, and
OC4 correspond to gradient cutting temperature at 140, 280, 480, and 580 °C, respectively, in a helium atmosphere), three EC
fractions (EC1, EC2, EC3 with cutting temperature of 590, 780, and 840 °C, respectively, in a 2% oxygen/98% helium
atmosphere), and one PC fraction (pyrolyzed carbon content determined when transmitted laser returned to its original intensity
after the sample was exposed to oxygen) were determined for each sample, and OC=0C1+OC2+0C3+0C4+PC,
EC=ECI+EC2+EC3-PC, total carbon (TC) equals the sum of OC and EC. The blank-corrected and normalized carbon fractions

for fresh tar ball aerosols were given below:

Tarball | OC1 0ocC2 0C3 0C4 PC EC1 EC2 EC3 oC EC
Polar 38.8% | 32.2% 18.4% 0.0% 10.6% 10.6% 0.0% 0.0% 100.0% | 0.0%
Nonpolar | 28 79, | 25.8% 16.0% 7.7% 21.1% 21.7% 0.0% 0.0% 99.3% 0.7%

It is clear EC content was almost below detection limit for both polar- and nonpolar-tar balls, the slight EC fraction in nonpolar tar
ball is less than 0.7% of TC content and resides in EC1, which can be termed as non-refractory char-EC, empirically defined as
EC1—PC. Char-EC is stripped from some OC under oxygen-free heating during OC/EC measurement, which has much weak
absorption, and thus can be distinguished as brown carbon rather than black carbon (Andreae and Gelencsér, 2006; Arora et al.,
2015; Kim et al., 2011; Han et al., 2008, 2009). Many other studies on biomass burning emissions from wildfires and domestic
burning have also reported negligible EC content in tar ball aerosols (Chakrabarty et al., 2010; Tivanski et al., 2007; Hand et al.,
2005; China et al., 2013).




3. Fresh tar ball composition from HR-Tof-AMS measurement

Polar tar ball Nonpaolar tar ball

0.5 L

Figure S2. Fresh polar and nonpolar tar balls composition from HR-Tof-AMS measurement. Color mapping: organics-green,

nitrates-blue, ammonium-yellow, chloride-purple, sulfates-red.



4. Organic elemental ratios for fresh tar ball aerosols were derived from AMS measurement at W mode, and effective

densities of tar ball aerosols were calculated from aerodynamic diameter divided by mobility diameter assuming tar ball

with sphericity of 1.0

Table S1. Summary of fresh tar ball particles chemical elemental ratios and effective densities

Mass spectra

BBOA Density (g cm?) Reference
0:C H:C M/z>100 fraction
Nonpolar 0.25+0.01 1.55+0.01 0.32 1.24+0.01
Mixture (2:1 in vol.) 0.30+0.01 1.59+0.02 0.29 1.27+0.02
Mixture (1:1 in vol.) 0.36+0.01 1.62+0.04 0.27 1.29+0.02 this work
Mixture (1:2 in vol.) 0.39+0.01 1.61+0.03 0.24 1.30+0.01
Polar 0.44+0.02 1.64+0.03 0.15 1.33+0.02
BBOA 0.3~0.4 Aiken et al., 2008
BBOA 0.29~0.33 1.51~1.58 Lietal, 2012
BBOA 0.18~0.26 1.4~1.5 He et al., 2010
BBOA 0.15~0.7 1.5~1.6 0.11~0.20 1.4 Zhou et al., 2017
BBOA 1.5 Sedlacek 11l et al., 2018
BBOA 0.33 1.90 1.18~1.19 Sumlin et al., 2017; 2018




5. Aerodynamic size distribution for tar ball particles measured by SP-LD-REMPI-ToF-MS
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Figure S3. Particle aerodynamic size distributions for fresh nonpolar (red) and polar (blue) tar ball aecrosols measured via laser
velocimetry by the SP-LD-REMPI-ToF-MS instrument. The major mode peaks at about 550 nm for both particle classes while a
second mode of larger particles occurs for polar tar balls and a second mode of smaller particles appears for nonpolar tar balls.

Note that the detection efficiency drops rapidly below 250 nm due to the descending Mie scattering efficiency for particles much

smaller than the wavelength (532 nm).
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6. Exemplary Proper Polyaromatic Compounds indicated by the REMPI PAH Spectra in this study (Table S2)

Table S2.Exemplary proper (poly)aromatic compounds indicated by the REMPI PAH Spectra in Figure 3

m/z Name Formula Polar tar ball Nonpolar tar ball BBOA Reference
110 Catechol CeH60n \/ Veres et al., 2010; Yee et al., 2013
115 PAHs fragments ~ ~ Adler et al., 2011; Bruns et al., 2015
124 Guaiacol C7Hs30: \/ Li et al., 2017; Yee et al., 2013; Hoffmann et al., 2007
128 Naphthalene CioHs \/ \/ Samburova et al., 2016; Passig et al., 2017; Bruns et al., 2015
138 4-Methylguajacol CsH1002 \/ \/ Adler et al., 2011; Yee et al., 2013
Vanillin CsHsOs
152 \/ \/ Li et al., 2014; Passig et al., 2017;Yee et al., 2013; Hoffmann et al., 2007
4-Ethylguajacol CoH 1202
Methoxynaphthalene CuH100O
158 1,4-Naphthalenedione C10HsO2 \/ Santos et al., 2016; Yee et al., 2013; Hoffmann et al., 2007
Methylnaphthol CuH100O
165 PAHs fragments ~ ~ Adler et al., 2011; Bruns et al., 2015
4-Methylsyringol CoH 1203
168 \/ Santos et al., 2016; Hoffmann et al., 2007; Bruns et al., 2015
Vanillic acid CsHsOq4
Phenanthrene CisHio
178 \/ \/ Samburova et al., 2016; Bente et al., 2008, 2009; Passig et al., 2017
Conifery aldehyde C10H1003
Syringaldehyde CoH1004
182 \/ Santos et al., 2016; Yee et al., 2013; Hoffmann et al., 2007
4-Ethylsyringol C10H1403
189, 190, 191 Retene fragments ~ ~ Bente et al., 2008, 2009; Mandalakis et al., 2005
192 Methylphenanthrene CisHiz \/ \/ Samburova et al., 2016; Bente et al., 2008, 2009; Passig et al., 2017
Pyrene
202 Ci¢Hio \/ \/ Adler et al., 2011; Bente et al., 2008, 2009; Passig et al., 2017
Fluoranthene
203, 204, 205 Retene fragments \/ \/ Passig et al., 2017; Mandalakis et al., 2005
206 Ethylphenanthrene Ci¢His \/ Samburova et al., 2016
219,220 Retene fragments \/ \/ Bente et al., 2008, 2009; Passig et al., 2017
234 Retene CisHis \/ \/ Samburova et al., 2016; Bente et al., 2008, 2009; Passig et al., 2017




248 Methyl. Retene

Ci9Hzo

Passig et al., 2017; Mandalakis et al., 2005

250 Ox. Retene

Ci1sHi1s0

\/

Samburova et al., 2016

Note: only some major and most proper aromatic compounds were listed in the table
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7. Morphology of tar ball aerosols

a) Nonpolar phase

Mag = 178.66 KX
Date :22 Apr 2018
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File Name = original_oil_Tar_ball_03.tif Signal B = InLens

b) Polar phase

200 nm
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Figure S4. Morphology of fresh tar ball particles generated from polar and nonpolar phase tarry solutions. The particles are

perfect spherical and amorphous in internal composition.



8. Refractive index for tar ball at mixture of 2:1 and 1:2 in volume of polar and nonpolar materials

1.72
£ | [t
E [ ..;F':.-':"..‘:I':'r;i;“""i:'.":- =
) e § Ly
& B[ Rpapgpane sy,
& il

1.64 —| © Nonpolar.Polar = 2:1 in vol

O  Nonpolar:Polar = 1:2 in vol

1.62 —

004 —
5
o
&
]
=
#5]
3]
E

IG5 370 aTh JE0 385 390 396 400 405 410 415 420 425
Wavelength (nm)

Figure S5. Wavelength-dependent refractive index (RI) for tar ball particles generated from polar and nonpolar phase solution

mixtures



9. Example of absorption coefficients for some of the most absorbing PAHs identified in BBOA
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Figure S6. Absorption coefficients for some of the most absorbing PAHs identified in biomass burning emissions (Samburova et

al., 2016).



10. Methanol extractable BrC mass absorption cross sections (MAC) for fresh tar ball aerosols from 360 to 450 nm
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Figure S7. BrC mass absorption cross section (MAC) for methanol extracted fresh tar ball particles. Inset chart presents example

of Aavs uv-vis calculated from natural logarithm regression of MAC and wavelength.



11. Prediction of mixture tar ball optical properties based on different mixing rules

There are many mixing rules currently in use to predict optical properties of aerosol from matrix of various substances: 1) molar
refraction and absorption (Jacobson, 2002; Tang, 1997); 2) a volume-weighted linear average of the refractive indices (d'Almeida
et al., 1991); 3) the Maxwell-Garnet rule (Chylek et al., 1984); and 4) the dynamic effective medium approximation (Jacobson,
2006). Due to the complexity of undefined chemical composition of tar ball particles, the Maxwell-Garnet and dynamic effective
medium approximation are not feasible in this study, therefore, the simple molar fraction and volume-weighted mixing rules were
discussed to fit the optical results.

The “linear mixing rule” simplifies mixing state and interaction between matrix, assumes that total real and imaginary refractive

indices of the mixture are result of the indices of the components weighted by their their volume fractions:

Mot = Y f
ktot:Zf}'ki .

Where fi, ni, and ki are the volume fraction, real part, and imaginary part of each component
The molar fraction mixing rule assumes that the total molar refraction of a mixture is given by the linear average of the molar
refraction of each component weighted by their molar volumes, i.e.,

M n?-1 M; n? -1
Mool S ML
P n+2 Pi i~ +2

M z M;
—k= /}_/l'—lkl' [2]
P - Pi

Yo

n

Where xi, Mi, and pi are the molar fraction, molecular weight, and material density.
Refractive indices for tar ball generated from polar and nonpolar fraction mixture at solution mixing ratios of 1:2,1:1, and 2:1 will
be calculated from RI of polar and nonpolar optical results based on above two rules. The exact volume and molar fraction for

bulk polar and nonpolar part in particles can be estimated from particle density and chemical elemental ratios:

P = 1P+ 2P
hto=l 3]

Roie = 08506, + 1R,
X+ =1 [4]

Where Ro/c is oxygen to carbon ratio from AMS measurement of tar ball particles, and calculated particulate volume and molar

fraction are given below:



Table S3. Particulate molar and volume fractions of bulk polar and nonpolar tar

Polar:Nonpolar o/C O/C retrieved molar Density (g density retrieved volume
prepared solution ratio molar ratio mixing ratio cm™) mixing ratio
1:0 0.44 1:0 1.329+0.021 1:0
2:1 0.39 2.8:1 1.298+0.022 1.8:1
1:1 0.36 1.4:1 1.285+0.019 0.98:1
1:2 0.3 1:2.8 1.274+0.013 1:1.72
0:1 0.25 0:1 1.242+0.005 0:1

5 Molecular weight for polar and nonpolar fractions were simplified as Mbuik-polar and Mbulk-nonpolar, and mixture tar ball particles
follow the function below:

M lebulk—polar 4 XZMbulk—nonpolar
Pl P2

P
M = x\Mpy ik — potar + X¥2M puik —nonpolar
And it was calculated as Moulk-nonpolar =1.3Mpulk-polar
For convenience and clarity, wavelength-dependent RI for tar ball were exponential or power-law fitted, the results were showed

0 in Figure S8 and corresponded parameters were summarized in Table S4:
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Figure S8. Regressed RI for tar ball particles of various mixing ratios: a) real part, and b) imaginary part



Table S4. Parameterization of the Wavelength-Dependent (365 to 425 nm) Effective Complex RI of tar ball particles

Real Imaginary
Tar ball
Co Cl C2 Co Cl C2
min 1.604 7.148 -1.27E-02 0.164 -8.89E-02 1.27E-03
Nonpolar phase average 1.033 0.831 -7.08E-04 0.010 2.37E+01 -1.97E-02
max 1.677 -1.95E-09 3.80E-02 0.010 8.75E+00 -1.65E-02
min 1.627 22.067 -1.65E-02 0.028 -1.05E-05 1.80E-02
Nonpolar:polar 2:1 average 1.646 321.800 -2.43E-02 0.046 -1.81E-03 7.06E-03
max 1.658 2819.637 -3.04E-02 0.330 -2.47E-01 5.86E-04
min 1.657 55.140 -1.98E-02 -0.291 3.52E-01 -4.01E-04
Nonpolar:polar 1:1 average 1.324 0.697 -1.61E-03 0.023 -5.69E-16 5.10E+00
max 1.754 -5.09E-18 6.145 -0.220 3.00E-01 -6.09E-04
min 1.832 -0.044 3.35E-03 0.002 6.88E+04 -4.19E-02
Nonpolar:polar 1:2 average 1.306 0.683 -1.58E-03 0.006 8.43E+04 -4.27E-02
max 1.550 0.826 -4.75E-03 0.009 1.56E+40 -1.64E+01
min 1.921 -0.133 1.97E-03 0.016 -5.83E-19 6.33E+00
Polar phase average 1.585 3.174 -1.06E-02 0.001 3.02E+06 -5.43E-02
max 1.615 53.051 -1.95E-02 0.005 5.43E+11 -8.81E-02

Note: Non-shaded cells were fitted with an exponent; n&k(A)=Co+Cixe“>», Shaded cells were fitted with a power law;
n&k(L)=Co+ C/*¢?
The calculated RI following “volume linear mixing rules” for tar ball were presented in Figure S9 and compared with

experimental data in Figure S10.
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The calculated RI following “molar fraction mixing rules” for tar ball were presented in Figure S11 and compared with

experimental data in Figure S12.

LT

Wﬁ:—u

Feorpeiar Polae = 1.1
P Prodae = 13

L ¥ ¥ T T T T T T T 1
e Ll b ] H b E_ ] - L) i Ll &H &H

-
Wlrmplpaglh [rev

Figure S11. Estimated RI for tar ball particles of various mixing ratios based on molar fraction mixing rule: a) real part, and
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13. Methanol extractable BrC mass absorption cross sections (MAC) for NOx-free photochemical aged tar ball aerosols

from 360 to 450 nm
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Figure S13. Diminishing in tar ball BrC mass absorption cross section (MAC) upon daytime NOx-free photochemical oxidation



14. Optical and chemical changes for tar ball aerosols due to photolysis from UV light irradiation in the OFR

Studies have reported that BrC formation and SOA decomposition due to directly UV/near UV-short visible light irradiation of
various precursors in both liquid and air (Bateman et al., 2011; Malecha and Nizkorodov, 2016; Wong et al., 2017). During
photochemical aging through the OFR at residence time of 144s, tar ball particles were also exposed to high photon flux at 254
nm. We performed several experiments to estimate the influence of UV illumination on tar ball evolution. Irradiation tests of P1
and P2 repeated the same aging process of O 1.7 and O 3.9 without external Os, and P3 was conducted at a full power of the UV
lamps in the OFR. We observed slight chemical composition changes in the tar ball aerosols due to photolysis, as the O/C ratio
continuously increased while H/C decreased with extension of irradiation (Table S6 and Figure S14). The O/C ratio increased by
0.04 for maximal irradiation exposure, which was much smaller than that from photochemical oxidation. This indicates that
OH-initiated oxidation rather than photolysis reactions play a more dominate role in tar ball aging.

The decrease of the H/C ratio due to photolysis exhibited a distinct different chemical pathway than by OH photooxidation.
According to the mass spectra analysis, particularly for the P3 experiment shown in Figure S14, the fractions of signals attributed
to CxHy" and CiHyO." fragments decreased, and as a consequence, the contribution of the CxHyO"' fractions increased in
photolyzed tar ball aerosols. Comparing to the fresh tar ball mass spectra, alkyl/alkenyl chains, carboxylic acids/peroxides (CO:",
CHO:"), and carbonyl/aldehyde groups (CO*, CHO*, C:H30") fragments depleted due to irradiation by UV light. Furthermore,
increase of the f44/f43 ratio with photolysis shown in Figure S14, indicates decay of CO:" to a less extent compared to the loss of
C2H30". Photolysis occurs in the condensed phase as particles containing photolabile compounds that efficiently absorb light at
actinc wavelengths. Oxygenated species such as carbonyls, carboxylic acids, and peroxides are more vulnerable to photolysis,
especially in the UV. With cleavage of the oxygenated functional groups, molecules become more volatile and may desorb to the
gas phase (Henry and Donahue, 2012). Considerable amount of VOCs productions, including small molecular acids, ketones,
aldehydes (e.g., acetic acid, formic acid, acetaldehyde, acetone, etc.), and hydrocarbon species (e.g., methane, ethene, propane,
etc.), were detected from photo-degradation of various SOA (Malecha and Nizkorodov, 2016; Mang et al., 2008), and
photocleavage of carbonyls has been emphasized in photolysis of SOA. Bateman et al. (2011) reported that exposure to UV
irradiation increased the O/C ratio of dissolved ambient SOA, and they attributed the chemical changes to photodissociation of
molecules containing carbonyl groups and net production of carboxylic acids that overweigh their decomposition in pH modified
solution. Detailed mechanisms were proposed such as n-7* Norrish type-I and -II splitting of carbonyls and n-c* photolysis of
peroxides to form production of carboxylic acids in the presence of dissolved oxygen (Norrish, 1934; Pitts et al., 1964).

In the current experiments, photolysis occurred in particle phase which can be different from photolysis in liquid phase. First,
the photolysis of particles should be less efficient as quenching is more likely and fragment caging can prevent rapid
recombination. Second, photolysis products (volatile molecules and radicals) can more easily transfer to the gas phase rather than
accumulate in the solution and be involved in further reactions. Epstein et al. (2014) isolated photolysis influence on a-pinene
SOA. They reported suppression of SOA mass loading and marked decomposition of particle-bound organic peroxides from UV
light illumination. The fraction of CxHy" fragments slightly decreased while the oxygenated fragments increased upon irradiation.
Wong et al. (2014) highlighted RH-dependent photolysis as a sink for SOA in the atmosphere, in particular, photolysis results in
more oxidized SOA due to kinetic preference for degradation of less oxidized components, and they attributed the slower decay of
/44 (CO2") to photodissociation of peroxides and the formation of carboxylic acids in SOA upon UV irradiation.

The optical properties of SOA can change upon photolysis of photolabile carbonyl/carboxylic organics, peroxides, and other
chromophores. Liu et al. (2016) investigated the influences of various environmental factors on light absorption of aromatic SOA
from ozonolysis in the presence of NOx. They suggested that photolysis, rather than hydrolysis, bleached SOA absorption due to
degradation of nitrogen-containing chromophores. This conclusion was also confirmed by similar studies by Lee et al. (2014) and

Aiona et al. (2018). In our study, the changes in the optical properties as a function of O/C ratio for tar balls upon photolysis are

2



shown in Figure S16. The relevant parameters are summarized in Table S7, MAC changes for tar ball upon photolysis are
presented in Figure S17. RI of both real and imaginary parts weakly diminished during irradiation, and the average RI at 375 nm
decreased by 0.012+0.006i for maximum photolyzed tar ball, corresponded MAC at 375 nm decreased by ~31.3%.

Table S6. Summary of mass spectra characters and effective density changes for tar ball particles upon photolysis from UV light

irradiation (mean + standard deviation)

Tar ball 0:C H:C N:C m/z>100 fraction density
Fresh 0.25+0.01 1.55+0.01 0.012+0.002 0.32 1.24+0.01
Pl 0.26+0.01 1.53+0.01 0.013+0.003 0.33 1.24+0.01
P2 0.27+0.01 1.51+0.01 0.011+0.001 0.32 1.24+0.01
P3 0.29+0.01 1.49+0.01 0.012+0.002 0.33 1.24+0.01
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Figure S14. Dynamic changes for chemical characteristics of tar ball particle upon UV light irradiation: a) OM/OC, H/C ratio,
and average carbon oxidation state (0Sc) changes as a function of O/C ratio; b) mass spectra evolution with photolysis extension
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Figure S16. Changes in the retrieved spectral-dependent complex RI and SSA as a function of O/C ratio for tar ball particles upon
254 nm illumination: a) real part, b) imaginary part, and c) SSA calculated for 150 nm particles. The color scale shows the span in
the RI for the wavelengths measured from 365 to 425 nm. For clarity, error bars for O/C ratio (£0.01), RI (+0.008 for real part,
and £0.003 for imaginary part on average) and SSA (£0.006) are not shown. The two dashed lines trace RI and SSA at 375nm

(purple) and 405nm (green). P1~P3 represent photolysis studies with low to maximal photon flux exposures.
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Figure S17. Changes of tar ball BrC mass absorption cross section (MAC) as a function of wavelength upon UV photolysis



15. Optical and chemical changes of tar ball aerosols due to O3 oxidation

Prior to photochemical aging experiments, blank test of tar ball oxidation via Os under dark was conducted in the OFR. Initial
environmental conditions (e.g., O3 and tar balls concentrations, relative humidity, residence time, etc) were maintained the same
with following daytime evolution simulations, while UV lamps were not turned on. Dynamic optical and chemical changes for tar
balls were characterized and presented in Figure S18 and S19. We did not observe significant refractive index changes for tar balls
after 28.6 ppm O3 oxidation, taking ambient O3 concentration of 50 ppb, equivalent atmospheric O3 exposure for tar balls through
the OFR was about one day. RIs of fresh tar ball are (1.67120.003)+(0.025+0.003)i and (1.659+0.011)+(0.017+0.002)i at 375 and
405 nm, respectively. After Os oxidation, RIs became (1.677+0.012)+(0.023+0.003)i and (1.668+0.011)+(0.013+0.004)i at at 375
and 405 nm, respectively. In Figure S19, O3 oxidation weakly increased O/C and OM/OC ratios of tar balls, O/C ratio increased
by 0.02 from initial 0.25, and OM/OC increased from 1.47 to 1.50, while H/C ratio remained during Os oxidation of tar ball
particles. It was found CxHy" fractions slight decreased in compensation of more CxHyO" and CxHyO." fragments formation,

indicating oxygenated moieties produced.
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16. Mass spectra characters and effective density changes for tar ball particles upon photochemical oxidation

Table S8. Summary of mass spectra characters and effective density changes for tar ball particles upon photochemical oxidation (mean =+ standard deviation)

Tar ball 0:C H:C N:C m/z>100 fraction density
Fresh 0.25+0.01 1.55+0.01 0.012+0.002 0.32 1.24+0.01
0_0.7 0.32+0.01 1.59+0.01 0.012+0.000 0.28 1.24+0.01
O0_1.7 0.35+0.01 1.60+0.01 0.009+0.002 0.24 1.24+0.01
0_3.9 0.35+0.01 1.59+0.01 0.010+0.003 0.24 1.24+0.01
0_6.7 0.38+0.01 1.62+0.03 0.011+0.001 0.21 1.24+0.01
N 0.5 0.37+0.01 1.57+0.02 0.012+0.001 0.25 1.25+0.01

N 2.0 0.41+0.01 1.58+0.01 0.015+0.004 0.25 1.26+0.01




17. Detailed mass spectra changes for tar ball upon 6.7 EAD photochemical aging

1 ::I Tar ball Pariches II:!H.'
[OHL,=8.65E11 molec om' s' (6.7 EAD) o
™ e G
; 110003 1 cHO,
WG 000 w000 .
vt OM:OC (1,6520.02) CuH G,
i = ‘
i |. || .|| I;l |I I Il. .I|I|I‘ ||Irl..|.!|||L1.||||||r1 ||r1.| r.||“‘|l||' |I|.IIIIrJ|.I I||.:J|I|-.-.I|F.|.|.l|||r loiufalae
LLgl ] h:l
E 0 J 1 LE'H' CH  CH CHY
. L i i e o B b 'rl-l------|r[-r--r--:-l-lﬁ-'--l-l-rw--—-.-r---------------r'-—---------
E e l ':'\lﬂl. ':‘HI-I L 2
s =
€} oo’
E Bdrid — i . I::"'ID
LE [ ':1'.H|D '::T:‘:' 1 -E:H.ﬂ
. Ggmag ‘__.."
3. B — = = - l!L----i.Il_.----....l.lL._-.__-- Faes b e el PR A e R U il el - Syl
= e
= Bk — :
i RS = a o0, E.‘-.H.CI-,_'
R — CH0, i 4
% et CHO; ]
. ot
Bl e = cfd o e e e m = - =fa - - -l e - B o s o G g s e s e g ———
' 1
Y am - | I | [
e &4 15 L] hr ] 184
MiE

Figure S20. High-resolution mass spectral changes for nonpolar tar ball particles upon 6.7 EAD photochemical oxidation in absence of NOx. Four ion groups were grouped for clarity:
C:Hy", CHyO", CiHyO," (z>1), CxHyON,"(i20,p=1). Tons O', OH", and H,O" were included in the CxH,O," group. Mass fraction of the four fragment groups was pie-chart
presented. a) normalized mass spectra of 6.7 EAD aged tar ball particles, b)~d) changes of CxHy", CxHyO", CxH,0O,", and CxHyOiN,," comparing with fresh tar ball normalized mass

spectra



18. Standard AMS spectra for inorganic salt of NH4NO3
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19. Detailed mass spectra changes for tar ball aerosols upon 4 EAD photochemical aging with 2.0 vol.% N:0 addition
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Figure S22. High-resolution mass spectra changes for nonpolar tar ball particles upon photochemical oxidation in presence of NOx, five ion groups were grouped for clarity as: CxHy*, CxHyO",
CHy0;" (z>1), CHyON,*(i=20,p=21), and NO,* (NO* and NO:2"). Tons O, OH*, and H20" were included in the CxHyO." group. Mass fraction of the four fragment groups was pie-chart
presented. a) normalized mass spectra of aged tar ball particles, b)~d) changes of CxHy*, CxHy;O", CxHyO.", CxHyO:N,*, and NO,* comparing with photochemical oxidized tar ball in absence of

NOx



20. Methanol extractable BrC mass absorption cross section (MAC) for tar ball aerosols upon various NOx-dependent

photochemical aging processes
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Figure S23. Methanol extractable BrC mass absorption cross section (MAC) for tar ball upon NOx-dependent photochemical

oxidation as a function of wavelength
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21. Particle size- and light wavelength-resolved radiative forcing for tar ball aerosols oxidized via various NOx-dependent
L1
L1

Figure S24. Ground based size-resolved radiative forcing spectra over solar irradiation of 365~425 nm for tar ball under various

oxidation processes
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oxidation: a) fresh tar ball, b) 3.9 EAD daytime photochemical oxidized tar ball, c) photooxidized tar ball with 0.5 vol.% N20
addition, d) photooxidized tar ball with 2.0 vol.% N>O addition.
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Abstract. We describe resonance effects in laser desorption—
ionization (LDI) of particles that substantially increase the
sensitivity and selectivity to metals in single-particle mass
spectrometry (SPMS). Within the proposed scenario, reso-
nant light absorption by ablated metal atoms increases their
ionization rate within a single laser pulse. By choosing the
appropriate laser wavelength, the key micronutrients Fe, Zn
and Mn can be detected on individual aerosol particles with
considerably improved efficiency. These ionization enhance-
ments for metals apply to natural dust and anthropogenic
aerosols, both important sources of bioavailable metals to
marine environments. Transferring the results into applica-
tions, we show that the spectrum of our KrF-excimer laser
is in resonance with a major absorption line of iron atoms.
To estimate the impact of resonant LDI on the metal detec-
tion efficiency in SPMS applications, we performed a field
experiment on ambient air with two alternately firing ex-
cimer lasers of different wavelengths. Herein, resonant LDI
with the KrF-excimer laser (248.3 nm) revealed iron signa-
tures for many more particles of the same aerosol ensem-
ble compared to the more common ArF-excimer laser line of
193.3 nm (nonresonant LDI of iron). Many of the particles
that showed iron contents upon resonant LDI were mixtures
of sea salt and organic carbon. For nonresonant ionization,

iron was exclusively detected in particles with a soot contri-
bution. This suggests that resonant LDI allows a more uni-
versal and secure metal detection in SPMS. Moreover, our
field study indicates relevant atmospheric iron transport by
mixed organic particles, a pathway that might be underes-
timated in SPMS measurements based on nonresonant LDI.
Our findings show a way to improve the detection and source
attribution capabilities of SPMS for particle-bound metals, a
health-relevant aerosol component and an important source
of micronutrients to the surface oceans affecting marine pri-
mary productivity.

1 Introduction

Natural and anthropogenic aerosols play a pivotal role in
global climate and biogeochemical cycles, yet limited avail-
able ambient observations result in large uncertainties. While
sulfate and carbonaceous aerosols are intensively investi-
gated for their climate effects (Wang et al., 2016; Sein-
feld and Pandis, 2016; Kanakidou et al., 2005; Bond et al.,
2013; Sofiev et al., 2018), the particle-bound metals have
far-reaching impacts on ecosystems and human health. The
redox cycling activity of inhaled transition metals such as

Published by Copernicus Publications on behalf of the European Geosciences Union.
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iron (Fe) induces oxidative stress and is involved in severe
health effects from air pollution (Ye et al., 2018; Oakes et
al., 2012; Fang et al., 2017). Furthermore, atmospheric par-
ticles are important sources of marine micronutrients (Ma-
howald et al., 2018; Jickells et al., 2005). The highly soluble
and thus more bioavailable Fe from anthropogenic aerosols
that adds to the larger flux of rather insoluble mineral dust is
assumed to affect primary production and carbon export in a
significant part of the world’s oceans (Ito and Shi, 2016; Li
et al., 2017; Ito, 2015). Beyond Fe, further biologically im-
portant trace metals exert health effects (Gaur and Agnihotri,
2019) or can modulate primary production (Mahowald et al.,
2018). For example, as enzyme cofactors they can determine
which enzymes cells can express, affecting the composition
of microbial communities (Boyd et al., 2017). Productivity-
limiting deficiencies of, e.g., manganese (Mn) and zinc (Zn)
have been reported for marine regions (Mahowald et al.,
2018). Zinc is also associated with toxicological responses to
wood combustion aerosols (Uski et al., 2015; Kanashova et
al., 2018). However, the magnitude and variability of anthro-
pogenic sources of bioavailable metals in the sea are poorly
characterized. Recently, anthropogenic fluxes and sources of
Fe were estimated using isotope fingerprinting (Conway et
al., 2019). Such studies require measurable differences be-
tween natural and anthropogenic isotope distributions of the
respective metals. Alternative methods, preferably providing
detailed source information, indicating the metal’s bioavail-
ability and acquiring episodic deposition events are required
to refine the global distribution models with observational
data.

Several mass-spectrometry-based analytical techniques
for aerosol characterization have been developed, with
single-particle mass spectrometry (SPMS) being a real-time
method obtaining the size and a chemical profile from indi-
vidual particles (Pratt and Prather, 2012; Laskin et al., 2018).
In SPMS, the particles are introduced into a vacuum, indi-
vidually sized and exposed to intense UV laser pulses that
form a partly ionized plume (laser desorption—ionization,
LDI) (Hinz and Spengler, 2007; Murphy, 2007). Ions are
extracted and analyzed with respect to their mass-to-charge
ratio (m/z). Typically observed ions are, e.g., organic frag-
ments, salts, ammonia, nitrate, sulfate, alkali metals, mineral
components such as silicate, and carbon clusters from ele-
mental or organic carbon (EC or OC). Along with the single-
particle aspect, SPMS stands out for its metal detection capa-
bilities that yield unique source information data (Dall’Osto
et al., 2016a, b; Pratt and Prather, 2012; Arndt et al., 2017).
For example, vanadium can indicate ship emissions (Healy et
al., 2009; Ault et al., 2010) and signal patterns of, e.g., alu-
minum, silicon and calcium point on soil dust particles (Sulli-
van et al., 2007). However, compound-specific ionization ef-
ficiencies differ significantly. For example, the particle’s hu-
midity and its main composition can have a strong effect on
the detection of particle compounds (Neubauer et al., 1998),
known as matrix effects. These effects are associated with
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several poorly determined interactions at the particle surface
and in the desorbed plume affect ion formation (Reilly et al.,
2000; Reinard and Johnston, 2008; Hinz and Spengler, 2007,
Murphy, 2007; Wade et al., 2008; Hatch et al., 2014; School-
craft et al., 2000), reduce detection efficiencies, and compli-
cate quantification approaches (Healy et al., 2013; Gemayel
et al., 2017; Gross et al., 2000; Fergenson et al., 2001; Qin
et al., 2006; Zhou et al., 2016; Shen et al., 2019). These dif-
ficulties can be mitigated if the desorption and ionization are
separated in a two-step process and ions are formed in the
gaseous plume as demonstrated for aromatic hydrocarbons
(Morrical et al., 1998; Bente et al., 2008; Woods et al., 2001).
In such a two-step approach, thermal or laser desorption (LD)
is often followed by resonance-enhanced multiphoton ioniza-
tion (REMPI), a gas-phase ionization technique that is highly
sensitive and selective for aromatic molecules (Gunzer et al.,
2019). The LD-REMPI approach yields detailed mass spec-
tra of the health-relevant polycyclic aromatic hydrocarbons
(PAHs) — ubiquitous trace compounds of combustion parti-
cles (Bente et al., 2009; Li et al., 2019; Passig et al., 2017;
Schade et al., 2019). Resonant laser ablation of metals, where
the leading edge of the laser pulse ablates atoms from a solid
sample that are then ionized by the same pulse, have been
studied some time ago for laser microprobe mass analysis
(LAMMA) from surfaces (Verdun et al., 1987; McLean et al.,
1990). However, to the best of our knowledge, such effects
have so far not been recognized and applied in aerosol and
single-particle mass spectrometry. In the current study, we re-
port on such wavelength-dependent enhancements in LDI ion
yields of transition metals from aerosol particles. Using an
optical parametric oscillator (OPO), we demonstrate that be-
sides Fe, the sparsely detected and biologically relevant trace
metals Zn and Mn can also be observed in anthropogenic
particles with much higher sensitivity. We show that the res-
onant absorption of iron coincides with the spectrum of the
field-deployable KrF-excimer laser and with the REMPI ab-
sorption spectra of most aromatic molecules. Thus, the en-
hanced detection sensitivity for metals can be combined with
detailed spectra of aromatic substances via REMPI. Finally,
we demonstrate the application potential of the resonance ef-
fects in a field study comparing the KrF-excimer laser with
a commonly used ArF-excimer laser for their Fe detection
capabilities in ambient aerosols. We found that resonant LDI
also reveals Fe signatures in particle types that produced no
Fe signals upon nonresonant LDI, suggesting that the rele-
vance of organic aerosols and salts as a source for Fe might
have been underestimated in earlier SPMS studies.

2  Methods
2.1 Single-particle mass spectrometer and optical setup

The basic SPMS instrument (Hexin Instruments Ltd.,
Guangzhou, China, and Photonion GmbH, Schwerin, Ger-
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many) is described in other publications (Li et al., 2011).
Briefly, its instrumental layout is conceptually close to the
aerosol time-of-flight mass spectrometer (ATOF-MS) (Su et
al., 2004), with an aerodynamic lens inlet and an optical siz-
ing unit that is comprised of a pair of 75 mW continuous-
wave lasers at a wavelength of 532 nm, ellipsoidal mirrors
and photomultipliers. The dual-polarity mass spectrometer
is designed in Z-TOF geometry, as introduced by Pratt et
al. (2009). For further details, e.g., the inlet particle trans-
mission and detection efficiency, we refer to the litera-
ture (Li et al., 2011; Zhou et al., 2016). After the labora-
tory experiments, we implemented delayed ion extraction
(At = 0.4 ps) using high-voltage switches (HTS31-03-GSM,
Behlke GmbH, Germany) to improve the peak quality in the
ambient air experiments (Vera et al., 2005; Li et al., 2018).
Major modifications to the commercial device are made
to the ionization laser and the optical setup. We equipped
the instrument with both a tuneable laser system (optical
parametric oscillator, OPO) and excimer lasers (A = 248 nm
and A = 193 nm) and replaced the Nd:YAG solid-state laser
(A =266 nm, fourth harmonic frequency) that belongs to the
instruments standard configuration. Apart from the wave-
length, most beam parameters were comparable throughout
the experiments; see Table 1 for details. The pulse energy
was measured at the optical entrance and exit of the mass
spectrometer and the position of the focal lens (f = 200 mm)
was adjusted to maintain a comparable spot area, with a
respective intensity for all wavelength comparison exper-
iments. The OPO wavelengths and the KrF-excimer laser
spectrum were measured with a LRL-005 spectrometer (MK
Photonics Inc. USA).

2.2 Data analysis

In the laboratory experiments, only particles with both a pos-
itive and negative ion spectrum, each showing at least two
peaks above the noise level, were considered. Raw time-
of-flight data were converted to mass spectra considering
peak area within nominal mass resolution by custom soft-
ware on MATLAB platform (MathWorks Inc.). For particle
classification in the ambient air study, we utilized the adap-
tive resonance theory neural network, ART-2a (Song et al.,
1999) from the open-source toolkit FATES (Flexible Analy-
sis Toolkit for the Exploration of SPMS data) (Sultana et al.,
2017) with a learning rate 0.05, a vigilance factor of 0.8 and
20 iterations.

2.3 Model particles, sampling and setup for ambient
air experiments

Diesel exhaust particles from an old van (Volkswagen Trans-
porter 1.7 D, 1988 model) were collected from the inner sur-
face of the exhaust tube. These particles exhibit a rather uni-
form chemical composition, as demonstrated in previous ex-
periments (Passig et al., 2017; Schade et al., 2019). Model
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particles for mineral dust were Arizona test dust 0-3 um di-
ameter (Powder Technology Inc., USA), and complex an-
thropogenic aerosols with trace metals were mimicked us-
ing NIST urban dust 1649b (Gonzalez and Choquette, 2016).
Using a turntable-based powder disperser (Model 3433, TSI
Inc., USA), particles were introduced into a 1Lmin~! car-
rier gas stream (Na, purity: 5.0) from which 0.1 Lmin~! were
guided in an isokinetic flow into the instrument. For the ex-
periments on ambient air, the SPMS instrument was set up at
a meteorological station in a rural environment on the west-
ern coast of Sweden, about 30 km south of Gothenburg (co-
ordinates 57°23'37.8” N, 11°54'51.4” E). Ambient air was
sampled at a height of 7m above ground (15 m above sea
level). Aerosols from a 300 Lmin~! intake airflow were con-
centrated into the 1 Lmin~' carrier gas stream first using
a virtual impactor device (Model 4240, MSP corp., USA).
After passing a dryer (Model MD-700-12S-1, Perma Pure
LLC, USA), they were further concentrated to 0.1 Lmin™"
in a second step directly at the SPMS aerodynamic lens inlet.
The concentration is most effective for particles of around
1 ym in size, while it drops below 0.5 um; see Fig. S1 in the
Supplement for a comparison of particle numbers in ambi-
ent air with and without using the concentrator. The two KrF
and ArF excimer lasers used in this experiment were alter-
nately triggered to particles using a custom electronic circuit
based on a complex programmable logic device (Intel Max
V) with 8.5ns pin-to-pin delay and programmed using the
Very High Speed Integrated Circuit Hardware Description
Language (VHDL). The excimer laser beams were focused
from opposite sides onto the particle beam; see Table 1 and
Sect. 3.3 for details.

3 Results and discussion
3.1 Resonance enhancements of Fe signals

We measured the Fe signals from diesel soot and Arizona
desert dust particles as representative models of relevant an-
thropogenic and natural aerosols transporting Fe into the
oceans. Figure la and b show the respective mass spec-
tra of positive and negative ions from LDI with two differ-
ent wavelengths using the OPO. The mass spectra were ac-
cumulated over every 400 particles, without normalization
or further processing. The observed peak-broadening results
mainly from accumulation over single-particle spectra with
varying ion energy and starting positions. Typical signatures
for (diesel) engine emissions (Toner et al., 2006) are recog-
nizable, e.g., clusters of elemental carbon (EC, from soot)
and organic hydrocarbon fragments (OC) (Silva and Prather,
2000). Also, alkali metals are frequently detected due to their
low ionization energy. The desert dust particles (Fig. 1b)
reveal typical mineral dust signals from metals and metal
oxides (Sullivan et al., 2007; Dall’Osto et al., 2010). The
slightly different laser wavelengths yield rather similar mass
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Table 1. Light sources and details of the optical setup.
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Laser source

Opolette HE 355 LD UV,
Opotek LLC, USA

PhotonEx, Photonion
GmbH, Germany

ATLEX-I 300, ATL
GmbH, Germany

Laser medium

Optical Parametric Oscillator,
Nd:YAG pumped

KrF gas (excimer) ATrF gas (excimer)

Wavelength (nm), photon energy (eV)

Tuneable 210-2400

248, 4.99 193, 6.41

Pulse duration (ns)

~5

Beam size (mm)

@3 nearly Gaussian

3x6 Gaussian x flat 3 x 6  Gaussian x flat

top top
Interaction spot distance to focus (mm) ~8-11 7 7
Rayleigh length (mm) ~1.2-1.5 1.4 1.1
Interaction spot size (um) ?160 105 x 210 105 x 210
Pulse energy (mJ) 0.4 3
Pulse intensity at interaction spot (GW em™2) 0.8 5

spectra. However, much stronger Fe signals can be observed
for 248.3 nm for both particle types (see insets in Fig. 1a and
b). This wavelength matches the 3d%4s?> — 3d®4sdp transi-
tion of Fe atoms, a line that is also typically used for Fe de-
termination in atomic absorption spectroscopy. As apparent
from the histogram plots in Fig. 1c and d, the enhancement
effect does not result from some especially Fe-rich particles.
Instead, most particles show higher Fe signals at the reso-
nance wavelength, and the fraction of particles without Fe
signals drops considerably. However, the high Fe content of
Arizona dust particles (& 4 %—7 %) often leads to saturated
signals on the single-particle level. Even stronger saturation
effects producing highly corrupted Fe peaks were observed
for hematite, which is consequently not shown here. Be-
cause interferences with CaO™" and organic fragments such
as C3H4O™ can affect the signal differences at m/z = 56,
the histograms show the signal of the 3*Fe isotope. Contri-
butions from organic fragments to m/z = 54 are assumed to
be rather small, as apparent from the signal strengths of prin-
cipal fragments in the respective mass range at m/z = 51,
53 and 55; see inset of Fig. 1a. However, such interferences
might lead to a moderate underestimation of the resonance
enhancement. A further resonance effect can be noticed for
lithium at the reference wavelength of 242.2 nm because of
the 1s>2s— 1s27p transition close to this wavelength. Exper-
imental results on hemoglobin powder, representing a parti-
cle model with uniform organic composition, are shown in
Fig. S4 and confirm the resonance enhancements for Fe.

To further investigate the enhancement effects, we mea-
sured the wavelength-dependent total ion yield of *Fe from
every 1200 particles, exposed to OPO laser pulses of the
same intensity. As shown in Fig. 2, the maximum Fe signal
is achieved near the resonance, with a 3—4-fold enhancement
for diesel soot and mineral dust particles and hemoglobin
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particles; see Fig. S4. The ion yield curves have a remarkable
width and are much broader than the atomic lines or the OPO
linewidth (4—6 cm™!). The absorption spectrum of Fe atoms
(blue) represents data from the NIST atomic spectra library
(Kramida et al., 2019). Such signal enhancements at specific
wavelengths were not reported in previous SPMS studies,
apart from the aforementioned REMPI techniques. Thom-
son et al. (1997) observed that the threshold intensity for ion
formation decreased with increasing absorbance of the bulk
material for different salts. Generally, more substances are
ionized at higher photon energies and lower laser intensities
are required, but these effects tend to saturate at higher laser
intensities (Thomson et al., 1997; Murphy, 2007). Even in a
study using two matrix-assisted LDI (MALDI) matrix mate-
rials absorbing at different wavelengths, Wade et al. (2008)
found only minimal wavelength effects on ion yields but a
stronger dependence on the intensity and particle size. How-
ever, these results are not conflicting with the Fe resonance
we observed. Several studies indicate that above a minimum
intensity, effects in the plume dominate the ionization yield
rather than the absorbance of the particle itself (Carson et
al., 1997; Wade et al., 2008; Reinard and Johnston, 2008).
The resonance begins to take effect as soon as Fe atoms
are formed and vaporized from the particle during the initial
phase of the laser pulse.

While not recognized for SPMS so far, such resonance en-
hancements were previously reported and explained for laser
ablation from solid surfaces. Using dye lasers, about 5-fold
signal increases were observed at the atomic lines of sev-
eral metals and semiconductors (Verdun et al., 1987). The
widths of the resonances were also rather broad, i.e., 0.4—
0.7 nm. For low laser intensity, grazing incidence and two-
step excitation, the width dropped below 0.05 nm (McLean et
al., 1990) approaching the values of the respective atoms in
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Figure 1. (a) Accumulated mass spectra (every n = 400) of re-dispersed diesel soot particles ionized using the tuneable OPO laser. In the case
of resonant ionization of Fe at 248.3 nm (red), the Fe signal is substantially enhanced compared to the nonresonant ionization at 242.5 nm
(blue); see the inset for an enlarged view of the grey area. Most other signals are similar. (b) A comparable Fe enhancement can be observed
for mineral dust particles. The histogram panels (c) and (d) of the single-particle relative ion signal (4Fet signal normalized to the particle’s
total ion yield) illustrate that the ionization enhancement accounts for the majority of analyzed particles. Corresponding normalized mass
spectra are shown in Fig. S2, and the particle size distributions are depicted in Fig. S3.

gas-phase ionization (resonant ionization MS, RIMS; Young
et al., 1989). The explanation for the broad signals in res-
onant ablation from surfaces and particles is rather simple:
broadening and transition wavelength shifts can be expected
if the excitation happens when atoms are still bound in the
matrix close to the surface (Verdun et al., 1987; McLean et
al., 1990). Additionally, the plasma pressure could contribute
to these effects. With increasing time and distance from the
dense target, the surface bonds vanish and the conditions be-
come similar to RIMS. Minor contributions to the measured
width could result from Stark broadening (typically at higher
laser power; Hiibert and Ankerhold, 2011) and interferences
with the adjacent absorption lines.

3.2 Resonance enhancements of trace metals

The resonant ionization of particle-bound Fe raises the ques-
tion whether the SPMS-based detection of other biologi-
cally relevant metals may also benefit from the enhance-
ment. We used NIST reference material urban dust 1649b
(National Standard Institute of Technology, USA) as a well-
characterized anthropogenic particle model containing sev-
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eral transition metals at low concentrations. Figure 3 shows
accumulated cation mass spectra from resonant and nonreso-
nant ionization with respect to strong atomic lines of Fe, Mn
and Zn. The mass fraction of Fe is rather high (= 3 %) and
the signal enhancement at 248.3 nm (see Fig. 3a) corresponds
to the results from diesel soot and Arizona dust. Manganese
contributes a mass fraction of only 0.024 % to the dust. In
general, for particles with organic content, the Mn signa-
ture at m/z =55 can hardly be distinguished from molec-
ular fragments of the same mass. However, when the OPO
wavelength is in resonance with the 3d34s? —3d>4s4p tran-
sition of Mn at 279.5 nm, a clear signal appears at m/z =55,
nearly as high as the peak of the much more abundant °Fe
in the sum spectrum; see Fig. 3b. Additionally, for Zn (mass
fraction 0.17 %) there is a substantial difference and a clear
signature appears in resonance case (Fig. 3c). Because the
resonance wavelength of 213.8 nm is near the UV limit of
the OPO, the pulse energy of 0.25mJ is lower than for the
other metals and, in contrast to all other wavelength com-
parisons, the reference wavelength is higher than the reso-
nance wavelength. After resonant excitation at the respec-
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Figure 2. Wavelength-dependent total ion yield of 54Fe in SPMS
of re-dispersed particles (black circles, n = 1200; three replicates
of 400 each). For both (a) diesel soot particles and (b) Arizona
desert dust particles, the signal peaks for wavelengths match a ma-
jor atomic transition of Fe (blue lines). The large width of the curve
is attributed to line broadening through interaction with the dense
particle surface. Coincidentally, the Fe lines are also addressed by
our KrF-excimer laser (measured spectrum in grey; arbitrary units).
Atomic spectra from the NIST library (Kramida et al., 2019). Mass
spectra are shown in Fig. 1, the respective curves of the normalized
ion signals and size distributions are given in Fig. S3.

tive wavelength, the absorption of a further single photon is
sufficient for ionization of all three metals. The histogram
plots (Fig. 3d—f) prove that the enhancement does not only
result from a minority of particles that contribute especially
strong ion signals. In contrast, a higher number of individ-
ual particles reveal signatures of the respective metals, which
indicates a more secure and sensitive detection. The results
suggest that tuneable laser systems can be advantageous to
enhance the detectability of various elements of interest in
SPMS.
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3.3 Application to long-range transported aerosols

While our laboratory experiments revealed remarkable res-
onance effects for several metals and particle types, these
results have to be transferred into applications for ambient
aerosols. Tuneable laser systems are of limited suitability for
field studies because of their complexity, low pulse power
and repetition rate. In our experiments, thermal lensing prob-
lems of the irregularly triggered OPO system reduced its
pulse power and stability, resulting in a shot-to-shot variabil-
ity of the pulse power up to about 30 %. However, a freely
triggerable OPO-SPMS with sufficient pulse energy is under
development. In contrast to tuneable light sources, excimer
lasers are cheaper, more robust and powerful. Of note, the
KrF-excimer laser line at 248.3 nm coincidentally matches
the strongest UV absorption line of Fe, a fact that has gained
little attention in the last few decades (Trainor and Mani,
1978; Seder et al., 1986). The spectrum of our laser is shown
in Fig. 2. We directly compare the Fe detection efficiencies
of two field-deployable excimer lasers for the same ambi-
ent aerosol ensemble. The KrF line is in resonance with the
Fe absorption, while the often-used ArF line is not. To ex-
clude all effects from different instrumentation, both lasers
are integrated into the same SPMS, firing with the same
pulse parameters from opposite sites onto the particles; see
Fig. 4a and Table 1. A custom electronic circuit triggers the
lasers alternately. With regard to the important application of
detecting Fe-containing aerosols in remote regions, we de-
signed our experiment to observe long-range transported an-
thropogenic particles with high secondary contributions in
a marine environment. Therefore, we set up our instrument
on the western coast of Sweden and measured aerosols from
central Europe after transport over the Baltic Sea; see the
back trajectories in Fig. 4b.

With each of the lasers, we analyzed 15000 individ-
ual particles on the 14 November 2019 between 15:00 and
24:00 local time. The mean particle mass concentration was
7.8 ug m—3 (PM35) and 5.0 ug m—3 (PM1 o) as measured by
the station’s dust monitor (Grimm EDM-180 MC). Figure 4c
shows the resulting sum mass spectra of cations for each
ionization wavelength. The enhanced Fe signature for the
Krf laser is clearly visible in the sum spectrum. All fur-
ther wavelength-dependent differences will be discussed in
a future publication. From every 15 000 particles exposed to
the ArF laser (KrF laser), 13776 (6364) produced a nega-
tive spectrum, 12217 (5577) a positive signature and 12 189
(5258) yielded bipolar mass spectra. The higher hit rate of
the ArF laser results from the lower intensity thresholds for
ion formation due to its higher photon energy (Thomson
et al., 1997), thus also yielding mass spectra from particles
that were not fully hit. Nearly all particles (> 98 %) with
negative spectra showed nitrate (46N02_ and 62N03_ ). Be-
cause the steady onshore wind during the experiment ex-
cludes local sources of nitrate, these ions indicate conden-
sation of NOj3 and replacement of CI~ by NO; (Gard et
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Figure 3. Accumulated cation mass spectra (n = 400) of re-dispersed urban dust particles (reference material NIST 1649b). Using the
tuneable OPO, the spectra were recorded at resonance wavelengths of each metal (red) and for the nonresonant case at a slightly different
wavelength (blue). While carbon and molecular fragment signals are similar in the pairwise comparison, the resonant enhancements for
(a) Fe, (b) Mn and (c) Zn are clearly visible. Complete bipolar mass spectra and the size distribution are shown in Fig. S5. (d—f) The single-
particle distribution of the relative ion signals illustrates that the resonant ionization enhancement allows metal detection for many more
particles. The respective resonance wavelengths (red) address the indicated transitions.
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Figure 4. (a) Schematic view of the setup for direct comparison of nonresonant and resonant ionization of Fe in ambient air particles using
the same mass spectrometer. The two lasers fired alternately on 15000 particles each. (b) Back trajectories from the HYSPLIT webtool
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al., 1998; Arndt et al., 2017; Dall’Osto et al., 2016b) during = o - b
long-range transport from central Europe (Dall’Osto et al., s § § 2
2016a). Most single-particle spectra are dominated by either Jg’ § g N
sea salt signatures (**Na™, 4°Na, ©2Na,07, 63Na,OH™ and EE| & =
81.83Na,C1T) (Murphy et al., 2019) or organic fragments . g § 5
(e.g., 7'CoHY, ¥C3HY, B CoH30™ and ¥ C3HY) (Silva and = % g
Prather, 2000) or they reveal internal mixtures of these main 3 2 =
components. To investigate the Fe enhancements on the o &l »|
single-particle level and to analyze the role of the parti- § Z % Ui é
cle’s main components, we performed a cluster analysis for .i;] “«).0‘3 » g T
each set of bipolar single-particle spectra, excluding the mass F13 .\?Z'+ 2| B
channels m /z = 54-56 that bear potential Fe signatures. The ST o .E;
ART-2a algorithm yielded 149 clusters for the particles ion- a § :
ized with the ArF laser and 106 clusters for the KrF laser ' el | 2
ionization. Clusters with less than 20 particles were excluded E 2 ez 5:
from the analysis. Furthermore, clusters with comparable av- CRa s;z 2 §
erage mass spectra and the same major ions but slightly vary- g % 2 e
ing relative signal intensities were manually merged. 5 : % 2

The particle ensemble revealed six dominating particle 3 & é
groups, as summarized in Table 2. The corresponding ART- vf‘; % ﬁ
2a area matrices representing the average intensity for each : - §
m/z and thus reflecting the typical mass spectra within a g g g Z'ﬁ ‘ﬁf g
group are shown in Figs. S6 and S7. Further separation into B2 B S o
subgroups, e.g., with respect to signals from '8NH;, 3'NO* Ss|® s -
or trimethylamine (TMA, m/z = 58-59) (Healy et al., 2015; 25|85 &| =
Kéllner et al., 2017), had only limited effects on Fe detec- é § 5 d'g g
tion and is consequently not shown here. Mineral dust par- g g | A 4
ticles were not observed in appreciable numbers. The mea- — €
sured size distribution is rather narrow, reflecting the instru- E § Z2 8| 8
ments optimum detection efficiency that roughly coincides g 5 ST &
with the typical size mode undergoing long-range transport; éﬁ Z‘s § E
see Fig. S8. =l g % %

The particle numbers within the main classes are shown in AN g
Fig. 5. There are several differences between the two ioniza- = ug 2 S
tion wavelengths, e.g., the aforementioned overall hit rate. 2 a — 5
However, here we focus on the detection of Fe. In order (_;g A‘: g i g @
to ensure a conservative effect registration (i.e., signals at TR ;%]c%‘ s 5
m/z = 56 that may also stem from CaO™ or molecular frag- Sl 5 ° g
ments such as C3H40™), Fe content is only accounted for wHF K
particles with a peak area at m /z = 56 that is larger than both R =
the signals at m /z = 40 (Ca™) and m /z = 55 (principal frag- < §
ment signal). To further strengthen the screening, as recom- - o 2
mended by previous studies (Zhang et al., 2014; Dall’Osto T ° 3
et al., 2016a), particles with an additional signal at m/z = 54 J:, 2
from the >*Fe isotope, which is lower than a tenth of the peak T ;
area of “°Fe, are represented by black bars. Half of the parti- % ;
cle spectra that were identified by the algorithm to show the g
#Fe isotope, were manually cross-checked on a random ba- z.
sis to prevent false positive results. From the 15 000 particles . N ;-J
exposed to the 193 nm laser pulses, fewer than 100 particles g Z § 2
show Fe signatures according to this stringent criterion. As g '7; § R
is apparent from the enlarged view on the right of Fig. 5a, g < %
nearly all of these particles also revealed strong carbon clus- ll ©
ter signals from EC. This suggests that they either belong '
to a particular Fe-rich aerosol class, e.g., from ship emis-
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Figure 5. Number of particles within the main classes according
to Table 2. Dark grey fractions represent particles with a peak area
at m/z = 56 being larger than at m/z =55 (molecular fragments)
and m/z = 40 (Ca™ because of interference with 56Ca0+), indicat-
ing Fe content. Black fractions illustrate particles showing an addi-
tional signal of the less abundant isotope S4Fet. (a) If ionized with
193 nm pulses, substantial fragmentation leads to dominating frag-
ment signals in many of the 15 000 exposed particles. Fe signals are
almost exclusively observed for particles with EC signatures (see
the enlarged view on the right), indicating a particularly high Fe
content or possible interactions with strongly absorbing soot dur-
ing ionization. (b) Although fewer particles produce ion signals if
exposed to 248 nm pulses, the particle fraction showing Fe signa-
tures is much larger, and a cluster with dominating Fe signals even
appears. It is important to note that the Fe signals are not limited
to EC-containing particles but can be observed for all classes. This
suggests that the resonant ionization allows a more universal and
secure detection of Fe.

sions, or that the EC matrix augments the ionization process
of Fe (Zimmermann et al., 2003) in contrast to a salt/OC
matrix, where energetically preferred ions survive collisional
charge transfer in the plume (Reinard and Johnston, 2008).
Additionally, a suppression of specific ions by the presence
of water is conceivable (Neubauer et al., 1998), although a
dryer was applied in our experiment. A very different Fe de-
tection was achieved with the resonant ionization at 248 nm;
see Fig. 5b. Even though the total particle hit rate was lower,
many more particles with Fe signatures were detected. A key
finding is that the Fe detection is not limited to particles with
EC signatures anymore, but the Fe appears to be internally
mixed within particles of several classes. The relatively low
abundance of Fe in the OC class can be explained by the
high contribution of wood and biomass combustion particles.
Remarkably, many particles with low cation signals reveal
nearly exclusively Fe signatures, providing its own group af-
ter further classification into subgroups (Fe signatures were
excluded from the first ART-2a clustering).
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Since the same aerosol ensemble was probed with both
laser wavelengths, the appearance of Fe signals for several
particle matrices disagrees with the assumption of a particu-
lar Fe-rich class. In contrast, different ionization mechanisms
are likely to determine the Fe detection, and resonant LDI
appears to feature a more universal and secure detection ap-
proach for iron.

Although our field study provides only a limited dataset,
some general implications can already be derived. The inter-
nal mixing of Fe with sulfate or organic acids is assumed to
be crucial for Fe dissolution and thus for the anthropogenic
increase in bioavailable iron input to the oceans (Li et al.,
2017). Previous studies indicated that the Fe transport into
the sea is dominated by coal combustion particles containing
sulfate in Asia (Furutani et al., 2011; Moffet et al., 2012),
while the majority of Fe-containing particles in Europe are
mixed with nitrate and were attributed to traffic activities
(Dall’Osto et al., 2016a). Similar to our experiment, these
studies found strong internal mixing of many Fe-containing
particles, such as biomass burning signals with coal combus-
tion contributions in Asia and secondary nitrate with Fe in
Europe. However, Fe particles with sea salt signatures were
negligible in the SPMS studies and mixtures of Fe and OC
were a minor fraction (Furutani et al., 2011; Dall’Osto et al.,
2016a). In our study, these particles were the most abundant
types of Fe-containing particles if resonant ionization was
applied (see Fig. 5b), while for nonresonant ionization, parti-
cles with EC signatures were dominant (Fig. 5a). Taking into
account that the aforementioned SPMS studies utilized non-
resonant LDI of Fe at 266 nm, Fe transport in organic and salt
or mixed aerosols might have been underestimated. Electron
microscopy studies of individual particles in Asia frequently
revealed thick coatings of secondary compounds and organic
matter around Fe-rich particle components (Li et al., 2017;
Moffet et al., 2012). Ultrafine Fe-containing particles, such
as soot from traffic emissions, can enter the long-range trans-
ported accumulation mode via agglomeration with larger par-
ticles and condensation of organic vapors, secondary nitrate
or sulfate. In our study, we observed a high prevalence of Fe
in sea salt and OC particle types, indicating the importance
of these pathways for transport of biologically relevant Fe.

4 Conclusions

In summary, we described enhancements in particle laser
desorption—ionization that rely on resonant light absorption
by metal atoms. Combining laboratory and field experiments,
we showed that the mechanism can be exploited to improve
the detection of relevant metals in both natural and anthro-
pogenic aerosols on the single-particle level. Not all physical
details are fully understood, and the signal enhancement ef-
fects providing the basis for the improved metal detection
efficiency are difficult to quantify for the different particle
types. However, our results show that the increase in sensi-
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tivity is moderate for particular Fe-rich aerosols, such as the
about 3-fold signal enhancement for Arizona test dust. The
resonance enhancement appears to become more effective
for mixed particles with smaller Fe contributions, such as in
the ambient air experiment, where about 10 times more parti-
cles revealed Fe signatures in direct comparison with nonres-
onant ionization. Taking into account the lower hit rate of the
KrF laser that is related to its lower photon energy, the over-
all efficiency for identifying Fe signatures in a single-particle
mass spectrum was increased by a factor of about 20 in our
ambient air study.

The coincidental matching of the KrF laser line with a
strong absorption of Fe atoms allows an easy and straight-
forward application of the resonance effect in the field. For
direct comparison of KrF with ArF lasers, it has to be consid-
ered that the lower photon energy of KrF laser is associated
with a reduced hit rate and different mass spectral signatures
of other particle components, e.g., organics. Further studies
are required to evaluate these differences. Note that, because
of its rather high pulse energy and the flat-top beam profile,
the hit rate of the KrF laser was about 40 %—-50 % in our ex-
periment, which is still more than the values that are typi-
cally achieved with the most common laser line in SPMS,
the Nd:YAG at 266 nm. Exploiting the resonance effect for
metals other than Fe requires a tuneable Nd: YAG—OPO sys-
tem, which is, however, more difficult to operate.

With the improved detection of Fe and its inherent sensi-
tivity to further key nutrients such as nitrate and phosphate,
SPMS becomes an interesting complement to established
methods for investigating atmospheric Fe transport. More-
over, several key parameters for the metal’s bioavailability,
including the particle size or the presence of carboxylic acids
and sulfate (Fang et al., 2017), can be determined on a single-
particle level. Because of the high time resolution, SPMS-
based Fe detection may be particularly helpful for studies on
the oceans’ rapid response to the naturally episodic deposi-
tions of Fe and other micronutrients. Beyond these direct ap-
plications, more studies are required to elucidate the promis-
ing implications for SPMS quantification approaches (Healy
etal., 2013; Gemayel et al., 2017). Of note, the Fe-containing
particles can further be characterized with regard to their or-
ganic content using multistep ionization techniques (Schade
et al., 2019; Czech et al., 2017). This is of importance for
health-related studies, as two of the most relevant adverse
aerosol compounds, transition metals and PAHs, can be ad-
dressed with the same easily accessible KrF-excimer laser
wavelength.

Such hyphenated single-particle schemes have great po-
tential to elucidate intriguing interactions in atmospheric het-
erogeneous and multiphase chemistry (Poschl and Shiraiwa,
2015), for example with regard to possible catalytic activities
of the in particle’s metal content (Sullivan et al., 2007). In
conclusion, the described resonance effects pave a new route
towards improved detection of air pollutants and a more pro-
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found understanding of the aerosol impact on biogeochemi-
cal cycles and human health.
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Figure S1: Particle size distributions for ambient air, measured with the optical detection unit of the SPMS at the
site in Onsala, Sweden on the 09™ Oct 2019 for each 1h, respectively; (a) without using the aerosol concentrator
and (b) with the concentrator as described in the methods section. The real particle concentration factor in our
experiment is obviously lower than the ratio of air intake and outlet volume (300:1).
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Figure S2: Averaged mass spectra (n=400) of the single-particle signal normalized to the total ion signal of each
particle for (a) re-dispersed diesel soot (b) Arizona test dust particles.
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Figure S3: (a) Wavelength-dependent relative ion yield of 3*Fe (normalized to single-particle total ion signal) in
SPMS of re-dispersed diesel soot particles (black circles, n=1200 in three replicates of 400 each). (b) The same
results for Arizona desert dust particles. Major atomic transition lines of Fe in blue. Coincidentally, the Fe-lines
are also addressed by our KrF-excimer laser (measured spectrum in grey, arbitrary units). Atomic spectra from the
NIST library (Kramida and Ralchenko). Mass spectra are shown in Supplemental Figure S2.

(c) Size distribution of diesel soot particles, and (d) re-dispersed Arizona test dust particles, measured with the
laser velocimetry sizing unit of the SPMS instrument.
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Figure S4: Results for hemoglobin from bovine blood (lyophilized powder, Merck Sigma Aldrich). (a)
Wavelength-dependent total ion yield of *Fe (black circles, each n=250). The hit rate in this experiment (blue
circles) dropped considerably for wavelengths above the Fe-resonance, complicating measurements beyond the
resonance peak. However, the enhancement is clearly visible.

(b) Corresponding mass spectra for non-resonant (blue) and resonant (red) ionization, averaged over n=250 mass
spectra, each normalized to single-particle total ion yield, respectively.
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Figure S5: (a-c) Averaged mass spectra (n=400) of the single-particle
signal normalized to the total ion signal of each particle for re-dispersed
urban dust particles (Reference Material NIST 1649b), each for non-
resonant (blue) and resonant (red) ionization with respect to (a) Fe, (b)
Mn and (c) Zn. (d-f) Enlarged views of the cation mass spectra, similar
as in Fig. 3, but with a further reference wavelength for each metal. Some
commonly observed ions are indicated. (g) Particle size distribution of
these particles, measured with the laser velocimetry sizing unit of the

SPMS instrument.
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Figure S6: Main particle categories from the ambient air experiment with the 193 nm ArF laser after ART-2a
clustering followed by manual merging with respect to the main compounds, see Table 2 for further details. Most
particles were mixed of sea salt contributions, nitrate and organic fragments. EC signatures were detected in only
250 particles, along with strong fragment signals and partly with Fe signatures. They appeared occasionally over
the full time and not within a single episode.
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Figure S7: Main particle categories from the ambient air experiment with the 248 nm KrF laser after ART-2a
clustering followed by manual merging with respect to the main compounds, see Table 2 for further details. Most
particles were mixed of sea salt contributions, nitrate and organic fragments. Many particles that showed only
anions (m/z=+54...56 were excluded from the ART-2a clustering) revealed exclusively Fe-signature in their cation
spectra, contributing an own cluster. Fe-signatures appeared also for many particles with organic content.
Differences between the two wavelengths beyond Fe-detection will be discussed in a future publication.
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Figure S8: Particle size distribution of the main particle classes in the ambient air experiment; (a) for ionization
with the 193 nm ArF-laser and (b) for the 248 nm KrF-laser. Note that the cutpoint for efficient aerosol
concentration (=0.5...1 um), for optimum optical detection efficiency and the typical long-range transport size
mode roughly coincide, thus the size distribution is rather narrow and biased by the instrument. However, it can
be noticed that OC-dominated particles dominate the smaller size range while sea salt particles contribute mainly
to the larger sizes and to the second mode at 1-1.2 pm.
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