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ABSTRACT: Polycyclic aromatic hydrocarbons (PAHs) are toxic organic
trace components in atmospheric aerosols that have impacts on climate and
human health. They are bound to airborne particles and transported over
long distances. Observations of their distribution, transport pathways, and
degradation are crucial for risk assessment and mitigation. Such estimates
would benefit from online detection of PAHs along with analysis of the
carrying particles to identify the source. Typically, laser desorption/
ionization (LDI) in a bipolar mass spectrometer reveals the inorganic
constituents and provides limited molecular information. In contrast, two-
step ionization approaches produce detailed PAH mass spectra from
individual particles but without the source-specific inorganic composition.
Here we report a new technique that yields the single-particle PAH
composition along with both positive and negative inorganic ions via LDIL.
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Thus, the complete particle characterization and source apportionment from conventional bipolar LDI-analysis becomes
possible, combined with a detailed PAH spectrum for the same particle. The key idea of the method is spatiotemporal matching
of the ionization laser pulse to the transient component distribution in the particle plume after laser desorption. The technique
is robust and field-deployable with only slightly higher costs and complexity compared to two-step approaches. We demonstrate
its capability to reveal the PAH-distribution on different particle types in combustion aerosols and ambient air.

he ubiquitous presence and the persistence of PAHs in

the atmosphere is an increasing matter of concern. Some
of these byproducts from anthropogenic and natural
combustion processes are strong carcinogens.l’2 As an
important fraction of carbonaceous and organic aerosols
(OA), PAHs have both direct”™ and indirect climate effects,
e.g, via photooxidation and interaction with water, thus
contributing to the formation of cloud condensation nuclei.”’
Despite years of research, little is known about the detailed
distribution pathways and the complex interactions with other
aerosol components that can modulate the PAH degradation
processes.”” '’ For example, coating effects in OA are currently
considered to shield PAHs against (photo)oxidation via
ozone.'' Assessment and mitigation strategies require real-
time observations and sophisticated source apportionment.
Some features in PAH profiles are indicative of specific
sources' ™" but are difficult to measure in real time.
Furthermore, the particle’s organic and inorganic composition
as well as its morphology are key data for a deepened

W ACS Publications  © xxxx American Chemical Society

Because the larger PAHs are rapidly adsorbed to the particle
phase, the source attribution via inorganic composition and via
the PAH profile should complement each other in a single-
particle experiment. Single-particle determination of PAHs
could also reveal their distribution in an aerosol ensemble. This
is a crucial information for health estimates because these
species may be concentrated within a small particle subgroup,
leading to a high local dose upon deposition in the lung.

A real-time method obtaining the size and chemical
information from individual particles is single-particle mass
spectrometry (SPMS).'* Herein particles are introduced into
vacuum, sized using laser velocimetry, and finally exposed to an
intense UV laser pulse.'>'® Thus, both positive and negative
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ions are formed by laser desorption/ionization (LDI) and
detected in a bipolar MS setup. Common ionization products
are cations of metals, salts, or ammonia. Nitrate, sulfate,
phosphate, and carbon clusters from organic or elemental
carbon (OC, EC) are simultaneously detected in negative
mode. Mainly because of matrix effects in LDI ion formation,
absolute quantification in terms of mass concentration is
difficult in SPMS.'”™"” However, the combined signatures of
positive and negative ions together with the particle size often
allow a detailed classification and source attribution of many
thousand particles in a typical SPMS study.

Most of the numerous particle-bound organic compounds in
ambient aerosols” are fragmented by the intense LDI laser
pulse; thus, organic speciation is limited. Some fragment peaks
indicate oxygen-containing molecules or other functional
groups as studied with laboratory particles.”’ Important
molecular species that are frequently detected in SPMS on
ambient aerosols comprise oxalic acid (photooxidation
marker),”*® methanesulfonate (marine environments),”* or
alkylamines.”® Also oligomer formation was observed by peak
series in negative mode,”® and the EC/OC content can be
determined on a single-particle basis.””** For specific particle
matrixes (EC), molecular PAHs are also detectable by LDI-
SPMS.>” However, a substantially improved detection
efficiency, yielding detailed PAH spectra from single particles
is achieved by two-step ionization methods.’*~** Herein an IR
pulse from a CO,laser (wavelength 10.6 pm) heats the
particle and desorbs the organic content (laser desorption,
LD). Alternatively, the particle impacts a heated rod for
thermal desorption (TD).**** After a delay of few micro-
seconds, the molecules in the expanding desorption plume are
photoionized by a UV laser pulse. While also single-photon
ionization with VUV photons was demonstrated for organic
laboratory particles,”*° the PAHs can be selectively ionized
with much higher sensitivity via resonance-enhanced multi-
photon ionization (REMPI).>” The vaporization prior to
photoionization considerably increases the sensitivity, reduces
fragmentation and matrix effects, and improves quantifica-
tion.”® However, these two-step methods cannot detect the
inorganic and refractory components that indicate the type and
source of the PAH-carrying particle. Recently, this limitation
was overcome by a three-step ionization scheme.” However,
this approach is technically challenging and it requires a third
laser for LDI in addition to the lasers for LD and REMPIL
Furthermore, only positive ions can be measured, substantially
reducing the LDI-based information compared to conventional
bipolar LDL

Here we present a new approach that combines all three
ionization channels for single particles: positive and negative
ions from LDI similar to conventional SPMS together with
full-fledged mass spectra of PAHs via REMPIL. The method
utilizes a special laser pulse profile that is matched to the
spatial separation of the PAHs from the refractory particle
residue, thus inducing LDI and REMPI within a single laser
shot. Because only two lasers are required, such as in the two-
step approaches, the new technique is easy and robust. It is
applicable for existing SPMS setups with moderate mod-
ifications. We demonstrate the method’s potential for
comprehensive chemical characterization and source appor-
tionment with laboratory and real-world particles.

B EXPERIMENTAL SECTION

The SPMS instrument is based on two reflectron time-of-flight
mass analyzers (Stefan Kaesdorf GmbH) and corresponds to
the ATOF-MS technique, such as commercial realizations
(LAAPTOF, Aeromegt GmbH, or SPAMS, Hexin Ltd.).
Modifications to the previous version® comprise the optical
setup and the high-voltage supplies as described in the
following. After velocimetric sizing, the particles are exposed to
a CO,laser pulse for efficient desorption by intense IR
radiation (10.6 um, see Figure 1(a)). The central concept of

(a) t=0 ps (b) t=14 ps Ix)
Laser LDI+REMPI
Desorption ionization X
@ inorg. @ PAH ions
sized anions @ inorg. cations
particle
V7 & &
® % 25¢° O— @ —
/oA Ong
neg. m/z pos. m/z
inorg. residue plume
LDI REMPI
10.6 um
40 m)J
248 nmﬂ
8mJ)

Figure 1. Schematic view of the single-particle approach for
simultaneous detection of PAHs along with inorganic cations and
anions. (a) The particle is hit by an IR laser pulse for desorption of
organics. (b) After 14 us, the expanding plume (red) is illuminated
with a broad UV laser beam (blue) for REMPI of PAHs. The same
pulse is reflected and focused on the particle residue (black), ionizing
refractory inorganics via LDI with much higher intensity. Note the
schematic beam intensity profile at intersection with the particles
(top) and the optical parameters in Table 1. Inorganic and PAH
cations are detected in one mass analyzer of the bipolar TOF-setup,
and inorganic anions in the opposite one.

our method is the spatial beam profile of the single ionization
laser pulse provided by a KrF-Excimer laser (248 nm). As
illustrated in Figure 1(b), the parallel beam intersects the
gaseous plume with a rather low intensity (~3 MW/cm?) for
REMPI of the desorbed PAHs. After exiting the vacuum
chamber, the laser beam is back-reflected by a concave mirror
(f = 150 mm). The beam intersects the plume again, now with
a much smaller diameter and hits the particle residue with a
high intensity (~2 GW/cm?) for LDI of the refractory
components. An alternative optical setup for the same beam
profile is shown in the Supporting Information Figure S1.
Both REMPI and LDI are simultaneously induced by the
same laser pulse (delay from optical path difference ~1 ns, <S5
ns pulse length) (Table 1). No further ionization laser is
required. The ions are extracted after a delay of 0.6 us, which
improves mass resolution and peak quality.”*" While anions
from LDI are conventionally detected in the negative TOF-
tube, the cations from LDI are measured together with the
PAH-ions from REMPI in the positive tube. Because all ions
are formed and extracted simultaneously, no deconvolution or
individual calibration for the LDI- and REMPI-products is
required. However, the large dynamic range of LDI-signals is
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Table 1. Light Sources and Details of the Optical Setup”

velocimetric sizing

2xGCI-050-L,
CrystaLaser Inc.
532 nm, Nd:YAG

50 mW, continuous wave

light source

wavelength, medium

laser intensity @ part. beam, pulse
duration

interaction spot size (mm) 0.4 (Gaussian)

pulse energy (m])

MTL-3 mini-TEA Edinburgh

0.2 GW/cm?, 50 ns

laser desorption REMPI LDI

Photonex Excimer, Photonion GmbH
Instruments Ltd.
10.6 pm, CO, 248 nm, KrF

3 MW/cm?, § ns 2 GW/cm?, 5 ns

o1 S$X10
(Gaussian x flat top)

40 8

0.2 X 0.4
(Gaussian x flat top)

“The beam parameters were selected to obtain a favorable detection efficiency and mass spectra quality for all types of model particles discussed in

this article.
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Figure 2. Exemplary mass spectra of single combustion particles, ionized by combined LDI for anions (black), cations (blue), and REMPI for
PAHs (red) within the same laser pulse. (a) The LDI spectra from a diesel soot particle reveal EC from soot, iron, and some organic fragments
accompanied by mainly unsubstituted PAHs from REMPL (b) A wood ash particle showing pronounced potassium and soot signatures via LDL
The PAH spectrum exhibits the (coniferous) wood combustion marker retene. (c) Strong positive fragment signals and the presence of at least
weak anion fragment signals in the LDI spectrum of a pure organic particle (“tar ball”) indicate that it was fully hit by the LDI pulse. The REMPI
beam nevertheless yields a detailed PAH spectrum. See Table 2 for a list of PAHs. An example of a particle without PAHs is shown in Figure 4(a).
Size distributions of the respective particle classes are provided in Supporting Information Figure S4.

already challenging for a conventional SPMS setup. Here the
much weaker signals from the PAHs are measured with the
same detector. To achieve high-quality spectra for both ion
classes, we attenuate the transmission of the positive flight tube
for the lighter LDI ions. This is possible without changing the
flight time by detuning a lateral deflection element of the ion
optics during the passage of light ions (m/z < 100) and
switching it back to optimum transmission before the PAHs
(m/z > 120) pass through (2.5 us after ion extraction, AU =
350 V, HV-switches HTS31-03-GSM, rise time 10 ns, Behlke
GmbH). Thus, we reduce the sensitivity for LDI cations by a
factor of about 20 compared to the PAHs and take full
advantage of the system’s dynamic range. This allows high-
quality spectra with 8-bit digitizers (Agilent Acqiris DP110). A
custom LabView software records TOZF-spectra and particle
sizing signals.

Bl RESULTS AND DISCUSSION

Combustion Particles. The method was designed, tested,
and optimized using redispersed combustion particles. Diesel

Table 2. Polycyclic Aromatic Compounds (m/z) That Are
Indicated by the REMPI Spectra

number of C in aliphatic side chain(s)

PAHs 0 1 2 3 4
naphthalene 128 142 156 170 184
acenaphthylene 152
phenanthrene, anthracene 178 192 206 220 234
(retene)

pyrene, fluoranthene 202 216 230
benzanthracene(s), 228 242

benzphenanthrene(s)
benzpyrene(s), 252 266

benzfluoranthene(s)
benz[ghi]perylene, 276

indeno(1,2,3)[c,d]pyrene
dibenzphenanthrene(s), 278

dibenzanthracene(s)

important fragments 1185, 139, 165, 189
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(@) no PAHs CHAO soot particles were extracted from the exhaust pipe of an old
diesel van (VW Transporter Typ 3, 1.7 D), milled, and guided
into the SPMS instrument with a turntable powder disperser
(model 3433 SSPD, TSI Inc.). These particles are well suited
for calibration of the optical system, because of their rather

[l N/
£ 7EVAVA | .
0§ 0-4 uniform PAH content from repeated exposure to flue gases in

A@’VMA the exhaust. Optical alignmentll)aegins inIt)h the LD and gREMPI

A\?&WAvA beams, while the concave mirror is blocked. After optimizing
) the LD-REMPI hit rate (more than 60% for this particle type)
and removal of the beam dump, the mirror is adjusted until the
additional LDI-spectra appear. About 40% of the sized diesel
particles are effectively hit and yield both a PAH spectrum and
a bipolar LDI signature. As representatively shown in Figure
2(a), LDI of the soot produces carbon clusters in both positive
and negative mode (blue and black). Furthermore, the positive
spectra often show a strong iron signal, most likely from the
inner surface of the rusty exhaust pipe. Organic fragments are
visible for both polarities.”"** The PAH signatures (red) reveal
contributions from lighter, mainly unsubstituted PAHs, which
are typical for diesel emissions; see Table 2 for a list of PAHSs
and the literature for details on their atmospheric occurrence
and sources."” Low molecular fractions volatilized before the
off-line experiment.

Figure 2(b) shows the spectra of an exemplary particle from
coniferous wood combustion in a log wood furnace. As a
typical feature of wood/biomass combustion particles, a strong
potassium signal appears at m/z = 39 (and 113 for [K,CI]*) in
the LDI spectrum.”’ The carbon clusters and organic
fragments in negative mode resemble the diesel particle
spectrum. The REMPI spectrum differs from the diesel

Figure 3. Ternary plots of the single-particle composition with respect
to specific inorganic ions from LDI of ambient aerosols. (a) Particles

without PAH signatures (n = 19,866) show a cluster with dominant particles, showing higher mass fractions and homologous
K, indicating wood/biomass burning (left corner). Iron-containing series of alkylated PAHs. Furthermore, the (soft)wood
particles (right corner) result from several sources, including traffic combustion marker retene is clearly visible.****

and coal combustion. Particles almost exclusively showing organic An important but not well understood subtype of organic
fragments (but no PAHs) are also found (top). (b) PAHs are aerosols are homogeneous, spherical particles from wood
detected in 5762 particles that resemble some LDI signatures from combustion/smoldering, called “tar balls”. Figure 2(c) shows
(a), however with high PAH loads (color-coded) for pure organic the spectra of a laboratory-generated tar ball (mixed polar and

particles. nonpolar phase); see Li et al. for its generation and the

scientific background.4 In contrast to the diesel and wood ash
particles, where unsubstituted PAHs dominate the spectrum,

LDI- LDI+ REMPI
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Figure 4. Exemplary mass spectra of ambient air particles. (a) For particles without PAHs, the method yields bipolar LDI mass spectra similar to
conventional SPMS. (b) The dominance of m/z = 228 (e.g., chrysene) and m/z = 252 (e.g., benzo(k)fluoranthene) in the PAH spectrum points to
coal/wood combustion, in accordance with the strong potassium signal from positive LDI-ions. The negative spectrum reveals important secondary
components such as nitrate and sulfate. Photooxidation processes are indicated by the relative strong peak at m/z = 43 (C,H;0*, C;H,") and the
occurrence of oxalate (m/z = —89).%%*
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also lighter and more alkylated PAHs from incomplete
combustion appear in the tar ball REMPI spectrum. Basically,
it corresponds to previously measured LD-REMPI mass
spectra’ (no LDI). Both the positive as well as the negative
LDI-spectra show almost exclusively organic fragments; see
Silva et al. for a detailed discussion on their appearance in
LDL*!

Method Specific Aspects and Limitations. The new
method is different from just a combination of bipolar LDI
with LD-REMPI for SPMS. The first important aspect refers to
fragmentation. Pure gas-phase REMPI with the parameters of
our REMPI-beam is virtually fragment-free.”” In a LD-REMPI
approach, the degree of fragmentation is consequently
determined by the internal energy that the particle acquires
from laser desorption.’® In our setup, the intense LDI beam
intersects a fraction of the desorbed plume, contributing
additional fragment signals to the spectra. This fraction is
typically rather small because the plume expands to few
millimeters within the 14 ps delay, as measured by moving a
narrow REMPI-beam while monitoring the PAH signals of
diesel particles. However, in contrast to plume expansion
experiments on laboratory particles,**%** our study deals with
complex real-world aerosols, and thus the laser desorption is
strongly affected by matrix effects and by the CO,-laser hit
efficiency. Consequently, particles that produce a small plume
from inefficient laser desorption, while being fully exposed to
the LDI pulse may undergo increased fragmentation, as
exemplarily shown in Supporting Information Figure S2.
Because the PAHs are very stable molecules and several
PAH-specific fragment channels are known (e.g, m/z = 189
from alkylated phenanthrenes®>**), the amount of fragmenta-
tion and the contribution of aromatics can nevertheless be
evaluated.

A further aspect relates to the important class of organic
aerosols that are readily identified and characterized by our
approach. Basically, it is unlikely that the method fails to detect
PAHs if a LDI spectrum is observed, because the broad
REMPI beam envelopes the much narrower LDI beam.
Moreover, even if the desorption pulse misses the particle
completely, at least a small PAH contribution should be
detected nevertheless.”” Vice versa, from the absence of an
inorganic signature it is difficult to determine whether the
particle is purely organic or whether the smaller LDI beam
missed the inorganic residue. The presence of fragment signals
alone is not sufficient, because they can also result from the
LDI beam traversing the larger plume, as discussed before.
However, in case that the positive LDI spectrum shows only
organic fragments, the presence of negative ions may indicate
that the LDI pulse hit a residual. For example, from 1000 diesel
particles revealing PAH spectra and organic fragments, about
250 particles did not produce negative spectra. None of them
showed signatures of Na" or Fe* from LDI; thus, the beam
most likely missed possible residues of those particles. In
contrast, all particles that produced negative ions also showed
at least some signals of the aforementioned cations, even if the
anions comprised mostly organic fragments. Furthermore, the
dominance of energetically preferred cations and anions such
as Na* and HSO,™ over less preferred ones (e.g., NO*, NO,")
result from extensive charge transfer in a dense plume*® and
thus indicates a residue that was hit by the LDI pulse. The
complexity of inorganic ion formation and matrix effects®’
should be specifically investigated for our method in later
studies.

Ambient Aerosols. To illustrate the application potential
of our method, we performed a small online experiment on
ambient air in Rostock, Germany (coordinates: 54° 04’ 41.0”
N, 12° 06’ 31.9” E), during a pollution episode with long-
range transported particles from Eastern Europe. The aerosol
was concentrated using a virtual impactor device (model 4240,
MSP Corp., Shoreview, MN). From the 16th Dec 2018 20:00
to 17th Dec 12:00, a total number of 69 900 particles were
detected and sized. The narrow size distribution (see
Supporting Information Figure S3) is typical for long-range
transported particles” and roughly coincides with the highest
detection efliciency by laser velocimetry in most SPMS
devices.*® From all sized particles, 36% produced a meaningful
mass spectrum from positive LDI and 42% from negative LDI.
Thirty percent showed both LDI spectra, and 29% of these
particles also exhibited PAHs. Note that negative ion formation
in LDI is often affected at humid conditions.”” However, in our
experiment, virtually all particles revealed strong anion signals
of both (secondary) sulfate and nitrate from long-range
transport.*” Local contributions were marginal, also due to
sparsely populated areas in wind direction. A detailed
classification and cluster analysis is beyond the scope of this
article, and strong aerosol aging makes source apportionment

278
279
280
281
282
283
284
285

difficult in this experiment. Nevertheless, the combination of 301

three ionization mechanisms allows interesting insights already
at initial overview.

Figure 3(a) indicates the composition of particles without
PAH signatures, derived from three ion signals in bipolar LDI
Wood and biomass combustion particles often show dominant
K* signatures, while fragments are suppressed;””°>>' con-
sequently, they appear near the left corner of the ternary plot.
Signals from iron are associated with traffic, industrial, or coal-
burning emissions.”” The respective particles form a cluster in
the right corner; see Figure 4(a) for an example. Particles in
the top corner show a strong anion signal from [C,H]™, a
common negative fragment that is formed by LDI of many
aromatic and aliphatic substances.”’ These particles have
substantial organic contents of aliphatic hydrocarbons or
oxidized/functionalized aromatics rather than pure PAHs. On
the contrary, particles with distinct PAH signatures according
to Table 2 are shown in Figure 3(b); see also Figure 4(b) for
an example. Their LDI-derived composition is roughly
comparable to the PAH-free particles, pointing to a rather
smooth PAH distribution after long-range transport. However,
the highest PAH loads are associated with particles showing
nearly pure fragment spectra by LDI (top corner). Organic
aerosols (e.g., “brown carbon”, “tar balls” etc.) naturally carry
large amounts of PAHs. However, the experiment demon-
strates that our method yields detailed distributions of the
PAHs on several particle classes in real time. Analysis of the
ambient PAH spectra itself will be the subject of future
publications.

B CONCLUSIONS

319

330

With the presented method, we exploit the spatial separation of 331

laser-desorbed and refractory components to obtain a full

332

bipolar LDI mass spectrum and a detailed PAH signature of 333

single particles for the first time. Thus, detection and source
attribution of PAHs is complemented by the source
information on the carrying particle, providing a unique
combination of chemical data from individual particles. The
technique makes it possible to detect both the carcinogenic
PAHs as well as health-relevant metals with the same
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340 instrument, while indicating the source and atmospheric aging
341 mechanisms. It reveals the PAH mixing state, a prerequisite to
342 estimate the local dose upon inhalation and to evaluate the
343 health risk. The method works well also for ambient air
344 particles and with manageable complexity. The amount and
345 structure of data from individual particles differs from
346 conventional SPMS; hence, clustering and classification
347 methods would have to be adapted in the future. In conclusion,
348 our approach allows new insights into the single-particle
349 distribution of PAHs, and it will pave the way to a
350 sophisticated understanding of organic aerosols and global
351 air pollution.
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