
Cyclic Ion Mobility Spectrometry Coupled to High-Resolution Time-
of-Flight Mass Spectrometry Equipped with Atmospheric Solid
Analysis Probe for the Molecular Characterization of Combustion
Particulate Matter
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ABSTRACT: Anthropogenic air pollution has a severe impact on
climate and human health. The immense molecular complexity and
diversity of particulate matter (PM) is a result of primary organic
aerosol (POA) as well as secondary organic aerosols (SOAs). In
this study, a direct inlet probe (DIP), i.e., atmospheric solids
analysis probe (ASAP), with ion mobility high-resolution mass
spectrometric detection is applied. Primary particulate matter
emissions from three sources were investigated. Furthermore,
photochemically aged emissions were analyzed. DIP introduction
allowed for a direct analysis with almost no sample preparation and
resulted in a complex molecular pattern. This pattern shifted
through oxidation processes toward heavier species. For diesel
emissions, the fuel’s chemical characteristic is partially transferred
to the particulate matter by incomplete combustion and characteristic alkylated series were found. Polycyclic aromatic hydrocarbons
(PAHs) were identified as major contributors. Ion mobility analysis results in drift time profiles used for structural analysis. The apex
position was used to prove structural changes, whereas the full-width-at-half-maximum was used to address the isomeric diversity.
With this concept, the dominance of one or a few isomers for certain PAHs could be shown. In contrast, a broad isomeric diversity
was found for oxygenated species. For the in-depth specification of fresh and aged spruce emissions, the ion mobility resolving power
was almost doubled by allowing for three passes in the circular traveling wave design. The results prove that ASAP coupled with ion
mobility spectrometry-mass spectrometry (IMS-MS) serves as a promising analytical approach for tackling the vast molecular
complexity of PM.

KEYWORDS: cyclic ion mobility spectrometry, high-resolution mass spectrometry, direct inlet probe, particulate matter (PM),
combustion emission, photochemical aerosol aging, complex mixtures

■ INTRODUCTION

Anthropogenic air pollution exposes the environment to a
complex mixture of gaseous or particulate organic pollutants,
which severely impacts the climate and human health.1−4

Combustion processes generate a major proportion of the
ambient aerosol pollution.1,2 The aerosol’s particulate organic
fraction includes primary organic aerosol (POA) particles as
emitted from the source as well as secondary organic aerosols
(SOAs) formed from gaseous emissions in the atmosphere due
to photochemical and other processes. The chemical
composition of combustion-derived particulate matter (PM)
is tremendously complex with thousands known compo-
nents.5,6 Moreover, atmospheric aging and SOA formation
alter and enlarge the chemical complexity even further.7−10

These aging processes and SOA formation are commonly
mimicked in laboratories by deploying large aerosol chambers

(batch reactor)11−13 or photochemical oxidation flow tube
reactors.14−17

The chemical specification of these complex mixtures is an
essential task for toxicological assessment and judging the
potential impact on the climate.2,18 For molecular level
description, most often hyphenated chromatographic and
mass spectrometric techniques are used.19−21 Nonetheless,
optimizing and running chromatographic techniques can be
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time-consuming. Furthermore, gas chromatography is inher-
ently limited in evaporation temperature and the accessible
chemical space. In this respect, direct inlet probe (DIP)
techniques have been proven to be a complementary approach
for rapid complex mixture analysis, such as atmospheric
pressure and reduced pressure solutions.22−26

For deciphering complex mixtures, resolving power is a
prerequisite in analytical instrumentation.27 For direct inlet
probe approaches, without chromatographic separation capa-
bilities, high-resolution mass analysis becomes even more
important. In the last decades, Fourier-transform mass
analyzers have delivered unbeaten resolving power and
accuracy.28 Nonetheless, in recent years, high-resolution
time-of-flight instrumentation has improved drastically and
modern orthogonal time-of-flight systems easily deliver
resolving power above 50 000 fwhm.29,30 With this, narrow
mass splits can be differentiated. Limitations are still given by
specific cases, such as the C3/SH4 3.4 mDa split.23,29

From high-resolution mass spectra, molecular formulas
determination affords valuable but limited information on
structural and functional aspects, such as the double bond
equivalent (DBE).31 Other structural features can be
hypothesized on the basis of the heteroatoms, such as
functional groups, but those attempts lack validation. Thus,
the isomeric specification of complex mixtures directly from
mass spectrometric response is not feasible. For this attempt,
ion mobility spectrometry techniques coupled to high-
resolution mass spectrometry have become frequently
deployed.32,33 They add an additional dimension of separation
and extend the chemical information. In particular, trapped ion
mobility, drift tube ion mobility, and traveling wave ion
mobility devices can be employed.32−36 From the ion mobility
drift time profiles, the collision cross-section (CCS) can be
calculated, an intrinsic property of ions directly related to their
structure.35 The resolution (CCS/ΔCCS) of state-of-the-art
commercial ion mobility mass spectrometers is between 10 and
400.32,37 Complex isomeric mixtures, such as those frequently
found in petroleum analysis, cannot be resolved, and other
peak parameters are used. In this context, the full-width-at-half-
maximum (fwhm) was found to describe the isomeric
diversity.38,39

Aside from a higher resolving power, a higher number of
data points (bins) are beneficial for an accurate description of
the IMS-profile of complex isomeric mixtures.39−43 A very
recent technology is cyclic ion mobility spectrometry (cIMS),
allowing for the ions to pass multiple times in a circular
traveling wave array, increasing the IMS resolving power by a
factor of the square root of the pass number. In combination
with an ion storage device before and after the cyclic array as
well as with an option for collision-induced dissociation
(CID), enormous flexibility is enabled for detailed molecular
description.
In this proof-of-principle study, ion mobility spectrometry is

applied for the first time with an atmospheric solid analysis
probe (ASAP) for direct chemical characterization of
particulate matter. Bruns et al. showed in 2010 the applicability
of ASAP technology with solely mass spectrometric detection
for laboratory-generated secondary organic aerosol and
ambient PM.44 The general aim is to enable a rapid molecular
level description while at the same time overcoming tedious
extraction procedures lowering the risk of contamination and
artifacts. In the study of Bruns et al., characteristic precursors,
such as α-pinene and isoprene, were used for ozonolysis and

NO3 oxidation.
44 In this presented study, primary combustion

aerosols from a diesel generator and a logwood stove fired with
wood and lignite are in focus. Moreover, the technique is
evaluated for its capabilities of tracking molecular changes in
aged emissions generated via an oxidation flow tube reactor, in
particular by utilizing the IMS drift time profiles. As shown for
synthetic polymers, the survey data can serve as chemical
fingerprints.45,46 We hypothesize that they are characteristic for
the emissions source and type. Analysis of the fresh nonaged
and aged emissions allows for an approach to monitor
chemical transformation processes. The characterization
currently is a very important topic as the aging of aerosols
and SOA formation supposedly alters the toxicity of the
aerosol.47−49 The main objective is to reveal the analytical
potential of IMS and high-resolution mass spectrometry
(HRMS) for additional insights into the complex aerosol
matrices, evaluate the discriminability of aerosols from
different sources, and to recognize the impact of photo-
chemical aging in complex emission aerosol. These objectives
are addressed by retrieving molecular information from
combining elemental composition attribution with the
structure- and isomer-dependent IMS drift time profiles.

■ MATERIAL AND METHOD
Particulate Matter Samples. The investigated particulate

matter samples were generated during a measurement
campaign at the University of Eastern Finland in 2018. Briefly,
diluted combustion aerosol (diesel 1:10, spruce/lignite 1:30)
was sampled for up to 4 h with a flow of 10 L/min (2−2.4 m3)
on quartz fiber filter (QFF) directly from the emissions source
or after passing through a novel high-volume photochemical
emission aging flow tube reactor (PEAR), mimicking
atmospheric aging reactions.17 The subjects of this proof-of-
principle study were fresh and aged PM emissions from a diesel
generator (diesel fresh, diesel aged) and from a logwood stove
feed with spruce (spruce fresh, spruce aged) as well as fresh
emissions from lignite combustion. Information on the feed
fuels can be found in Table S1.
Spruce logwood and lignite briquettes were burned in a

modern nonheat-retaining chimney stove (Aduro 9.3, Den-
mark). The total combustion procedure for spruce logwood (
Picea abies) took 4 h, including the sequential combustion of
five batches of wood.50 Lignite briquettes (Rekord, Lausitz
Energie Bergbau AG) were burned after preparing the stove
with two batches of spruce logwood, ensuring fast ignition
(193 min sampling). Diesel combustion aerosol was generated
with a diesel engine (KDE 6500 E, Kipor, 4.5 kW nominal
power, 3000 min maximum speed, displacement 418 cm−3)
fueled with Finnish winter-grade ultralow sulfur diesel (EN590
diesel fuel). The engine was operated under different engine
settings described elsewhere.50

Atmospheric aging was simulated in a photochemical
emission aging flow tube reactor (PEAR)17 operated with
254 nm UV-lamps with a photon flux of approximately 2 ×
1016 photons cm−2 s−1, relative humidity at room temperature
of 50%, and externally fed with Ozone (9 ppm). The
photochemical age can be estimated to be 2−3.5 days for
logwood.51,52 Despite considerable NO levels of approximately
2 ppm in the PEAR, aging can still be regarded as low-NOx
conditions.53

Direct Inlet Probe Analysis. The aerosol particles were
analyzed without any sample pretreatment directly from the
QFF deploying a commercial atmospheric solid analysis probe
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(ASAP) from Waters Corporation, Wilmslow, UK. For this
procedure, cleaned glass-capillaries (3 min heated at 350 °C
within the ASAP source) were used. This ASAP approach can
be regarded as thermal desorption atmospheric pressure
chemical ionization (TD-APCI). The sample material is
loaded to the glass-capillary by pressing the open side onto
the brittle filter material (Figure S1). An aliquot of the material
sticks within the capillary with the clean side facing below. This
procedure ensures a slightly delayed evaporation in the ASAP
source and leads to more reproducible experiments with a less
pronounced spiking of the overall ion load. Details can be
found elsewhere.22 The loaded glass-capillary was mounted to
the ASAP source. Molecular profile recording was started
several seconds before injecting the material into the ionization
volume. Analyses were performed at a probe temperature of
350 °C, minimizing the pyrolysis processes. Due to oxidation,
ionization artifacts can occur in APCI;54 the contamination of
the ionization chamber with water and oxygen was minimized
by only opening it for loading and unloading of the glass-
capillary for several seconds. The high flow rate of pure
nitrogen into the atmospheric pressure ionization source
ensured minimum artifacts due to water and oxygen residues.
Ion Mobility Mass Spectrometric Analysis. The

evaporated constituents from the particulate matter sample
were ionized by atmospheric pressure chemical ionization
(APCI) realized by a corona discharge needle held at 30 μA,
and positive-mode spectra were recorded. Details of the
instrumental design of the cyclic ion mobility spectrometer are
described elsewhere.55 Mass spectrometric detection from m/z
50−1000 was realized with an orthogonal time-of-flight system
allowing spectra to be acquired with a resolution of over
70 000 fwhm. The cycle time (acquisition rate for the complete
IMS-MS profile) was approximately 1 s, allowing several
hundred individual scans during the runtime of the ASAP
experiment to be registered. A web-based graphical user
interface was used for instrument control and data acquisition.
Data Processing. The time- and mobility-resolved mass

spectra were processed, deploying a self-developed Matlab-
based graphical user interface (MATLAB R2018b).56 The
interface directly incorporates the Waters Corporation APIs for
accessing the format of the raw data by implementing C++
routines. Each mass spectrum was recalibrated utilizing a
specific list of manually proven signals. Mass spectrometric
peaks are considered with an abundance of 100 au, roughly
accounting for a signal-to-noise ratio of 6. Features (m/z
versus drift time) were detected on the basis of a moving
average approach along the ion mobility dimension.39

Molecular formula attribution was performed within an error
range of 10 ppm using the following boundaries:
C6−100H6−200N0−1O010S0−1; double bond equivalent (DBE)
0−20; m/z 100−1000; and H/C 0.4−2.8.
In the case of the lignite and diesel aerosol, homologue

series were used for the elemental composition attribution to
overcome the limitation concerning the mass spectrometric
resolving power. In particular, C3 versus SH4 (Δ 3.4 mDa) for
the lignite and C3N versus H2O3 (Δ 2.7 mDa) for the diesel
emission are problematic. Attribution at lower m/z with less
mathematical and chemical possibilities allowed a differ-
entiation. Nonetheless, the presented high-resolution time-of-
flight mass spectrometric approach does not allow for an
unambiguous assignment at higher m/z values. Despite this
drawback, manual examination and the homologue series

approach allowed for the attribution of over 90% of the total
ion count.

■ RESULTS AND DISCUSSION
Evaluation and Molecular Information. First, the

method and associated chemical characterization were
evaluated with nonaged fresh diesel emissions. As shown in
Figure 1a, a high total ion count (TIC) was immediately

received after inserting the loaded glass tube into the ionization
chamber and lasted for several minutes. For the diesel sample
with the highest organic matter loading on the QFF (engine
emissions), up to 10 min of signal could be obtained, whereas,
for the stove emissions (lignite/spruce), the signal declined
more rapidly and vanished after 3−5 min. Figure 1b shows the
emission behavior for selected species, two PAHs and two
oxygenated compounds. Constituents with higher volatility,
such as pure hydrocarbons (CH-class), are evaporated rapidly,
whereas oxygenated species evolve with a delayed and more
flat profile. This characteristic behavior related to the vapor

Figure 1. Exemplary results for nonaged fresh diesel combustion PM
sample analyzed via ASAP-cIMS-MS. (a) Time-resolved total ion
count (TIC), (b) time-resolved extracted ion counts of four evolved
species, (c) average mass spectrum, (d) drift time-resolved total ion
count and base peak ion count (BIC), and (e) survey view of the
average m/z versus drift time data color-coded according to
abundance, with an inset (I) highlighting the ion mobility separation
and CH2-homologue series.
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pressure and boiling point of the components was previously
reported in the literature.22,23

In the following, for processing and discussion, the region of
evaporation was averaged and the mass spectrometric, as well
as the ion mobility profile, were extracted. Figure 1c shows the
average mass spectrum and Figure 1d shows the total and base
peak ion count for the drift time information. For the diesel
particulate matter, a very broad m/z range from m/z 100 up to
almost m/z 700 is covered. Moreover, a tremendous structural
diversity covering almost the complete drift time dimension

was revealed. This drift time spread does not allow for
increasing the pass number further as, otherwise, a wrap-
around effect occurs with high mobility ions surpassing the low
mobility ones. The diesel emissions are generated with
commercial EN590 diesel fuel. This feed is mostly a distillate
fraction of fossil fuel. In comprehensive petroleum analysis, so-
called petroleomics, the structural and isomeric continuum is
often referred to as Boduszynski continuum.57−60 This
continuum could also be found here for the diesel emission
samples. This is in-line with previous findings that, despite

Figure 2. Comparison of the different aerosol sources and types investigated within this study. (a) Average mass spectrometric profile. The aged
spruce revealed a slight increase of higher molecular weight species. (b) Overlaid drift time profiles of the ion mobility analyses (total ion count,
TIC; base peak ion count, BIC).
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combustion, the chemical characteristics are transferred from
the fuel to the emitted particulate matter.56,61 Moreover, this
finding can be due to unburned constituents reported in the
literature as a major contributor to engine emissions.56,61,62 It
should be noted that other aerosol sources can show drastically
different profiles, which is discussed in detail below.
On the basis of the broad mass spectrometric profile, the

heated nitrogen stream of the atmospheric analysis solid probe
seems to allow for evaporation of heavy species prior to
decomposition and far below the respective boiling point. This
behavior was also found in the literature for direct inlet probe
mass spectrometry of heavy petroleum fractions and is even
more pronounced for reduced pressure direct inlet probe
solutions.23 The two-dimensional survey of m/z versus drift
time (Figure 1e) summarizes these findings, and the ion
mobility separation of repetitive building blocks can be seen.
The high-resolution mass spectrometry detection (see Figure
S2) allows for elemental composition attribution and the m/z
difference of the building blocks belong to CH2units
frequently found in petroleomics.63 For the diesel emissions,
over 50% of the abundance accounts for pure hydrocarbons
(CH-class) followed by oxygenated species (CHO1−4),
whereas sulfur- and nitrogen-containing molecules were
found with negligible intensity. Several alkylated series of
CH-class species dominate the spectrum belonging to double
bond equivalents of 4−7. Those series can be tentatively
attributed to benzene and naphthenic derivatives. Naphthenic
species dominate the lubrication oil used for operating the
diesel engine, as revealed by supporting gas-chromatographic
measurements (Figure S4). From the ASAP high-resolution
mass spectrometry, it can be concluded that unburned or
partially oxidized constituents of the lubrication oil contribute
to the diesel emissions. Partially aromatic two−four ring
derivatives are emitted. The critical role of unburned
lubrication oil for aerosol emissions is also reported in the
literature for other sources, such as marine diesel engines.64,65

Discrimination of Combustion Sources. Discriminating
emission sources and understanding their emission character-
istics on the molecular level are crucial. The three combustion
aerosols can already be easily differentiated on the basis of the
average mass spectrometric profile (Figure 2a). Diesel
emissions show the broadest mass spectrometric profile,
whereas the lignite aerosol revealed a less structured, i.e., less
dominated by homologue series, mass spectrum with narrower
distribution. This behavior is even more pronounced for the
spruce emission, and the spectrum is dominated by few signals
with a narrow spread in the m/z dimension. Concerning the
ion mobility, Figure 2b shows the total ion count and base
peak response, respectively. The same trend as for the mass
spectrometric data can be found, with diesel aerosol exposing
the broadest profile, lignite emissions as an intermediate, and
spruce particulate matter with the narrowest ion mobility
profile.
The model of an isomeric continuum, the so-called

Boduszynski model,59,60 can be deployed for a rough
explanation of the isomeric diversity given by the ion mobility
response of the aerosol sources. As stated above, diesel
emissions are chemically linked to the fossil fuel feed and the
isomeric continuum can also be found in the emission as the
partial oxidation of the homologue series precursor or
unburned residues. Lignite is an intermediate between wood
as a fresh biomass and fossil fuel, aged millions of years under
elevated temperature and pressure (anaerobic decomposition,

maturation). Thus, the lignite emission shows a lower isomeric
diversity than the diesel emissions but has a considerably broad
profile. The spruce aerosol is chemically linked to wood
biomass. The lignin matrix is structurally predefined on the
basis of the biochemical formation processes. Consequently,
the width of the ion mobility response, an estimate measure for
the isomeric diversity, of spruce emission is comparatively low.
Nonetheless, the combustion conditions will also play a role,
and engine emissions (diesel) are drastically different from the
stove (spruce/lignite) emissions.
Despite aging, both diesel aerosols, nonaged fresh and

PEAR-aged emissions, revealed a comparable complexity with
approximately 3000 attributed elemental compositions. Inter-
estingly, smaller low-m/z constituents from all compound
classes seem to be depleted for the aged emissions and an
overall shift toward heavier and larger species can be seen
(Figure 2). In the literature, even polymeric components were
identified in atmospheric organic aerosols.66 Nonetheless, the
same elemental compositions from the aged and fresh emission
from the CH-class and CHO-class show no significant change
in the ion mobility profile. The variability of the ASAP
method22 and the comparable small changes for the diesel
aerosol deploying PEAR aging hinder a more detailed
applicative work here. In the following, the focus lies on the
chemical comparison of the three emission sources.
Aside from the general profile discussed above (Figure 2),

the diesel emissions also differ drastically on the molecular
level from the lignite and spruce aerosol. Figure S3 visualizes
the high-resolution mass spectrometric and ion mobility
information as two-dimensional survey diagrams with the
compound class distribution given as a pie plot inset. This
allows for the rapid evaluation of the different sample types.
The lignite shows a higher relative content of CHO1−3-class
constituents, whereas the spruce emissions are dominated by
CH-class species and revealed higher oxygenated attributions
(up to CHO9). The lignite shows a more condensed response
than the diesel emission, whereas the spruce combustion
emission covers the narrowest chemical space. Figure S5 shows
the mass spectrometric and ion mobility response for lignite
emissions aged with the PEAR. In this case, the aging was
conducted at an unrealistically high ozone concentration of
several hundred parts per billion. Due to this rather untypical
scenario, aged lignite emissions are not discussed in this study.
Nonetheless, also for this sample material, distinct molecular
profile changes can be seen and differentiated to the nonaged
emissions.
High-resolution mass spectrometry for the description of

complex mixtures utilizes specific diagrams, such as the carbon
number versus DBE (showing exemplarily the CH-class) and
van Krevelen diagrams (O/C versus H/C for CHOx-class
species). In Figure 3, these approaches are shown as modified
versions incorporating the ion mobility response (apex peak
position of the drift time profile) for color-coding. Ion mobility
separates according to size and shape, which depends on the
mass to a large extent. Consequently, the repetitive structure of
the diesel chemical space given by alkylation revealed high drift
times for species with a high carbon number. For a given
carbon number, this dependence was found to be significantly
lower along the DBE axes. This observation can be explained
by the relatively compact aromatic structures compared to the
flexible alkylated derivatives. For the lignite and spruce, this
chemical space (DBE 0-8, #C 10-40) is almost empty.
Moreover, it can be easily seen that the high aromatic (high
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DBE) species of the lignite and spruce have comparable drift
times. Those species are absent or only found with low
abundance in the diesel emissions.
Regarding the modified van Krevelen diagram, it can be

found that also the oxygenated constituents show higher
aromaticity (low H/C) for the lignite and spruce emissions.
For the spruce emissions, characteristics for biomass
combustion aerosol, higher-oxygenated species were found.
Lignite is dominated by compact (low drift time) species with
high aromaticity. For the diesel emissions, the different
oxygenated classes (CHO1−4) can be seen as clusters of
signals with narrow O/C (horizontal) and broader H/C spread
(vertical). Interestingly, those clusters (oxygenated classes)
show the same drift time spread, i.e., higher oxygenated species
with comparable H/C have comparable drift times. This
finding indicates that the structural continuum can also be
found across the oxygenated classes. The complex molecular
profile given by the atmospheric solid analysis probe can be,
thus, extended by structural information from the drift time
profiles.
More targeted information was obtained by the comparison

of the extracted drift time profiles of the three emission sources
for the individual molecular formulas. Polycyclic aromatic
hydrocarbons (PAHs) are comprehensively studied in
combustion aerosol and will serve as targets here.67−69 Despite
the nonalkylated PAHs with more than 5-rings, such as
napthofluoranthene/pyrene (C24H14), which are absent in the
diesel emissions, a majority of the investigated 2−5-ring PAHs
can be found in all three samples. Other species, such as
C20H14, most likely a binaphthalene, were only found in the
diesel sample.

Interestingly, for most of the investigated PAHs, the drift
time profiles are almost identical between the emission sources
(Figure 4), and a narrow symmetrical unimodal Gaussian
distribution indicating a single isomer or a continuum of
isomers very close in structure could be found. Besides, the
full-width-at-half-maximum (fwhm), a measure for the
isomeric diversity,38 is identical for those targets. For C14H10,
anthracene or phenanthrene, a dominant signal with a small
shoulder can be found. In combustion aerosol, phenanthrene
was reported to be the dominant species. This is in agreement
with the lower drift time (smaller and more compact species)
signal being the dominant peak. The fwhm for the
phenanthrene peak is approximately 0.3 ms, almost the same
fwhm as that for the one dominant C18H12 peak, leading to the
conclusion of one dominant isomer, most likely chrysene. For
C20H12 and C22H12, the fwhm is significantly larger and several
PAH structures can be expected. Regarding the oxygenated
species, the attribution C18H8O3 could chemically result in
various isomers but the drift time profile shows the same
position and shape for all three samples. Most likely accounting
for structurally close isomers of 5-ring oxa-dione PAHs, such as
4-oxa-benzo[cd]pyrene-3,5-dione, reported in the literature.70

The same can be found for C17H10O, most likely
benzanthrone, and C16H10O, tentatively a hydroxypyrene.
Also, other cases with different apex peak positions or

different fwhm values could be found. Selected examples with a
higher m/z can also be found in Figure 4. Briefly, C19H32O1,
giving a sharp peak at a lower drift time for lignite and spruce
and a broad signal at higher drift times for the diesel emission,
could be a rigid sterane (spruce/lignite) or highly alkylated
oxygenated aromatic derivatives (diesel), respectively.
C19H25O2 shows the same apex peak position and could be
an ester but was found to be less isomerically diverse for the
spruce emissions and broadest for the diesel with lignite in
between. The same trend is true for the respective ketone/
aldehyde (C19H25O1). For C21H17, most likely a 4-ring PAH,
spruce shows more compact species with two peaks visible in
the drift time profile, whereas lignite and diesel reveal an
unimodal peak shape. The CHO2-class signal C19H17O2
revealed a multimodal peak shape with at least three peaks
for the spruce. Those peaks could be groups of structurally
similar isomers with the same core structure. For the emissions
with fossil feed (diesel and lignite), a single peak was found. In
this case, the biomass-related emission seems to be structurally
more diverse.
Concerning environmental health, many PAHs and their

oxygenated derivatives are reported to be mutagenic and
carcinogenic.71,72 Thus, ASAP-IMS-MS, as a rapid molecularly
resolved screening technology, can help for the toxicological
assessment of a high number of PM samples with minimized
pretreatment.

Effect of Photochemical Aging. In this last section, the
retrieved chemical profiles of the fresh and PEAR-aged spruce
particulate matter will be compared to evaluate the
reproducibility in more detail and the capabilities for
differentiating aerosol samples with a close chemical profile.
Here, the unique characteristic of the cyclic ion mobility
spectrometer was utilized. Passing the ions more than one turn
in the circular traveling wave array could lead to a wrap-around
effect, i.e., fast low-collision-cross-section ions surpassing the
slow high-collision-cross-section ions. The resulting data
cannot be deconvoluted and hardly utilized for chemical
characterization. For overcoming this limitation, the isomeric

Figure 3. Molecular responses of the direct inlet probe approach
given as carbon number versus DBE (left, CH-class) and Van-
Krevelen diagrams (right, CHOx-class) for the diesel, lignite, and
spruce emissions. The apex peak position of the drift time (ion
mobility response) is deployed for color-coding, whereas the size is
coded according to the summed abundance of the respective
elemental composition.
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spread was limited by quadrupole m/z selection prior to ion
mobility separation to a range of m/z 250 ± 50 (QcIMS).
Consequently, three passes were taken for the ion mobility
separation. This straightforward and uncomplicated adjust-
ment immediately increased the ion mobility resolving power
by a factor of roughly 1.8 to over 100. Furthermore, the
increased pass number for a narrow mass window will
drastically increase the number of data points of the ion

mobility spectra. fwhm and other peak parameters can
potentially be determined with a higher accuracy (Figures S6
and S7).
The molecular complexity, by means of the number of mass

spectrometric signals and attributed elemental compositions,
increased slightly about 10−50 attributions for the PEAR-aged
spruce emission. On the basis of the mean values of the
triplicate QcIMS experiments, a very low variation of below 7%

Figure 4. Targeted comparison of PAHs and selected CHOx-class ion mobility spectra and for the nonaged fresh diesel (blue), the lignite (red),
and nonaged fresh spruce (green). Three general characteristics could be found: (1) identical peak positions and comparable fwhm, (2) different
fwhm, and (3) different peak apex positions of the drift time profile.
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in the number of attributions was found. The absolute

abundance along the ASAP time-profile was found to be less

reproducible, and a variation of up to 30% was revealed.

Various factors can lead to this variation for DIP-MS analysis.22

Thus, absolute abundance is not the best descriptor here for a

comparison. Hence, it will be focused on the occurrence of

chemical formulas, the TIC-normalized and relative abun-
dance, and their respective drift time profiles.
The photochemical aging leads to a shift in the chemical

space, and higher oxygenated species were found with
increased abundance (Figure S8). Interestingly the aromaticity
(hydrogen deficiency, H/C) is only slightly affected with a
slight decrease, and a horizontal shift in the Van Krevelen

Figure 5. Grouped and individual drift time profiles for fresh and aged spruce molecular profiles. (a) Compound class drift time profile for the CH-
class and oxygenated species (O1−3). (b) Selected drift time profiles based on species found in fresh and aged spruce emissions with the difference
in abundance.
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diagram can be found. The decrease in H/C with increasing
O/C is also reported in the literature for aging of wood
combustion emissions.73 Thus, oxygen is most likely added in a
low degree to the precursor as aldehydes and ketones in the
first steps. Also, the formation of carboxylic acids is well
described in the literature.73 Consequently, van Krevelen
diagrams serve as an ideal tool for fingerprinting and showing
the overall change, but individual drift time profiles are needed
for molecular level discussion.
Figure 5a shows the summed drift time profiles for formulas

belonging to the same compound class. The increase of the
relative abundance (data normalized to the CH-class) of
CHOx-class species can be seen. Moreover, each class shows
the same general behavior for the fresh and aged emissions, but
the abundance varies. For the CH-species of the aged
emissions, the abundance of smaller species declines and
oxygenated classes show lower drift times. As stated for the
adapted van Krevelen fingerprint incorporating the apex of the
drift time profile, the PEAR aging does not lead to a complete
change in the chemical profile but a clear shift toward higher
oxygenated species was observed.
Figure 5b exemplarily shows drift time profiles for the aged

and fresh emissions in all three replicates with relatively high
abundance. For specific signals, such as the C20H10, only the
abundance is affected. For other species, such as C20H12, the
overall width, shape, and number of peaks remain but the
abundance of certain peaks changes. C20H12, most likely 4−5-
ring PAHs, such as benzo[a]pyrene and perylene, was
discussed before. We see a slight separation for these ions
with three passes, and two groups of isomers can be identified.
This is caused by the increased number of passes in the cyclic
ion mobility device, enabling a higher resolving power and a
higher number of sampling points (bins) along a drift time
peak. Consequently, the ion mobility spectra can be described
with higher accuracy. In this case, the smaller, more compact
feature with a lower drift time declined significantly during the
aging. Certain oxygenated species also drop in abundance, such
as C21H11O1, tentatively assigned as an oxygenated 6-ring
aromatic. Highly oxidized aromatics resulted from the aerosol
aging are most likely not detectable with the heated probe due
to thermal decomposition or low vapor pressure.
The ASAP approach will be limited by the volatility and

stability of the constituents, which is particularly important for
aged and/or biomass-combustion aerosols. Higher oxygenated
species might account for a larger proportion of the chemical
profile as direct infusion investigations of aerosols extracts
suggest. Nonetheless, the presented approach rapidly revealed
molecular fingerprints of emissions with comparable chemical
space and distinct changes as well as similarities on the
molecular level. Unlike in the previous study of Bruns et al.,44

where SOA newly formed from gas phase or ambient PM was
investigated, the photochemical aging of real emission results
in significantly altered spectra dominated by primary emission
compounds. In this regard, highly oxygenated SOA species
might not be entirely reflected by this thermal desorption
approach, but certain chemical transformations can be
monitored. Nonetheless, the comparison of fresh and aged
aerosols from the same source is a preferable experimental
setting, as the matrix effects are very much comparable in both
cases.

■ CONCLUSION
Atmospheric solid analysis probe (ASAP), together with ion
mobility separation and high-resolution mass spectrometric
detection (IMS-MS), allowed for a rapid chemical character-
ization of combustion aerosols with almost no sample
preparation. It was shown that the approach serves as a
fingerprinting technique. Aerosol emission sources and types
(aged versus nonaged) can be distinguished on the basis of the
IMS-MS survey data.
The concept of an isomeric continuum used in petroleomics

(Boduszynski continuum) was deployed on the basis of the
attributed elemental compositions. Engine emitted aerosol
(diesel emissions) and stove emissions (lignite/spruce)
revealed different levels of this continuum with diesel
emissions > lignite emissions > spruce emissions. Moreover,
classical fingerprinting visualization techniques, such as DBE
versus carbon number and van Krevelen diagrams, can be
successfully extended by incorporating the structural informa-
tion on the drift time profiles.
The capability of the method to address samples closely

related in chemistry was shown by the comparison of fresh and
nonaged spruce aerosol samples. Distinct differences were
found for the mass spectrometric response and the drift time
profiles. A clear shift toward higher oxygenated species was
revealed. The drift time profiles gave valuable structural
information showing a shift toward larger isomers.
In conclusion, the method allows for a straightforward

classification of real-world particulate matter. Important
molecular species such as PAHs and oxygenated PAHs can
be monitored. We were able to reveal specific structural
differences at the molecular level. Thus, the authors believe
that ASAP-IMS-MS, as a rapid molecularly resolved screening
technology, can help with the toxicological assessment of a
high number of PM samples with minimized pretreatment.
Future studies will focus on modeling and theoretical

calculations of structures on the basis of the drift time profiles.
In combination with direct infusion experiments or hyphen-
ated solutions, chemical characterization will be allowed on the
structural level. This information will be utilized for challenges
in environmental health and climate change research.
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