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ABSTRACT: Current mass spectrometry techniques for the online
measurement of organic aerosol (OA) composition are subjected to either
thermal/ionization-induced artifacts or limited mass resolving power,
hindering accurate molecular characterization. Here, we combined the soft
ionization capability of extractive electrospray ionization (EESI) and the
ultrahigh mass resolution of Orbitrap for real-time, near-molecular
characterization of OAs. Detection limits as low as tens of ng m−3 with
linearity up to hundreds of μg m−3 at 0.2 Hz time resolution were
observed for single- and mixed-component calibrations. The performance
of the EESI-Orbitrap system was further evaluated with laboratory-
generated secondary OAs (SOAs) and filter extracts of ambient particulate
matter. The high mass accuracy and resolution (140 000 at m/z 200) of
the EESI-Orbitrap system enable unambiguous identification of the
aerosol components’ molecular composition and allow a clear separation
between adjacent peaks, which would be significantly overlapping if a medium-resolution (20 000) mass analyzer was used.
Furthermore, the tandem mass spectrometry (MS2) capability provides valuable insights into the compound structure. For instance,
the MS2 analysis of ambient OA samples and lab-generated biogenic SOAs points to specific SOA precursors in ambient air among a
range of possible isomers based on fingerprint fragment ions. Overall, this newly developed and characterized EESI-Orbitrap system
will advance our understanding of the formation and evolution of atmospheric aerosols.

■ INTRODUCTION

Atmospheric aerosols have important effects on earth climate,
air quality, and human health. Organic aerosols (OAs) can
contribute up to 90% of the mass of atmospheric aerosols
globally.1,2 This fraction can be directly emitted from primary
sources (primary OA) or formed in the atmosphere via the
oxidation of gaseous precursors, denoted as secondary OAs
(SOAs).3−5 Despite its importance, only 10−30% of the OA
mass is typically characterized at a molecular level by the existing
analytical techniques.6 Real-time molecular characterization of
OAs with higher chemical specificity and structural information
is required to elucidate the processes involved in its formation
and evolution.
Various online and offline techniques have been used to

characterize OA chemical composition. While offline techniques
provide important chemical information, they are subjected to
sampling artifacts7 and suffer from low time resolution,
hindering the characterization of fast chemical processes. The
aerosol mass spectrometer was developed for the online
quantification of submicron and nonrefractory aerosols.8,9

However, this technique uses flash vaporization (600 °C),
followed by electron ionization (70 eV),10 which causes

extensive thermal decomposition and fragmentation, making
the identification of individual molecules impossible.
In response, newer techniques have been developed to

improve chemical speciation. These include the Filter Inlet for
Gases and AERosols coupled to a high-resolution time-of-flight
chemical ionization mass spectrometer (FIGAERO-CIMS),11

the chemical analysis of aerosol online particle inlet coupled to a
proton-transfer reaction time-of-flight mass spectrometer
(CHARON-PTR-TOF-MS),12 aerosol flowing atmospheric
pressure afterglow mass spectrometry (AeroFAPA-MS),13 and
the atmospheric pressure chemical ionization Orbitrap mass
spectrometry (APCI-Orbitrap-MS).14 APCI-Orbitrap-MS is the
recent application of an Orbitrap mass analyzer that can achieve
higher mass resolving power at the same time as low detection
limits and robustness for field deployments. However, all these
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techniques still involve thermal evaporation as an aerosol
treatment method,15−17 which may introduce decomposition
and fragmentation of labile species, complicating both the
identification and the quantification of aerosol chemical
components.18−20

Efforts have been made to couple Orbitrap with commercially
available ESI sources as extractive electrospray ionization
(EESI) sources.21 Although the system has a mass resolving
power of 100 000, it could only achieve detection limits of few
μg m−3 and therefore may not be sufficient for investigation of
OA chemical composition under ambient relevant conditions
(OA mass concentration ≈ 10 μg m−3). Lopez-Hilfiker et al.
recently developed an EESI system coupled to a time-of-flight
mass spectrometer (EESI-TOF) with a detection limit of ∼0.01
μg m−3 and linearity up to 80 μg m−3 at 1 Hz time resolution for
pure components.22 Despite the low detection limit and high
time resolution (∼1 Hz) of the EESI-TOF suitable for
atmospheric research, its ability to separate molecules at similar
mass-to-charge ratios (m/z) in the complex ambient particle
matrix is limited by the moderate mass resolving power of the
TOF mass analyzer (i.e., up to ∼12 000).23 Also, the EESI-TOF
does not provide the possibility to retrieve any structural
information of the SOA components, which is helpful for
mechanistic investigations.
Here, we coupled and characterized an ultrahigh-resolution

mass spectrometer (Orbitrap) with a specially designed EESI
source that has all the good capabilities of the two previously
developed systems: (1) low detection limits that are atmospheri-
cally relevant (<1 μg m−3), (2) high time resolution (0.2 Hz),
and (3) ultrahigh mass resolution [full width at half-maximum
(fwhm) = 140 000 at 200 m/z]. After systematic character-
izations of this new development, we demonstrate the
capabilities of this technique by analyzing and comparing the
aerosol composition of monoterpene SOAs generated in a flow
tube and of nebulized extracts of ambient aerosol filter samples.
Tandem mass spectrometry (MS2) analyses were performed on
the lab-generated and ambient aerosols to highlight the unique
capability of the EESI-Orbitrap system to retrieve online
structural information of atmospheric aerosols.

■ EXPERIMENTAL SECTIONS
EESI-Orbitrap Development. We have designed an EESI

inlet for coupling with the Q Exactive Orbitrap (Thermo Fisher
Scientific, US), as shown in Figure S1. In the EESI, aerosol
particles continuously intersect with charged droplets generated
by the electrospray (ES), where they are extracted. The charged
droplets evaporate in the heated ion-transfer capillary (250−400
°C) with a residence time of 10 ms, which results in ionized
analytes upon Coulomb fission. Finally, the resulting ions are
detected by the Orbitrap mass analyzer.
While the inlet design is based on Lopez-Hilfiker et al.,22 the

distance (∼0.5 mm) and angle (∼60°) of the ES tip to the ion-
transfer capillary of the Orbitrap were chosen to maximize the
droplet discharge and minimize the effect of the larger sampling
flow of 1.5 L min−1.24,25 A monolithic activated charcoal
denuder (69 channels, outer diameter: 8.5 mm, length: 60 mm;
MAST Carbon International Ltd., UK) was used to remove
gaseous organic compounds with at least 99% efficiency.26 The
particle transmission efficiency of this denuder was characterized
for two types of particles (levoglucosan and sodium chloride,
Figure S2).
The injection flow of the ES solution in capillary is regulated

within the range of 100−250 mbar using a pressure regulator

(Fluigent SA, France). For all experiments, a 1:1 (v/v) mixture
of acetonitrile and water with 100 ppm sodium iodide was used
as the ES solution. An external high positive (+) voltage supply
(FuG Elektronik GmbH, Germany) was used to supply a 2.6−
2.8 kV voltage to the ES reservoir bottle.
The Q Exactive Orbitrap, at a mass resolving power of 140

000 at m/z 200, was operated in positive mode, scanning full
mass spectra from m/z 50 to 750. The ion optics (S-lens and
quadrupole, see Figure S3) prior to the Orbitrap mass analyzer
was operated at factory settings for maximum ion trans-
mission.27,28 A measurement frequency of 0.2 Hz was chosen,
although measurements as fast as 5 Hz are possible. The
XCalibur 3.0 (Thermo Fisher Scientific) software package was
used for time series analysis. An integration width of 10 ppmwas
applied to calculate the ion intensities for all compounds of
interest. We developedMATLAB routines to performmolecular
characterization, including m/z re-calibration using the ES ions
as anchors, resulting in improved mass accuracy of ∼1 ppm for
peak identifications (see Figure S4).

EESI-Orbitrap Characterization. We investigated the
EESI-Orbitrap system for internally and externally mixed
particles using nebulized standards (Figure S5). Particle size
distributions were measured using a TSI scanning mobility
particle sizer (SMPS: a 3080 differential mobility analyzer and a
3772 butanol condensation particle counter, TSI Inc., US) and
compared to the EESI-Orbitrap signals. Pure component
densities are used to convert the volume concentration to
mass concentration during calibration. Internally mixed particles
were generated by nebulizing a single solution containing
organic and inorganic standards at equal mixing ratios of 10
ppm. Aerosol concentrations were varied by changing the
nebulization flow from 0.5 to 3.5 L min−1, while maintaining a
total flow at 4 Lmin−1 with a synthetic air makeup flow (3.5−0.5
L min−1). These experiments were conducted at an ion-transfer
capillary temperature of 300 °C. For externally mixed particles,
two nebulizers were used, one with an inorganic solution
(ammonium nitrate and ammonium sulfate) and a second one
with an organic solution (levoglucosan, adipic acid, cis-pinonic
acid, and phthalic acid). The total mass concentration of the
inorganic particles was kept constant, while the mass
concentration of the organic particles was varied by adjusting
the flow of the second nebulizer. Finally, using the chemical
standard mixture at a constant concentration, we investigated
the impact of the Orbitrap ion-transfer capillary temperature on
the analyte signals in the range of 250−400 °C.

Flow Tube Experiments. The biogenic precursors,
limonene and α-pinene, were oxidized in a flow tube at room
temperature (22 °C) and 42% relative humidity (Figure S5).
The reactor is a ∼18 L Pyrex glass tube (12 cm i.d. × 158 cm
length).29 The total flow rate of synthetic air was set at 15 L
min−1 (72 s residence time). Ozone was continuously injected
into the flow tube at 1−20 mL min−1. For NOx experiments,
nitric oxide (NO)was added. The concentrations of ozone (21−
43 ppbv) and NO (0.1−11 ppbv) were measured using a
Thermo 49C and an Ecophysics CLD 88p equipped with a
photolytic converter PLC 860, respectively. The precursor
concentrations (2−16 ppmv) were monitored using a PTR-
TOF-MS (PTR-TOF 8000, Ionicon Analytik GmbH, Austria).

Characterization of Surrogate Ambient Aerosols. We
analyzed aerosols generated by nebulizing water extracts of
ambient samples to evaluate the capability of the EESI-Orbitrap
system in retrieving themolecular composition of compounds in
a highly complex matrix of unknown compounds. PM10
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(particulate matter with an aerodynamic diameter smaller than
10 μm) samples were collected in Magadino, Switzerland, onto
preheated (800 °C for 12 h) Pall quartz filters (diameter 14.7
cm) using high-volume samplers (500 L min−1). Two different
composites were analyzed. For each of the composite samples,
punches were prepared from three different days for winter
(January−February) and summer (July−August). The resulting
composites were extracted in 10 mL of water under sonication
(20 min at 30 °C). The resulting extracts were then vortexed (1
min) to ensure homogeneity and filtered through 0.45 μm nylon
membrane syringe filters. The extracts were finally nebulized
into the EESI-Orbitrap system (Figure S5). These Magadino
PM10 samples were chosen because their respective dominant
SOA sources were characterized in the previous work, so that
thorough MS2 characterizations, that is, hours of experiments
can be validated without being affected by meteorological
variability.30

■ RESULTS AND DISCUSSION
Signal Stability. An aqueous solution containing levoglu-

cosan (tracer of biomass burning) and ammonium nitrate was
nebulized, dried, and measured by the EESI-Orbitrap
system.31,32 The total particle mass concentration was 80 ± 3
μg m−3. The measurement alternated between 10 min of sample
and 5min of backgroundmeasurement by sampling the particles
through a HEPA filter (indicated by the blue window in Figure
1). The ES ion, C2H3NNa

+ (ACN−Na+), remained stable

throughout the sampling period. The analyte signals respond
promptly (<20 s) to sample-background changes and quickly
stabilize. Despite the differences in the relative signals between
the two standards (likely due to the differences in their
ionization efficiency), the background signals of both standards
are ∼10 times lower than the aerosol signals. Overall, Figure 1
shows the stable performance of the EESI-Orbitrap system
during aerosol and background sampling.
Compound Signal-to-Noise Ratios. We evaluated the

signal-to-noise ratios (S/N) at a 5 s time resolution (0.2 Hz)
with pure component calibrations over a wide concentration
range (Figure 2). To expand the range of concentrations
analyzed, we also compared the different isotopes. The
concentrations are obtained as the product of the total

component mass and the isotopic relative abundance. The
noise was calculated for each measurement scan before Fourier
transformation.33 The S/N has a linear dependence on the
relative abundance of the isotopes. The variability in the S/N
between the different compounds analyzed could be attributed
to the variability in their sensitivity (as shown in the discussion
of Table S1). The detectable mass concentration at S/N = 3 and
at 0.2 Hz ranges between 0.05 and 6.3 μg m−3. This detectable
mass concentration is lower than the existing coupling of EESI
with Orbitrap that is able to only measure 5 μg m−3 of SOA
mass.21

Thermal Dissociation of Analyte−Na+ Adduct Ions.
Even though thermal evaporation of aerosol sample is not used
in this technique, heating was used for charged droplet
evaporation. Thus, the influence of temperature on the EESI-
Orbitrap signals was investigated using internally mixed
inorganic and OA particles with a total mass concentration of
∼50 ± 3 μg m−3. The ion-transfer capillary temperature was
ramped up from 300 to 400 °C and then ramped down from 400
to 250 °C.
When the ion-transfer capillary temperature increases from

250 to 300 °C, all analyte−Na+ and ES ion intensities increase.
The increase can be caused by the enhancement of the ES
droplet evaporation rate. When the ion-transfer capillary
temperature increases from 300 to 400 °C, the intensity of the
ES ion, ACN−Na+, decreases, while the analyte ion intensities
further increase. The different behaviors may be attributed to the
thermal dissociation of Na+ from ACN−Na+ because its
clustering strength (1.37 eV) is weaker compared to the other
ES ion NaI−Na+ (1.83 eV) and to the analyte−Na+ adducts
(>2.0 eV) based on quantum chemical calculations using the
Gaussian09 with B3LYP theory (see description in Figure S6).34

The analyte−Na+ adduct clustering strength was confirmed
experimentally via collision-induced dissociation (CID) meas-

Figure 1. EESI-Orbitrap time traces for an internally mixed organic/
inorganic aerosol. Black line: acetonitrile (C2H3NNa

+); red line:
levoglucosan (C6H10O5Na+); blue line: ammonium nitrate
(NaNO3Na+); and gray line with circles: total particle mass
concentration as determined by the SMPS. The blue windows indicate
the time periods when the nebulized aerosol was filtered by the HEPA
filter.

Figure 2. Signal-to-noise ratio (S/N) of isotope measurements from
particle calibrations of individual components with different
sensitivities (indicated as marker size and tabulated in Table S1).
The marker size is scaled with the ratio of measured/theoretical
isotopic ratio denoted as S. The concentrations are calculated as the
fraction of the particle mass corresponding to the isotopic relative
abundance.
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urements. The collision energy was increased by increasing the
direct current (dc) offset voltage applied to the flatapole.
We compare in Figure 3b the quantum chemically calculated

clustering strength to the relative change in the adduct signals

with the dc offset voltage applied. As shown in Figure 3b, higher
energies (i.e., higher dc offset voltages) are required to dissociate
adducts with higher clustering strength. Therefore, compounds
that cluster strongly with Na+ such as most of the SOA products
will have a significantly better sensitivity at higher temperatures
(up to at least 400 °C), as the enhanced production rate of the
Na+ due to charged droplet evaporation rate enhancement
outcompetes thermal dissociation of adduct ions. We note that
such temperatures are currently not available for the EESI-TOF,
which may limit the achievable detection limits.22

EESI-Orbitrap High Mass Resolving Power. One of the
main benefits of the EESI-Orbitrap system is its high mass
resolving power, allowing unambiguous identification of differ-
ent compounds at the same nominal m/z. The number of
plausible molecular formula assignments increases rapidly with

decreasing mass resolution, which can be a confounding
problem for identifying multifunctional oxidation products.
This is especially the case for ambient aerosols, where the
aerosol sources, precursor gases, and/or production pathways
are often complex and rarely known a priori.
In Figure 4, we compare the observed spectra at m/z 301 and

359 by the EESI-Orbitrap system for a summer filter sample with

the simulated spectra assuming a mass resolving power of 10
000, comparable to that of the EESI-TOF.22 It is clear that the
Orbitrap fundamentally improves the retrievable chemical
information, resolving closely adjacent ions that would
otherwise appear as a single unresolved peak at mass resolution
typical of the EESI-TOF, where only the most intense ion would
have been identified. Furthermore, after m/z calibration, the
EESI-Orbitrap mass accuracy is ∼1 ppm, allowing an
unambiguous molecular formula assignment of the different
peaks resolved by the instrument.
Better peak separation thanks to the higher mass resolving

power of the Orbitrap also decreases errors related to the
quantification of overlapping peaks. During the peak fitting of
medium-resolution data, for example, TOF, molecular charac-
terization is prone to under- or over-fitting, based on user
expectations. This propagates as limited precision in the fitted
intensities that greatly exceeds uncertainties expected from
counting statistics.35,36 This is particularly important in the case
of EESI, where the intensity of background ES peaks often
exceeds the intensity of the extracted aerosol compounds. If
these errors are not considered, source apportionment results
(e.g., using positive matrix factorization, PMF, based on
molecular formula) may become exclusively dependent on

Figure 3. (a) Temperature effect on the intensities of the ES ions and
the analyte−Na+ adducts. The arrows indicate the sequence of heating.
ES ions: ACN−Na+ (black →) and NaI−Na+ (brown →). Analyte−
Na+ ion intensities: cis-pinonic acid (red →), ammonium nitrate
(yellow →), phthalic acid (green →), levoglucosan (blue →), and 3-
hydroxy-2-naphthoic acid (violet→). First, the measured analyte−Na+
ion intensities were normalized by the total ion count which decreases
at higher temperature because of increasing air flow viscosity. Then, the
analyte−Na+ adduct ion intensities were normalized by the total
particle mass concentration (measured by the SMPS) for nebulizer
output variations (±2%). (b) Changes of analyte−Na+ ion intensities at
different offset voltages of flatapole between the S-lens and quadrupole
in Q Exactive Orbitrap lead to collision-induced dissociation (CID)
fitted by sigmoid functions. CID50 denotes the required offset voltage
of the flatapole to reduce the analyte−Na+ ion intensities by 50% as
shown in the inset figure. Acetonitrile (1.37 eV), phthalic acid (2.04
eV), levoglucosan (2.10 eV), and cis-pinonic acid (2.15 eV) have
CID50 values of approximately 5, 15, 25, and 20 V, respectively (see
Figure S6).

Figure 4. Comparison between peaks measured by the EESI-Orbitrap
system (fwhm= 140 000 at 200m/z) and simulated for amass resolving
power of 10 000 at m/z 200 from the commercially available EESI-
LTOF at (a) 301 m/z and (b) 359 m/z for a nebulized water extract of
an ambient filter. The peaks from the EESI-Orbitrap measurements
were identified by only considering C, H, O, and N. The assignment
uncertainty will increase exponentially after accounting for the
heteroatoms with decreasing mass accuracy. A comparison to an
EESI-TOF measurement with a mass resolving power of 5500 is shown
in Figure S8.
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peak fitting, instead of chemical differences in the source
profiles.
In response, data mining methods, such as mass spectral

binning combined with positive matrix factorization (binPMF),
were recently introduced for separating the contribution of
overlapping peaks in data sets with lower mass resolution (10
000).37 Despite this, the approach remains prone to some
subjectivities as it involves the selection of the number of factors
by the user. Fundamentally, direct peak separation and
identification cannot be achieved, and uncertainties related to
separating overlapping peaks cannot be overcome without
increasing the mass resolving power.35 Therefore, the use of the
Orbitrap mass spectrometer will undoubtedly provide sizeable
improvements in ion identification, separation, limit of detection
for low ion intensity of adjacent peaks, and quantification for
subsequent source apportionment.
Characterization of Lab-Generated and Ambient OAs

Using the EESI-Orbitrap System. Here, we extended the
peak separation analysis in Figure 4 to all detectable components
in two test systems: monoterpene ozonolysis products formed in
a flow tube (Figure 5a) and nebulized water extracts of ambient
samples (Figure 5b). We have chosen not to subtract the
background in order to demonstrate the ability of the Orbitrap-
MS in separating analyte peaks from background ES peaks,
which is one of the most important sources of uncertainty in
signal retrieval. The composition of α-pinene SOA formed in the
presence of NOx is complex and more so of ambient OAs. Thus,
the high mass resolution of the EESI-Orbitrap system is
paramount for the separation of adjacent peaks. Figure 5c
shows that approximately 20% of ions observed for α-pinene
ozonolysis SOA under low and high NOx conditions would not
be distinguishable from the neighboring ions in a TOF analyzer
with a mass resolving power of 10 000. Ion identification was
found to be 1.5−2 times more challenging for ambient samples,
with 30% and 44% of ions indistinguishable from neighboring
ions for Magadino summer and winter PM10 filter extracts,
respectively (see Figures S10−S11). Such high fraction of lost
chemical information can impede the elucidations of aerosol
source. Last, we note that both high mass resolution and mass
accuracy are required for unambiguous ion identification. For
the EESI-Orbitrap system, a mass accuracy of ±1 ppm could be
achieved using ES ions as m/z calibrants during data analysis.
Figure 5 also illustrates the remarkable level of detail this

single mass spectrometer can provide, detecting thousands of
molecules with excellent S/N (>3) at 5 s preaveraging. The
molecular distribution of α-pinene SOA is consistent with the
presence of distinct monomer (C8−10) and dimer (C17−20)
regions, in agreement with previous reports.38 The ambient
sample is more complex, containing a continuous series of
functionalized compounds, up tom/z 600. Themass accuracy of
the Orbitrap of ∼1 ppm achieved after m/z calibrations is
indispensable for unambiguously assigning the molecular
formula of the compounds detected, especially at m/z < 500
and in the presence of several heteroatoms.
EESI-Orbitrap Online Capability. The appreciable gain in

mass resolution provided by theOrbitrapmass analyzer does not
occur at the expense of instrumental S/N or time resolution.
Figure 6a illustrates the evolution of one α-pinene oxidation
product, C10H16O5, observed by the EESI-Orbitrap system (0.2
Hz), which is consistent with the evolution of the total aerosol
mass concentration measured by the SMPS (0.006 Hz) and gas-
phase oxidation products (e.g., C10H16O) detected by the PTR-
TOF-MS (0.1 Hz). Throughout the experiment, the primary ion

signals varied only by 10%, independent of the aerosol loading
sampled (see example for C2H3N−Na+ in Figures S15−S16).
Figure 6b shows the mass spectra of the monomer region
(C10H16Ox) during two periods, denoted by the red and blue
windows. The EESI-Orbitrap system is capable to detect α-
pinene oxidation products at atmospherically relevant aerosol
concentrations (<10 μg m−3) in real time with total SOA mass
loading as low as 0.77 μg m−3 and an example of background
mass spectrum is shown in Figure S12. The operation of ES
working solution (acetonitrile/H2O doped with 100 ppm NaI)
in positive ionization mode allows detection of oxygenated

Figure 5. Mass defect plots of aerosol chemical species from (a) α-
pinene ozonolysis in the presence of NOx and (b) nebulized PM10 filter
extract from Magadino during summer. Squares indicate nitrogen-
containing organic species, whereas circles indicate non-nitrogen-
containing organic species. Black markers indicate iodine-containing
species coming from the ES dope. For clarity, only chemical species
with relative abundances above 0.1% are shown in (a,b). Peak
identification was constrained according to the criteria described in
the literature.39,40 (c) Cumulative density function of x = (m/zi − m/
zi+1)/(m/zi/fwhm = 10 000) for flow tube and offline ambient filter
experiments for ions with S/N > 3. All measurements were
implemented using a collision-induced energy of 10 V in order to
minimize the signal intensity of analyte−ACN−Na+ adducts, while
maintaining high signals of analyte−Na+ adducts.
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species. These operation parameters may not be very efficient in
ionizing analytes with higher oxidative potentials and organic
sulfur in comparison to negative ionization mode.21,41

OA MS2 Comparison between Lab-Generated and
Surrogate Ambient SOA.Amajor limitation of current online
mass spectrometry is the inability to provide exact molecular
structures, which limits the study of the formation pathways of
these compounds, as well as the knowledge of their
physicochemical properties (i.e., nature of the functional
groups).42−45 The MS2 capability of the EESI-Orbitrap system
helps to identify structural features from molecular fragmenta-
tion patterns.42 In Figure 7, we show MS2 spectra for
C10H16O4Na

+ from α-pinene and limonene SOAs produced in
the flow tube with a total SOA mass concentration of 47 and 42
μg m−3, respectively. Distinct MS2 fingerprints for C10H16O4Na

+

isomer ions with fragment ions attributable to the loss of H2O,
CH4O2, C3H4O2, C3H6O3, and C7H10O2 can be only observed
in limonene SOA (Figure 7b) in comparison to α-pinene SOA
(Figure 7a), see also Figure S13. Similar fragment ions were also
found for limonene SOA using infusion ESI technique.46 We
note that all fragments detected have retained the Na+ ions, as
Na+ adducts have higher clustering energy. Some hypothesized
fragmentation mechanisms are depicted in Figure S14.
For the ambient sample with a nebulized mass loading of 17

μg m−3, the C10H16O4Na
+ fragmentation pattern (Figure 7c)

closely resembles that for α-pinene SOA (indicated in black
color), whereas fragments unique to limonene SOA (indicated
in red color in Figure 7b) were not observed, suggesting a low
contribution by limonene SOA to this compound in ambient. In
addition, a prominent and unique fragment ion observed in the
ambient MS2 spectra, C8H12O2 (resulting from a C2H4O2 loss),
which was not observed during our flow tube study, suggests the
contribution of precursors other than limonene and α-pinene or
chemical processes other than ozonolysis. While MS2 library
build-up is required to relate MS2 fragmentation patterns
observed in ambient to specific SOA precursors or formation
pathways, the MS2 fragmentation pattern analysis in Figure 7
demonstrates the potential of EESI-Orbitrap system to provide
insights for SOA source apportionment.
Perspectives. We coupled an improved EESI source with

ultrahigh-resolution mass spectrometry. The developed system
can achieve rapid molecular analysis of the OA constituents with

ultrahigh mass resolution that is suitable for atmospheric
research. The EESI-Orbitrap system provides the chemical
fingerprint of laboratory-generated and ambient aerosols that
are consistent with previous measurements and combines in
addition high time and mass resolution. Through these
applications, we show that the combination of EESI with
Orbitrap captures compositional properties that are inaccessible
by the current online instruments, especially with the given
lower selectivity of the EESI source.
While high-resolution mass spectrometry has long been

applied to offline aerosol analysis with time resolution of hours
to days, the EESI-Orbitrap system developed here is one of the
first online applications, essential for understanding the rapid
atmospheric processes occurring at time scales of minutes. We
expect the high resolution of the Orbitrap mass analyzer to be
especially beneficial for the following applications.

1. It can significantly extend the m/z range at which
quantitative ion-resolved analysis can be conducted. This
will enable the identification of oligomers in the particle
phase and the understanding of their formation and
transformation mechanisms.

2. It can be essential to identify molecules with several
heteroatoms, such as organosulfates and organonitrates,
especially in ambient measurements. These molecules are
key tracers for specific processes and may have major
health implications. The development of viable techni-
ques for their detection was already identified as a high
priority in atmospheric science and a major shortcoming
in the existing instrumentation a decade ago2 and yet
remains an unsolved problem today.6,47

3. It can be crucial for resolving the immensely complex
chemical composition of real-world fresh and aged
emissions.

4. It can considerably improve source apportionment
applications using positive matrix factorization by
decreasing the noise resulting from fitting overlapping
peaks.

The Orbitrap-MS also provides the possibility to obtain
online MS2 without the need of sample collection and
preparation. This capability is highly valuable for distinguishing
isomers and obtaining structural information that are essential
for functional group analysis and chemical pathway elucidation.

Figure 6. (a) Time traces of monoterpene oxidation products and SOAmass concentration during the α-pinene ozonolysis in a flow tube experiment.
Red and blue windows indicate SOA mass concentration periods for 0.77 and 47.4 μg m−3, respectively. (b) Mass spectra in the monomer region of
SOAs samples from α-pinene ozonolysis in flow tube experiments.
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We have shown that the EESI-Orbitrap system can precisely
measure aerosol components at atmospherically relevant
concentrations. Future work should assess the accuracy of this
system to measure the different components, through direct
intercomparison with the current EESI-TOF over a wide range
of concentrations and molecular compositions. The data
analysis tools (MATLAB routines) developed herein should
be broadened to online m/z calibration with accuracy below 1
ppm for online identification. Beyond offline filter extracts,
collocation studies with EESI-TOF in both pristine and urban
environments are needed to fully understand the trade-offs
between the TOF and Orbitrap systems for online aerosol
characterization. A systematicMS2 analysis should be performed
on authentic samples to link fragmentation patterns to specific
functionalization, precursor, and reaction pathways. Different
ionization schemes, for example, dopant and/or polarity, should
be optimized for biogenic and anthropogenic aerosols in both
ambient and laboratory settings in order to have more

comprehensive characterization of aerosol at near-molecular
level.
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collision energy of 30 for (a) SOA formed from α-pinene ozonolysis;
(b) SOA formed from limonene ozonolysis in the flow tube; and (c)
Magadino PM10 in summer. For clarity, only fragment ions with
abundance higher than 1% relative to the parent ion (C10H16O4) and
mass accuracy <1 ppm are annotated without considering heteroatoms.
Red and blue annotations indicate fragment ions that are unique to
limonene ozonolysis and Magadino summer PM10 filter extracts,
respectively, which cannot be retrieved in the MS2 of α-pinene
ozonolysis.
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