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Understanding the molecular composition and fundamental chemical transformations of organic aerosols (OA) during
their formation and aging is both a major challenge and the area of great uncertainty in atmospheric research. Particularly,
little is known about fundamental relationship between the chemical composition and physicochemical properties of OA,
their atmospheric history, evolution, and the impact on the environment. Ambient soft-ionization methods combined with
high-resolution mass spectrometry (HR-MS) analysis provide detailed information on the molecular content of OA that

is pivotal for improving the understanding of their complex composition, multi-phase aging chemistry, direct (light
absorption and scattering) and indirect (aerosol-cloud interactions) effects on atmospheric radiation and climate, health
effects. The HR-MS methods can detect thousands of individual OA constituents at once, provide their elemental formulae
from accurate mass measurements and structural information based on tandem mass spectrometry. Integration with
additional analytical tools, such as chromatography and UV/Vis absorption spectroscopy, makes it possible to further
separate OA compounds by their polarity and ability to absorb solar radiation. The goal of this perspective is to describe
contemporary HR-MS methods, review recent applications in field and laboratory studies of OA, and explain how the
information obtained from HR-MS methods can be translated into an improved understanding of OA chemistry.
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1. Introduction

The gases N», O,, H>O, and Ar account for more than 99.9%
of the atmospheric content. However, atmospheric chemical
processes are primarily driven by molecules present in trace
amounts: inorganic compounds such as NO,, O3, SO,, OH,
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HO,, etc. and organic compounds such as non-methane
hydrocarbons, terpenoids, aromatic compounds, dimethyl
sulfide, efc. Most trace species are present in the air in a
gaseous form but a fraction of them have sufficiently low
volatilities to accumulate into particles giving rise to
aerosols, which can also be classified as inorganic and
organic depending on the prevailing type of the aerosol
molecular constituents. The amount of material residing in
particles is small, of the order of 1 pg m™ or 1077% by mass
(for reference, 1 m® of standard air weighs about 1.2 kg).
Nevertheless, aerosols have profound effect on the energy
balance in the atmosphere because they can absorb and
scatter solar radiation and reversibly take up water forming
cloud droplets, thus controlling the planet’s albedo.! Elevated
concentrations of aerosols in urban areas contribute to
visibility degradation and pose significant health risks.>
Environmental effects of aerosols have been driving research
on chemical and physical processes resulting in formation of
airborne particulates since the early 50’s.%*

Molecular composition of organic aerosols (OA) is
remarkably complex. Primary organic aerosols (POA) are
emitted directly by anthropogenic and natural sources such
as fossil fuel combustion and biomass burning, which are
known to generate particulates with a high degree of
chemical heterogeneity. Secondary organic aerosols (SOA)
are ‘“‘assembled” in air from condensable products of
atmospheric oxidation of various volatile organic compounds
(VOCs).” Even a single VOC can give rise to thousands of
different products because of the highly-branched free radical
mechanisms of oxidation. The aerosol composition continues
to change long after the initial particle formation as a result
of chemical reactions between particle constituents, reactive
uptake of gas-phase molecules by the particle, direct photo-
chemical processes inside the particle, and condensation and
evaporation of water on the particle.®® These processes
contribute to chemical ““aging” that takes place on a time scale
ranging from minutes to days, and may significantly change
molecular composition of particles before their removal from
the atmosphere. Organic particles sampled from ambient
air thus contain thousands of chemically distinct organic
compounds.

Identification and quantification of molecular markers of
different types of OA or specific classes of molecules in OA
have always played an important role in understanding the
sources and the mechanisms of particle formation and
subsequent chemical aging. For example, hopanes are
routinely used as unique molecular markers of vehicular
exhaust, and levoglucosan is a marker for biomass burning
aerosols (BBA). Occurrence of several tetrols in OA from the
Amazonian rain forest has served as a proof that isoprene is a
significant aerosol precursor.'® Observation of organosulfates
in chamber studies and in the field demonstrated
the importance of sulfuric acid esterification reactions in
aerosols.!"!? There are numerous other examples of new
chemistry discovered by the detection and molecular
characterization of individual compounds in OA.

The analysis of the molecular markers of OA typically
requires a combination of sophisticated extraction and
separation methods with highly specific detectors. By

appropriately optimizing the separation and detection
approaches, the molecules of interest can be observed
without significant interference from other OA constituents.
The alternative approach, which has been gaining popularity
in recent years, is to forgo separation entirely and attempt to
identify as many species in OA as possible. This has been the
philosophy behind the development of various types of aerosol
mass spectrometry instruments.'*>?* A typical aerosol mass
spectrometer vaporizes the entire particle with a laser blast or
with heat, and ionizes the resulting vapor with electron
impact, pulsed radiation, or ion-molecule chemistry. A
number of classes of molecules can be identified
simultaneously, sometimes on a particle-by-particle basis.

Most of the currently available aerosol mass spectrometers
rely on “hard” ionization methods, and therefore observe ionic
fragments.'” A “soft” ionization method that converts the
precursor molecules into positive or negative ions without
fragmentation is a key prerequisite for the molecular
assignment of organic compounds, which fragment rather
extensively under the traditional electron impact ionization
conditions. As discussed in more detail below, a number of soft
ionization methods have been developed in recent years, and
successfully coupled with high resolution mass spectrometers.

Chemical characterization of aerosol constituents using
mass spectrometry shares many common challenges with
the analysis of petroleum®' and dissolved organic matter
(DOM),?* which also contain a complex mixture of organic
compounds with a wide range of molecular weights, structures,
physical properties and chemical reactivity. The complexity of
these environmental samples has prompted the development of
high-resolution mass analysis approaches capable of resolving
small mass differences (<0.001 m/z) over a broad m/z range.
When combined with soft ionization techniques, high-
resolution mass spectrometry (HR-MS) becomes a powerful
tool for detailed characterization of such complex samples.?
For example, one of the recent studies resolved and identified
over 30000 individual components of petroleum using
HR-MS.** Elemental formulae of petroleum components
are usually assigned as C.H,N,O,S; (¢ unlimited,
s unlimited, 0 < n < 5,0 < 0o < 10, and 0 < s < 2).%
Similar to petroleum samples, most aerosol constituents
are observed in mass spectra as singly charged ions with
m/z < 1000. However, elemental assignment of OA
constituents requires incorporation of a considerably larger
number of oxygen atoms (0 < o < 30) and one sodium cation,
which increases the degree of ambiguity in molecular
assignments. In addition, recent study26 demonstrated the
presence of complexes of organic molecules with rare earth
and transition metals in OA, which further complicates the
identification of aerosol constituents.

The application of HR-MS combined with tandem mass
spectrometry (MS") for structural characterization of OA
constituents, pioneered by the group of Murray Johnston
(University of Delaware) in 2004,%” is currently a rapidly
growing area of research in aerosol chemistry. Table 1 lists
all studies published to date on the HR-MS analysis of OA and
relevant rain/fog water samples. For the purposes of this
perspective article, we limit our discussion to studies relying
on mass resolving power in excess of 50000.2°% The vast
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Table 1 Summary of HR-MS studies on the chemical characterization of OA and relevant rain/fog samples

Sample Ionization Method, Resolving
Reference  Analyte Preparation Mass Detector Power (m/Am) Comments
Tolocka a-pinene/O; SOA Solvent extraction: Direct infusion 100000 Detection of oligomeric products; MS" analysis
et al., 2004%7 CH;0H, CH5CN ESI (+) FT-ICR of molecular structures of oligomers
9471
Reemtsma  WSOC constituents in ~ Solvent extraction: Direct infusion 100000 Identification of fulvic acids and series of
et al., 2006 ambient aerosol samples acidified H,O; ESI (£) FT-ICR sulfated, nitrated, and mixed sulfated and
solid-phase 67T nitrated molecules in atmospheric aerosol
extraction
Reinhardt  a-pinene/O; SOA Solvent extraction: Direct infusion 400000 Analysis of elemental composition of monomers
et al., 2007% CH;CN-H,O ESI (+) FT-ICR and oligomers; evidence for acetal formation and
77 esterification reactions relevant to SOA formation
Walser d-limonene/O3 SOA Solvent extraction: Direct infusion 60000 Analysis of elemental composition of monomers
et al., 2008%° CH;CN, CH;0H, ESI (£) Orbitrap and oligomers; reaction mechanism of SOA
H-0, CI,CH, formation
Bateman d-limonene/O3; SOA Solvent extraction: Direct infusion 60000 Solvent—analyte reactivity as a tool for improved
et al., 2008 3! CH;CN, CD+CN, ESI (+) Orbitrap characterization of functional groups in SOA
CH;0H, CD;0OH constituents
Sadezky Enol ether/Os alkenes/  Solvent extraction: Direct infusion 100000 Molecular characterization of oligomeric
etal,’ 05 SOA CH;0H-H,O ESI (+) FT-ICR products as the main constituents of the SOA; a
(77T) common formation mechanism is reported; MS"
analysis of molecular structures
Wozniak WSOC constituents in ~ Solvent extraction: Direct infusion 100000 Identification of individual molecules with
et al. 2008,> ambient aerosol samples acidified H,O ESI (+) FT-ICR C.H;,O,N, S, elemental formulae; detection of
(127) lignin-like and lipid-like compounds
Gomez- Samples of ambient Solvent extraction: Direct infusion 100 000 Detection of organosulfates in ambient aerosols;
Gonzalez aerosol from K-puszta CH;OH-H,O ESI (—) Orbitrap MS" analysis of selected molecular structures
et al., 2008%* site (Hungary)
Altieri et al., Products of aqueous Aqueous extracts Direct infusion >100000 Analysis of oligomer products formed through
2008% photooxidation of ESI (—) FT-ICR aqueous reactions of methylglyoxal and OH;
methylglyoxal 94717 chemical composition of reaction products;
reaction mechanisms
Perri et al., Products of aqueous Aqueous extracts Direct infusion >100000 Analysis of oligomer products formed through
20093 photooxidation of ESI (-) FT-ICR aqueous reactions of glycolaldehyde and OH;
glycolaldehyde 9471 chemical composition of reaction products,
reaction mechanisms.
Muller a-pinene/O; sabinene/  Solvent extraction: LC-ESI () 100000 Analysis of elemental composition of monomers
et al., 2009%” O cyclohexene/O; SOA CH;0H-H,O FT-ICR (7T) and oligomers; MS" analysis of molecular
structures
Altieri et al., Rain water samples Aqueous solution Direct infusion > 100000 Analysis of elemental composition of individual

200938

Bateman
et al., 2009%

d-limonene/O; SOA

Heaton

o g a-pinene/O; B-pinene/
etal.,

0O; SOA

Smith et al.,

h Biomass burning
2009

aerosols (BBA)

Laskin, A.

Biomass burning
et al., 2009*

aerosols (BBA)

Ambient rain water
samples

Altieri et al.,
2009%

Nguyen

o o Isoprene/O; SOA
etal.,

Laskin, J.  d-limonene/O; SOA,;
etal.,2010% fresh versus aged with
NH; (g) samples

diluted with
CH;0H

Solvent extraction:

CH;CN

Solvent extraction:

CH;CN-H,0
CH;0H-H,O
H,O

Solvent extraction:

CH;0H

Solvent extraction:

CH;0H

Aqueous solution
diluted with
CH;0H

Solvent extraction:

CH;CN

Substrate
deposited samples
of SOA

ESI (—) FT-ICR
94717

Direct infusion
ESI (£) Orbitrap

60000-100000

Direct infusion >100000
ESI (+) FT-ICR

(12T) FT-ICR (7 T)

Direct infusion 60 000
ESI (+) Orbitrap

Direct infusion 60 000
ESI (+) Orbitrap

Direct infusion >100000
ESI (+) FT-ICR

947

Direct infusion 60 000

ESI (+) Orbitrap

DESI (+) Orbitrap 60000

species: detection of oligomers, organosulfates,
and nitrooxy organosulfates

Analysis of elemental composition of SOA as a
function of particle size, reaction time, UV
radiation level and relative humidity

Analysis of elemental composition of individual
species; detection of structural domains that
correspond to separate oligomer formation
mechanisms

Assignment of the elemental composition for
hundreds of individual compounds; characteristic
species as unique markers for different types of
biofuels; observation of a significant number of
highly oxidized polar species

Detailed characterization of N-containing species
in BBA based on accurate mass measurements
and MS” fragmentation experiments; detection
of a number of N-heterocyclic compounds
Elemental compositions of N-containing
compounds in rain water; results indicate
reduced (basic) functionality of N-containing
compounds

Analysis of elemental composition of individual
constituents of SOA; formaldehyde (CH,O)
identified as a building block in oligomerization;
visualization of HR-MS data using VK vs. DBE
diagrams

Application of DESI/HR-MS for detailed
chemical characterization and studies of
chemical aging of SOA; detection of
N-containing species in SOA aged with NH3;
MS" analysis of molecular structures
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Table 1 (continued)
Sample Ionization Method, Resolving
Reference  Analyte Preparation Mass Detector Power (m/Am) Comments
Mazzoleni  Ambient fog water Aqueous solution; Direct infusion 200000 Analysis of elemental composition of organic
et al., 2010 samples solid phase ESI (—) FT-ICR nitrogen, sulfur, and nitrogen-sulfur compounds
extraction 947
Perri et al., Products of aqueous Aqueous extracts Direct infusion > 100000 Analysis of oligomer products formed through
20094 photolysis of ESI (-) FT-ICR aqueous reactions of glycolaldehyde and OH in
glycolaldehyde/H,SO, 947 the presence of sulfate ions; chemical
H,0; mixture composition of reaction products; detection of
organosulfates; reaction mechanism
Roach et al., d-limonene/O; SOA; Substrate Nano-DESI (+) 60 000 Application of nano-DESI/HR-MS for
2010* fresh versus aged with  deposited samples Orbitrap molecular-level chemical characterization of OA;
NH; (g) samples of aerosols fast and efficient characterization of OA
Biomass burning collected on substrates without sample
aerosols (BBA) preparation using < 10 ng of material; detection
Samples of ambient of N-containing oligomeric products in Mexico
aerosols from Mexico City PM samples
City
Hall and a-pinene/O; SOA Solvent extraction: Direct infusion 100 000 Extraction efficiency, and molecular composition
Johnston, CH;CN CH3;0H  ESI (+) FT-ICR of individual oligomeric species in SOA;
2010% H,O (77T) quantitative estimates of monomers (<50%)
and oligomers (> 50%) contributions to the total
SOA mass
Bateman WSOC of d-limonene/  Solvent extraction: Direct infusion 60 000 Utility of a PILS-ESI/HR-MS approach for the
etal., 2010 05 SOA CH;CN H,O ESI (£) Orbitrap molecular level analysis of WSOC constituents of
WSOC of biomass Aqueous extracts laboratory aerosols and BBA
burning aerosols (BBA) collected with
PILS
Gao et al., a-and B-pinene/O3; SOA Solvent extraction: Direct infusion 100 000 Analysis of hundreds of products common to a
2010°! CH;CN H,O nanospray ESI (£) range of SOA mass loadings; MS" and LCMS
FT-ICR (7T) analyses of molecular structures
Chang- Biomass burning Aqueous extracts Direct infusion 60 000 Analysis of elemental composition of individual
Graham aerosols (BBA) collected with ESI (+) Orbitrap species; identification of nitrogen, sulfur,
etal., 2010%° PILS phosphorous and metal-containing compounds
in BBA samples.
Bones et al., d-limonene/O; SOA,; Solvent extraction: LC-ESI (+) 60 000 Application of a LC-UV/Vis-ESI-MS detection
2010%? fresh versus aged with  CH3CN Orbitrap for analysis of light-absorbing species in aged
NH; (g), NH, " (aq) SOA; MS" analysis of molecular structures
samples
Schmitt- Samples of ambient Extraction in H,O Direct infusion 450 000-600 000 Observation of S- and N-containing organic
Kopplin aerosols from rural sites following by ESI (—) FT-ICR compounds; new mechanism for the formation

etal.,2010> in Hungary and Canada desalting (127)

of “CHOS” compounds via a sulfuric acid-
carbonyl reaction; parallel analysis with NMR

majority of the HR-MS studies covered in this paper have been
conducted over the last three years, and we predict that the
number of new applications of HR-MS to OA analysis will
continue growing in the next few years. Here we provide an
overview of the previously reported studies and discuss further
developments and research directions in this exciting and
rapidly developing area.

2. Methodology

High-resolution mass spectrometers

Mass accuracy, mass resolving power, sensitivity, dynamic
range, and tandem mass spectrometry (MS”) capabilities of
a mass spectrometer for characterization
of individual organic compounds in complex mixtures of
environmental samples.>*>* Mass accuracy is defined as the
m/z (mass-to-charge) measurement error and usually expressed
in parts per million (ppm). For example, the mass
measurement error of 0.001 m/z for a singly charged ion at
m/z 500 corresponds to mass accuracy of 2 ppm. Mass

are essential

resolving power is defined as the ratio of the peak position to
its full width at half maximum, R = m/Am. Mass accuracy
reflects the difference between the measured m/z of the
separated peak and the exact m/z calculated based on the
elemental composition of the molecule, while R determines
the ability of the instrument to separate two adjacent peaks on
the m/z scale.

Several types of mass spectrometers are well-suited for
complex mixture analysis; the selection of the instrument is
determined by the specific application. Hybrid quadrupole
time-of-flight (QTOF) mass spectrometers are characterized
by very high sensitivity and dynamic range (the intensity ratio
of the most abundant peak to the smallest peak in the
spectrum). State-of-the-art QTOF instruments are capable of
acquiring spectra with R = 20000 and mass accuracy of
5-10 ppm at ca. 20 Hz repetition rate.® Higher mass
resolution is often obtained at the expense of dynamic range
and acquisition rate. For example, mass resolving power of
R = 100000 (at m/z 400) and mass accuracy of <2 ppm
is obtained using an LTQ (linear ion trap)/Orbitrap
instrument,””*® with much longer acquisition time

This journal is © the Owner Societies 2011
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(1.9 s scan™!) and lower dynamic range compared to QTOF.
More recently, a new design of the Orbitrap analyzer has been
reported, which provides R = 350000 at m/z 524.%

Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) currently provides the highest
mass resolution and mass accuracy of all existing MS
technologies.®>®! A resolving power of R = 200000 (at
m/z 400) and mass accuracy of 300 ppb were obtained using
a 14.5 Tesla FT-ICR instrument and broadband acquisition at
greater than one spectrum per second.®> Much higher
resolution can be achieved in FT-ICR for selected cases. For
example, a record resolution of R = 3300000 was reported
using peptide ions differing only by 0.00045 Da,®® which is
smaller than the mass of an electron (0.00055 Da)!

It should be noted that the mass resolving power of the
LTQ/Orbitrap is inversely proportional to the square root of
m/z% while that of FT-ICR instruments is inversely
proportional to m/z.%> In contrast, recently introduced
ultrahigh resolution QTOF instruments are capable of
acquiring mass spectra with R > 30000 and mass accuracy
of <2 ppm over a broad range of m/z values at a scan rate of
20 spectra s '.%® As a result, QTOF instruments may
outperform LTQ/Orbitrap and FT-ICR instruments for the
analysis of high-MW ions (m/z > 2000).

Many studies have demonstrated that high mass resolving
power and mass accuracy are needed to resolve and
unambiguously identify thousands of compounds in
petroleum, DOM, and aerosol samples using HR-MS. Many
isobaric peaks (peaks with the same nominal mass) are
typically observed for these complex samples. Fig. 1
illustrates the advantages of high resolving power for the
analysis of OA samples. Fig. 1(a) shows an electrospray
ionization (ESI) mass spectrum of SOA produced from an
ozone-initiated oxidation of isoprene recorded at R~ 100 000.
At this mass resolving power, four individual peaks around

m/z 251 have been resolved and unambiguously assigned to
CioH,0¢Na™ (m/z 251.0534), C;;H,60sNa™ (m/z 251.0900),
CioH2004Na™ (m/z 251.1263), and CoHp; * (m/z 251.1794) as
shown in Fig. 1(b). If the same mass spectrum was recorded at
R = 5000 as illustrated in Fig. 1(c), all these peaks would be
merged together into a single peak making the assignment
ambiguous.

Substantially more complex spectra are observed for field-
collected environmental samples. Furthermore, the spectral
complexity often increases with increasing m/z. For example,
in a study reported by Marshall and co-workers more than
11000 peaks were resolved in an FT-ICR mass spectrum of a
sample of South American crude oil acquired with average
mass resolving power of 350000 for m/z from 225 to 1000.%
Detailed analysis of the spectrum revealed that the number of
isobaric peaks increased from 12 peaks at nominal m/z 406
to 24 peaks at nominal m/z 588. Accurate mass measurement
(<1 ppm) enabled unambiguous assignment of more than
75% peaks. Similar complexity was reported for DOM
samples®® and rural SOA samples.>® These examples clearly
illustrate the need for high resolving power for detailed
chemical characterization of complex environmental samples.

Although accurate mass determination is essential for
assigning elemental formulae to OA constituents, structural
characterization of molecules cannot be performed without
using additional tools, such as tandem mass spectrometry
(MS"). The MS” experiment involves mass selection of the
ion of interest in the first MS stage and excitation of the ion,
followed by dissociation and mass analysis of the resulting
fragments in the subsequent MS stages (n = 2, 3,...). The
original structure of the precursor ion is then reconstructed
based on the observed MS” fragmentation pattern. Collision-
induced dissociation (CID) is a widely used technique for the
activation of complex ions in mass spectrometry through
multiple collisions with a bath gas.®>’® However, because of

(a) Full spectrum

100 200 300 400 500
m/z

600 251.00

(b) R = 100,000
C,,H,s0,Na"
251.0900
CoHa0,Na"

251.1263
C,oH,,0Na” .

251.0534 19723
f\ 251.1704

A
251.05

251.00 25110 251156  251.20

(c)R = 5,000

ambiguous
assignment
251.10+/-0.05 m/z

25110 251.15

m/z

251.05 251.20

Fig. 1 A positive ion mode ESI-MS stick spectrum of isoprene/O3; SOA (panel (a)). Panel (b) zooms in on peaks near m/z 251 recorded at the
Orbitrap resolving power of R = 100000. Panel (c) shows how the same mass range would look like if recorded at a typical resolving power of a

reflection-TOF instrument R = 5000.
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the competition between ion activation and dissociation, slow
stepwise energy deposition in CID experiments often results in
discrimination against higher-energy dissociation pathways.”'
As a result, structure-specific fragments may be strongly
suppressed or completely eliminated in multiple-collision
CID. Alternative ion activation techniques suitable for
MS/MS of singly charged ions include higher-energy CID
in quadrupoles and linear ion traps,”>”* surface-induced
dissociation,®7*> and photodissociation’® using laser-
induced excitation.

Ionization methods

A variety of soft ionization techniques in mass spectrometry may
be used to generate ions of OA constituents. Traditional soft
jonization methods including electrospray ionization (ESI),”’
atmospheric pressure chemical ionization (APCI),”® and
atmospheric pressure photoionization (APPI)™ require direct
collection of OA into liquid or extraction of filtered OA samples
into appropriate solvents. Matrix-assisted laser desorption
ionization (MALDI)*® may be used for the analysis of samples
collected on substrates but require application of a matrix for
improved ionization efficiency, while ambient surface ionization
techniques®' enable analysis of analytes deposited on substrates
without any sample preparation.

OA samples extracted into solvents may be analyzed using a
range of ionization methods that are commonly available on
commercial mass spectrometers. ESI is by far the most popular
ionization technique for liquid samples.®? In ESI, the analyte
solution is dispersed into a mist of highly charged droplets
produced at the end of a thin capillary to which a high voltage
is applied (Fig. 2(a)). The droplets are transferred into the inlet
of a mass spectrometer, where they undergo desolvation
resulting in the formation of analyte ions. Polar organic
solvents such as water, acetonitrile and methanol are
typically used in ESI-MS experiments. Droplet desolvation is
more efficient for solvents with lower surface tension. As a
result, low ESI signals are often obtained when pure water is
used as a solvent. Positive mode ESI spectra typically contain
protonated molecules, [M + H]™ or molecules cationized on
metals. For aerosol samples, cationization on sodium is a
common process resulting in the presence of [M + Na]*
ions in mass spectra.® The ability of a molecule to generate
[M + H]" or [M + Na]" ions is determined by its proton
affinity and its ability to bind sodium cation. As a result,
molecules with low proton affinities and low Na™* binding
energies cannot be ionized using ESI. For example,
hydrocarbons, aliphatic aldehydes, and polycyclic aromatic
hydrocarbons (PAHs) are rarely observed in ESI spectra,
which can be a disadvantage in the analysis of POA samples.
Negative ESI signal is dominated by deprotonated molecules,
[M — H] . Because gas phase acidities are ca. 100 kcal mol ™!
higher than proton affinities, deprotonation is usually less
efficient than the formation of [M + H]" ions. However,
ESI spectra in the negative mode often have fewer peaks and
are therefore easier to interpret than spectra obtained in the
positive mode.

In APCI and APPI the analyte is first evaporated and
subsequently ionized using corona discharge (APCI) or

10 eV photons emitted by a krypton discharge lamp (APPI).
The ionization takes place by multi-step gas-phase reactions.
While ESI is ideally suited for the analysis of polar analytes,
less polar molecules can be ionized using APCI, and APPI can
generate ions of low-polarity species.®® For example, APPI can
be used for the analysis of lipids and polycyclic aromatic
hydrocarbons that cannot be ionized using ESI. Both APCI
and APPI typically produce [M + H]" ions and yield spectra
that are easy to interpret. However, ionization of molecules of
low proton affinity is strongly suppressed in both APCI and
APPI. In addition, both techniques utilize very high flow rates
of sample solutions and hence consume relatively large
amounts of material per spectrum, which is not practical for
the analysis of lean OA samples.

MALDI has been used both for characterization of OA
generated in a smog chamber’®* and for analysis of field-
collected samples.?” Tolocka et al. observed similar oligomer
distributions for SOA produced by ozonolysis of a-pinene using
ESI and MALDI*” While MALDI is available on most
commercial mass spectrometers and provides a convenient
approach for the analysis of OA, it suffers from several
limitations. First, matrix-related peaks dominate the signal in
the low-mass range (m/z < 250) making it difficult to detect
low-MW constituents of OA. In addition, the observed signal
intensities show a significant variation with changes in the laser
power, sample preparation, and sample-to-matrix ratio.

A variety of atmospheric pressure surface ionization
techniques,gl’gs’88 which enable rapid and sensitive
characterization of samples on substrates without sample
preparation, have been developed since the initial report by
Cooks and co-workers in 2004.% These include desorption
electrospray ionization (DESI),?'#® in which ions are formed
during collisions of electrically charged droplets with the
substrate (Fig. 2(b)); direct analysis in real time (DART),”!
which utilizes a plasma of excited-state atoms and ions for
simultaneous desorption and ionization of molecules from the
surface of a sample; desorption atmospheric pressure chemical
ionization (DAPCI);*? electrospray-assisted laser desorption
and ionization (ELDI);** ionization using low-temperature
plasma;®* atmospheric solids analysis probe (ASAP),> which
relies on thermal desorption/chemical ionization of solid
analytes, and a number of other hyphenated techniques.”®*®
Despite their widespread use in a variety of analytical
applications, studies utilizing these methods for analysis of
atmospheric aerosols are still scarce.

DESI-MS has been used for rapid quantitative detection of
carboxylic acids®® and polycyclic aromatic hydrocarbons'® in
samples of particulate matter and for characterization of aging
products in laboratory-generated OA samples.*’ Because of
the short residence time of analyte molecules in the solvent,
DESI preserves chemically labile components of OA.
However, it is often difficult to get a stable signal in DESI-
MS experiments. Other ambient ionization techniques may be
used for the analysis of aerosol samples collected on substrates.
For example, atmospheric solids analysis probe mass
spectrometry (ASAP-MS), in which the sample is thermally
desorbed by a heated stream of N, and ionized using APCI has
been utilized for analysis of SOA formed in laboratory studies
and samples collected in forested and suburban areas.'®!
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Fig. 2 Schematics of the sample introduction and ionization
setups used for the analysis of organic aerosol (OA) samples: (a)
direct infusion electrospray ionization (ESI); (b) desorption
electrospray ionization (DESI);** (c) nanospray DESI. Reproduced
from ref. 102.

Nanospray desorption electrospray ionization (nano-
DESI)'? is a new ambient ionization technique that has
been recently applied to characterization of laboratory-
generated and field-collected aerosol samples.*® Similarly to
other ambient surface ionization techniques, nano-DESI
enables fast and efficient characterization of OA collected on
substrates without sample preparation. In nano-DESI, the
analyte is desorbed into a solvent bridge formed between two
capillaries and the sample surface (Fig. 2(c)). This approach
eliminates transport of the analyte on the surface, reduces the
rate of the analyte consumption, and provides a stable signal
for extended periods of time necessary for MS” analysis.
High-quality HR-MS spectra both for laboratory-generated
and field-collected OA can be obtained with nano-DESI using
only a small amount of material (<10 ng),*® a significant
benefit when analyzing leaner OA samples from remote
environments. Similarly to DESI, nano-DESI enables the

efficient detection of chemically labile compounds in OA
because of the short solvent-analyte interaction time.

Data analysis

A variety of tools have been developed to aid the analysis of
hundreds of features observed in high-resolution mass spectra
of OA and related environmental organic mixtures. Kendrick
transformation'®1% is often used to identify homologous
compounds differing only by a number of base units. In this
approach the experimental m/z value is normalized to the
nominal mass of a chemical group used as a basis for
this analysis (e.g., CH,, O, CH,0, etc.). For example, for the
CH,-based diagram the Kendrick mass (KMcy») is calculated
by re-normalizing the [UPAC mass scale to the exact mass of
the '>CH, group (i.e. 14.0156 amu) using eqn (1).

KM = observed mass x (nominal mass of CH, = 14)/
(exact mass of CH,) 1)

The Kendrick mass defect (KMD) is calculated as the
difference between the nominal mass (NM), defined as KM
rounded to the nearest integer, and KM using eqn (2):

KMD = NM—-KM )

The advantage of Kendrick analysis is that homologous
compounds differing only by the number of base units (CH,
in this example) have identical KMD values. When the KMD
is plotted versus the mass-to-charge ratio of a compound,
homologous series fall on horizontal lines and are clearly
distinguishable.'®® Assignment of the elemental composition
of one compound in the homologous series automatically
identifies all remaining peaks in the series. Fig. 3(a) shows
CH,-based Kendrick plots for neutral species identified in
positive and negative mode ESI-MS spectra of isoprene
SOA. Homologous CHj-series of up to n = 10 members were
observed in these spectra. The insert in Fig. 3(a) shows two
adjacent series; such series are readily identified in a complex
spectrum using Kendrick analysis.

However, different homologous series may have similar
values of KMD. As a result, additional pre-sorting of the data
capable of separating Kendrick series with similar values of
KMD is often necessary. One possible pre-sorting parameter is a
nominal mass index, z*,'% defined for the CH,-based Kendrick
analysis by eqn (3). It can assume values between —1 and —14.
Members of a given CH, homologous series have the same z*
and KMD values.

z* = modulo (NM/14)—14 3)

Pre-sorting of the Kendrick series based on the z* index
has been used for classification of compounds in complex
high-resolution mass spectra of crude oil'®® and fulvic acids.'"’

Molecular formulae of compounds containing elements
which possess several isotopes are calculated using the most
abundant isotope for each element. Mathematically correct
formulae can be assigned by considering all possible
combinations of atoms consistent with the measured accurate
mass of the ion. However, such unconstrained search often
yields chemically unreasonable and redundant assignments even
when the data are acquired at very high resolution. For example,
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Fig. 3 Examples of a CH,-Kendrick diagram (a) and a van Krevelen
diagram (b) for an isoprene/O3; SOA sample. Plots were generated from
experimental data reported in ref. 44. The +0.001 m/z deviations
between the measured and expected Kendrick mass defect values are
typical for the Orbitrap MS.

an unconstrained search for m/z = 200.0000 returns an unlikely
formula of C;3N,O as the closest match. The list of elemental
formulae obtained from the unconstrained search must
therefore be filtered based on a number of rules including the
degree of unsaturation, parity, valence rules, isotopic patterns,
and H/C or O/C ratios.'®

The degree of unsaturation or the ring and double bond
equivalent (DBE) can be calculated using eqn (4):'%

DBE = x + 1 + 0.5(z—y) 4

where x is the number of tetravalent atoms (C, Si), y is the
number of monovalent atoms (H, Cl, Br), and z is the number
of trivalent atoms (N,P) in the molecule. For example, for a
neutral molecule C;3H;5sNO, observed in a positive ESI
spectrum as [C;3HsNO, + H]™, the value of DBE is 7
(x = 13, y = 15, z = 1). Non-integer values of DBE are
obtained for ions and radicals while closed-shell neutral
molecules have integer DBE values. DBE can be used to
restrict the search to charged or neutral species and to
eliminate molecules with unreasonably high or low number
of rings and double bonds. However, complications arise

because certain atmospherically relevant elements may have
multiple valence states, for example the valence of N is 3 in
amines and 5 in nitric acid esters (alkyl nitrates). Valence of S is
2 in sulfides but it increases to 6 in sulfuric acid esters. In such
cases, where the valence state cannot be determined a priori,
calculated DBE values need to be considered with caution.

Another simple filter for the formula assignment is based on
the well-known nitrogen rule. The nitrogen rule derives from
the fact that chemical elements with even nominal mass have
an even valence, while elements with odd mass have an odd
valence, with the exception of nitrogen, which has a nominal
mass of 14 and a valence of 3 or 5. As a result, all organic
compounds of the general formula C.H,O,S,N,P, have a
nominal mass which is an even number when the number of
nitrogen atoms (n) is even (n = 0,2,...) and an odd number
when n is odd (n = 1,3,...). ESI ionization inverts this parity
because a positive mode ESI results in the addition of H
(m/z = MW + 1)orNa™ (m/z = MW + 23) to the molecule
while in the negative mode most ions correspond to
deprotonated species (m/z = MW — 1). It follows, that ions
produced in ESI have an even nominal mass only when the
molecule contains an odd number of nitrogen atoms. Isotope
distributions may complicate the matter: ions containing no
nitrogen and an odd number of '*C and/or D atoms also
appear at even nominal masses in the ESI spectra. However,
such species do not normally pose a problem because their
peaks can be fully resolved from the peaks corresponding to
N-containing ions at moderately high mass resolving power. In
addition, the peak intensities of isotopically substituted ions
are constrained by the low natural abundance of '*C and D. If
a peak appears at an even nominal mass, and its intensity
exceeds that expected for the isotopically substituted ions,
it can be safely assumed that it corresponds to a
N-containing ion.

The redundancy in formula assignment is dramatically
reduced when the search is constrained based on the valence
of each element. The Molecular Formula Calculator
(http://magnet.fsu.edu/ ~midas/) developed at the National
High Field Magnet Laboratory is a freeware program
capable of formula assignment based on valence rules.
However, redundant assignments are often obtained even
when the valences are constrained. Additional constraints
can be imposed by comparing the calculated isotopic pattern
for the candidate formula with the isotopic pattern
observed experimentally. This constraint is particularly
useful for assigning formulae for chlorine-, sulfur- and metal-
containing compounds because they often possess distinct
isotopic distributions. Finally, the candidate formulae can be
filtered based on the H/C ratio and the heteroatom ratio. For
example, analysis of 45000 formulae in the Wiley spectral
database showed that 99.7% compounds have the H/C ratio in
the range from 0.2 to 3.1, N/C ratio in the range of 0-1.3, O/C
ratio in the range of 0—1.2.'% This information can be used to
eliminate some unreasonable formula assignments.

Data visualization

Several visualization approaches are commonly used to
facilitate interpretation of the HR-MS data.!>!!® The
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van Krevelen diagram (VK) is constructed by plotting H/C
versus O/C elemental ratios.®® An example of a VK diagram
obtained for the isoprene SOA sample is shown in Fig. 3(b).
Such a representation is attractive to atmospheric aerosol
chemists because it provides direct visualization of the range
of O/C ratios in the molecular OA constituents. The average
O/C ratio is a convenient measure of the degree of oxidation
and aging in organic aerosols.''"''? Additional dimensionality
is added to VK diagrams by either scaling the size of data
points with the intensity of the corresponding peak or by
plotting them as heat maps.'®® In addition, three-dimensional
VK plots may be generated using the N/C ratio''® or the
DBE* as a third variable, which enables better visual
separation between different classes of molecules present in
complex samples. Finally, data visualization often relies on
graphs showing the variation in the DBE,**** the carbon
number,''® or the H/C and O/C ratios*® as a function of the
experimental m/z values.

3. Understanding molecular chemistry of OA using
HR-MS analysis

Laboratory studies of model SOA systems

Laboratory studies of processes leading to the formation of
organic aerosols are routinely conducted in “smog chambers”
because they offer control over the reagent concentrations,
humidity, temperature, and UV illumination levels. Smog
chambers range from a few cubic meters to a few hundred
cubic meters in volume. They are typically made of inert, UV
transparent materials such as Teflon film. For example, our
groups are using a 5 m® Teflon chamber surrounded by 40
UV-B lamps for photochemical generation of OH from
photolysis of H,O, and HONO (Fig. 4). Other common
atmospheric oxidants such as O; and NO; may be added
to the chamber directly through side ports, along with the
precursor VOC of interest. OA formation may be studied at
different O3 or NO, concentrations and humidity levels, in
darkness or in the presence of UV radiation. The chamber is
connected to a suite of instruments that control and monitor

UV-B lights

the reaction conditions: zero-air generator, NO, monitor, O3
monitor, scanning mobility particle sizer, chemical ionization
mass spectrometer,1 14
proton-transfer-reaction time-of-flight mass spectrometer.
The resulting SOA is collected using traditional filters, a multi-
orifice uniform-deposit impactor, particle-into-liquid samplers
(PILS),"® or other aerosol collectors. Suitable denuders may be
inserted between the collector and the chamber to remove
gaseous species.

HR-MS analysis has provided a qualitatively different way of
discovering new chemical processes leading to or occurring in
OA in smog chamber studies. Arguably the greatest impact of
HR-MS has been on our understanding of the composition and
formation of “‘oligomers”’, molecules composed of two or more
first generation products of VOC oxidation bound together
by esterification, hemiacetal formation, aldol condensation,
and other reactions. Oligomerization reactions are important
because they convert volatile molecules into higher-MW
products of lower volatility. As a result, molecules that would
otherwise be too volatile to partition into the particle phase in
the monomeric form are trapped in the condensed phase. The
complexity of oligomeric species prevented their molecular
characterization until HR-MS methods came along.

Tolocka er al?’ were the first to observe oligomers in
SOA from ozone oxidation of a-pinene. They used FT-ICR
to observe “dimer”, ‘“‘trimer”, and ‘“‘tetramer” compounds
corresponding to molecules composed of two, three, and four
first-generation o-pinene oxidation products, respectively.
Detailed analysis of the assigned chemical formulae and MS”
spectra showed that oligomers are produced by acid-catalyzed
aldol condensation and gem-diol formation. Reinhardt et al.*’
examined the a-pinene SOA oligomers at an even higher mass
resolving power. By using the data analysis and visualization
methods discussed in the previous section, they examined the
distribution of the m/z differences between the observed peaks
and identified C,;oH;c0 and several other monomers with
6-12 C atoms and 0-7 O atoms as the most common
oligomer building blocks. These and  subsequent
studies®”->-37404951 have provided the most comprehensive list
of molecular constituents in a-pinene SOA.

time-of-flight aerosol mass spectrometer,'’
115

MONITORING O O O O O COLLECTION
Aerosol particle mass | Multistage
spectrometer (AMS) [ \ impactor
: ob—"
Proton transfer reaction vocC
mass spectrometer —fE—  ——
(PTR-MS) hv + NOX P —
or Og ]
Scanning mobility | _ Filter
particle sizer B SOA
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Fig. 4 A schematic diagram and a photograph of the UCI aerosol chamber used for generation of model SOA. The particles are generated in a
Teflon chamber, collected with filters, impactors, or a particle into liquid sampler (PILS), and subsequently analyzed with HR MS.
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Our groups have investigated different aspects of
chemistry of SOA formed by ozone-initiated oxidation of
d-limonene3®3134%30__an important aerosol precursor in
both indoor and outdoor environments.'!'” We found that
OA produced by ozonolysis of d-limonene contain hundreds
of different products including a large number of oligomeric
compounds.® Time-resolved collection of size-selected SOA
samples revealed that oligomers form within minutes of mixing
ozone and d-limonene, and that the composition of SOA
undergoes slow changes as a result of heterogencous
oxidation by ozone.** The observed mass spectra were
surprisingly insensitive to the reaction conditions such as
reactant concentration, humidity, presence of UV radiation,
and addition of OH scavengers.*® The observed distribution of
compounds in limonene SOA showed that oligomerization is
driven by reactions of carbonyl oxides (Criegee intermediates)
with various first-generation monomeric products of
oxidation.?® We searched for evidence of oligomerization
occurring via hemiacetal formation (carbonyl + hydroxy
group), esterification (carboxyl + hydroxy with loss of
water), and aldol condensation (carbonyl + carbonyl with
loss of water). However, the observed distribution of DBE
values between monomers (average DBE = 3), dimers
(average DBE 5), trimers (average DBE = 7), and
tetramers (average DBE = 7) showed that esterification
and aldol condensation are insignificant in limonene SOA,
even under low relative humidity conditions that promote
condensation processes.

Nguyen er al** examined SOA from ozone-initiated
oxidation of isoprene, CsHg, the most abundant biogenic
hydrocarbon after methane.!'® Similar to the o-pinene and
d-limonene SOA, mass spectra of isoprene SOA were highly
complex, with more than 1000 assignable peaks appearing in
the positive and negative ion mode ESI spectra (Fig. 1(a)). The
stark contrast between the molecular weights of isoprene
(68 amu) and observed condensable reaction products
(100-600 amu) suggested extensive oligomerization. Indeed,
the absolute majority of the detected peaks corresponded
to previously-uncharacterized, highly-oxidized, oligomeric
compounds, with an average O/C molar ratio of 0.6.
Detailed analysis of the identified compounds revealed the
potential importance of formaldehyde in the SOA growth: the
most frequently observed difference between the observed
peaks corresponded to CH,O. This observation supported
the hypothesis of SOA growth via accretion of small
carbonyls.® 119121

Oligomeric products with high DBE and low O/C values
corresponding to molecules with multiple unsaturated C—=C
bonds were also detected (e.g., CioH,, with DBE = 9
appearing in Fig. 1(b)). These molecules occupy the
bottom left corner of the VK diagram in Fig. 3(b). Similar
products with high DBE and low O/C were detected in the
ozonolysis of a-pinene.*’ Formation of such products under
the high oxidizing environment of these experiments is
surprising. Clearly several competing oligomerization
mechanisms (free radical polymerization; reaction of
Criegee intermediates with acids, alcohols, and carbonyls;
hemiacetal formation, etc.) must be operating in reactions of
terpenes with ozone.

Perhaps the most impressive example of new chemistry
revealed by an HR-MS method comes from our recent
investigation of reactions between limonene SOA
compounds and reduced nitrogen compounds.*’ We
previously observed that such reactions produce light-
absorbing compounds in SOA on atmospherically relevant
time scales.!??> The SOA sample or its aqueous extract turns
brown when exposed to trace amounts of ammonia (even
small amounts of NH; found in typical indoor environments
are sufficient to drive the reaction). Brown aerosols have
a significant effect on the climate because they absorb
solar radiation instead of scattering it back into space.!?
Chemical processes leading to the formation of
chromophores are therefore relevant for the accurate
prediction of direct effects of OA on the climate.
UV/Vis, FTIR, NMR and 3D-fluorescence spectroscopy
measurements suggested that the chromophores responsible
for light absorption in the aged limonene SOA are nitrogen-
containing molecules, most likely conjugated imines formed
in ammonia—carbonyl reactions.'*> To prove this hypothesis
we prepared “fresh” d-limonene SOA samples, exposed them
to sub-ppm concentrations of gaseous NHj in humid air,
and examined the aged, brown SOA using DESI HR-MS.*
Detailed analysis of the aged SOA samples revealed the
presence of a significant number of nitrogen-containing
products. The reaction mechanism that rationalizes the
results of the DESI HR-MS experiments is shown in
Fig. 5. We found that a number of carbonyl compounds in
SOA underwent a >C=—0O to >C=—NH conversion upon
exposure to ammonia, evidenced by a characteristic peak
shift of Am/z = —0.9840 (Fig. 5(a)). The resulting imines
readily reacted with additional carbonyl compounds forming
substituted imines as shown in Fig. 5(b). An intramolecular
version of the same reaction leading to heterocyclic
compounds (Fig. 5(c)) was also observed.*>>> These types
of reactions may serve as a source of nitrogen-containing
compounds in aerosols, especially in areas where
anthropogenic NH; emissions mix with anthropogenic or
biogenic SOA. A recent paper by Wang er al.'** reported
N-containing compounds consistent with this formation
mechanism in urban air.

HR-MS methods find increasing use in the estimation of
the average elemental and mass ratios between H, O, C, and N
in environmental samples. As discussed in ref. 111 and 112,
such ratios are difficult to obtain for OA by more traditional
analytical techniques. For example, commercial CHNO
analyzers such as Perkin-Elmer 2400-series instruments
typically require milligram quantities of sample, an amount
that is hard to collect for atmospheric aerosols. In contrast
mass spectrometry methods are capable of providing
such information using only nanograms of material. The
conventional approach relies on thermal decomposition of
the sample in an oxidizing environment and measurement of
evolved CO, to quantify the total mass of organic carbon
(OC). The total organic mass (OM) is then estimated by
multiplying the measured OC value by an empirical OM/OC
ratio, which ranges from about 1.4 to 2.3 depending on the
type of organics present in OA.'?>!26 In the case of fully
soluble OA samples, the OM/OC ratio can be reasonably
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Fig. 5 Reactions of NH; with carbonyl species in OA inferred from
DESI HR-MS experiments.** (a) Carbonyl-to-imine conversion with
a characteristic peak shift of —0.9840 m/z. (b) Intermolecular
condensation of the resulting imine with another carbonyl leading to a
substituted imine. (c) Intramolecular conversion of 1,5-dicarbonyls into
a heterocyclic imine with a characteristic peak shift of —18.9946 m/z.

estimated from the HR-MS data using the following
equations:

(0/C) = inoi/zxici )

(H/C) = Zx[h//z XiC; (6)

oM 16 1

oe = | T 13(0/C) + 5 (H/C) ™
where /;, ¢;, and o; are the numbers of H, C, and O atoms in
each compound, and x; is a weight factor. We have found that
the average elemental and OM/OC ratios for model SOA are
remarkably insensitive to the exact nature of the weighing
factors.>>* For example, taking x; as normalized peak
intensities in the mass spectrum or setting all x; to 1
produces nearly identical results for laboratory-generated
aerosols. In case of the isoprene SOA (Fig. 3), the average
O/C ratio is about 0.60 and the corresponding OM/OC ratio is
about 1.9.* The applicability of this approach to the field OA
samples is yet to be verified.

Chemical characterization of ambient aerosol samples

A number of recent field studies have employed HR-MS
analysis for comprehensive assessment of molecular
composition of OA and its atmospheric chemistry. Ambient
aerosols contain a substantially more complex mixture of
organic species with less predictable composition compared
to laboratory generated SOA discussed above. For instance,
one of the most important sources of OA in the atmosphere is
burning of biomass in naturally occurring and prescribed
forest fires.'”” Identifying the chemical composition of
biomass burning aerosols (BBA) is necessary to understand
its short- and long-term effects on air quality, climate and

human health. A number of recent studies have employed
HR-MS coupled with soft ionization techniques such as
ESI and nano-DESI for the structural characterization
of molecules in the complex of BBA
samples. 201424850 Bio 6 shows representative positive mode
ESI/HR-MS spectra of three selected BBA samples collected in
controlled burns of different biomass fuels materials: Southern
Pine needles (SPN), Ponderosa Pine duff (PPD), Ponderosa
Pine needles and sticks (PPNS).*' Clearly, different samples
yield distinctly different spectra demonstrating the utility of the
HR-MS analysis for detection of characteristic markers
for BBA emitted from burning different types of biomass
fuels. Accurate mass measurements assisted with Kendrick
analysis enabled unambiguous peak assignments to hundreds
of individual organic compounds over the mass range of m/z of
100-1000. The results showed that a variety of highly oxidized
oxygenated organic compounds and nitrogen-containing
alkaloid compounds that have not been previously reported
in the literature account for a significant fraction of BBA
extracts. 2

Physical and chemical properties of aerosols depend on their
molecular compositions. For example, organic molecules are
more likely to absorb visible light if they have a large number
of double bonds and rings (=DBE).'*® In addition,
hygroscopic growth factors'?® and UV/Vis absorption
spectra®>>%122 of OA may be correlated with the presence of
oxygenated and nitrogen-containing organic compounds. The
values of O/C, H/C, and N/C ratios are often related to specific
emission sources and aging mechanisms of QA.!!!1112:130.131 1¢
follows that accurate mass measurements and assignments of
molecular formulae based on ESI/HR-MS analysis offer useful
data on specific types and groups of ambient OA and unique

mixtures
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Fig. 6 Examples of high resolution positive ion mode ESI mass
spectra of three different BBA samples obtained from burning of: (a)
Southern Pine needles, (b) Ponderosa Pine duff, and (c) Ponderosa Pine
needles and sticks. Abundant peaks are listed in the plot. Reproduced
from ref. 41.
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“marker” molecules. Combined with complementary
measurements of aerosol physicochemical properties, these
data provide basic knowledge for improved classification of
complex mixtures of OA with respect to their potential
atmospheric reactivity, optical and hygroscopic properties.

Fig. 7(a) shows an H/C vs. N/C VK plot, and Fig. 7(b) shows
a plot DBE vs. m/z values for various nitrogen-containing
organic species detected in BBA emitted from burning of the
PPNS biomass.*> The observed N/C ratios were as high as
0.4, and DBE values reached 9 for certain N-containing
families. A number of analyte molecules clearly had related
structures because they formed long CH, Kendrick families
(Fig. 7(b)).

Accurate mass assignment combined with MS" experiments
for structure determination have been successfully used in a
number of studies for structural characterization of individual
molecules present in complex mixtures of OA.27:3437:42:45.52
Fig. 8 illustrates examples of core structures of several
homologous series in BBA identified using MS”.** Plausible
structural assignments were made based on the known
fragmentation behavior of protonated molecules reported in
the literature.'> It has been demonstrated that fairly basic
N-heterocyclic compounds comprise a substantial fraction of
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Fig. 7 (a) Van Krevelen plot for homologous series of N-containing
organics detected in the PPNS sample; (b) DBE values calculated for
the same series as a function of m/z. The size of the symbols is
proportional to the logarithm of the peak intensity. n refers to
the number of CH, groups in a given family: (n = 1-9)-C4HgN,,
(0-3,11)-CsHsNO,  (0-7)-C¢HgN,, (0)-C;H 5NO,, (0-6)-CgHgNo,
(0-2)-C1oHoNO, (0-5)-C1oH 19N>, (0-3)-Ci1HgN,, (0-3)-C11H11N>0,
(0,1)-C1Hi6Na, (0-2)-C12H1NO,, (0,1)-Ci3H 1NO, (0,1)-Cy3H;NO,
(0-2)-Cy4H¢N,. Reproduced from ref. 42.

nitrogen-containing species in some of the BBA samples
relevant to specific biomass fuels. Because of their high
basicity, these compounds may buffer the acidity of aerosols,
and thereby have an impact on the heterogeneous chemistry of
particles, their hygroscopic and optical properties.

A significant fraction (30-70%) of ambient aerosol
corresponds to water soluble organic carbon (WSOC)
comprised of high-MW humic-like substances (HULIS) (e.g.
ref. 133). Water soluble organic nitrogen (WSON) compounds,
a subset of WSOC, are of particular interest because of their
profound impact on the nitrogen concentration in aquatic and
terrestrial ecosystems,'** 137 which have a significant effect on
the total nitrogen cycle on Earth.'*® However, very little
is known about detailed chemical composition of
WSON compounds in OA, their source apportionment, and
atmospheric evolution. ESI/HR-MS is the technique of choice
for structural characterization of complex WSON mixtures
relevant to ambient aerosols. A number of studies focused on
characterization of WSON compounds in rain and fog
samples,*#4*% aqueous extracts of ambient OA samples,>*
and aqueous extracts of BBA samples.?*® Altieri et al.3%*
and Mazzoleni et al.*® identified main groups and homologous
series of oligomers, organosulfates, nitrooxy-organosulfates
and a number of nitrogen-, sulfur- and mixed compound
with reduced N-functionalities in rain water and fog samples.
In those works elemental compositions of 500-1300 individual
molecules in the m/z range of 50-500 were determined and
specific organic groups were assigned. Reemtsma ez al.*® and
Wozniak et al.*® reported identification of fulvic acids along
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Fig. 8 Representative MS? spectra of nitrogen-containing
compounds in BBA indicate presence of N-heterocyclic aromatic
compounds. Elemental formulae in squared parentheses indicate
precursor ions. Elemental formulae above fragment ions denote the
corresponding loss of neutral molecules in MS? experiments. Elemental
formulae of fragments corresponding to the stable molecular core of
two major CH,-homologous series are labeled in panels (a) and (b) and
the corresponding structures are shown on the right. The proposed
structures of neutral precursor molecules for spectra shown in panels
(c)—(e) are displayed on the right. Reproduced from ref. 42.
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Fig. 9 Sample LC-UV/Vis-MS data for a limonene SOA sample
“aged” by reaction with glycine. Total ion (a) and UV/Vis signal
(300-600 nm) (b) as a function of retention time. The ESI spectra
corresponding to elution at 10.2 min (c¢) and 37.1 min (d) are
considerably simpler than the direct-injection ESI spectrum of the
aged SOA sample.

with organosulfates and organonitrates in water-soluble organic
fractions of atmospheric aerosols. They found that lignin-like
and lipid-like compounds constitute a significant fraction of
ambient aerosol collected in the areas of studies. In addition, a
small fraction of WSOC compounds was classified as black
carbon (BC) based on the high DBE values. Schmitt-Kopplin
et al.® identified N- and S-containing organic compounds in
rural aerosol samples dominated by SOA but also affected by
local anthropogenic and biomass burning activities. Most recent
studies reported detailed characterization of WSON compounds
characteristic of BBA samples,”***? including those relevant to
burning of biomass collected at military ranges.”® The latter
study reported detailed ESI/HR-MS characterization of BBA
emissions from laboratory controlled burns of biomass
representative of vegetation in selected U.S. military bases.
The results indicated that water soluble nitrogen- and metal-
containing organic compounds are ubiquitous in the BBA
samples, including those with transition metals such as Cr,
Mn, Fe, Ni, Cu, and Zn. It has been concluded that biomass
can accumulate metal-containing species and reemit these
metals through biomass burning.

4. Future directions

As illustrated above,
comprehensive chemical

HR-MS is a unique tool for
characterization of individual

molecules in ambient aerosol. In the next few years, we are
likely to see both further development of HR-MS capabilities
and integration of HR-MS with other methods for OA
analysis. The following discussion is not intended to convey
a comprehensive review of all possible future directions, but
rather embraces ongoing efforts in the authors’ groups focused
on the development and applications of HR-MS approaches
for fundamental studies of organic aerosol chemistry.

Coupling of HR-MS to separation techniques

The above discussion focused on applications of HR-MS
methods that rely on direct infusion of analytes. While
such methods provide useful information on the overall
composition of OA, they do not always make it possible to
focus on OA constituents with specific physical or chemical
properties. In addition, direct HR-MS methods cannot readily
distinguish structural and stereo isomers, which have the same
molecular weights and similar MS/MS spectra. Coupling HR-
MS with liquid chromatography (LC) may help overcome
these limitations. For increased specificity, the LC-separated
OA compounds may be simultaneously analyzed using
additional detectors, such as a UV/Vis absorption or
fluorescence detector, before the HR-MS analysis.

LC-UV/Vis-HR-MS is especially attractive for characteriza-
tion of light-absorbing compounds in aerosols. Instead of
analyzing the full mass spectrum one can focus on a subset
of compounds that absorb at specific wavelengths. As a
proof of principle, we have applied this method to brown
limonene SOA aged by reduced nitrogen compounds. Fig. 9
demonstrates that the light-absorbing compounds can be
successfully separated on a CI18 reverse-phase LC column
and detected with a UV/Vis detector. Each peak in the
UV/Vis chromatogram corresponds to a unique mass
spectrum. The mass spectra corresponding to the elution of
the colored compounds are still complex suggesting incomplete
LC separation. However, they contain 1-2 orders of
magnitude fewer peaks (~ 10 peaks) than mass spectra of the
whole sample (10°-10* peaks), which significantly simplifies
the assignment of the chromophores. We are currently in
the process of developing tools for processing the LC-UV/
Vis-HR-MS data, and applying this method to both laboratory
and field samples of brown aerosols.

Advancing applications of HR-MS analysis in field studies

Understanding fundamental chemistry of atmospheric
aerosols relies on integration of molecular-level insights and
measurements obtained by multiple field and laboratory
methods.>*!¥ Because of the unique HR-MS capabilities
highlighted throughout this manuscript, the demands on the
HR-MS measurements will likely increase in future studies of
aerosol chemistry. However, field deployment of FT-ICR and
LTQ/Orbitrap instruments is not currently possible because of
their large size, heavy weight, and substantial power
requirements. Their common use in laboratory studies by
broad community of aerosol researches is also hindered by
their high cost and typically limited availability of instrument
time managed by user facilities. Consequently, all HR-MS
studies of OA and cloud/fog samples rely on appropriate
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methods of sample collection and pre-analysis storage. Most of
the studies listed in Table 1 utilized time- and size-integrated
samples collected over extended periods of time. Application
and automated time-resolved sampling
approaches will be practical in future laboratory and field
studies focused on capturing variations in aerosol composition
for specific events of interest, i.e., aerosol photochemistry upon
UV irradiation from aerosol chambers, field sampling during
traffic rush hours, sampling from moving platforms etc.
For instance, particle-into-liquid sampler (PILS)!'® enables
continuous, time-resolved aqueous extraction and collection of
aerosol WSOC constituents into a set of vials, which can be
directly analyzed by the ESI/HR-MS methods.*® The modified
three-stage rotating drum impactor may be used to collect
intermittent time-resolved samples of OA onto Teflon strips.®
OA samples with better size resolution may be collected using
multi-stage cascade impactors.>

The time necessary for sample collection is determined
by the sensitivity of the specific analytical technique
considered for later sample introduction and ionization.
In this regard, nano-DESI approach poses an exceptional
promise for sensitive analysis of very small aerosol samples.
We demonstrated that this approach can be routinely used
to provide high-quality HR-MS data using less than 10 ng
of OA material.* Assuming, ambient OA concentration of
1 pg m—> typical for unpolluted environments, sampling of
10 L of air is sufficient for obtaining a good-quality nano-DESI
MS spectrum. A time resolved aerosol collector'*® that
deposits sequential aerosol samples, each over a sampling
area of ~1 mm in diameter, can provide a set of samples
perfectly suitable for nano-DESI analysis, collected with the
time resolution better than 10 min between two consecutive
samples.

Further development of atmospheric pressure desorption
ionization techniques is required for high-throughput analysis
of OA samples collected on substrates. These studies should
address a number of challenges in OA analysis including poor
ionization of non-polar compounds, ionization of chemically
labile oligomeric species without fragmentation, formation of
cluster ions that interfere with the analysis of oligomers. In
addition, technical advances in the development of automated
loading and analysis approaches are necessary for high
throughput applications and the analysis of time-resolved
aerosol samples.

Future work is needed for the development and application
of novel HR-MS analysis approaches coupled directly to
sampling devices. These types of techniques, wherever they
are practical, will eliminate possible issues of sample storage,
and also will provide unique tools for kinetics and reaction
mechanism studies of aerosol and cloud droplet chemistry. An
innovative set of experiments was carried out by Perri ez al.>%*
using a low resolution ESI-MS analysis of samples
continuously withdrawn from a reaction vessel containing
aqueous solution of organic molecules relevant to SOA
formation through cloud and fog chemistry. Elucidation of
the identities and yields of aqueous-phase SOA products
reported in such studies will be greatly improved if coupled
to HR-MS instrumentation, especially if it is also assisted with
an LC separation stage. In situ HR-MS analysis of ambient

of size-selective,

aerosols is another challenging task. A promising method of
crossed nano-ESI and focused aerosol sprays has been recently
utilized for quantitative analysis of acrosolized drugs.'*!

Specific analyte modification coupled with HR-MS analysis

Addition of reagents to the spray solvent for targeted detection
and ionization of selected analyte molecules, may be used as a
tool for improved characterization of functional groups in OA
samples. Reactive DESI-MS experiments have been used for
analysis of biomolecules, explosives, and in forensics
applications,®”'** but have not been widely employed by the
aerosol chemistry community yet. Limited studies focused on
reactive ESI-MS detection of aldehydes in SOA samples
using Girard Reagent P'** and methanol.*! Fig. 10 shows
characteristic fragments of positive ion mode mass spectra of
d-limonene SOA reacted with methanol, and d;-methanol
solvents. Substantial differences between mass spectra of the
same SOA sample extracted into methanol and d;-methanol
indicate addition of methanol to SOA compounds containing
an aldehyde group. Specifically, the peak at m/z 191.1043
corresponds to a limononaldehyde SOA product,*®! which
upon reaction with methanol and ds;-methanol yields
hemiacetal products observed at m/z 223.1305 (panel a), and
at m/z 226.1494 (panel b), respectively. Similar reactions were
also reported for other SOA constituents containing carbonyl
and carboxyl groups. Acetal formation and esterification
reactions were used to estimate the relative fractions of
carbonyl (>42%) and carboxylic acid (>55%) groups
characteristic of the d-limonene SOA. Analogous applications
of other reagents for reactive HR-MS analysis may greatly
enhance our knowledge of the chemical composition of OA,
with potential to describe functional groups and also
estimate their chemical reactivity relevant to the atmospheric
environment.
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Fig. 10 Aldehyde constituents of SOA partially convert into
hemiacetals as a result of their reaction with methanol solvent during
ESI-MS analysis.>!
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Improving quantitative capabilities of HR-MS methods

Quantification of concentrations of analytes in complex
mixtures based on the abundance of ions in mass spectra
obtained using soft ionization techniques is challenging.
Signal suppression resulting from matrix effects, significant
variation in ionization efficiencies of different classes of
compounds, and dependence of signal response on the
presence of surfactant molecules are the major factors
affecting absolute and relative abundances of ions.®
However, a number of successful quantitative applications of
ESI and DESI have been reported over the last few years. Oss
et al. "** developed a scale of ESI ionization efficiency using
more than 60 standard compounds with different organic
group functionalities under typical experimental conditions
of ESI-MS analysis. The scale ranged over nearly six orders
of magnitude, and was reasonably modeled by an empirical
expression with only two critical parameters: pK, and
molecular volume of analyte molecules. Quantitative aspects
of DESI-MS analysis have been also discussed in the
literature,'*>'#% including quantitative analysis of selected
individual compounds in ambient OA samples.”®10%147
Nevertheless, because of the complexity and wide variety of
individual OA constituents, development of robust and
reproducible methods for quantitative analysis of OA using
ESI, DESI and related ionization approaches requires
additional analysis and validation work.

Development of methods for HR-MS data interpretation

There is need for improved software tools for the HR-MS data
analysis and interpretation, such as those being developed by
the National High Magnetic Field Laboratory at Florida State
University and by the Department of Energy’s Biological
MS Data and Software Distribution Center at the Pacific
Northwest National Laboratory (PNNL). For example,
VIPER (Visual Inspection of Peak/Elution Relationships)
makes it possible to visualize large sets of LC-HR-MS data,
Decon2LS and ICR2LS serve as powerful HR-MS peak
detector tools, and Molecular Formula Calculator converts
observed ionic masses into formulae while observing valence
constraints. Notable examples of algorithm development for
identification of molecular building blocks for natural organic
matter samples include total mass difference statistics
analysis'*® and C, H, O-compositional space analysis.'*

There is also need to develop tools for prediction of high-
resolution mass spectra from chemical principles. Although
reliable predication of relative abundances of different
compounds in OA would require prohibitively complicated
chemical kinetics models, the occurrence of these compounds
in OA may be predicted using a judiciously chosen set of
chemical reactions and starting compounds. For example,
we were able to match a significant fraction of
observed monomers in the limonene SOA mass spectrum
with a model that included known chemistry of carbonyl
oxides, alkylperoxy, and alkoxy radicals.>*® We envision
that in the future, standard atmospheric chemistry and
organic chemistry mechanisms will be used to predict OA
composition using chemoinformatics tools developed by
combinatorial chemists (e.g., ref. 150 and 151).

Complementary applications of HR-MS and other analytical
techniques for aerosol analysis

Detailed understanding of the complex chemistry of organic
aerosols and their environmental impacts is a challenging task
because no single method of analytical chemistry is capable of
providing the full range of needed information. While HR-MS
approaches discussed in this review can provide detailed
information on the molecular content of OA, these methods
use bulk particle samples and provide no knowledge of
the individual particle composition. In contrast, electron
microscopy and micro-spectroscopy'>>!> visualize individual
organic particles and their internal structures; however, they
largely exclude molecular-level information, and are limited to
elemental and chemical bonding characterization. Therefore,
application of complementary analytical methods for OA
analysis is necessary for comprehensive characterization of
aerosol properties ranging from bulk molecular composition
of complex OA mixtures to microscopy level details of
individual particles. Combined assessment of the results
provided by different analytical chemistry techniques will
bring chemical analysis of OA to an unprecedented level of
sophistication that will advance fundamental understanding of
aerosol atmospheric chemistry.

Glossary of the acronyms used in the manuscript

APCI atmospheric pressure chemical ionization
APPI atmospheric pressure photo ionization
ASAP atmospheric solid analysis probe

BBA biomass burning aerosol(s)

CID collision induced dissociation

DOM dissolved organic matter

DAPCI desorption atmospheric pressure chemical
ionization

DART direct analysis in real time

DESI desorption electrospray ionization

ELDI electrospray-assisted laser desorption and
ionization

ESI electrospray ionization

FT-ICR MS Fourier-transform ion cyclotron resonance
(mass spectrometry)

GC-MS gas chromatography—mass spectrometry

High-MW high molecular weight (compounds)

HR-MS high resolution mass spectrometry

HULIS humic like substances

KM Kendrick mass

KMD Kendrick mass defect

LC liquid chromatography

LTQ/Orbitrap (hybrid) linear trap quadrupole-Orbitrap
(mass spectrometer)

MALDI matrix assisted laser desorption ionization

MS/MS, MS" tandem mass spectrometry

nano-DESI  nanospray desorption electrospray ionization
NM nominal mass

OA organic aerosol(s)

PILS particle into liquid sampler

POA primary organic aerosol(s)

PPD ponderosa pine duff
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PPNS ponderosa pine needles and sticks

QTOF (hybrid) quadrupole-time of flight (mass
spectrometer)

DBE (ring and) double bond equivalent

SOA secondary organic aerosol(s)

SPN southern pine needles

TOF time of flight

UV/Vis ultraviolet—visible (spectrometer)

VK van Krevelen (diagram)

vVOC volatile organic compound(s)

WSOC water soluble organic carbon

WSON water soluble organic nitrogen
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