Received: 17 February 2021

Revised: 18 April 2021

M) Check for updates

Accepted: 20 April 2021

DOI: 10.1002/rcm.9113

RESEARCH ARTICLE

g Capaehunications n Wl LEY

Nass Spectrometry

The maximum carbonyl ratio (MCR) as a new index for the
structural classification of secondary organic aerosol

components

Yun Zhang! ©® | Kai Wang?

Thorsten Hoffmann?

Department of Chemistry, Johannes
Gutenberg University, Mainz, 55128, Germany

2Key Laboratory of Plant-Soil Interactions of
MOE, College of Resources and Environmental
Sciences, National Academy of Agriculture
Green Development, China Agricultural
University, Beijing, 100193, China

3Department of Civil and Environmental
Engineering, The Hong Kong Polytechnic
University, Kowloon, Hong Kong, China

“4State Key Laboratory of Loess and
Quaternary Geology, Key Laboratory of
Aerosol Chemistry and Physics, Institute of
Earth Environment, Chinese Academy of
Sciences, Xi'an, 710061, China

Correspondence

T. Hoffmann, Department of Chemistry,
Johannes Gutenberg University, 55128 Mainz,
Germany.

Email: t.hoffmann@uni-mainz.de

Funding information

German Federal Ministry of Education and
Research, Grant/Award Number: 01LK1602D;
Deutsche Forschungsgemeinschaft, Grant/
Award Numbers: HO 1748/19-1, HO
1748/20-1; National Natural Science
Foundation of China (NSFC), Grant/Award
Number: 41925015; Max Planck Society

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

| Haijie Tong®® | Ru-Jin Huang*® |

Rationale: Organic aerosols (OA) account for a large fraction of atmospheric fine
particulate matter and thus are affecting climate and public health. Elucidation of the
chemical composition of OA is the key for addressing the role of ambient fine
particles at the atmosphere-biosphere interface and mass spectrometry is the main
method to achieve this goal.

Methods: High-resolution mass spectrometry (HRMS) is on its way to becoming one
of the most prominent analytical techniques, also for the analysis of atmospheric
aerosols. The combination of high mass resolution and accurate mass determination
allows the elemental compositions of numerous compounds to be easily elucidated.
Here a new parameter for the improved classification of OA is introduced - the
maximum carbonyl ratio (MCR) - which is directly derived from the molecular
composition and is particularly suitable for the identification and characterization of
secondary organic aerosols (SOA).

Results: The concept is exemplified by the analysis of ambient OA samples from two
measurement sites (Hyytiald, Finland; Beijing, China) and of laboratory-generated
SOA based on ultrahigh-performance liquid chromatography (UHPLC) coupled to
Orbitrap MS. To interpret the results, MCR-Van Krevelen (VK) diagrams are
generated for the different OA samples and the individual compounds are
categorized into specific areas in the diagrams. The results show that the MCR index
is a valuable parameter for representing atmospheric SOA components in
composition and structure-dependent visualization tools such as VK diagrams.
Conclusions: The MCR index is suggested as a tool for a better characterization of
the sources and the processing of atmospheric OA components based on HRMS
data. Since the MCR contains information on the concentration of highly
electrophilic organic compounds in particulate matter (PM) as well as on the
concentration of organic (hydro)peroxides, the MCR could be a promising metric for

identifying health-related particulate matter parameters by HRMS.

medium, provided the original work is properly cited and is not used for commercial purposes.
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1 | INTRODUCTION

Organic aerosols (OA) account for a large fraction (20-90%) of
submicron particulate mass in the atmosphere with consequences
for climate and public health.}”> Atmospheric OA, including primary
organic aerosol particles emitted directly from sources and
secondary organic aerosol (SOA) formed by oxidation of precursors
in the atmosphere, originate from a wide variety of biogenic
(e.g., terrestrial vegetation) and anthropogenic (e.g., biomass burning
and fossil fuel combustion) sources.® Due to their diverse sources,
various formation pathways and complex multiphase aging
processes, the OA fraction is composed of thousands of different
compounds, which contain various functional groups including
hydroxyl, hydroperoxide, carbonyl and carboxyl groups, but also
sulfur- and nitrogen-containing functional groups (organic nitrates
and sulfates). The vast number of individual compounds results in a
wide range of physical, chemical and toxicological properties and
complicates the OA characterization; this complexity in combination
with sophisticated mass spectrometric instrumentation also offers
the possibility to decipher OA sources, formation pathways and the
fate of OA in the atmosphere.” 3 Thus, it is essential to develop
highly efficient analytical techniques to gather detailed, compound-
specific chemical information.

In the last decade, analytical methods based on high-resolution
mass spectrometry (HRMS), such as Fourier transform ion cyclotron
(FTICR) and Orbitrap MS, in combination with soft ionization
techniques, including atmospheric pressure chemical ionization (APCI)
and electrospray ionization (ESI), have been successfully applied to
OA research.”?**"17 HRMS benefits from two outstanding features,
high mass spectrometric resolution (>40,000) and high mass accuracy
(<5 ppm). As a consequence, HRMS allows the assignment of unique
elemental compositions and enables the calculation of the molecular
formulae for the analytes of interest even in highly complex samples,
often hundreds or thousands of compounds. However, accompanying
the complexity and size of the datasets, new needs and challenges
arise concerning the interpretation and visualization of the HRMS
results. Consequently, visualization tools like van Krevelen
(VK) diagrams,*®2° Kendrick mass defect (KMD) analysis?'?? and
carbon oxidation state (OSc)'*° plots were developed. Most often VK
diagrams are applied, which place every assigned unique chemical
formula on a two-dimensional (2D) scatterplot of H/C ratio versus
O/C ratio, to sort and group the organic compounds identified by the
HR mass spectra.

One obvious chemical feature which directly results from the
elemental composition of the analytes is their degree of unsaturation
(DU) or double-bond equivalents (DBE). The DBE represents the
sum of the number of double bonds and rings in a molecule and is a
well-established and helpful tool in mass spectrometry.?324
However, a limitation of this metric is that the DBE cannot
distinguish C-C double bonds from C-O/C-S double bonds when
divalent atoms (e.g., O and S) are present in the molecules. By
definition of the DBE the divalent oxygen does not influence the

DBE value, although obviously oxygen can also contribute to double

bonds of organic molecules. Therefore, aiming towards a better
structural characterization of complex organic mixtures, the
aromaticity index (Al)?®> and the aromaticity equivalent (Xc)?>* have
been introduced in recent years. The advantage of the Al and the Xc
over the simple use of the DBE is that they also consider
heteroatoms (O, S, and N) as contributors to the DU and that they
define threshold values to quantify the aromaticity of the organic
molecules. As a consequence, parameters such as the Al or Xc are
beneficial for the characterization of aromatic/condensed aromatic
compounds. However, for the characterization of chemical structures
of typical ambient SOA compounds, the Al or the Xc is less
appropriate. First of all, the majority of typical SOA components
rarely contain aromatic structures, since the main gaseous SOA
precursors are non-aromatic compounds.> Moreover, even when
aromatic volatile organic compounds (VOCs) serve as SOA
precursors, which can be expected in mostly anthropogenically
influenced areas, their aromaticity is frequently lost during the initial
oxidation steps, i.e., due to the dominant OH addition to the
aromatic ring followed by rapid further oxidation steps.?® Actually,
also other structural elements influencing the DBE of SOA precursor
molecules, such as C-C multiple bonds or carbon ring structures, are
prone to be lost in the process of SOA formation. This is especially
true for C-C double bounds, which represent the main chemical
feature of biogenic VOCs (e.g, isoprene, monoterpenes,
sesquiterpenes), which in turn are the most important SOA
precursors on the global scale. The double bonds are preferentially
attacked by atmospheric oxidants (ozone, OH and nitrate radicals)
and hence tend to disappear prior to the gas-to-particle conversion
of the products. Less obvious, but with similar behavior are cyclic
compounds, for which ring-opening pathways yield especially low-
volatility oxidation products that finally make a notable contribution
to the particle phase. Therefore, in the process of SOA formation
most structural elements (C=C and rings) which usually contribute to
a carbon-related degree of unsaturation in organic matter disappear
and are replaced by unsaturation connected with the introduced
oxygen-containing functionalities.

In principle, SOA components contain oxygen atoms in the form
of hydroxyl (OH), hydroperoxide (OOH) or peroxide (-OO-), carbonyl
(C=0), carboxyl (COOH) and epoxide groups.r” Obviously, the
carbonyl group (C=0), in the form of an aldehyde, ketone or carboxyl
group, as well as the epoxide group can contribute to the DU. In
contrast, in the absence of unsaturation of a specific SOA compound
(oxygen is always present in SOA), alcohol or peroxide functionalities
must be present. In the context of SOA chemistry especially the latter
functionality has created pronounced scientific interest, since highly
oxidized multifunctional organic compounds (HOMs) are supposed to
be multifunctional hydroperoxides formed via autooxidation.?” Due
to their low vapor pressure, HOMs are able to contribute to the
formation of new particles in the atmosphere and thus, via their
function as cloud condensation nuclei, ultimately have a major impact
on the atmospheric radiation balance.?® However, peroxide
functionalities may also play an important role in health-related

effects of SOA, since organic (hydro)peroxides are thought to
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contribute to the formation of reactive oxygen species (ROS) by
transporting oxidants on/in particles into the respiratory system.??-%°

It is noteworthy to point out that the DU as discussed above
results in distinct chemical properties. For example, both carbonyls
and epoxides possess a high electrophilic reactivity. The polarized
double bond in carbonyls and even more pronounced the three-
membered ring in epoxides induce a high reactivity towards
nucleophilic addition reactions. This reactivity enables the formation
of covalent bonds between the electrophile (carbonyl/epoxide
carbon) and a nucleophilic partner molecule (alcohols, other carbonyls,
amines). On the one hand this reactivity is directly relevant for
atmospheric heterogeneous/multiphase chemistry and the formation
of higher molecular weight compounds in SOA. In other words, higher
concentrations of carbonyls/epoxides cause a higher potential for
condensed-phase chemistry and the formation of oligomers by
homogeneous aging.3' In contrast, low carbonyl/epoxide content
together with the presence of high molecular weight compounds
could indicate that condensed-phase chemistry already happened
(homogeneously aged SOA). On the other hand, and probably
diagnostically more valuable, is the high electrophilic reactivity of the
oxygen-related DU, a chemical feature that determines
the biochemical behavior towards bioactive sites. The majority of
biological macromolecules (nucleic acids, proteins) are nucleophilic.
For example, in proteins, accessible thiol and primary amino groups
constitute strongly nucleophilic centers. Chemical modification of
these nucleophilic sites often alters or decreases protein function,
resulting in cytotoxicity.>2 Therefore, a measure of the presence of
carbonyls/epoxides in aerosol particles might assist in the prediction
of electrophilic stress induced by airborne particle-bound chemicals.
Otherwise, oxygen-rich organics in SOA with no or a low contribution
of carbonyl/epoxide functionalities suggests that the oxygen is
present in the peroxide form, potentially increasing in this case
oxidative stress and causing disruptions in normal mechanisms of
cellular signaling leading to many pathophysiological conditions. Since
the awareness of health effects of particulate matter is increasing,
knowledge about the potential carbonyl/epoxide contribution or its
absence could help to understand physiological impacts of
atmospheric particulate matter.3®

For the above-mentioned reasons, we suggest a new metric - the
maximum carbonyl ratio (MCR) - which describes the maximal
contribution of carbonyl/epoxide functionalities in individual
molecules composing organic aerosols, that can be directly derived
from HRMS datasets. It should be clearly noted here that the
proposed MCR is meant as a metric for the interpretation of mass
spectrometry datasets in which hundreds to thousands of compounds
are identified. Similar to other metrics that have been successfully
used in the interpretation of HRMS data (e.g., DBE, Al), a calculated
MCR value of a single molecular formula is not unequivocal evidence
of the presence of carbonyl functionalities. Applied to a variety of
compounds, however, the presented metric can be useful to visualize
and interpret results on the chemical composition of complex,
oxygen-rich multifunctional mixtures such as atmospheric SOA.

Actually, based on the discussion above the suggested metric should

3
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be named ‘maximum carbonyl/epoxide ratio’. However, it is generally

34,35 and

assumed that the contribution of epoxides to SOA is low
therefore most of the DU introduced by oxygen functionalities in
connection with SOA formation can be expected to result from
carbonyl groups. Consequently, from now on just the terms
‘carbonyls’ or ‘carbonyl ratio’ are used for convenience instead of
‘carbonyl/epoxide” when we refer to the DU by oxygen
functionalities. Nevertheless, atmospheric chemical interest in epoxy
chemistry has recently increased considerably, especially in
connection with isoprene chemistry and the formation of
organosulfates.3¢%” But also the very high electrophilicity of epoxides,
and thus their high toxic potency, means that the contribution of
epoxides to the MCR value should not be ignored. The purpose
of this paper is to introduce MCR as a new metric for the analysis of
HRMS data and to present it in combination with Van Krevelen
diagrams as a visualization tool (MCR-VK diagrams) to achieve a
better categorization of complex ambient OA samples. The validation
and applicability of the MCR-VK diagram are tested by applying the
concept to selected samples of ambient organic aerosols and a few

samples from laboratory-generated SOA.

2 | MATERIALS AND METHODS

21 | Laboratory SOA generation and collection
SOA was formed from the ozonolysis and photooxidation of
selected VOCs without the addition of seed aerosol in a 7 L
quartz flow tube.®® Ozonolysis was performed by mixing a-pinene
in the flow tube with ozone. The concentrations of the SOA
precursor were adjusted in the range between 400 and 700 ppb
and the Os concentrations were between 980 and 1100 ppb.
Isoprene SOA was generated in a 33 L smog chamber through gas-
phase photooxidation of the SOA precursor. The isoprene
concentration was adjusted in the range between 300 and 500 ppb
and the concentration of OH radicals during the experiments was
estimated to be ~5.2 x 10?1 ecm™3. A Scanning Mobility Particle
Sizer (SMPS; GRIMM Aerosol Technik GmbH & Co. KG, Ainring,
Germany) was used to measure the number and size distribution
of the formed SOA particles. SOA was collected on 47 mm
Omnipore Teflon filters (100 nm pore size; Merck Chemicals
GmbH, Darmstadt, Germany).

2.2 | Ambient PM sampling

The 24-h integrated PM samples were collected at the SMEAR I
station in Hyytiala, a boreal forest monitoring station in Finland, and
at a central urban site in Beijing” (China). A three-stage Dekati PM10
impactor (Pallflex Tissuquartz 2500QAT-UP) was used for the boreal
forest samples collected from 17-19 July 2017. The sampling flow
rate through the sampler was set to 35 L min~%. The fine particle

mode (<1 um) was collected on Teflon filters (PALL, 47 mm diameter).
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The samples from Beijing were collected from January 7 to 9, 2014,
on prebaked quartz fiber filters (8 x 10 in) using a large volume
sampler (Tisch, Cleveland, OH, USA) at a flow rate of 1050 L min~%.

All filters were stored in glass vials at —20°C or —80°C until analysis.

2.3 | Sample preparation and HRMS analysis

The analysis of the filter samples was carried out at the Johannes
Gutenberg-University in Mainz, Germany. Parts of the filters were
extracted twice with 1.5 mL methanol in an ultrasonic bath for
30 min. After insoluble particles had been removed by a 0.2 pm
Teflon filter, the extracts were evaporated to dryness under a gentle
nitrogen stream. Finally, the extracts were dissolved with a variable
volume of an acetonitrile/water mixture (1:9, v/v) to adjust the
particle mass concentration between 150 and 400 pg/mL.

The filter extract solution was then analyzed by an ultrahigh-
performance liquid chromatography (UHPLC) system (Dionex
UltiMate 3000; Thermo Scientific, Germany) coupled to a Q Exactive
Hybride-Quadrupole-Orbitrap mass spectrometer (Thermo Scientific,
Germany) (UHPLC/Orbitrap MS). The detailed description of the
UHPLC/Orbitrap MS method can be found in our previous study.” In
brief, analytes were separated using a Hypersil Gold C18 column
(50 x 2.0 mm, 1.9 um particle size; Thermo Scientific, Germany) with
the mobile phase consisting of (A) ultrapure water with 2%
acetonitrile and 0.04% formic acid and (B) acetonitrile with
2% ultrapure water. The gradient elution was performed by the A/B
mixture at a total flow rate of 500 pL/min as follows: 0-1.5 min 2% B,
1.5-2.5 min from 2% to 20% B, 2.5-5.5 min 20% B, 5.5-6.5 min from
20% to 30% B, 6.5-7.5 min from 30% to 50% B, 7.5-8.5 min
from 50% to 98% B, 8.5-11.0 min 98% B, 11.0-11.05 min from 98%
to 2% B, 11.05-11.1 min 2% B. The Q Exactive Orbitrap mass
spectrometer was equipped with a heated ESI source at 120°C, using
a spray voltage of —3.3 kV for the negative ion mode. The mass
resolution power was 70,000 at m/z 200 and the mass scanning range
was set to m/z 80-500.

24 | Dataprocessing

The data obtained from UHPLC/Orbitrap MS were analyzed by an
open-source software for mass spectrometry data processing with the
main focus on LC/MS data (MZmine 2.37). The detailed processing
steps and parameters in the software are shown in the supporting
information. The output of MZmine data includes m/z ratios,
formulas, retention times and peak areas of detected organic
compounds. Molecular formulas were expressed as CcHpOoNRSs,
where the subscript characters ¢, 1, o, N and s correspond to the
numbers of carbon, hydrogen, oxygen, nitrogen and sulfur atoms in
the molecular formula. To remove chemically unreasonable formulae,
identified assignments were constrained by setting H/C, O/C, N/C
and S/C ratios in the ranges of 0.3-3, 0-3, 0-1.3 and 0-0.8,
respectively.”

3 | RESULTS AND DISCUSSION

3.1 | Definition of maximum carbonyl ratio (MCR)

It is recognized that the structral characteristics of organic
molecules in aerosols are essential for the evaluation of their
behavior and their environmental interactions, i.e., chemical
reactivity, vapor pressure, interaction with water or biological
activity. A central metric, which can be directly calculated from the
elemental composition, is the number of double bonds in a molecule
(double-bond equivalent (DBE) also named degree of unsaturation
(DU)). The DBE is calculated assuming that all atoms obey the octet
rule (except for hydrogen) and that the DU is caused by covalent
bonds between carbons. For CcHyOoNnSs compounds the DBE can

than be expressed as:

DBE=1+C—0.5H+0.5N (1)

Based on this definition, the DBE describes the number of C-C
multiple bonds plus rings in a molecule and is a well-established
metric to assess the DU of molecules obtained by mass spectrometry.
By its definition the DBE is thus independent of the number of O and
S atoms, which results in a potential overestimation of the number of
C-C double/triple bonds in O/S-containing molecules. Therefore, the
aromaticity index (Al) and the aromaticity equivalent (Xc) were

introduced, which also consider the influence of O and S on the DU:

_ DBE(Al) 1+C—0-5—-0.5(N+H)

A=—can — C-0-5-N 2)
(for CcHyOoNNSs compounds?®)
v (C=mO)~[(H-N)-(C-mO)] -

DBE—-mO

(for CcHyOoNy compounds; m is the fraction of oxygen atoms
involved in n-bond structure of the compound?#)

The Al reflects the C-C double-bond density in a molecule
including the possibility that heteroatoms can also form double bonds;
the Xc further refines this concept by making it independent from the
degree of alkylation. In principle, both indices are minimum criteria for
the presence of aromatics and condensed aromatics in the sample
material by correcting the DBE assuming contributions from
heteroatom =n-bond structures, such as C=0- or S=O-containing
functionalities. Both parameters are succesfully used for the
characterization of natural organic matter or mineral oils and have
been proved to represent a step towards structural identificaiton of
complex organic mixtures. The concept presented here follows a
similar approach, but now by estimating a maximum criterion for the
presence of carbonyl functionalities. This is done first for pure CHO
compounds, often the largest group of organic compounds in
atmospheric aerosol particles. A simple distinction of the cases is the

basis for the MCR definition. When the number of oxygen atoms O in
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a CcHyOo compound is larger or equals the DBE of this compound
(O = DBE), then the MCR is calculated as:

DBE
MCR==5~ (4)

Or, in other words, it is assumed that in case unsaturation is observed,
all oxygen atoms contribute to it (i.e., the molecule's unsaturation is
only contributed by O atoms by forming the carbonyl group and all
O atoms are part of a C=0 functionality). For example, for C,H,0,
(DBE = 2), the MCR is 1 (e.g., glyoxal), for C,H40, (DBE = 1) the
MCR is 0.5 (e.g., glycolaldehyde) and for C,H4O, (DBE = 0) the MCR
is zero (e.g., glycol). If the number of oxygen atoms in the molecule is
smaller than its DBE value (O < DBE), then the MCR is considered to
equal 1 (i.e. all oxygen atoms contribute to the DBE), again the
maximum criteria for the presence of carbonyl functionalities. In this
case all of the oxygen atoms are assumed in the form of a carbonyl
group (e.g., aldehydes or ketones). Thus, the MCR is a metric to
predict the possible maximum of carbonyl groups in the molecules.

3.2 | MCR-VK diagram

Motivated by the capabilities of HRMS in combination with soft
ionization techniques to observe protonated or deprotonated
molecules and directly assign thousands of elemental compositions, a
useful concept was recently introduced which is named the
“compositional space of molecules”.* It represents the isomer-
filtered complement of the entire space of molecular structures based
on a given elemental composition, e.g., CcHyOp. The compositional
space is defined by the laws of chemical binding and is typically
restricted to a certain mass range. This concept was also used here to
relate the variety of observed organic aerosol components to all

possible CHO compounds within the framework of VK diagrams.

H/C-ratio

FIGURE 1 MCR-VK diagram of all
possible CHO subgroups with up to

15 carbon numbers. The different colors
indicate the value of the maximum
carbonyl ratio (MCR). The dashed lines (A,

3
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Consequently, an artificial dataset was constructed which comprises
all theoretical CcH{Oo molecular formulae for CHO compounds with
up to 15 carbon atoms. To further explore the resulting chemical
space the MCR values of all individual compound were calculated as
described above.

In Figure 1, the dots represent the C,H,O-compositional space of
molecules within the molecular H/C range between 0-2.5 and O/C
range between 0 and 1.2. The different gray scale colors relate to
defined MCR ranges based on the theoretically possible
functionalities of the underlying chemical components. The white
dots represent all compounds in the MCR range between 0 and 0.2
and include compounds without any carbonyl functionality
(MCR = 0), i.e., completely saturated compounds, up to compounds in
which 20% of the oxygen atoms can be present in a carbonyl
functionality. Aiming on a practical categorization system we
introduce three threshold lines (A, B, C; see Figure 1). Compounds
between lines A and B possess MCR values in the range 0.2-0.5,
compounds between lines B and C have MCR values in the range
0.5-0.9, and compounds below line C have values in the range 0.9-
1.0. This means that, for example, compounds located above line A
either contain no carbonyl functionalilties or a maximum of 20% of
the oxygen atoms can be carbonyl oxygen (C=0), the majority (80-
100%) of the oxygens within these compounds has to be single-
bound hydroxyl (R-OH), hydroperoxy (R-OOH), ether (R-O-R) or
peroxy oxygen (R-OO-R). In contrast, in compounds appearing below
line C in the VK diagram, 90% of the unsaturation can be present in
the form of carbonylic oxygen. As in the case of Al and Xc, one
cannot read a certain chemical functionality from the position of a dot
(e.g., number of carbonyl O or number of aromatic rings), the MCR
parameter is simply a limit value consideration to better structure the
VK diagram in a region that is not covered by Al or Xc.

To get an idea about potential candidates contributing to the
different areas in the MCR-VK diagram, lines A, B and C shown in
Figure 1 are also depicted in Figure 2, where selected typical SOA

B and C) represent different boundaries
for a practicable categorization of SOA
CHO compounds

O/C-ratio
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FIGURE 2 MCR-VK diagram of well-known organic marker compounds, which are defined as different colors and shapes according to their

source and functionality. MCR-VK diagram was divided into five areas: | for very highly oxidized organic compounds (VHOOCS), Il for highly
oxidized organic compounds (HOOCs), llI for intermediately oxidized organic compounds (IOOCs), IV for oxidized unsaturated organic
compounds (OUOCs) and V for highly unsaturated organic compounds (HUOCs). As additional information the green dotted lines show the

carbon oxidation state

precursors and SOA compounds are shown.*°~%® The molecular
formulas, structures, DBE values, MCR values and suggested
precursors of the selected marker molecules are listed in Table S1
(supporting information). SOA compounds formed from gas-phase
chemistry are colored in blue, compounds which are known to be
formed from condensed-phase chemistry are represented in purple,
while a selection of marker compounds related to combustion
processes are yellow-colored and a selection of SOA precursors are
colored in grey. The biogenic SOA markers generated from gas-phase
chemistry are further divided based on their origin from isoprene
(light blue), monoterpene (MT, blue) or sesquiterpene (SQT, dark blue)
oxidation. The shape of the data points indicates whether the specific
marker is mainly biogenic (circles), anthropogenic (triangle) or from
mixed sources (square).

Although definitely the data points scatter within the MCR-VK
diagram, a certain structure is visible. Most of the typical SOA
compounds are located in the areas |, Il and Ill, defined by the MCR
as explained above. For example, isoprene particle-phase oxidation
products show up in area |, which generally includes products from
the oxidation of smaller VOCs. Several MT and SQT first-generation
products (e.g., pinic acid) are located in area lll, while higher
generation oxidation products, such as MBTCA or highly
oxygenated organic molecules (HOMs), which are formed by
multiple oxidation steps, are preferentially located in area 11.67771
These observations can be explained by the well-known gas/particle
partitioning behavior of the products: Smaller VOC precursors, such

as the Cs hydrocarbon isoprene, have to undergo multiple oxidation
steps and the introduction of more oxygen-containing functionalities
before the vapor pressure of the products enables them to partition
into the particle phase. Several of the atmospheric gas-phase
oxidation mechanisms not only introduce oxygen (shifting the
molecules to the right along the x-axis in the VK diagram) and use
up unsaturation of C-C double bonds or cyclic structures, but also
introduce hydrogen (reaction with HO,, hydrolysis), shifting the
products up in the VK diagram. However, when the SOA precursor
is a larger VOC, exemplified here by MT- or SQT-derived SOA, the
products will partition into the particle phase much earlier, i.e., not
necessarily have to undergo multiple oxidation steps before they
enter the particle phase. Nevertheless, a certain degree of chemical
aging still proceeds, shifting these products from area lll into area
Il. To name the described areas more specifically, we characterize
them as very highly oxidized organic compounds (VHOOCS) (area |),
highly oxidized organic compounds (HOOCs) (area 1) and
intermediately oxidized organic compounds (IOOCs) (area Ill). In
addition, according to the degree of unsaturation and oxygen
content, the MCR-VK diagram in Figure 2 is further differentiated
into the areas IV and V. Within area IV, named oxidized unsaturated
organic compounds (OUOCs), primarily released aromatic OA
components and oxidation products from aromatic VOCs are
located, compounds which still contain aromatic ring structures.
Finally, in area V condensed aromatic structures are showing up,

including polycyclic aromatic hydrocarbons (PAHs) or oxygen-
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containing PAHSs, defined here as highly unsaturated organic
compounds (HUQOCsS). In this region most of the oxygen atoms are
suggested to be present in the form of carbonyl oxygen. These
combustion-related compounds are able to explain the observed
very low H/C ratios. Another group of compounds which might
contribute to area V are products from aqueous phase chemistry,
for example, of phenolic compounds or glyoxal heterogeneous
chemistry.57'72 However, there is no doubt that the MCR value
loses meaningfulness in regions IV and V, but here the use of the
aromatic indices Al and Xc already introduced above helps to
further categorize the CHO compounds localized in these areas (see
also Figure 3).

33 |
samples

MCR-VK diagram application on aerosol

To test the usefulness or limitations of the proposed MCR concept
and MCR-VK diagrams in the analysis of complex atmospheric aerosol
samples, we analyzed the chemical composition of SOA samples from
both laboratory experiments and field measurements. The chemical
composition of the samples was measured by UHPLC combined with
ESI Orbitrap MS as described above.
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The MCR-VK diagrams from samples of laboratory «-pinene and
isoprene SOA, as well as of field samples from Hyytiala and Beijing,
are shown in Figure 3. It should be noted that in Figure 3 only
compounds consisting of carbon, hydrogen and oxygen atoms (CHO
compounds) are presented. The size of the dots in Figure 3 are
logarithmically scaled by the fourth root of the peak area of the
respective CHO compounds and the colors are selected based on
the Xc value (with 0 < Xc < 2.5 (grey), 2.5 < Xc < 2.7143 (purple) and
Xc 2 2.7143 (red), background colors of areas of I-V are the same as
in Figure 2).

Figure 3a shows particle-phase a-pinene SOA composition
depicted in an MCR-VK diagram. The largest fraction (53%) of
a-pinene SOA components is located in area lll, while only a few
compounds show up in area |. This observation indicates that most
SOA products from ozone-oxidation of a-pinene are carbonyl
oxygen-containing compounds with MCR values of 0.5-0.9 and
only a few of them are pure hydroxyl or peroxide oxygen-
containing compounds with MCR values between 0-0.2. Since
these laboratory flow tube experiments allowed only a low level of
further oxidation processes, the aerosol consists mainly of first-
generation oxidation products of the monoterpene. The blue dot in

|73

Figure 3a is taken from a study by Claflin et al’® in which a

combination of derivatization and spectrophotometric methods was
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MCR-VK diagrams of a-pinene ozonolysis SOA (a), isoprene photooxidation SOA (b), Hyytidld OA (c) and Beijing OA (d). The size

of the bubbles indicates the fourth root of the intensity of each compound and the colors correspond to the Xc value. The blue dot in (a) shows
the results of Claflin et al,”® who studied functional group composition of SOA formed from ozonolysis of a-pinene under similar experimental

conditions
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used to quantify peroxide, carbonyl, carboxyl, ester, and hydroxyl
groups to examine the a-pinene/ozone SOA composition, actually
under similar experimental conditions. Although completely
different analytical methods were used and, of course, only one
data point is available on the total composition, the results of
the study by Claflin et al are not only roughly in the center of the
data shown here (they report average O/C an H/C ratios), but the
[carbonyl-O] to [total-O] ratio of 0.56 calculated by Claflin et al
also fits well with the MCR concept as presented here.”®
Figure 3b shows the MCR-VK diagram of SOA products from
isoprene reacted with OH radicals. As can be seen in the figure,
the distribution of products generated from o-pinene and isoprene
to areas |-V are quite different. Isoprene SOA products span over
a considerably larger region of the MCR-VK diagram than the
a-pinene SOA products. Most isoprene SOA products (40%) show
up in area |, clearly demonstrating that these compounds are
VHOOCs with a very low MCR value (0-0.2) and that the majority
of oxygen functionalities are presented in the form of non-
carbonyl groups (e.g., OH and OOH). This observation agrees well
with the fact that large amounts of diols, tetrols and
hydroperoxides were identified in isoprene-derived SOA in
previous studies.”* Figures 3c and 3d show MCR-VK diagrams for
ambient aerosol samples. Figure 3c, which shows the results of the
LC/MS analysis of aerosol field samples from Hyytidla, indicates a
similar aerosol composition as in the case of «-pinene SOA
(Figure 3a). The largest fraction (40%) of the compounds is located
in area lll, followed by areas Il (26%), | (21%), IV (11%) and V (2%).
The observed similarity can be explained by the fact that at this
measurement site monoterpenes are the primary source of SOA
and «-pinene is one of the most important individual
monoterpenes released at this site. Also previous studies have
shown that the photooxidation and ozonolysis of biogenic VOCs
contribute to the major fraction of aerosol components in
Hyytidla.”>~”” However, compared with the laboratory a-pinene
SOA shown in Figure 3a, significantly more particle-phase products
in areas | and Il were observed, indicating that the particles in the
ambient atmosphere experienced more intensive oxidation
processes and oxidative ageing compared with laboratory a-pinene
SOA. Finally, Figure 3d shows the application of an MCR-VK
diagram on the Beijing aerosol samples, certainly a location with
very different atmospheric conditions compared with the boreal
forest station. The majority of Beijing particle-phase compounds
are located in the highly unsaturated and less oxidized region
of the MCR-VK diagram, i.e, areas IV (30%) and V (26%). As
already discussed above, the indication of the presence of OUOCs
(IV) and HUOCs (V), which mostly contain aromatic structures with
low degrees of oxidation, is probably related to combustion
processes.” The numerical comparison yields, 20%, 9% and 15%, of
Beijing aerosol products are located in areas | (VHOOCs), I
(HOOCs) and Il (IOOCs), respectively, indicating that also in
Beijing samples there is a significant contribution from oxidative
processing of SOA components and probably SOA generated by

biomass burning.”7?

4 | CONCLUSIONS

The maximum carbonyl ratio (MCR) is a metric that can be used to
estimate the contribution of carbonyl groups in a molecule. According
to the MCR value, the maximum number of carbonyl groups in
molecules can be quantified. Furthermore, an updated visualization
tool, the MCR-VK diagram, is developed by the combination of the
MCR value and a traditional VK diagram. By locating selected typical
SOA compounds within the MCR-VK diagram, five areas were
defined referring to very highly oxidized organic compounds (area |,
VHOOQOCs), highly oxidized organic compounds (area |, HOOCsS),
intermediately oxidized organic compounds (area lll, IOOCs), oxidized
unsaturated organic compounds (area IV, OUOCs) and highly
unsaturated organic compounds (area V, HUOCs), to better
understand the structural information of SOA compounds in terms of
the carbonyl functional group. The MCR-VK diagram approach was
tested and validated using laboratory-generated SOA from ozonolysis
of a-pinene, photooxidation of isoprene and ambient aerosol samples
collected in Hyytialad (boreal forest) and Beijing (megacity). Distinct
distributions in the MCR-VK diagram were observed in the various
aerosol samples and the comparison between them can improve the
characterization of organic aerosol samples, especially an improved
understanding of SOA sources and formation pathways. In summary,
the use of the MCR concept or the application of MCR-VK diagrams
can help to better understand the sources and the processing of
atmospheric OA components based on HRMS data. As discussed
above, the MCR might also prove useful for the evaluation of health-
related effects of organic aerosols, since the MCR contains
information about the presence of electrophilic particle-bound
multifunctional organics (larger MCR values) or the presence of highly
oxidized non-carbon-containing organics (low MCR values), such as
(hydro)peroxides, inducing oxidative stress in the respiratory system.
Although oxidative and electrophilic stress are linked, the biological
pathways causing the adverse health effects of particulate air
pollution are poorly understood and there is no conclusive evidence
as to which particle properties are causing their toxicity. Chemical
components in the particle phase are likely a key factor, but are
difficult to accurately define. The suggested MCR value, easily
extracted from HRMS data, might be a valuable tool to identify
health-relevant particle parameters, components and sources,
information which is crucial for improved and efficient air pollution
mitigation strategies. In future work, the combination of MCR or
MCR-VK diagrams and other metrics such as Al, Xc and carbon
oxidation states (OSc) could be further used to better understand the

composition, origin, history and effects of complex organic aerosols.
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