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Carbon oxidation state as a metric for describing
the chemistry of atmospheric organic aerosol
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A detailed understanding of the sources, transformations and fates of organic species in the environment is crucial
because of the central roles that they play in human health, biogeochemical cycles and the Earth's climate. However, such
an understanding is hindered by the immense chemical complexity of environmental mixtures of organics; for example,
atmospheric organic aerosol consists of at least thousands of individual compounds, all of which likely evolve chemically
over their atmospheric lifetimes. Here, we demonstrate the utility of describing organic aerosol (and other complex organic
mixtures) in terms of average carbon oxidation state, a quantity that always increases with oxidation, and is readily
measured using state-of-the-art analytical techniques. Field and laboratory measurements of the average carbon oxidation
state, using several such techniques, constrain the chemical properties of the organics and demonstrate that the formation

and evolution of organic aerosol involves simultaneous changes to both carbon oxidation state and carbon number.

several key environmental chemical processes that directly influ-
ence human health and global climate. These include the degra-
dation of pollutants, the production of toxic species such as ozone, and
the formation and evolution of fine particulate matter (aerosols). This
last topic is inextricably linked to the oxidation of atmospheric organ-
ics, because organic aerosol material makes up a substantial fraction
(20-90%) of submicrometre aerosol mass'. A large fraction of
organic particulate matter comprises secondary organic aerosol,
formed from the oxidation of gas-phase organic species>.
Current state-of-the art models have difficulty in predicting the
loadings, spatial and temporal variability, and degree of oxidation
of ambient organic aerosol, indicating a gap in our understanding
of atmospheric oxidation processes. The oxidation mechanisms
for light volatile organic compounds are relatively straightforward,
with the canonical example being conversion of methane into for-
maldehyde, CO and ultimately CO, (ref. 4). However, the oxidation
of larger organics associated with secondary organic aerosol involves
a much larger number of reaction pathways, intermediates and pro-
ducts, the detailed characterization of which is beyond the capabili-
ties of most analytical techniques. This extreme chemical
complexity has prevented the precise measurement and prediction
of the oxidation dynamics associated with the formation and evol-
ution of atmospheric organic aerosol.
In this Article, we describe a new metric for the degree of oxi-
dation of atmospheric organic species, the average carbon oxidation
state (OS.), a quantity that necessarily increases upon oxidation and

| he oxidation of organic species in the atmosphere is central to

is measurable using several modern analytical techniques. The
general concept of average carbon oxidation state has been used pre-
viously in other contexts, such as in soil chemistry for the measure-
ment of ecosystem oxidative ratios®, in botany for the estimation of
growth yields®, in wastewater treatment for the determination of
degradation mechanisms’ and in atmospheric chemistry to describe
individual oxidation products of methane® and a-pinene’. To our
knowledge OS. has not been used to describe the evolving compo-
sition of a complex mixture of organics undergoing dynamic
oxidation processes.

Here we show that OS, when coupled with carbon number (1),
provides a framework for describing the chemistry of organic
species in the atmosphere, and in particular atmospheric organic
aerosol. These two fundamental quantities can be used to constrain
the composition of organic aerosol and, moreover, to uniquely
define key classes of atmospheric reactions, providing insight into
the oxidative evolution of atmospheric organics.

Results

Definition of OS and relationship with n.. The oxidation state of
carbon is defined as the charge a carbon atom would take if it were
to lose all electrons in bonds with more electronegative atoms, but
gain all electrons in bonds with less electronegative atoms. This
quantity will necessarily increase in oxidizing environments such
as the Earth’s atmosphere. The oxidation states of individual
carbon atoms within a molecule, or within a mixture of
molecules, may change differently upon oxidation, but the average
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Figure 1| Possible combinations of average carbon oxidation state (OS.) and number of carbon atoms (n.) for stable organic molecules. Any organic
species can be placed in this two-dimensional space; the locations of key atmospheric organics (and common surrogate species) are shown. The vast
majority of known atmospheric species are reduced (OS¢ < 0), with only the smallest compounds having higher oxidation states. Inset: vectors
corresponding to key classes of reactions of atmospheric organics: functionalization (addition of polar functional groups), fragmentation (cleavage of C-C
bonds) and oligomerization (covalent association of two organic species). The combination of these reaction types leads to complex movement through
OSc-nc space; however, the inevitable increase in OS. with atmospheric oxidation implies that, given enough time, organics will generally move up and to

the right (blue arrows), towards CO..

oxidation state of the carbon (OS;) must increase. Thus the
quantity OS; is an ideal metric for the degree of oxidation of
organic species in the atmosphere, and serves as a key quantity to
describe organic mixtures that are as chemically complex as
organic aerosol.

In the atmosphere, the increase in carbon oxidation state arises
from the formation of bonds between carbon and oxygen (and
other electronegative elements) and/or the breaking of bonds
between carbon and hydrogen (and other electropositive elements).
This influence of both electronegative and electropositive atoms has
important implications for atmospheric oxidation. First, metrics of
oxidation that involve only one of these, such as the oxygen-to-
carbon molar ratio (O/C), may not accurately capture the degree
of oxidation of the organics. For example, the oxidation of an
alcohol to a carbonyl involves no change in O/C; conversely,
O/C may be affected dramatically by non-oxidative processes
such as hydration or dehydration. Second, because the oxidation
state of a carbon atom is not affected by bonds to other carbon
atoms, the number of carbons in a molecule (1) governs the
range of possible values of OS.

Figure 1 shows the possible combinations of OS. and . for
stable organic molecules with a contiguous carbon skeleton, as gov-
erned by chemical valence rules. Also shown are the locations in this
two-dimensional space of organics that are either important in the
atmosphere or are commonly used as surrogates for atmospheric
species. The vast majority of these species are reduced (OS. < 0);
most known compounds with higher average oxidation states are
small, with only 1-3 carbon atoms.

Reactions that govern the chemical transformation of atmos-
pheric organics and the evolution of organic aerosol involve move-
ment in OSc-n. space. The oxidative transformation of
atmospheric organics can occur within a range of chemical
environments, including in the gas phase, at the gas—particle inter-
face or within the bulk organic or aqueous phase; non-oxidative
transformations (such as accretion reactions) may also occur.
These chemistries can all be described in terms of three key
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classes of reactions (Fig. 1, inset): functionalization (the oxidative
addition of polar functional groups to the carbon skeleton),
fragmentation (the oxidative cleavage of C-C bonds) and oligo-
merization (the association of two organic molecules). These reac-
tions are defined uniquely by the changes to OS; and 7 of the
organics, so the OS.-n. space is an ideal conceptual frame-
work to describe the chemical changes that atmospheric organics
undergo upon oxidation. This fundamental chemical nature of
the OSc-nc space distinguishes it from other emerging two-
dimensional treatments of organic aerosol'!2. Such frameworks
are extremely useful for describing or modelling aerosol
based on experimental measurements, but they are based upon
quantities that cannot be related to these general classes of
chemical reactions in a straightforward manner, and so they
provide limited insight into the nature of atmospheric chemical
transformations (see Supplementary Information for a more
detailed discussion).

In OSc-n. space, atmospheric oxidation has an inherent direc-
tionality. Because the carbon oxidation state must increase upon
oxidation, the ultimate end product of the oxidation of organic
species (given enough time) is necessarily CO, (OS;= +4).
Reaching this oxidative end product requires both the addition of
oxygen-containing moieties (increasing OS.), and the breaking of
C-C bonds (decreasing 7). The oxidation of atmospheric organic
species therefore involves an overall movement towards the upper
right of Fig. 1 (blue arrows). Leftwards movement towards larger
carbon numbers (oligomer formation) certainly occurs in many
cases®, but even the high-molecular-weight products of accretion
reactions are susceptible to oxidative degradation!® and ultimately
will form CO,.

Measurements of OS.. A critical strength of OS as a metric of
atmospheric processing of organics, in addition to the fact that it
must increase upon oxidation, is that it can be measured routinely
using state-of-the-art analytical techniques. Carbon oxidation state
is determined by the identity and abundance of non-carbon
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atoms in the organic compound(s):
N n.
OS- = — oS, —+ 1
¢ ZI: ‘ng W

in which the summation is over all non-carbon elements, OS,; is the
oxidation state associated with element i, and n;/ng is the molar
ratio of element i to carbon. Thus the measurement of OS. requires
that all non-carbon elements in the sample be characterized in
terms of their relative abundances and oxidation states.

Atmospheric organics are primarily composed of carbon, hydro-
gen (OS = +1) and reduced oxygen (OS = -2), so equation (1) can
often be simplified to

0S. ~20/C—H/C )

This relation is exact for organics made up of only carbon, hydrogen
and most oxygen-containing functional groups (alcohols, carbonyls,
carboxylic acids, ethers and esters). The presence of peroxide groups
(in which the oxygen atoms have an oxidation state of —1) and het-
eroatoms (which can have a range of oxidation states) introduces
deviations from this relation. These can be corrected by measuring
individual functional groups; however, such moieties generally rep-
resent a minor component of organic aerosol (on a per-carbon
basis), so such errors tend to be small. For example, the independent
determination of O/C and peroxide content!* allows for an accurate
determination of OS; in secondary organic aerosol formed from
isoprene ozonolysis; however, even for such a peroxide-rich
system, equation (2) yields an OS that is within 0.1 of the exact
value from equation (1). Similarly, the measurement of nitrogen-
containing functional groups allows for nitrogen atoms to be expli-
citly included in the determination of OS, although organic nitro-
gen is a sufficiently small fraction of organic particulate matter that
this has a relatively minor effect on calculated OS. (see
Supplementary Information). Nonetheless, in some cases these moi-
eties might be present in relatively high abundances, so their effect
on measured OS,. is an important topic for future research.

Here, we focus on the simplified determination of ﬁc from
equation (2), based on measurements of O/C and H/C only. A
number of analytical techniques can be used to determine elemental
ratios, and therefore OS, of atmospheric particulate matter. These
include combustion analysis (CHNS)!*-17, ultrahigh-resolution
mass spectrometry with electrospray ionization (ESI)"18-21
nuclear magnetic resonance (NMR) spectroscopy??, Fourier trans-
form infrared spectroscopy (FTIR)®, X-ray photoelectron spec-
troscopy (XPS; E. R. Mysak et al., manuscript in preparation) and
high-resolution electron impact aerosol mass spectrometry (HR-
AMS)*-%. Each technique has its own strengths and weaknesses
for characterizing organic aerosol. For example, CHNS analysis is
accurate and universal, but requires large amounts of collected organ-
ics, and oxygen content is usually determined only by subtraction. ESI
can provide exact elemental ratios of individual compounds within a
complex mixture, and requires very little sample volume; however, it
is a selective ionization technique, with response factors that may vary
widely among different species. HR-AMS is a sensitive, online tech-
nique for measuring elemental ratios in real time, but is not as accu-
rate as other techniques, because it requires uncertain empirical
corrections to account for biases during ion fragmentation®.
Because of the uncertainties associated with each technique, it is
useful to examine results from a range of elemental analysis
approaches to obtain an accurate, complete picture of the carbon oxi-
dation state of organic aerosol.

Atmospheric organic aerosol and OS. Table 1 presents compiled
measurements of the mean carbon oxidation state of organic
aerosol, taken from measurements of O/C and H/C using the
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Table 1 | Measurements of OS, of organic aerosol.

0S, Technique Ref.
Ambient organic aerosol
Urban/anthropogenic —16to+01 AMS 24
(Mexico City)
Remote/biogenic —09t0—-02 AMS 29
(Amazonian rainforest)
Aged (Whistler Mountain) —0.6to4+0.6 AMS 28
Ambient aerosol fractions
Hydrocarbon-like organic —17to —=1.6  AMS 24
aerosol (HOA)
Semivolatile oxygenated —-0.5t0 0.0 AMS 24
organic aerosol (SV-OOA)
Low-volatility oxygenated +0.5t0 +0.9 AMS 24
organic aerosol (LV-OOA)
Humic-like substances —0.4to—0.3 CHNS 16,17
(HULIS)
Water-soluble organic —09to —0.7 ESI 18
carbon (WSOCQC) in
rainwater
WSOC in aerosol -1.0 ESI 20
WSOC in fogwater -0.7 ESI 21
Primary organic aerosol
Vehicle exhaust (gasoline, —20to—-19 AMS 24
diesel)
Biomass burning aerosol —10to —=0.7 AMS 24
Secondary organic aerosol
Monoterpene + Oy —11to —0.5 AMS, ESI 19, 24, 25, 27
Isoprene + OH or Oy —0.8to—0.2 AMS, ESI 14, 24, 27
Monoaromatics + OH —09to+01 AMS 24,27
Alkane/alkene photo- —07to—04 AMS, 15, 26
oxidation CHNS

Values listed are the ﬁc ensemble averages for a given sample; Rc values of individual molecules
within a sample may be distributed around these averages, as illustrated in Fig. 2. Techniques listed
are high-resolution aerosol mass spectrometry (AMS), ultrahigh resolution mass spectrometry with
electrospray ionization (ESI) and combustion analysis (CHNS).

three most widely used elemental analysis techniques (CHNS, ESI
and HR-AMS). These include measurements of ambient organic
aerosol, ambient aerosol fractions (by physical extraction or factor
analysis) and laboratory-generated primary or secondary organic
aerosol. A consistent picture emerges from these results, with the
OS,. of organic aerosol ranging from -2 to +1, depending on the
level of atmospheric aging. Individual species in organic aerosol,
such as oxalate and other highly oxidized species, may have
oxidation states greater than +1, but all available data suggest that
the average carbon oxidation state of organic aerosol rarely exceeds
this value. Even classes of organics that are generally considered to
be highly oxidized, such as humic-like substances (HULIS) and
oxygenated organic aerosol (OOA), have an OS. below +1. It
appears that more highly oxidized carbon is found predominantly in
the gas phase, presumably because species with several (>3)
adjacent carbonyl groups are thermodynamically or photochemically
unstable, and will rapidly decompose to smaller species.

Figure 2 shows the approximate area of OSc-n space corre-
sponding to atmospheric organic aerosol, based upon the OS;
measurements shown in Table 1, and determinations of n. from
ultrahigh-resolution ESI or known relationships between volatility
and carbon number®. Results from AMS/volatility measurements
and from ESI data are remarkably consistent, placing aerosol com-
ponents in the areas of OS -7 space corresponding to large and/or
polar organics. Oxidized particle-phase organics (HULIS and
OOA) lie between the large, reduced species (n.>5, OS.< -1)
and the oxidative endpoint CO,. Thus, secondary organic aerosol
is not the product of only a few select hydrocarbons, but is rather
formed in the oxidation of most organic species. The only
reduced organic species unlikely to contribute to aerosol formation
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Figure 2 | Location in OS.-n. space of organic aerosol, based upon OS. measurements of organic aerosol. Green circles: locations of individual
components of water-soluble organic compounds (WSOC), as measured by ultrahigh-resolution mass spectrometry with ESI?%?. Green shaded ovals:
locations of different organic aerosol classes, as determined from factor analysis of AMS data* and estimation of n from volatility measurements®.
Hydrocarbon-like organic aerosol (HOA) and biomass burning organic aerosol (BBOA) correspond to primary particulate matter directly emitted into the
atmosphere. Semivolatile and low-volatility oxidized organic aerosol (SV-OOA and LV-OOA) correspond to ‘fresh’ and ‘aged’ secondary aerosol produced by
multistep oxidation reactions'. These aerosol species and types fall along the rough oxidation trajectories shown in Fig. 1, according to their degree of
oxidation. The apparent absence of large (n- > 5), highly oxidized (OS. > 1) organics in organic aerosol is probably due to the thermodynamic and

photochemical instability of such species.
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Figure 3 | Chemical complexity of organics as a function of oxidation state and carbon number. Points are coloured by the logarithm (base 10) of the
number of possible compounds at a given EC and nc, assuming an unbranched, acyclic carbon skeleton, and the addition of carbonyl, alcohol and acid
groups only. Including a wider range of carbon skeletons or functional groups will lead to a dramatically steeper increase in chemical complexity with OS¢

and nc (ref. 31.

upon oxidation are small (four carbons or fewer), though even those
might form organic aerosol through oligomerization reactions. The
potential formation of aerosol from such a wide variety of organic
species is a likely contributor to underestimates of secondary
organic aerosol concentrations, because models (and the exper-
iments on which they are based) typically focus on only a few
select aerosol precursors?.

Chemical complexity. Most points in OS - space represent a
multitude of compounds; for example, the point corresponding to
ne=2 and OS,=-1 includes acetylene (C,H,), acetaldehyde
(CH;CHO) and ethylene glycol (HOCH,CH,OH) (these
compounds are related to each other by the nominal gain/loss of
H,O, which involves no change in OS. or n.). The number of
possible chemical structures (chemical complexity) is a strong
function of not only n. (ref. 31) but also oxidation state. Figure 3
shows the number of possible structures for just a single carbon
skeleton (an unbranched, acyclic carbon chain), with carbonyl,
alcohol and/or carboxylic acid groups. For a given carbon number,
only one structure (the n-alkane) is possible at the lowest OS. value.
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The number of possible structures then increases rapidly with OS,
due to the combinatorial addition of different functional groups to
different carbon atoms. The maximum in chemical complexity is
located at OS = 0; for molecules in which the average carbon atom
is oxidized (OS. > 0), the number of possible chemical structures
then decreases with increasing oxidation state.

Many of the compounds that make up organic aerosol (Fig. 2)
lie in the region of maximum chemical complexity (Fig. 3). This
underscores the enormous experimental and theoretical challenges
associated with describing aerosol in terms of its individual molecu-
lar components. The number of oxidized organics (-1 < OS; < +1)
is far greater than can reasonably be constrained by measurements
of ambient species, laboratory studies of reaction rates and products,
or explicit models of the fate of individual atmospheric compounds.
The sheer number of possible species in organic aerosol indicates
that a completely speciated approach is probably not feasible for a
generalized description of organic aerosol. This is particularly true
for regional or global air-quality and climate models, which
instead require concise descriptions of atmospheric organic mix-
tures in terms of measurable ensemble quantities such as OS.
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Figure 4 | Oxidation trajectories in OS.-n. space, as determined from laboratory studies of oxidation reactions. OH is used as the oxidant except

where noted. Results from three independent experimental and analytical approaches are shown: the heterogeneous oxidation of pure organic particles,
measured with HR-AMS (solid lines)383°; the heterogeneous oxidation of thin films, measured by XPS (marked by filled triangles; E. R. Mysak et al,,
manuscript in preparation) and the gas-phase oxidation of hydrocarbons, measured by various techniques to speciate gas- and particle-phase organics (filled
circles)*?#8, In most cases, oxidation initially adds functional groups to the carbon skeleton (upwards movement), but later oxidation steps involve a decrease
in nc through the breaking of C-C bonds (movement upwards and to the right), indicating the crucial role of fragmentation reactions in photochemical aging
and aerosol evolution. For clarity, only monomeric products are shown; the formation of oligomers also entails initial movement to the left, but as these
oligomeric species are composed of monomeric subunits, they will display the same general trajectories upon oxidation.

Oxidative transformations of atmospheric organics. To be
accurate, such concise descriptions must properly capture the
oxidation mechanisms of atmospheric organic species. This
underscores the critical importance of the measurement of
selected individual species within organic aerosol to characterize
reaction pathways, as well as to identify aerosol sources and toxic
species. Insight into oxidation mechanisms can be obtained from
experimental studies of the multigenerational oxidation products
of individual organics. Results from several such studies, mapped
onto OSc-n¢ space, are shown in Fig. 4. These results were
obtained using a range of analytical techniques, including
ensemble measurements of condensed-phase organics (HR-AMS
and XPS) and speciated measurements of gas- and particle-phase
organics (various mass spectrometric techniques).

For all systems studied (Fig. 4), oxidation leads to increased func-
tionality on the carbon skeleton (higher OS.) and, after only a few
(1-4) generations of oxidation, a decrease in carbon number of the
original carbon skeleton (lower n.). Fragmentation reactions are
therefore key processes in the oxidative aging of atmospheric organ-
ics. This is particularly true for oxidized species, which have
oxygen-containing (electron-withdrawing) groups that weaken
adjacent C-C bonds®2. This increase in OS. towards CO, can
occur via multiple reaction pathways, as illustrated by the numerous
individual products of isoprene and a-pinene oxidation (circles in
Fig. 4). The ensemble measurements (lines in Fig. 4) constrain the
mean values of OS., with individual compounds spanning a
range in oxidation state, carbon number and volatility.

Discussion

The oxidation of organics has long been viewed as a source of
atmospheric organic aerosol through secondary organic aerosol for-
mation. However, the ultimate dominance of fragmentation reac-
tions (movement to the top right of OSc—n space) means that
oxidation may also serve as an organic aerosol sink, because oxi-
dized organics may fragment and volatilize upon further oxidation.
The effects of such oxidative degradation reactions on atmospheric
aerosol are governed by reaction rates, given the relatively short life-
time of atmospheric particulate matter through physical deposition
(~1 week). This implies that better constraints on the kinetics of key
organic ‘aging’ reactions are needed for the accurate prediction of
the loadings, properties and effects of atmospheric organic aerosol.
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It is known that the heterogeneous degradation of organic par-
ticulate matter by gas-phase oxidants is generally substantially
slower than of gas-phase organics®®, because most particulate
organics are shielded from gas-phase radicals interacting with the
particle surface. Thus organic aerosol represents a ‘metastable
state’ in which partially oxidized organics can survive for a substan-
tial period of time, even under highly oxidizing conditions. This
view of organic aerosol as a chemically recalcitrant intermediate
in the oxidation of organic species resembles the emerging view
of the nature of humic materials in soils and aquatic systems***.
In this sense the similarities between atmospheric particulate
organics and humic materials may extend well beyond their chemi-
cal complexity and physicochemical properties®**¢, to include their
role as a ‘transition state’ of organic matter®®. Although detailed
chemical structures and transformations are likely to be quite
different (for example, biological processes do not affect atmos-
pheric organics to the extent that they do for terrestrial or
aquatic organics), the similarities suggest strong commonalties in
the description and experimental studies of such highly complex
environmental organic mixtures.

The description of the chemistry of organic species in terms of
changes to their average carbon oxidation state (a universal, unam-
biguous metric for the degree of oxidation of carbon-containing
species) and carbon number may thus be useful for describing
not only atmospheric oxidation but also other complex reactive
systems. This includes the formation and evolution of humic sub-
stances in soil or aquatic systems, the combustion of complex
organic species, the formation or weathering of fossil fuels, and
the chemical transformation of organics in oxygen-limited environ-
ments. Such systems can involve reactions other than the oxidative
processes that govern atmospheric reactions, and therefore may
exhibit trajectories in OSc-n. space different from those shown in
Fig. 4. For example, reduction moves organics downwards and to
the right (towards methane, OS.=-4 and n.=1), whereas
radical association reactions in low-oxygen environments (such as
fuel-rich flames and some planetary atmospheres®’), involve left-
wards movement, towards polycyclic aromatic hydrocarbons and
eventually elemental carbon (OS; = 0 and n — ). The measure-
ment of OS. allows for the determination of these trajectories for
entire mixtures, offering the potential for simple, predictive
models of these exceedingly complex chemical systems.
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Methods

Determination of OS¢. All OS.. values reported in Table 1 and illustrated in Figs 2
and 4 were determined using equation (2). The one exception is the OS¢ of
secondary organic aerosol formed from the photooxidation of alkenes'; the high
contribution of organic nitrates (N/C = 0.1) requires the explicit inclusion of
nitrogen (OSy = +5). A discussion of the potential errors associated with neglecting
heteroatoms in equation (2) is given in the Supplementary Information.

Ensemble (average) elemental ratios were taken mostly from previously reported
measurements. For AMS?*-2%%%3 and CHNS data'>-"7, O/C and H/C ratios are
taken directly from reported measurements. For ultrahigh-resolution ESI data!418-2},
0/C and H/C are determined by averaging the elemental ratios of all measured
CHO species, weighted by ion intensity'®. For XPS data (CLs spectra at 430 eV; E. R.
Mysak et al., manuscript in preparation), all carbon was categorized as C= C, CH,,
C-OH, C= 0 or C(O)OH based on its measured binding energy, allowing for the
estimation of O/C and H/C ratios. Additional details of these measurements are
provided in the Supplementary Information.

Estimation of nc. The value of 1. in ambient organic aerosol (Fig. 2) was either
determined from speciated measurements (ESI data) or estimated based on
measurements of particle volatility and OS. (AMS data). This latter approach uses
the SIMPOL.1 structure-activity relationship*’ to relate saturation vapour pressure,
degree of oxidation and . (ref. 30). Vapour pressures of organic aerosol classes are
based on recent in situ thermodenuder measurements?!. The effects of functional
groups on vapour pressure are estimated by assuming that each oxygen atom
decreases the volatility of an organic molecule by a factor of 0.06 (consistent with the
addition of carboxylic acids to the carbon skeleton), with oxygen content calculated
from OS. using an empirical relationship that relates elemental ratios (O/C +
H/C=2) (ref. 12). In the multigenerational oxidation experiments (AMS and XPS
traces in Fig. 4), ensemble values of n were determined by assuming that fractional
changes in carbon number are equal to the fraction of carbon remaining in the
particle phase after oxidation.

Multigenerational oxidation experiments. The oxidation trajectories in OS-7
space (Fig. 4) were determined from laboratory studies of the oxidation of individual
organic species. Gas-phase and particle-phase (monomeric) products of the
OH-initiated oxidation of isoprene and «-pinene were measured by various
speciated techniques**~#. The heterogeneous oxidation reactions of squalane,
triacontane and levoglucosan were carried out by sending nucleated particles into a
flow reactor, where they were exposed to high concentrations of OH generated by
ozone photolysis***. Changes to particle mass and elemental ratios upon oxidation
were characterized using a scanning mobility particle sizer and HR-AMS. For the
oxidation of coronene (E. R. Mysak et al., manuscript in preparation) vapour-
deposited thin films of coronene (thickness, 4-6 A) were exposed to varying levels of
OH or O, and the chemical changes measured by XPS using the Ambient Pressure
Photoemission Spectrometer at beamline 11.0.2 of the Advanced Light Source
(Berkeley, California). The evolving abundance and type of carbon in the film was
determined using Cls spectra at 430 eV. Experimental details are provided in the
Supplementary Information.
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SUPPLEMENTARY INFORMATION

Carbon oxidation state as a metric for describing
the chemistry of atmospheric organic aerosol

J. H. Kroll et al.

I) Relationship of OSc-nc space to other proposed two-dimensional spaces for describing

organic aerosol.

Several two-dimensional spaces have recently been proposed in an effort to consolidate the
immense complexity of atmospheric organic species in ways that are conceptually or
computationally tractable. These spaces are designed to assist calculations of important
quantities such as concentrations of organic aerosol, to facilitate comparisons of measurements
and model predictions, and/or to guide and enhance our fundamental understanding of the
complex processes of organic degradation in the atmosphere. These approaches are
complementary; each provides useful insight while sacrificing other details for the sake of
simplicity. Here we summarize these spaces, and discuss the unique role of OSc and the OSc-
nc space presented in this work.

The first such space proposed was the “carbon number-polarity grid” of Pankow and
Barsanti'. The purpose of this space is to provide simple yet accurate predictions of organic
thermodynamic properties (vapor pressure and activity coefficients in mixtures). If one wants to
predict thermodynamic properties with the minimum number of independent pieces of
information, carbon number and dipole moment are a natural combination. Chemical evolution
is fundamentally external to this space; it is designed to complement chemical mechanisms that
predict concentrations of either all relevant compounds via an explicit chemical mechanism?, or a
subset of surrogate compounds designed to represent the full set of organics”.
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A second two-dimensional space, based on volatility (C*) and the oxygen-to-carbon
molar ratio (O/C), is described by Jimenez et al.*. This 2D volatility basis set (2DVBS) space is
an extension of the volatility basis set developed by Donahue et al.’. In this framework,
volatility is not predicted because it is the principal axis of the space; however, chemical
reactions are considered based on whether they increase or decrease the volatility of reaction
products relative to reactants. The second axis (O/C) allows for the degree of oxygenation of the
organics to also be considered. The strength is that the consequences to phase partitioning are
straightforward to see - the farther left in the space, the less volatile the material. This
framework is fundamentally empirical, however. Chemical species are not directly identified
(though they can be placed in the space), and trajectories associated with reaction mechanisms
follow complex pathways through the space even for chemically straightforward sequences.
The framework thus emphasizes the consequences of a chemical mechanism at the expense of
illuminating the mechanism itself.

A third two-dimensional framework for describing OA is the Van Krevelen (H/C vs.
O/C) plot. Heald et al. recently showed that bulk OA occupies a narrow region in Van Krevelen
space, with the H/C and O/C ratios being tightly coupled for a wide range of OA types. This is a
primarily descriptive framework, affording insight into the average chemical makeup of OA, as
well as which individual compounds may (or may not) be broadly representative of OA as a
whole. Atmospheric aging appears to involve well-defined movement in Van Krevelen space
(along a line with a slope of -1). However such movement is difficult to interpret in terms of the
underlying chemical reactions, since carbon number of the organic molecules (which changes for
many classes of reactions) is not represented in this space.

The above three frameworks are aimed at the description and/or modeling of key

properties of organic aerosol. The OSc-nc space differs from these in that it is a fundamentally

2 NATURE CHEMISTRY | www.nature.com/naturechemistry
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chemical space, providing insight into the chemical changes that atmospheric organics undergo
in the atmosphere. Such changes include reactions in which oxygenated functional groups are
added to a carbon backbone (functionalization), association reactions between organic molecules
to increase the number of carbon atoms in a molecule (oligomerization), and degradation
processes in which the carbon number decreases (fragmentation). OSc-n¢ space is the only
proposed two-dimensional OA framework for which these classes of reactions are uniquely
defined by their trajectories: oligomerization moves material to the left, functionalization straight
up, and fragmentation to the right. Such reactions cannot be generally defined in the other 2D
spaces; for example, individual classes of reactions can involve either increases or decreases in
polarity and volatility (such as the addition of new functional groups vs. oxidation of a functional
group to a less polar one), so are not defined by an overall directionality in carbon number-
polarity or 2DVBS spaces. Similarly, as described above, oligomerization and fragmentation
reactions cannot be easily represented in Van Krevelen space. By contrast, these reaction types
may be simply and unambiguously described in terms of their changes in OSc and nc (Figure 1
inset). Thus, by describing organics in terms of their fundamental chemical properties (the
number and degree of oxidation of carbon atoms), OSc-n¢ space provides a powerful framework
for interpreting proposed reaction pathways and OA composition data in terms of the key

underlying chemical aging reactions.

NATURE CHEMISTRY | www.nature.com/naturechemistry 3
© 2011 Macmillan Publishers Limited. All rights reserved.



SUPPLEMENTARY INFORMATION DOI: 10:1038/NCHEM.948

II) Determination of Average Carbon Oxidation State of Atmospheric Organics (Table 1

and Figure 2)

a) HR-AMS: For laboratory and ambient measurements of OA using the high-resolution aerosol
mass spectrometer’ 2, OS¢ was determined from Eq. 2 (OSc= 2 O/C-H/C), with O/C and H/C
of the OA determined using the approach of Aiken, et al.”. The range of values given is the
highest and lowest reported for each aerosol type. The influence of heteroatoms (namely
nitrogen) on OScis negligible, due to low measured abundances (N/C < 0.02)’. Errors in
OScassociated with heteroatom-containing groups are also likely to be minimal because atoms
in weakly-bound species (such as organonitrates or organosulfates) tend not to be measured or

tabulated as “organic” using thermal methods"’.

b) CHNS: For the combustion analysis of HULIS samples'*">, OS¢ was determined from Eq. 2
(OSc=2 O/C-H/C). Inclusion of nitrogen introduces only a small uncertainty to the calculation
of OSc, due to its low abundance (N/C=0.04)'*'*: assuming N is fully oxidized (OSx = +5)
leads to a 0.2 decrease in calculated OS¢, whereas assuming N is fully reduced (OSy = -3) leads
to a 0.15 increase. Such errors are likely within the uncertainty of the OS¢ determination. In the
case of SOA from alkene oxidation'®, generated under high-NO, conditions, the particulate
nitrogen is almost certainly in the form or organic nitrates (OSy=+5), so OS¢ was determined by
Eq. 1: OSc=2 O/C-H/C-5 N/C. Use of Eq. 2 (ignoring N and tabulating all nitrate oxygen as
“organic”) leads to a calculated OSc that is higher by 0.5. We believe this represents an upper
limit to the error introduced by neglecting organic nitrogen, due to the very high nitrogen
abundance of the sample (N/C=0.1), and the fact that other techniques (AMS and possibly ESI as

well) do not normally tabulate nitrate oxygen as “organic”.
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¢) Ultrahigh resolution ESI-MS: Values of OS¢ from electrospray ionization mass
spectrometry were determined from speciated molecular data described in refs. 17-22. Negative
ion mode ESI data are used in all cases; for isoprene ozonolysis®' and rainwater WSOC'®, data
from positive ion mode ESI are also included. Details of sampling, extraction, and mass
spectrometric analysis are provided in the individual publications. Average elemental ratios
(O/C and H/C) of the samples were estimated using the approach described by Bateman, et al.”,
and were converted to OS¢ using Eq. 2 (OSc= 2 O/C-H/C). This averaging of elemental ratios
is subject to errors arising from variations in ESI-MS response factors for different compounds;
for the large number (hundreds to thousands) of compounds in these samples, such differences
may approximately average out, though further characterization of ESI response factors is
necessary to better constrain this. For ambient measurements, compounds with heteroatoms (N,
S, and P) were excluded for simplicity, since the ranges in possible oxidation states of these
atoms introduce some uncertainty to the OScof a given molecule. However the effects of these
heteroatoms on calculated OSc of the OA are generally small, due to their relatively low
abundances, and the fact that most heteroatom-containing functional groups (-ONO,, -NH,,
-OSO;3H, etc.) have only a minimal effect (+1 or -1) on the oxidation state of the adjacent carbon
atom. Such effects will be investigated in detail in future work. In addition to the average values
of OSc given in Table 1, individual organic compounds in ambient aerosol'’ and fogwater** are

shown in Figure 2.
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IIT) Determination of Average Carbon Oxidation State and Carbon Number for the

multigenerational oxidation of organics (Figure 4)

a) OH + isoprene and OH +a-pinene. Speciated oxidation products shown in Figure 4 include
known carbonyl products of isoprene oxidation (methacrolein/methyl vinyl ketone,
methylglyoxal, and glyoxal) as well as multifunctional species measured in laboratory studies of

2% and o-pinene + OH>?°. Both gas-phase and particulate products are shown;

isoprene + OH
for simplicity, only species with contiguous carbon skeletons (in which all carbon atoms are
connected to each other) with nc > 2 (isoprene) or nc > 5 (a-pinene) are shown. Multifunctional

products measured in other studies’®”* have the same values of OSc and nc as the products

shown.

b) OH + organic particles (squalane, triacontane, levoglucosan). Particles composed of single
organics (squalane and triacontane, CsoHg,, and levoglucosan, C¢H;9Os) were heterogeneously
oxidized in a flow reactor, described in detail by Smith, et al.*> (squalane) and Kessler, et al.*
(levoglucosan). Oxidation of triacontane was carried out using the same approach as that of
squalane® except that triacontane particles were generated upstream of the reactor using a
nucleation oven at 140°C, with the aerosol stream passed through a second annealing oven
(T=75°C) in order to make the particles more spherical in shape.

Average OSc of the particulate organics was determined using Equation 2 and AMS
measurements of O/C and H/C ratios. The average number of carbons per molecule (n¢) was
determined by assuming fractional changes in carbon number are equal to the fraction of carbon

remaining in the particle phase after oxidation. This assumption is broadly consistent with

measured changes to particle volatility upon heterogeneous oxidation, which indicate that carbon
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loss from heterogeneous oxidation occurs via the release of small volatile fragments from the

particulate organics®’.

¢) OH, O; + coronene films. The XPS investigations of the oxidation of coronene by ozone and

1%, The XPS measurements were performed using the

OH are discussed in detail by Mysak, et a
Ambient Pressure Photoemission Spectrometer at beamline 11.0.2 at the Advanced Light Source
in Berkeley, CA*’. Thin films of coronene (97% purity, Sigma Aldrich) were vapor-deposited on
clean polycrystalline Au foil or Ag(111) single crystal substrates at a deposition rate of ~0.2 A
min”', as measured by a quartz crystal microbalance. This growth rate yielded consistently
homogenous films, as evidenced by both XPS and AFM measurements. The thickness of the
unreacted coronene film was determined from the attenuation of the substrate signal using the
inelastic mean free path (IMFP) of electrons in coronene at the given electron kinetic energy of
140 eV . Using a IMFP value of 8.5 A the thickness of the unreacted coronene film was found
to be 4-6 A .

Ozone is produced by passing O, through a commercial corona discharge source (Yanco).
The ozone flow is then diluted with N, and introduced via a precision leak valve into the sample
chamber at a concentration of ~I1x10* molecules cm™. The ozone is directed at the surface
through a Teflon doser located ~2 cm from the sample surface. OH is produced by passing N;
through a water bubbler, selecting a portion of this flow with a leak valve, and passing it through
a microwave discharge cavity and into the chamber via a 1.27 cm O.D. quartz tube ending 3 cm
from the sample surface. The OH concentration is estimated to be 9.8 x 10® molecules cm™. The
total operating pressure in the sample chamber for both the OH and O3 experiments is fixed at
10 Torr. To measure heterogeneous kinetics, XPS spectra are collected as a function of

reaction time at a fixed concentration of Oz or OH. It was found that the OH reactions are

sufficiently fast that it is necessary to turn off the OH source during the data collection period.
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In contrast, the O3 reaction proceeded slowly enough that the reaction is allowed to proceed
continuously during data collection. Care was taken to avoid radiation-induced changes to the
coronene films. The data shown in Fig. 4 were free of detectable radiation damage.

The values for nc and OSc were determined from Cls XPS data; examples of these
spectra are shown in Fig. S1. The binding energy scale was calibrated by the Fermi energy of
the Ag substrate. Fig. S1 shows Cls XPS spectra for the OH + coronene reaction at two reaction
times, (a) 15 s and (b) 105 s. The Cls spectra are fit using five components, which were assigned
to different carbon species (C=C, CHy, C-OH, C=0O and C(O)OH) according to their binding
energy by comparing to literature values *'. The validity of the assignment to those species was
cross-checked by comparison to O 1s spectra (not shown), which also revealed the C-OH, C=0
and C(O)OH species. OS¢ was determined from measurements of elemental ratios (Eq. 2). The
O/C ratio was determined directly from the Cls spectra by dividing the area of the O-related Cls
peaks (with C(O)OH weighted by a factor of 2) by the peak area of the five C peaks; hydrogen
atoms are not measured directly by XPS, so H/C was estimated by assuming each CH, C-OH,
and C(O)OH carbon has one H atom, and C=C carbon has on average 0.5 H atoms (the same as
coronene). The number of carbons (n¢) was determined from the ratio of the total Cls peak area
of the reacted film to the peak area of the unreacted film, normalized to 24 (the number of C
atoms in coronene). This method may slightly underestimate the value for nc since it does not
take into account possible attenuation of the Cls signal due to the presence of O in the reacted
films. Since it is not possible in these experiments to determine the relative positions of O and C
atoms with respect to the surface, this effect cannot be quantified. However, we can estimate the
upper limit for the error in the nc measurements from the maximum value for the O/C ratio

(~0.7) by assuming that all C are located at the substrate interface in one layer, while all O are

8 NATURE CHEMISTRY | www.nature.com/naturechemistry
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located on top of the carbons, also in one layer. We estimate that for that extreme case the value

for nc is underestimated by less than 15%.

(a) Fig. S1: Cls XPS spectra for the OH + coronene reaction at
two reaction times, (a) 15 s and (b) 105 s. The Cls spectrum
is fit using five components (C=C, CHy, C-OH, C=0O and
C(O)OH). The data were taken with an incident photon
energy of 430 eV.

3 |
ol (b) c-c
g CH,
COH
co
COOH

T T T T
290 288 286 284
Binding Energy (ev)
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