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Abstract

Chamber secondary organic aerosol (SOA) from low-NOx photooxidation of naphtha-
lene by hydroxyl radical was examined with respect to its redox cycling behaviour using
the dithiothreitol (DTT) assay. Naphthalene SOA was highly redox active, consuming
DTT at an average rate of 118±14 pmol per minute per µg of SOA material. Mea-5

sured particle-phase masses of the major previously identified redox active products,
1,2- and 1,4-naphthoquinone, accounted for only 21±3 % of the observed redox cy-
cling activity. The redox-active 5-hydroxy-1,4-naphthoquinone was identified as a new
minor product of naphthalene oxidation, and including this species in redox activity
predictions increased the predicted DTT reactivity to 30±5 % of observations. Similar10

attempts to predict redox behaviour of oxidised two-stroke engine exhaust particles by
measuring 1,2-naphthoquinone, 1,4-naphthoquinone and 9,10-phenanthrenequinone
predicted DTT decay rates only 4.9±2.5 % of those observed. Together, these results
suggest that there are substantial unidentified redox-active SOA constituents beyond
the small quinones that may be important toxic components of these particles. A gas-15

to-SOA particle partitioning coefficient was calculated to be (7.0±2.5)×10−4 m3 µg−1 for
1,4-naphthoquinone at 25 ◦C. This value suggests that under typical warm conditions,
1,4-naphthoquinone is unlikely to contribute strongly to redox behaviour of ambient
particles, although further work is needed to determine the potential impact under con-
ditions such as low temperatures where partitioning to the particle is more favourable.20

As well, higher order oxidation products that likely account for a substantial fraction of
the redox cycling capability of the naphthalene SOA are likely to partition much more
strongly to the particle phase.

1 Introduction

Exposure to particulate matter (PM) is known to be a concern to human health. Ox-25

idative stress induction is believed to be a major toxicological mechanism of inhaled
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particles. For example, reactive oxygen species have been observed to quickly rise in
the lungs and hearts of rats after inhalation of ambient particles (Gurgueira et al., 2002),
and oxidative stress mechanisms have been implicated in playing a role in asthma
(Gurgueira et al., 2002; Li et al., 2003a) and other respiratory diseases (Li et al., 2008).

Inducing oxidative stress can involve either producing an excess of oxidants or de-5

pleting antioxidants within a cell. One chemical mechanism for inducing oxidative stress
is through redox cycling reactions, where efficient redox cycling catalysts can accept
electrons from electron-rich reducing agents; subsequently, the electrons are trans-
ferred to molecular oxygen to generate superoxide, allowing the cycle to repeat. This
process has the potential to both deplete antioxidant species in the cell and generate10

reactive oxygen species, contributing to induction of oxidative stress. Redox cycling ca-
pacity can be measured using an acellular technique known as the dithiothreitol (DTT)
assay (Kumagai et al., 2002). In the assay, a buffered aqueous extract of a PM sample
is mixed with DTT, which contains two electron-rich thiol groups. The catalytic capacity
of DTT to transfer these electrons to molecular oxygen can be observed by measuring15

the DTT rate of decay, which has been correlated to oxidative stress markers in cellular
systems (Li et al., 2003b; Koike and Kobayashi, 2006). Constituents of PM that have
been shown as active redox cycling catalysts include black carbon from diesel particles
(Shinyashiki et al., 2009), transition metals (Netto and Stadtman, 1996; Charrier and
Anastasio, 2012), humic-like substances (Lin and Yu, 2011; Verma et al., 2012), and20

quinones (Kumagai et al., 2002).
Quinones are a class of organic molecules derived from aromatic species, containing

two carbonyl functionalities on a larger conjugated hydrocarbon ring. It has been sug-
gested that redox cycling by quinone species within particles can lead to sustained ox-
idant generation once particles deposit within the body (Squadrito et al., 2001). A gen-25

eral redox cycle with a quinone species (1,2-naphthoquinone) is shown in Fig. 1; the
ability of quinones to act as redox cycling agents lies in the stable semi-quinone radical
that is formed in the process. Quinones and their biochemistry have been well-studied
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and are known to be cytotoxic by both redox cycling reactions and their ability to con-
jugate with thiol groups (Gant et al., 1988).

Quinones are minor PM constituents, but due to their aforementioned potential to
contribute to adverse health effects, their sources and ambient concentrations are im-
portant to understand. Quinones have been shown to be present in ambient particles5

(Cho et al., 2004; Chung et al., 2006; Valavanidis et al., 2006; Tsapakis and Stephanou,
2007; Eiguren-Fernandez et al., 2008a; Ahmed et al., 2009) and contribute to particle-
bound stable radical species, as measured by electron paramagnetic resonance
(Dellinger et al., 2001; Pan et al., 2004; Valavanidis et al., 2006). The source of these
species may be primary or secondary. Specific quinones, including the redox-active10

1,2-naphthoquinone, 1,4-naphthoquinone, and 9,10-phenanthrenequinone, have been
measured as products in diesel and gasoline exhaust particles (Cho et al., 2004;
Valavanidis et al., 2006; Jakober et al., 2007). They may also be produced as sec-
ondary products of polycyclic aromatic hydrocarbon (PAH) oxidation. Naphthalene
(Bunce et al., 1997; Chan et al., 2009; Kautzman et al., 2010; Lee and Lane, 2009;15

Sasaki et al., 1997), phenanthrene (Lee and Lane, 2010; Wang et al., 2007), and an-
thracene (Kwamena et al., 2006) all generate their corresponding quinone species
(naphthoquinone, phenanthrenequinone, and anthraquinone, respectively) via reaction
with gas-phase oxidants. Formation of these species from PAH precursors in the atmo-
sphere could increase the redox activity of ambient particles during photochemical20

aging in locations with PAH emission sources. Indeed, photochemical production of
9,10-phenanthrenequinone has been observed as air masses age in the Los Ange-
les basin (Eiguren-Fernandez et al., 2008b). It has also been observed that particles
collected in the afternoon in Los Angeles tend to be higher in water soluble organic
carbon, organic acids and redox activity, suggesting that secondary organic aerosol25

formation may contribute to redox activity of ambient particles (Verma et al., 2009).
Evidence of secondary organic aerosol contribution to redox activity has also been

found from controlled oxidation studies. The redox activity of the water-soluble extract of
particles formed from aging diesel exhaust particles with ozone in an outdoor chamber
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was about a factor of two higher than particles not exposed to ozone (Li et al., 2009).
Additionally, modifying the VOC mix within the chamber could alter the amount by which
water-soluble redox activity increased, regardless of the presence or absence of diesel
exhaust particles in the chamber (Rattanavaraha et al., 2011). Previous experiments
we have performed found that when two-stroke gasoline engine exhaust is oxidised with5

ozone, the redox activity that results can be modelled with a redox-active secondary
organic aerosol that is more than ten times more active per unit mass than the original
primary engine particles (McWhinney et al., 2011).

While we know that PAH oxidation can generate quinone species and that quinones
are efficient redox-cycling agents, very few studies so far have tried to extend this into10

examining our ability to predict and quantify the contribution of quinones to particle
redox activity. One such study found that hydrogen peroxide generation from the DTT
assay performed on particles from Fresno, California, could be accounted for by mea-
suring the aerosol mass loadings of 9,10-phenanthrenequinone, 1,2-naphthoquinone,
and 1,4-naphthoquinone (Chung et al., 2006). Another study, which assigned the DTT15

loss rate to individual particulate species again from the Fresno area, was able to pre-
dict DTT decay as arising 80 % from transition metal species and 20 % from quinone
species (Charrier and Anastasio, 2012).

The aim of the current study was to examine to what extent redox behaviour
can be predicted based on particulate mass loadings of 1,2-naphthoquinone, 1,4-20

naphthoquinone, and 9,10-phenanthrenequinone, i.e. the small, soluble quinones that
are commonly associated with redox cycling. We have focussed on naphthalene sec-
ondary organic aerosol (SOA) generated by hydroxyl radical oxidation in a photore-
action chamber. Known to produce both 1,2 and 1,4 isomers of naphthoquinone (Lee
and Lane, 2009), this provided a relatively simple system of redox-active aerosol gen-25

erated through laboratory oxidation. The redox-activity of the particles was confirmed,
and the extent to which these two naphthoquinone isomers contributed to observed
redox cycling was examined based on quantification by gas chromatography-mass
spectrometry. During the chamber experiments, we used online measurements taken
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with an aerosol mass spectrometer and a proton transfer reaction mass spectrometer
to determine a gas-particle partitioning coefficient to explore the likely contribution of
naphthoquinone species to ambient particle redox cycling behaviour. Finally, we revis-
ited earlier work with oxidised two-stroke engine particles (McWhinney et al., 2011) to
determine our ability to predict the behaviour observed based on generation of 1,2-5

naphthoquinone, 1,4-naphthoquinone, and 9,10-phenanthrenequinone. Through this
work, we hope to gain a more thorough understanding of how well we understand or-
ganic redox cycling catalysis on a molecular basis and determine how well we know the
inventory of redox-active organic products. As we further examine the photochemical
processes that generate redox activity in particles, we can better predict the possible10

influences of aerosol aging on particle toxicity.

2 Experimental

2.1 Naphthalene SOA generation and collection

Chamber aerosol was generated by hydroxyl radical oxidation of naphthalene in a 1 m3

Teflon (fluorinated ethylene propylene [FEP]) photoreaction chamber. Prior to particle15

generation, the chamber was flushed with several chamber volumes of zero air from an
AADCO 737 Pure Air Generator. For the hydroxyl radical precursor, hydrogen peroxide
was added to the chamber by bubbling zero air through a 30 % aqueous hydrogen
peroxide solution (Sigma Aldrich) at a flow rate of approximately 400 cubic centimetres
per minute (cm3 min−1) for one hour. Naphthalene was introduced to the chamber by20

vapourising a known mass of solid naphthalene (99 %, Acros Organics) in a flow of
approximately 400 cm3 min−1 of zero air.

Naphthalene concentrations in the chamber were monitored with an Ionicon Proton
Transfer Reaction Mass Spectrometer (PTR-MS) equipped with a quadrupole mass
spectrometer. Naphthalene and naphthoquinone concentrations were tracked by mea-25

suring the signal at mass-to-charge ratio (m/z) 129 and 159, respectively, as the singly
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protonated molecular ion. Once the PTR-MS naphthalene signal had stabilised in the
chamber, indicating that mixing was complete, oxidation was initiated by illuminating
the chamber with ultraviolet lamps with a peak emission at 310 nm (F40T12 UVB).
Naphthalene concentrations were measured based on the PTR-MS signal calibrated
to the known mass of naphthalene added to the chamber, and hydroxyl radical con-5

centrations are reported based on observed first order decay of naphthalene. Parti-
cles were formed by the nucleation of oxidised organics without addition of seed parti-
cles. The resultant SOA was characterised by an Aerodyne aerosol mass spectrometer
(AMS) equipped with a high-resolution time-of-flight mass spectrometer and, in some
instances, a scanning mobility particle sizer (SMPS) consisting of a differential mo-10

bility analyser (model 3081) and a condensation particle counter (model 3025) (TSI,
Shoreview MN USA). Temperature was not controlled or monitored in the chamber but
was typically slightly above room temperature due to heat from the UV lamps, at about
25 ◦C.

When the AMS exhibited maximum particle loading, which was typically 90–120 min15

after the beginning of the experiment, the lamps were turned off to stop the oxidation
reaction. Particles were subsequently collected by pulling chamber air through Zefluor
filters (Pall, polytetrafluoroethylene, 47 mm diameter and 2 µm pore size) at a flow rate
of 20 litres per minute (Lm−1). To prevent the chamber from collapsing, a 20 L m−1
zero air make-up flow was added to the chamber. In some experiments, gas-phase20

constituents were collected during this time by pulling an additional 1 Lm−1 of chamber
air through a PTFE filter to remove particles and then through an ORBO 43 Supelpak-
20 cartridge (Sigma-Aldrich) containing two XAD-2 polystyrene resin beds in series. On
average, more than 98 % of 1,4-naphthoquinone was collected on the front XAD bed,
indicating that analyte breakthrough was not a concern. Together, these naphthalene25

SOA filter samples and gas-phase XAD cartridge samples were collected for 60–90 min
and stored at −20 ◦C until further analysis.
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2.2 Two-stroke engine particle oxidation and collection

Two-stroke engine particles were oxidised and collected in the same manner described
previously (McWhinney et al., 2011). Briefly, exhaust from a two-stroke gasoline engine
was collected in a 0.5 m3 FEP chamber. The gas- and particle-phases of the exhaust
were pulled through two vertically mounted glass flow tubes, to which were added5

either oxygen, nitrogen and ozone or a control flow of oxygen and nitrogen. Oxidised
and fresh (i.e. control) particles were collected on Zefluor filters and stored at −20 ◦C
until further analysis.

2.3 DTT assay

The DTT analysis used was adapted from the procedure described by Cho et al.10

(2005), and was slightly modified from our previous work (McWhinney et al., 2011).
Naphthalene SOA particle filter samples were divided into quarters and one quarter
was extracted by stirring with 10 mL of phosphate buffer (0.1 M, pH 7.4). In the case
of engine filters, one half of the filter was extracted into phosphate buffer due to lower
levels of redox activity. DTT (Sigma Aldrich) was added to 1 mL aliquots of the aque-15

ous filter extracts to give a final volume of 1.25 mL and a DTT concentration of 0.1
mM. The redox reaction was performed at room temperature and quenched at 15 min
intervals over the course of one hour by taking 0.25 mL aliquots of the DTT mixture and
adding 1 mL of 0.25 mM 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB, Alfa Aesar). DTT
was quantified by measuring the absorbance of the resulting product at 412 nm with20

a UV-Vis spectrophotometer. Redox activity is expressed as the time rate-of-change of
DTT concentrations in M min−1 or as a particle mass normalised DTT decay rate in
pmolmin−1 µg−1. DTT analysis was carried out on the filter extract without filtration of
insoluble matter, as assay results from extracts passed through a 0.2 µm PTFE syringe
filter showed that 96 % of the naphthalene SOA redox activity and 91 % of the engine25

redox activity was found in the water-soluble fraction of the extract (McWhinney et al.,
2013).
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2.4 Quinone analysis

Quinones were quantified by gas chromatography-mass spectrometry (GC-MS) using
the derivatisation method from Cho et al. (2004). Since the DTT analysis is performed
using the phosphate buffer extract of the filter samples, we first attempted to quantify
quinones in this extract. This required extracting the quinones from aqueous phos-5

phate buffer to an organic solvent for compatibility with the derivatisation technique.
Two techniques were attempted: in the first, the extracts passed through Supelclean
ENVI-18 solid phase extraction (SPE) cartridges with a bonded octadecyl stationary
phase (Supelco) and removed with acetonitrile; in the second, a simple liquid-liquid ex-
traction was performed by shaking the phosphate buffer extract with dichloromethane.10

Standard solutions were prepared in phosphate buffer and carried through the extrac-
tion methods. Menadione (2-methyl-1,4-naphthoquinone, Sigma Aldrich) was added to
each extract as an internal standard.

While quinone standard solutions provided satisfactory calibrations using both the
SPE and liquid-liquid extraction methods, spike and recovery measurements per-15

formed with the phosphate buffer extracts of naphthalene SOA filters yielded very low
recoveries for both 1,2- and 1,4-naphthoquinone (1–3 %). The low recoveries were
observed for both the SPE and liquid-liquid extractions. Thus, the measurement of
water-extractable quinones from the naphthalene SOA filters was not achieved. Rather,
a one-quarter portion of the filter was extracted directly with dichloromethane (approxi-20

mately 0.5 mL) by sonication for 15 min in a glass centrifuge tube. For engine samples,
spike and recovery measurements using the SPE method yielded satisfactory recov-
eries, and thus the SPE method was used to directly measure the water-extractable
quinone concentrations.

The quinone species were derivatised using reductive acetylation, wherein the25

quinone is reduced to the hydroquinone functionality in the presence of zinc and ester-
ified in the presence of acetic anhydride (see Fig. 2). The derivatisation was performed
by adding 0.5 mL of acetic anhydride (ACP Chemicals) and approximately 100 mg of
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powdered zinc (Sigma Aldrich) to the dichloromethane or acetonitrile extract. The mix-
ture was heated to 80 ◦C and mixed every five minutes. After 15 min, the reaction was
cooled, an additional 100 mg of zinc was added, and the mixture was heated for an-
other 15 min. After cooling, the remaining acetic anhydride was quenched with 1 mL of
deionized water and the diacetylated quinones were extracted with 3 mL of pentane.5

After shaking, the mixture was centrifuged and the top organic layer was removed,
dried under a stream of nitrogen, and reconstituted in 100 µL of dichloromethane.
The dichloromethane mixture was analysed by GC-MS using the parameters in Ta-
ble 1. Calibration standards of 1,2-naphthoquinone, 1,4-naphthoquinone, 5-hydroxy-
1,4-naphthoquinone and phenanthrenequinone (Sigma Aldrich) were prepared using10

the same procedure. The calibration was performed in each case based on the fully
deacetylated fragment ion.

2.5 Gas-particle partitioning coefficient calculation

The gas-particle partitioning coefficient of 1,4-naphthoquinone was determined using
the equation Kp = cp/(Mpcg) (Finlayson-Pitts and Pitts, 2000) where cp and cg are the15

concentrations of 1,4-naphthoquinone in the particle phase and the gas phase, respec-
tively, and Mp is the mass loading of the particles in the chamber. The concentration of
1,4-naphthoquinone in the gas phase was calculated from the PTR-MS signal at m/z
159 ([M+H]+), and the concentration in the particle phase was determined from the
AMS signal at m/z 158 (M+). The PTR-MS response was calibrated by comparison with20

the quantified 1,4-naphthoquinone from the XAD cartridge samples while AMS signals
were calibrated with the quantified 1,4-naphthoquinone from filter samples (r2 = 0.9 for
PTR-MS calibration and r2 = 0.6 for AMS calibration). The particulate mass loading
was taken as the total organics measured by the AMS. To correct for particle bounce
due to the low relative humidities used in the experiments, a collection efficiency of 0.525

was used for all AMS data. To verify the suitability of this choice, AMS mass loadings
were compared to mass loadings calculated from SMPS-measured particle volumes
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using a particle density of 1.55 gcm−3 (Chan et al., 2009); good agreement between
the two values was obtained using 0.5 as the AMS collection efficiency.

3 Results and discussion

3.1 Redox activity prediction for naphthalene SOA

We are interested in determining how well we can predict the redox activity of sec-5

ondary organic aerosol particles using molecular-level information on the activities and
loadings of known quinones. To start with as simple a system as possible by using
only one SOA precursor, naphthalene was chosen for its ability to form aerosol in rel-
atively high yield – particularly under low NOx conditions (Chan et al., 2009) – which
was advantageous for the small size of our photoreaction chamber. The composition of10

the SOA generated in the chamber was fairly invariable from day-to-day and consisted
mostly of hydrocarbon and oxidised hydrocarbon fragments. Elemental composition in-
formation is given in Table 2, as obtained using established methods (DeCarlo et al.,
2006; Aiken et al., 2007), and the average AMS mass spectrum from two representative
experiments is shown in Fig. 3. There was an unexpected small fraction of the particle15

mass made up of CxHyN type fragments potentially as a result of amine contamina-
tion in the chamber, which was previously used for the photooxidation of ethanolamine.
These peaks make up approximately only 3 % of the organic mass, on average, for an
overall N : C ratio of approximately 0.03. It is currently unknown what types of species
would be contributing these fragments to the overall mass spectrum.20

SOA generated from naphthalene oxidation was expected to exhibit high redox activ-
ity, based on knowledge that both 1,2- and 1,4-naphthoquinone isomers could be found
in the particle phase as naphthalene oxidation products (Lee and Lane, 2009). The par-
ticles generated from naphthalene oxidation were highly redox active, and reflective of
the reproducible composition, DTT decay rates were reasonably invariant with an aver-25

age DTT decay per unit mass of particle of 118±14 pmolmin−1 µg−1 (n = 10; individual
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experimental results are summarised in Table 3). As a comparison, we previously esti-
mated the activity of the two-stroke engine exhaust SOA to be 8.6±2.0 pmolmin−1 µg−1

(McWhinney et al., 2011).
For prediction of the SOA activity, we focussed on the 1,2- and 1,4-

naphthoquinone isomers, which as mentioned in the Introduction, along with 9,10-5

phenanthrenequinone, are commonly believed to be the most important water solu-
ble quinone electron transfer agents (e.g. Chung et al., 2006; Charrier and Anastasio,
2012). As mentioned in the Experimental section, the quinones were extracted directly
from the filter using dichloromethane rather than measuring the water-soluble species,
so it is assumed that the efficiency of quinone extraction was equal for phosphate buffer10

and dichloromethane.
Both 1,2- and 1,4-naphthoquinone were detected in the particle phase at mass load-

ings of a similar magnitude (see Table 3). Each run of the DTT assay included pos-
itive controls containing only 1,2- or 1,4-naphthoquinone in phosphate buffer to de-
termine the mass-dependent DTT decay rates for these species for any given set of15

assay runs. The activities of the positive controls were used to calculate the expected
DTT decay of each SOA filter extract based on the measured naphthoquinones in the
dichloromethane extract. The predicted values based on 1,2- and 1,4-naphthoquinone
particulate concentrations are plotted against the measured redox activity in Fig. 4.
There is a strong correlation between the predicted and observed DTT decay rates20

(r2 = 0.87). However, predicted DTT decay rates fell considerably below those ob-
served. After correction for recovery (measured for 1,2- and 1,4-naphthoquinone as
83±10 % and 87±8 %, respectively), predicted values accounted for 21±3 % of the
measured values.

Based on the measured loadings of the two naphthoquinone isomers on the filters,25

we are considerably underestimating the observed redox activity of the aqueous fil-
ter extracts. One possible explanation for this discrepancy could be poor extraction
of the quinone species using the dichloromethane extraction method compared to
the aqueous extraction method. Considering the high solubility of naphthoquinone in
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dichloromethane and the aforementioned reasonable recoveries from spiked filters, this
is not believed to be the cause of the discrepancy. Rather, we postulate that there are
other species in the naphthalene SOA exhibiting redox activity.

3.2 Redox activity of naphthoquinone analogues

The rate of quinone redox cycling is determined primarily by the one-electron redox5

potential of the various species. For example, it has been previously shown that the
logarithm of the rate constant of the reaction between a reducing agent, ascorbate, and
a given quinone species is linearly related to the one-electron reduction potential of the
conversion of the quinone to its corresponding semiquinone radical anion (Roginsky
et al., 1999). Therefore, quinones with low one-electron reduction potentials are likely to10

exhibit slower redox cycling rates than those with higher potentials. With 1,4- and 1,2-
naphthoquinones having one-electron reduction potentials of −140 mV and −89 mV,
respectively (Wardman, 1989), we have looked for plausible products of the reaction
of naphthalene and hydroxyl radical with a similar reduction potential that have not
been previously identified in product studies. Specifically, the presence of 5-hydroxy-15

1,4-naphthoquinone and 5,8-dihydroxy-1,4-naphthoquinone – with reduction potentials
of −93 mV and −110 mV, respectively (Wardman, 1989) – were examined due to the
plausibility of these compounds as third and fourth generation oxidation products of
naphthalene.

The 5-hydroxy-1,4-naphthoquinone product (but not 5,8-dihydroxy-1,4-20

naphthoquinone) was identified and quantified in the naphthalene SOA particles
by GC-MS, confirmed by retention time (Fig. 5) and fragmentation pattern. To the best
of our knowledge, this is the first time this product had been identified in secondary
organic aerosol produced from the oxidation of naphthalene. Like 1,4-naphthoquinone,
5-hydroxyl-1,4-naphthoquinone has a considerable signal at the molecular ion in the25

electron impact mass spectrum (NIST Mass Spec Data Centre, 2013). We compared
the AMS time series data for the first generation product 2-formylcinnamaldehyde
through the m/z 131 [M−CHO]+ (C9H7O+) fragment (NIST Mass Spec Data Centre,
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2013), the second generation product 1,4-naphthoquinone molecular ion at m/z 158
(C10H6O+

2 ), and the expected m/z 174 signal for the molecular ion of 5-hydroxy-1,4-
naphthoquinone (C10H6O+

3 ) from high-resolution data (i.e. excluding other ions at each
nominal mass). The temporal trends, shown in Fig. 6, are supportive of the production
of first generation 2-formylcinnamaldehyde, second generation 1,4-naphthoquinone,5

and third generation 5-hydroxy-1,4-naphthoquinone in the particle phase, with each
rising and falling in concentration progressively later in the experiment.

As is anticipated from a probable third generation oxidation product of naphthalene,
the yield of 5-hydroxy-1,4-naphthoquinone is somewhat lower compared to the sec-
ond generation 1,2- and 1,4-naphthoquinones. The molecule was not detected in gas10

phase XAD samples from the chamber and particle phase loadings were on average
about 41 % of 1,4-naphthoquinone and 55 % of 1,2-naphthoquinone after correction
using an average recovery of 40±12 % from spike and recovery measurements. While
5-hydroxy-1,4-naphthoquinone is a minor contributor in terms of aerosol mass, the re-
dox activity of 5-hydroxy-1,4-naphthoquinone is higher than that the other two quinone15

species (about 7.8 pmolmin−1 ng−1 compared to 2.1 and 5.7 pmolmin−1 ng−1 for 1,4-
and 1,2-naphthoquinone, respectively). The 5-hydroxy-1,4-naphthoquinone accounts
for, on average, 33 % of the predicted redox activity in the particles (Fig. 7). Including
5-hydroxy-1,4-naphthoquinone in the predicted DTT decay rates, closure improves to
30±5 % in Fig. 4 (versus 20±3 % for the 3 and 4 August filter samples using only 1,2-20

and 1,4-naphthoquinone to predict redox activity).
The recovery of 5-hydroxy-1,4-naphthoquinone was low and variable compared to

1,2- and 1,4-naphthoquinone; it is possible that this may have resulted in an overes-
timation in particulate mass loadings for this species (and subsequently the relative
contribution of the molecule to the measured redox cycling rates). As such, the num-25

bers reported to this species above may be considered as an upper limit. Regard-
less, this product is significant in terms of overall redox cycling. If the redox activity
of the particles is calculated without correcting for different recoveries, 5-hydroxy-1,4-
naphthoquinone is still expected to account for about 19 % of the predicted redox
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cycling on average. It is not implausible that other functionalised naphthoquinone
species contribute small amounts to the unaccounted redox cycling activity. It is be-
yond the scope of the current project to identify remaining redox-active species, but we
note that there are very likely as-of-yet unidentified redox-active organic compounds
that could contribute to redox cycling in particulate matter in addition to the three small5

quinone species that have been the subject of previous focus.

3.3 Air-particle partitioning of 1,4-naphthoquinone

The degree to which the redox-active naphthoquinone products influence the toxicity
of particles depends on the partitioning behaviour of the compounds. The drawback
of chamber photooxidation studies is that particle mass loadings are typically many10

times higher than those observed under ambient conditions, which tends to favour par-
titioning to the particle phase. In the current experiments, particle mass loadings were
on the order of several hundreds of micrograms per cubic metre, and so whether or
not 1,2- or 1,4-naphthoquinone partition to the particle phase in significant enough
quantities to be of concern to health under typical ambient conditions is an important15

question. Gas-particle partitioning coefficients allow some estimation of how important
naphthoquinone photooxidation is to the health impact of particulate matter, partic-
ularly in urban areas where anthropogenic emissions of naphthalene are important.
Only one study has previously reported a gas-particle partitioning coefficient for 1,4-
naphthoquinone, in diesel exhaust particles (Jakober et al., 2007). We aim to verify20

the partitioning behaviour of 1,4-naphthoquinone in a system with only organic carbon
aerosol and without potential interference from adsorption to the black carbon found in
diesel particles.

The gas- and particle-phase concentrations of 1,4-naphthoquinone were obtained
from the PTR-MS and AMS measurements, respectively. In order to do so, a number25

of assumptions needed to be made. First, all AMS signal at m/z 158 was assumed
to come from the C10H6O+

2 ion, which is the molecular ion of naphthoquinone. As the
ionisation efficiency calibration was more reliable for the lower-resolution V-mode data
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from the AMS (using a shorter V-shaped ion time-of-flight region), these data were
used to calculate the total masses of naphthoquinone and total SOA mass loading.
Higher resolution W-mode data from the AMS (using a longer W-shaped ion time-of-
flight region) confirmed that on average, 90 % of the signal at m/z 158 came from the
C10H6O+

2 ion, allowing the unit-mass resolution data from m/z to be used with an error5

of approximately 10 %.
The second assumption was that the AMS was sensitive to the 1,4 isomer but not

the 1,2 isomer of naphthoquinone. This is based on the thermal instability of 1,2-
naphthoquinone. Thermal analysis of quinones found that while 1,4-naphthoquinone
exhibits thermal stability up to 600 ◦C, 1,2-naphthoquinone begins decomposing at10

temperatures higher than 100 ◦C, and the thermal instability was verified by very poor
reproducibility in GC-MS analysis (Sousa et al., 2012). The authors attributed the ther-
mal instability to the carbonyl groups of the quinones being in the ortho position to
each other, as 9,10-phenanthrenequinone also exhibited thermal instability. We pos-
tulate that 1,2-naphthoquinone was only recently identified in naphthalene SOA (Lee15

and Lane, 2009) due to the tendency of the 1,2 isomer to degrade under the GC-MS
conditions normally used to separate and measure quinone species, particularly high
injector temperatures. As such, we are only able to detect 1,2-naphthoquinone by GC-
MS when using the reductive acetylation derivatisation technique.

With the approximately 600 ◦C temperature of the AMS vapouriser, 1,2-20

naphthoquinone is not expected to be observable by the AMS. To verify this, each
of the naphthoquinone isomers were separately mixed with a high molecular weight
oil, bis(2-ethylhexyl) sebacate (BES). The mixtures were heated to homogeneously
nucleate particles, which were subsequently sampled under the high-resolution mode
of the AMS. Signals at m/z 158 from BES without quinone and with the 1,4 and 1,225

isomers are shown in Fig. 8. As hypothesised, the BES with 1,4-naphthoquinone ex-
hibited signal at a nominal mass of 158 corresponding to the C10H6O+

2 molecular ion,
which is partially obscured by signal from BES (from a fragment of C9H18O+

2 ). A sig-
nal for this ion was not observed for 1,2-naphthoquinone. Based on these results, we
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believe 1,2-naphthoquinone is likely to thermally decompose upon making contact with
the AMS vapouriser and that the signal from the naphthoquinone molecular ion can be
attributed to the 1,4 isomer. Reasonable correlation between the AMS m/z 158 signal
with 1,4-naphthoquinone filter measurements (r2 = 0.6) was obtained.

The third assumption made was that the PTR-MS signal primarily arises from gas-5

phase 1,4-naphthoquinone. The reliability of this assumption depends on the relative
amounts of 1,2-naphthoquinone and 1,4-naphthoquinone in the gas phase. Previous
studies have found that in the gas-phase, concentrations of the 1,2 isomer are lower
than for the 1,4 isomer in both chamber (Lee and Lane, 2009) and ambient (Eiguren-
Fernandez et al., 2008a) particles. This observation held true with our chamber exper-10

iments, with the ratio of the 1,2 to 1,4 naphthoquinone isomers being 0.015±0.010
in the gas phase. Based on this observation, attributing the PTR-MS signal to 1,4-
naphthoquinone is a reasonable assumption. Calibration using five experiments with
collected XAD cartridges yielded a strong correlation between the PTR-MS data and
the 1,4-naphthoquinone extracted from the XAD resin (r2 = 0.90).15

Finally, some evidence of equilibrium must be exhibited to properly calculate a par-
titioning coefficient assuming partitioning into a bulk phase. The low relative humidity
in the chamber is likely to result in particles that are not liquid, but equilibrium can be
established over appreciable periods of time if the particles are at least semi-solid with
fast enough diffusion in the bulk. Indeed, during the course of an experiment, the cal-20

culated values for the gas-particle partition coefficient were not constant, but tended
towards a stable value near the time when the lights are turned off in the chamber,
illustrated in Fig. 9. The stable value indicated that the system likely reached equi-
librium by the end of a typical 90 min experiment. Using a time scale of diffusion of
τ = d2/(4πD), a time scale of 90 min corresponds to a diffusion coefficient of approxi-25

mately 2×10−15 cm2 s−1 of 1,4-naphthoquinone in the SOA particle, which is within the
range expected for a semi-solid particle (Shiraiwa et al., 2011). As such, the conditions
to assume equilibrium partitioning in the bulk phase appear to be met.
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We obtained an average partitioning coefficient for a single experiment by averaging
the values taken over a 10 min period prior to the lamps being turned off. An aver-
age partitioning coefficient of (7.0±2.5)×10−4 m3 µg−1 was obtained; the uncertainty
is based on the standard deviation of all experiments, for which the results are sum-
marised in Table 4. This is a larger value than those estimated from the EPI Suite5

software; the McKay model predicts a value of 1.24×10−5 m3 µg−1 while the octanol-
air model predicts a value of 1.56×10−4 m3 µg−1 (US EPA, 2013). However, this value
is in good agreement with the previously reported value of 4×10−4 m3 µg−1 for 1,4-
naphthoquinone organic matter partitioning in diesel exhaust particles (Jakober et al.,
2007).10

3.4 Air-particle partitioning of 1,2-naphthoquinone

A corollary to the assumptions we made to calculate the 1,4-naphthoquinone parti-
tioning coefficient is that we cannot use a similar technique to calculate a partitioning
coefficient for 1,2-naphthoquinone. This is unfortunate as we have found, like earlier
studies (Lee and Lane, 2009; Eiguren-Fernandez et al., 2008a), the 1,2 isomer of naph-15

thoquinone partitions to the particle phase to a greater extent than the 1,4 isomer. As
discussed by Lee and Lane (2009), the ratio of 1,2- to 1,4-naphthoquinone tends to
be higher in the particle phase than in the gas phase. The ratio of the 1,2 to 1,4 iso-
mers we have measured in the gas phase and in the particle phase is 0.015±0.010 (as
mentioned previously) and 0.58±0.27, respectively, indicating that 1,2-naphthoquinone20

is much more abundant in the particulate phase. This is despite previous reports that
the vapour pressure of the 1,2 isomer is higher than that of the 1,4 isomer (Jakober
et al., 2007; Lee and Lane, 2009), although based on the Modified Grain method struc-
tural activity relationship from the EPI Suite software package, where the calculated
vapour pressures at 25 ◦C are 1.08×10−4 torr and 1.69×10−4 torr for 1,2 and 1,425

naphthoquinone, respectively (US EPA, 2013), partitioning trends are consistent with
vapour pressure. The ratios themselves are on the lower than the range of values sum-
marised in Lee and Lane (2009), which suggests that the yield of 1,2-naphthoquinone
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relative to 1,4-naphthoquinone in our system is lower than in other studies. As those
values are taken from engine samples, urban PM, and high-NOx chamber studies, this
may be attributed to the low-NOx conditions used in this study. Regardless, our find-
ings agree that the vapour pressure of 1,2-naphthoquinone is in fact lower than that
of 1,4-naphthoquinone based on the partitioning behaviour between the gas and parti-5

cle phases, and thus 1,2-naphthoquinone is potentially of more interest in the particle
phase than 1,4-naphthoquinone.

It is somewhat unsatisfactory to use the filter and XAD cartridge data to estimate
the partitioning coefficient for 1,2-naphthoquinone, as during the filter collection period,
the system deviates from equilibrium. The calculated partitioning coefficient increases10

as the chamber is pumped, presumably due to dilution rates of the particles occurring
on a faster time scale than the diffusion of 1,4-naphthoquinone out of the particle that
is required to re-establish equilibrium. In absence of appropriate measurements, the
ratio of the 1,2 to 1,4 isomers can be used to obtain an estimate of the partitioning
coefficient by combining partitioning coefficient expressions for the two species to give15

Kp1,2 = Kp1,4(rp/rg), where rp and rg are the ratio of the 1,2 to the 1,4 isomer of naph-
thoquinone in the particulate and gaseous phases, respectively. Using data from our
chamber, the value for Kp is estimated to be (3.8±2.7)×10−2 m3 µg−1; this calcula-
tion was performed using only experimental data that included simultaneous gas- and
particle-phase measurements. Using ratios obtained in other studies, we obtained val-20

ues of (5.3±4.6)×10−3 m3 µg−1 (Lee and Lane, 2009) and (3.6±2.2)×10−3 m3 µg−1

(Eiguren-Fernandez et al., 2008a).
We note that the estimate based on our data is approximately an order of magnitude

higher than when we use the values from other studies. As the Lee and Lane (2009)
values are obtained from a larger chamber that does not require dilution during particle25

sampling, and as the Eiguren-Fernandez et al. (2008a) values are taken from ambi-
ent particles, these values are more likely to be taken under equilibrium conditions.
Given the close agreement between these estimated coefficients, we consider the cal-
culations using the Lee and Lane (2009) and the Eiguren-Fernandez et al. (2008a)
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values to be a more reliable estimate of the gas-particle partitioning coefficient for 1,2-
naphthoquinone.

3.5 Redox activity prediction for oxidized two-stroke engine particles

To determine the extent to which redox closure could be obtained for more com-
plex chemical systems, we revisited the ozone-exposed two-stroke engine exhaust5

particles examined previously (McWhinney et al., 2011) using the same techniques.
Quinones were measured from the phosphate buffer extract using SPE extraction to
obtain the analytes. Aqueous extracts of the engine particle filters were not subject to
the same low recoveries using the SPE technique, with recoveries of 92±10 % for 1,4-
naphthoquinone, 87±22 % for 9,10-phenanthrenequinone, and a somewhat lower re-10

covery of 21±15 % for 1,2-naphthoquinone. Of the three redox active quinone species
measured, only 1,2-naphthoquinone was observed to increase by a significant amount
compared to levels measured in fresh particles. When the predicted DTT decay rates
based on 1,2-naphthoquinone concentrations in the particle extracts were plotted as
a function of observed DTT decay rates, a moderate positive correlation was observed15

(Fig. 10; r2 = 0.75). With spike and recovery correction, the average predicted DTT
decay rate is 4.9±2.5 % of the observed DTT decay rate. Perhaps not surprisingly,
the prediction of redox activity based on known quinone species is less satisfactory
than the simpler system of naphthalene SOA. This again suggests that there are other
redox-active SOA species being produced that are currently unaccounted for when20

examining typical redox active quinone species.

4 Atmospheric implications

Naphthoquinones are already known to be minor contributors to particle mass, and
as such the generation of quinone species is not a concern to SOA mass loadings.
However, due to high SOA mass yields, naphthalene itself has a potential to contribute25
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considerably to particulate mass in areas with strong PAH emissions. For example, it
has been estimated that naphthalene, 1- and 2-methylnaphthalene, acenaphthalene
and acenaphthylene from mobile sources could contribute 37–162 kgd−1 of SOA in
Houston, Texas, compared to a total SOA estimate of 268 kgd−1 from mobile sources,
with a substantial fraction (36–48 %) of the PAH SOA mass coming from naphthalene5

oxidation (Shakya and Griffin, 2010). For diesel exhaust, it was estimated that of SOA
production from oxidation of light aromatics, PAHs, and long-chain alkanes, 58 % of the
aerosol produced arises from PAH precursor species (Chan et al., 2009). With a signif-
icant amount of naphthoquinone production from naphthalene oxidation and sufficient
organic aerosol mass loading available for gas-particle partitioning, naphthoquinones10

may have a significant impact in terms of the redox behaviour and toxicity of ambient
particles.

There are few studies that have attempted to model the atmospheric burden of 1,4-
naphthoquinone. One study modelled the atmospheric burden resulting from oxidation
of naphthalene and 1-naphthol and the photolysis of 1-nitronaphthalene in Southern15

California, and much of central Los Angeles was predicted to have 1,4-naphthoquinone
concentrations in excess of 0.5 ngm−3 and up to 2.5 ngm−3 based on modelled naph-
thalene emissions for a week in July 1998 (Lu et al., 2005). These values are similar in
magnitude to those that were subsequently measured in Southern California (Eiguren-
Fernandez et al., 2008a). We have used the modelled as well as the observed quinone20

concentrations to make an estimate as to how abundant quinones should be in the par-
ticle phase and what their contribution to redox cycling activity would be over a wide
range of particle mass loadings.

To predict particulate quinone mass loadings under different mass loadings of or-
ganic aerosol, the Kp equation was rearranged to yield cp = (Kp/Mp)cT/(1+Kp/Mp),25

where cT is the total quinone mass loading (cp +cg) and Kp/Mp is the ratio of the par-
ticulate phase mass loading and the gas phase mass loading of the quinone. Using
a quinone concentration of 1 ngm−3, the particulate mass loading was calculated for
25 ◦C based on the experimentally determined gas-particle partitioning coefficient of
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(7.0±2.5)×10−4 m3 µg−1 for 1,4-naphthoquinone. For 1,2-naphthoquinone, the par-
titioning coefficient was estimated as 4.4×10−3 m3 µg−1 based on the average of
the two estimates discussed previously, with the uncertainty in the range of (1.4–
9.9)×10−4 m3 µg−1 based on the upper and lower standard deviations of those esti-
mates. The results of the calculations for a range of organic particle mass loadings5

ranging from approximately 0.1–100 µgm−3 are shown in Fig. 11. DTT activity was
calculated based on an average DTT decay rate of 2.1×10−3 pmolmin−1 pg−1 and
5.7×10−3 pmolmin−1 pg−1 for 1,4- and 1,2-naphthoquinone, respectively.

Unsurprisingly, the particulate mass loading of each quinone rises substantially as
more organic particles are present for partitioning. As a result, the DTT activity per10

unit volume of air, which is an important metric for exposure to toxic particles, rises
with particle mass loading. The DTT activity normalized to particle mass, however, re-
mains relatively unchanged and actually falls somewhat at high particle mass loadings
as the additional mass partitioning to particles begins to diminish. Expected mass-
normalised DTT decay rates are anticipated to be on the order of 0.02 pmolmin−1 µg−1

15

for 1,2-naphthoquinone and 0.0015 pmolmin−1 µg−1 for 1,4-naphthoquinone. As PM
in Los Angeles has been measured to decay dithiothreitol at rates greater than
20 pmolmin−1 µg−1 (Ntziachristos et al., 2007), both quinones seem to be unlikely con-
tributors to redox activity of ambient particles in that locale.

This is a simplistic analysis of the partitioning behaviour, assuming equilibrium20

conditions with bulk partitioning. Measured ambient particulate loadings of 1,4-
naphthoquinone (Cho et al., 2004; Eiguren-Fernandez et al., 2008a; Valavanidis et al.,
2006) are often in excess of 100 pgm−3, which is higher than the range we have es-
timated based on equilibrium partitioning, perhaps due to non-equilibrium partitioning
or partitioning to non-organic aerosol species such as black carbon. We have also25

not explored how ambient temperature might change the outcome of such an analy-
sis. Naphthoquinone species may become more important under conditions that favour
partitioning, namely low temperatures, provided significant naphthalene emissions ex-
ist and photoreactivity is sufficiently high. This treatment is beyond the scope of this
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project but may be important for determining how atmospheric processes may con-
tribute to the toxicity of particles.

Furthermore, there is currently little information on the production rates of the more
redox-active and less volatile 1,2-naphthoquinone and 5-hydroxy-1,4-naphthoquinone
products for the purpose of atmospheric modelling, and there remains, at minimum,5

about 70 % of the redox activity with unknown partitioning behaviour that we could
not account for based on the three naphthoquinone species measured. The miss-
ing activity could arise from highly functionalised products, which are likely to have
low vapour pressures and could contribute to redox cycling under ambient parti-
cle loading; structural activity relationships predict the vapour pressure of 5-hydroxy-10

1,4-naphthoquinone to be about an order of magnitude lower than that of 1,4-
naphthoquinone (US EPA, 2013). In terms of importance, oxidation of phenanthrene
to produce phenanthrenequinone (e.g. Wang et al., 2007; Lee and Lane, 2010), which
is of much lower volatility than either 1,2- or 1,4-naphthoquinone and is more highly
redox-active, may be a greater source of particle-phase redox-active organic species15

and has been shown to be an atmospherically relevant species (Eiguren-Fernandez
et al., 2008b). Certainly, previous apportioning of DTT activity to chemical species have
found phenanthrenequinone to be a much more substantial contributor to redox activity
than 1,2- and 1,4-naphthoquinone (Chung et al., 2006; Charrier and Anastasio, 2012).
The influence of naphthalene oxidation on redox activity in relation to other redox ac-20

tive species such as 9,10-phenanthrenequinone, transition metals, black carbon, and
humic-like substances – particularly in warmer climates when partitioning favours the
gas phase for small naphthoquinones – may ultimately depend on the volatility of the
unknown redox-active species generated through its photooxidation.
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Table 1. GC-MS method parameters as adapted from Cho et al. (2004).

Gas chromatograph Agilent 7890A
Agilent 7683 Series autosampler

Inlet temperature and pressure 260 ◦C, 10.5 psi
Injection 1 µL, pulsed splitless injection at 25 psi for 0.5 min
Carrier gas He, 10.5 psi, 1 mL min−1 flow rate
Run time 40 min
Temperature program 100 ◦C, hold 4 min

5 ◦C min−1 to 280 ◦C
Mass spectrometer Agilent 5975C
Ionisation mode Electron impact

Time Selected ions (m/z)

22–25.5 min 160 ([M−2CH2CO]+), 202 ([M−CH2CO]+), 244 ([M]+)
25.5–30 min 174 ([M−2CH2CO]+), 216 ([M−CH2CO]+), 258 ([M]+)
30–34 min 176 ([M−3CH2CO]+), 218 ([M−2CH2CO]+), 260 ([M−CH2CO]+), 302 ([M]+)
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Table 2. Average elemental composition of particles at the end of the photooxidation portion of
the experiment.

H : C ratio 0.97±0.08
O : C ratio 0.31±0.02
N : C ratio 0.03±0.01
CxHy mass contribution (31±1) %
CxHyO1 mass contribution (23±1) %
CxHyO>1 mass contribution (18±1) %
CxHyN mass contribution (3±2) %
CxHyO1N mass contribution (1.2±0.3) %
CxHyO>1N mass contribution (0.36±0.09) %
HO mass contribution (5±2) %
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Table 3. Summary of DTT and quinone analysis for naphthalene oxidation experiments.

DTT decay rates Particulate quinone massesc,d

Experiment Measureda/
10−7 Mmin−1

Mass normalised/
pmolmin−1µg−1

Predictedb/
10−7Mmin−1

Predictedb with 5-OH-
1,4-NQ/10−7 Mmin−1

1,4-NQ/
µg

1,2-NQ/
µg

5-OH-1,4-
NQ/µg

PM massd/
mg

27 May 6.1±0.8 116±16 1.4±0.2 –e 4.3±0.4 1.2±0.1 – 0.44
31 May 8.1±0.9 104±12 2.2±0.3 – 6.6±0.6 2.2±0.3 – 0.65
1 Jun 5.7±0.9 122±20 1.1±0.2 – 3.7±0.3 0.9±0.1 – 0.39
2 Jun A 7.0±1.0 130±19 1.5±0.3 – 3.7±0.3 2.3±0.3 – 0.45
2 Jun B 7.1±1.0 87±8 1.5±0.3 – 3.2±0.3 2.6±0.3 – 0.68
3 Jun 7.0±0.9 140±18 1.5±0.3 – 4.8±0.4 1.3±0.2 – 0.42
3 Aug A 5.2±1.1 121±25 1.3±0.3 1.7±0.4 2.3±0.2 2.0±0.2 0.7±0.2 0.54
3 Aug B 3.3±1.3 113±43 0.7±0.2 1.2±0.3 1.5±0.1 1.1±0.1 0.8±0.2 0.37
4 Aug A 3.1±1.2 125±47 0.5±0.1 0.9±0.2 1.2±0.1 0.8±0.1 0.6±0.2 0.31
4 Aug B 5.9±1.2 125±25 1.0±0.3 1.4±0.3 1.8±0.2 1.7±0.2 0.5±0.2 0.59

a Measured is based on dilution of the extract used in the assay for a particular sample and will not scale directly with reported quinone or PM masses.
b Predicted values match dilution factors used in the measured assay.
c Quinone masses for 1,4-naphthoquinone (1,4-NQ), 1,2-naphthoquinone (1,2-NQ) and 5-hydroxy-1,4-naphthoquinone (5-OH-1,4-NQ) are corrected using spike
and recovery measurements.
d Mass reported is for whole filter.
e 5-hydroxy-1,4-naphthoquinone not measured.
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Table 4. Summary of AMS and PTR-MS measurements for naphthalene oxidation experiments.

[OH]a/107 [Naphthalene]bi / [1,4-NQ]c,d
g,f / [1,4-NQ]c,e

p,f Mc,f
p K d

p /

Experiment moleccm−3 ppb µgm−3 µgm−3 µgm−3 10−4 m3 µg−1

17 Apr 1.1 480±50 29.7±2.3 3.8±0.9 443±89 2.7±0.3
14 May 1.2 279±29 23.5±1.8 2.5±0.6 281±56 3.7±0.2
27 May 1.1 251±26 18.7±3.2 2.8±0.7 323±65 5.0±1.1
28 May A 1.6 225±23 14.7±2.2 3.3±0.8 417±83 4.9±0.5
28 May B 1.6 237±25 16.5±2.3 3.0±0.7 383±77 4.8±0.4
29 May A 1.7 282±29 18.9±1.3 4.0±1.0 516±103 4.0±0.4
29 May B 1.9 181±19 9.2±0.8 2.7±0.7 367±73 7.6±0.4
31 May 1.6 267±28 12.3±1.4 4.0±1.0 514±103 6.2±0.5
1 June 1.9 136±14 6.6±1.2 2.3±0.6 315±63 9.3±2.5
24 Jun A 1.0 257±27 7.8±1.7 3.2±0.8 344±69 10.4±1.7
24 Jun B 1.4 233±24 11.6±0.9 3.5±0.9 417±83 6.9±1.7
24 Jul 1.2 251±26 10.6±1.7 3.2±0.8 333±67 8.4±0.7
25 Jul A 1.9 157±16 6.5±0.9 2.1±0.5 281±56 10.1±1.8
25 Jul B 1.0 361±37 14.5±2.1 4.2±1.0 455±91 5.6±0.7
3 Aug A 1.0 302±31 7.1±2.1 4.3±1.1 463±93 10.7±1.7
3 Aug B 1.6 244±25 8.5±1.1 2.5±0.6 318±64 8.4±0.7
4 Aug A 1.5 169±18 7.2±0.8 1.8±0.4 231±46 9.7±1.5
4 Aug B 1.3 315±33 10.4±0.8 3.8±0.9 467±93 7.5±0.5

a Calculated from first-order decay of naphthalene (kOH = 2.2×10−11 molec−1 cm−3, Sasaki et al., 1997); relative standard
deviation of fit was typically less than ±1 %.
b Uncertainty based on ±10 % relative standard deviation of PTR-MS calibration for naphthalene.
c Values averaged from 10 min of data prior to lamp shutoff time.
d Uncertainty based on standard deviation of averaged values 10 min prior to lamp shutoff.
e Uncertainty based on a ±25 % relative standard deviation of the calibration slope for calculation of 1,4-naphthoquinone from
AMS m/z 158.
f Uncertainty estimated at ±20 %.
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Fig. 1. A general redox cycle for 1,2-napththoquinone. A generic reducing agent (red) transfers
a single election to 1,2-naphthoquinone to generate the semiquinone radical. The quinone is
regenerated when the electron is transferred to oxygen, generating superoxide.
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Fig. 2. 1,2-naphthoquinone (top left), 1,4-naphthoquinone (middle left), and 5-hydroxy-1,4-
naphthoquinone (bottom left) and their respective acetylated derivatives (right).
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Fig. 3. Average mass spectrum of naphthalene SOA coloured by fragment family.
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Fig. 4. Predicted DTT decay rates of naphthalene SOA filter extracts plotted against the mea-
sured DTT decay rates. Open triangles represent predicted values based on measured 1,2-
and 1,4-naphthoquinone on the particle filters, while filled circles also include 5-hydroxy-1,4-
naphthoquinone (5-OH-1,4-NQ) in the prediction. A 1 : 1 line indicates the expected relationship
if predicted DTT decay rates equal those observed.
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Fig. 5. Sample chromatogram for 5-hydroxy-1,4-naphthoquinone (tR = 31.2 min) for the m/z
176 fragment (loss of three acetyl groups from molecular ion).
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12:00 PM
8/4/12

1:00 PM 2:00 PM 3:00 PM

 2-formylcinnamaldehyde [M-CHO]
+

 naphthoquinone [M]
+

 hydroxynaphthoquinone [M]
+

Lamps on

Lamps off/pumps on

Fig. 6. Time series of high-resolution AMS data for C9H7O+ (2-formylcinnamaldeyde
[M−CHO]+, C10H6O+

2 (naphthoquinone M+), and C10H6O+
3 (hydroxynaphthoquinone [M]+). Sig-

nals have been scaled to appear the same magnitude.
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Fig. 7. Predicted DTT decay rates by constituent for four experiments (labelled A–D) where 1,2-,
1,4-, and 5-hydroxy-1,4-naphthoquinone (1,2-NQ, 1,4-NQ, and 5-OH-1,4-NQ, respectively)
were quantified in the particle phase.
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158.3158.2158.1158.0157.9
m/z

 BES
 BES + 1,4
 BES + 1,2

Fig. 8. Raw mass spectra at m/z 158 for homogeneously nucleated BES without naphtho-
quinone and with 1,4-naphthoquinone and 1,2-naphthoquinone. The peak of the highest inten-
sity arises from a C9H18O+

2 fragment from BES (actual mass 158.131 amu), while the small
peak seen in the red trace arises from the C10H8O+

2 molecular ion of 1,4-naphthoquinone (ac-
tual mass 158.037 amu).
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Fig. 9. Representative experimental data for a naphthalene generation experiment. AMS or-
ganics (green) and m/z 158 (orange) were corrected for a collection efficiency of 0.5. The PTR-
MS signal for protonated naphthoquinone at m/z 159 (blue) was normalized to the reagent
ion count. The gas-particle portioning coefficient Kp (black triangles) was calculated for each
time point using AMS and PTR-MS data calibrated to filter and XAD measurements of 1,4-
naphthoquinone, respectively.
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Fig. 10. Predicted DTT decay rates for oxidized engine exhaust particle extracts plotted as
a function of observed DTT decay rates. Guiding lines for 1 : 1, 1 : 10, and 1 : 20 relationships
are shown as visualization aids.
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Fig. 11. Calculated quinone particulate mass loadings and mass- and volume-normalised DTT
decay rates as a function of organic particle mass loading. Calculations are performed using
a total mass concentration of 1 ngm−3 of quinone. Shaded areas represent the uncertainties
as discussed in the text.
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