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ABSTRACT

It has been hypothesized that much of the high morbidity and mortality associated with
fine particulate matter is due to quinones, such as 9,10-phenanthrenequinone, which have the
ability to form reactive oxygen species (ROS) and cause oxidative stress. During this
experimental program, we used the facilities and expertise available at the Air Pollution
Research Center, University of California, Riverside, to investigate atmospheric reactions of
alkylnaphthalenes and phenanthrene and to assess their potential to contribute to the ambient
PAH-quinone burden. Based on our measured yields, calculations suggest that daytime OH
radical-initiated and nighttime NOj; radical-initiated reactions of gas-phase phenanthrene will be
significant sources of 9,10-phenanthrenequinone in ambient atmospheres. In contrast, the ozone
reaction with phenanthrene is unlikely to contribute significantly to ambient 9,10-
phenanthrenequinone. The high yield (>30%) of 9,10-phenanthrenequinone from the NO;
radical-initiated reaction implies the potential for high concentrations of this quionone to be
formed in areas where nighttime NOs; radical chemistry is important, such as Southern
California.Hydroxyl radical-initiated reactions of naphthalene, naphthalene-ds, 1- and 2-
methylnaphthalene (1- and 2-MN), 1- and 2-ethylnaphthalene (1- and 2-EN) and the 10 isomeric
dimethylnaphthalenes (DMNs) were conducted in a large volume Teflon chamber with analysis
by atmospheric pressure ionization — mass spectrometry (API-MS). Quinone products were very
minor, but the major products were ring-opened dicarbonyls that are 32 mass units higher in
molecular weight than the parent compound, one or more ring-opened dicarbonyls of lower
molecular weight resulting from loss of two B-carbons and associated alkyl groups, and ring-
containing compounds that may be epoxides. The isomer-specific identifications and,
importantly, the genotoxicity of these novel oxygenated species should be determined as well as
their presence in ambient atmospheres. Gas-phase NOs radical-initiated reactions of naphthalene,
the MNs, ENs and DMNs were conducted, and for the first time, the dimethylnitronaphthalene
and ethylnitronaphthalene isomers formed were identified and their yields measured. Radical-
initiated reactions of a mixture of ENs/DMNs proportioned to mimic ambient concentrations
gave profiles of the ENNs and DMNNs expected to be formed from OH and NO; radical-
initiated reactions. Comparing these ENN/DMNN profiles with those from ambient samples
collected in Mexico City, Mexico, Riverside, CA and Redlands, CA, it is apparent that the nitro-
PAH formation in Mexico City was dominated by OH radical reaction, while the ENN/DMNN
profiles from Southern California could only be explained by the occurrence of nighttime NO;
radical chemistry. This research suggests that nighttime NOs; chemistry can be a significant
source of toxic nitro-PAHs and PAH-quinones in ambient atmospheres.

X1V



EXECUTIVE SUMMARY

Background. It has been hypothesized that much of the high morbidity and mortality
associated with fine particulate matter is due to quinones, such as 9,10-phenanthrenequinone,
which have the ability to form reactive oxygen species (ROS) and cause oxidative stress. We
investigated atmospheric reactions of alkylnaphthalenes and phenanthrene to assess their
potential to contribute to the ambient quinone burden. For the alkylnaphthalenes, hydroxyl (OH)
radical and nitrate (NO;) radical reactions were investigated, including the formation of nitro-
alkylnaphthalenes with the potential to photolyze and produce quinones as secondary products.
For phenanthrene, the OH and NOj radical-initiated reactions and reaction with ozone (O3) were
investigated.

Methods. During this experimental program, we used the facilities and expertise
available at the Air Pollution Research Center, University of California, Riverside, including
Teflon chambers to simulate atmospheric reactions with OH and NOs radicals and Os;. We used
a variety of mass spectrometric and chromatographic techniques for product identification.

Results.

Phenanthrene. The reported concentrations of 9,10-phenanthrenequinone on urban
airborne particulates range up to 1 ng m™ and the majority of ROS generation by extracts from
ambient particles collected in Fresno, CA has recently been attributed to 9,10-phenanthrene-
quinone (Chung et al., 2006, Environ. Sci. Technol., 40, 4880-4886). Phenanthrene, a 3-ring
polycyclic aromatic hydrocarbon exists in the atmosphere mainly in the gas-phase and has been
observed in numerous ambient studies at concentrations higher than the > 4-ring PAHs with, for
example, phenanthrene concentrations measured in Southern California during 2003 ranging
from 5-20 ng m™. Reactions with OH and NOjs radicals are the most important daytime and
nighttime atmospheric loss processes for phenanthrene, respectively and 9,10-phenanthrene-
quinone was previously identified from the gas-phase reaction of phenanthrene with OH radicals.
In this work we measured the 9,10-phenanthrenequinone yields to be ~3%, 33 + 9%, and ~2%
from the gas-phase OH radical, NO; radical and O; reactions, respectively. Calculations suggest
that daytime OH radical-initiated and nighttime NOj radical-initiated reactions of gas-phase
phenanthrene will be significant sources of 9,10-phenanthrenequinone in ambient atmospheres.
In contrast, the ozone reaction with phenanthrene is unlikely to contribute significantly to
ambient 9,10-phenanthrenequinone.

Alkylnaphthalenes. Naphthalene and the C;- and C;-alkylnaphthalenes are emitted by
vehicle traffic and are the most abundant polycyclic aromatic hydrocarbons (PAHs) in urban
atmospheres. For example, for a 5-day period in January 2003 at a heavily traffic-impacted site
in Los Angeles, CA, the average morning concentrations for naphthalene, the sum of the
methylnaphthalenes, and the sum of the dimethyl- and ethyl-naphthalenes were ~1600 ng m™,
~1000 ng m™, and ~160 ng m™, respectively, while co-located particle-associated
benzo[ghi]perylene concentrations were ~2 ng m™~. Hydroxyl radical-initiated reactions of
naphthalene, naphthalene-dg, 1- and 2-methylnaphthalene (1- and 2-MN), 1- and 2-
ethylnaphthalene (1- and 2-EN) and the 10 isomeric dimethylnaphthalenes (DMNs) were
conducted in a large volume Teflon chamber with analysis by atmospheric pressure ionization —
mass spectrometry (API-MS). Quinone products were very minor, but the major products were
ring-opened dicarbonyls that are 32 mass units higher in molecular weight than the parent
compound, one or more ring-opened dicarbonyls of lower molecular weight resulting from loss
of two -carbons and associated alkyl groups, and ring-containing compounds that may be
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epoxides. The isomer-specific identifications and, importantly, the genotoxicity of these novel
oxygenated species should be determined. Interestingly, while OH radical addition appeared to
occur mainly on the ring position ortho to the alkyl group(s), for 1,2-DMN ipso addition (i.e.,
addition to the carbon with the methyl group) explained the observed products.

Investigation of photolysis and OH radical reaction of ring-opened dicarbonyls resulting
from loss of two [-carbons and associated alkyl groups, including phthaldialdehyde (formed
from naphthalene, 2-MN, 2-EN and 2,3-DMN) and 2-acetylbenzaldehyde (formed from 1-MN,
1,2-DMN and 1,3-DMN) suggest that photolysis is the major atmospheric loss process for these
aromatic dialdehyde and keto-aldehyde and confirmed that phthalic anhydride and alkyl-
substituted phthalic anhydrides observed in the OH reactions of the naphthalene and the
alkylnaphthalenes were second generation products. Considering the relatively high ambient
concentrations of naphthalene and the alkylnaphthalenes, the potential health risks of the polar
oxygenated products from their OH radical-initiated reactions should be investigated.

Nitrated polycyclic aromatic hydrocarbons (nitro-PAHs). Nitro-PAHs in ambient
atmospheres are of concern because nitro-PAHs have been found to be mutagenic and
carcinogenic. Isomer-specific nitro-PAH analyses are required to assess ambient air toxicity, and
knowledge of the specific nitro-isomers present in ambient samples can also provide information
on their sources. Like PAHs, nitro-PAHs may be emitted from combustion sources, but the
nitronaphthalenes and alkylnitronaphthalenes present in ambient air have been attributed largely
to in situ atmospheric formation from gas-phase reaction of naphthalene and the
alkylnaphthalenes with OH radicals and NOs radicals. To allow identification of the
dimethylnitronaphthalenes (DMNNSs) and ethylnitronaphthalenes (ENNs) formed, in particular,
from the NOs radical-initiated reactions in which high yields of nitro-products were anticipated,
sub-mg to mg amounts of the 42 DMNN and 14 ENN isomers were synthesized by nitration of
the parent alkylnaphthalene with N,Os in CCly solution. A combination of proton nuclear
magnetic resonance ('H NMR) analyses and gas chromatography/mass spectrometry (GC/MS)
analyses with electron impact ionization allowed unequivocal identification of all DMNN
isomers and of all but 3 ENN isomers. Retention indices (RI) on a 5% phenylmethyl-
polysiloxane capillary GC column were measured.

Gas-phase NOj radical-initiated reactions of naphthalene, the MNs, ENs and DMNs were
conducted, and for the first time, the dimethylnitronaphthalene and ethylnitronaphthalene
isomers formed were identified and their yields measured. The measured yields for the ENNs
from 1-EN and 2-EN were 12% and 19%, respectively, and the yields of the DMNNs ranged
from 4-21%. A mechanism has been postulated to explain the most abundant isomer formed in
each of these reactions which involves addition of the NOs at the most electrophilic position
followed by ortho or para addition of NO; and subsequent loss of HNOs.

Radical-initiated reactions of a mixture of ENs/DMNs proportioned to mimic ambient
concentrations gave profiles of the ENNs and DMNNs expected to be formed from OH and NO;
radical-initiated reactions. Comparing these ENN/DMNN profiles with those from ambient
samples collected in Mexico City, Mexico, Riverside, CA and Redlands, CA, it is apparent that
the nitro-PAH formation in Mexico City was dominated by OH radical reaction, while the
ENN/DMNN profiles from Southern California could only be explained by the occurrence of
nighttime NOj radical chemistry.

In addition to nitro-derivatives, quinones were also direct products of the NO; radical
reaction with ENs and DMNs. Quinone formation was favored for isomers with -alkyl-
substitution. The yield of 1,4-naphthoquinone measured from naphthalene was 3.6%, the 2-

XVvi



methyl-1,4-naphthoquinone (menadione) yield from 2-MN was 3.4% and the sum of the yields
of the two quinone isomers formed from 2-EN was 2.2%. The quinone yields measured from
2,3-DMN, 2,6-DMN and 2,7-DMN were 4.1%, 2.2% and 3.9%, respectively.

Photolysis of 2-M-1NN produced 2-methyl-1,4-naphthoquinone, but apparently required
the presence of NOy at ppbv levels to obtain a maximum yield of 18%. 2,6-Dimethyl-1-
nitronaphthalene photolyzed in the presence of 9 ppbv NO, produced 2,6-dimethyl-1,4-
naphthoquinone. While ppbv levels of NOy are realistic urban ambient conditions, the
dependence on NOy could be an experimental artifact and needs to be elucidated.

Conclusions. Nitro-PAHs and quinones are formed in higher yields from NO; radical-
initiated reactions than from OH radical-initiated reactions. While the OH radical is ubiquitous
during daylight hours, NOj is significant only at night (NOs photolyzes with a lifetime at solar
noon of ~5 s) and requires the presence of both O3 and NO, to form. Our NOs radical reaction
yield data allow predictions on a relative basis of quinone formation from 2-3 ring PAH and of
alkylnitronaphthalenes. Ambient measurements can be used to confirm these predictions and
establish the importance of the NOj3 radical-initiated formation pathway in ambient atmospheres.
Photolysis of the DMNNs/ENNs formed from atmospheric reactions may be another source of
ambient quinones, but the apparent NOy dependence of these reactions needs to be understood
before this pathway can be reliably evaluated.
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I. INTRODUCTION AND BACKGROUND

It has been hypothesized that much of the high morbidity and mortality associated with
fine particulate matter (PM) is due to quinones (Froines, 2003). Quinones cause a variety of toxic
effects in vivo through mechanisms involving (1) covalent binding to cellular proteins and/or
DNA and (2) redox cycling with their semiquinone radicals, leading to formation of reactive
oxygen species [ROS] (Bolton et al., 2000). Demonstrating the former, human bronchial
epithelial cells were arylated in vitro by 1,4-naphthoquinone at multiple protein targets (Lame et
al., 2003). Suggesting the latter, 9,10-phenanthrenequinone, 1,4- and 1,2-naphthoquinone, and
2-methyl-1,4-naphthoquinone have all been shown to be active in suppressing neuronal nitric
oxide synthase (nNOS) activity, with phenanthrenequinone being most potent (Kumagai et al.,
1998) and also capable of inhibiting endothelial nitric oxide synthase activity and suppressing
vasorelaxation (Kumagai et al., 2001). Recent studies provided further support for the redox
cycling capability of phenanthrenequinone with authors of one study concluding that
“phenanthrenequinone may be, at least partially, responsible for diesel exhaust particle-induced
oxidative stress” (Kumagai et al., 2002) and other researchers attributing toxic action in aerobic
yeast systems to ROS from 9,10-phenthrenequinone (Rodriguez et al., 2004; 2005). Redox
cycling, with rapid and sequential reduction back to the quinone and the formation of reactive
oxygen species potentiates the toxic effect with one equivalent of quinone generating multiple
equivalents of toxic reactive oxygen species.

PAH-quinones in ambient air may have as their sources: (a) direct emissions, for
example, in diesel exhaust (Choudhury, 1982; Schuetzle, 1983) and (b) in situ atmospheric
formation from radical-initiated reaction of the parent PAHs (Sasaki et al., 1997a) or photolysis
of nitro-PAHs (Atkinson et al., 1989; Arey et al., 1990). Thus, we have previously shown that
1,4-naphthoquinone is formed from the hydroxyl (OH) radical and nitrate (NOs3) radical-initiated
reactions of naphthalene in a 1-2% yield (Sasaki et al., 1997a) and the photolysis of 1-
nitronaphthalene and 2-methyl-1-nitronaphthalene lead to the formation of 1,4-naphthoquinone
and 2-methyl-1,4-naphthoquinone, respectively, with a ~20% yield (Atkinson et al., 1989; Arey
etal., 1990).

Both nitro-PAHs and PAH-quinones are present in diesel emissions in small
concentrations in comparison with the PAHs emitted. It has been shown that in California, nitro-
PAH formation from atmospheric gas-phase PAH reactions completely dominates over nitro-
PAH emissions from vehicle exhaust (Arey, 1998; Arey and Atkinson, 2003; Reisen et al., 2003,
2005). Additionally, these atmospherically-formed nitro-PAH and nitro-PAH derivatives
(Sasaki et al., 1995 Helmig et al., 1992a,b) make significant contributions to the bacterial (Arey
et al., 1988; Gupta, 1995; Gupta et al., 1996; Sasaki et al., 1995; Helmig et al., 1992a,b) and
human cell (Sasaki et al., 1997b; Sasaki et al., 1999; Phousongphouang et al., 2000) genotoxicity
of ambient air. Since PAH-quinones can be produced by atmospheric reactions of PAHs and by
photolysis of their nitro-derivatives, it seems likely that atmospheric formation of PAH-quinones
may be an important contributor to the PAH-quinone burden of California’s air. Therefore, it is
imperative to understand the role of atmospheric reactions in the production of PAH-quinones in
order to assess the potentially significant consequences for the health of California’s residents.

Ambient PAH Concentrations. In the late 1980’s we conducted a CARB-funded study
of ambient concentrations of selected PAHs at seven locations throughout California impacted
by different combustion emissions and observed that at all locations naphthalene was the most
abundant PAH (Atkinson et al., 1988). While atmospheric PAH concentrations have decreased



since the 1980’s, the PAH profiles, with the most abundant PAHs being the most volatile, remain
unchanged. Table 1 shows the ambient concentrations of the 2- to 4-ring PAHs recently
measured in Los Angeles near the intersection of two major freeways (samplers located on the
roof of the Denney Research Center at the University of Southern California [USC)).

The relative concentrations of the PAHs shown in Table 1 may be considered a typical
“traffic PAH profile”, with the Zmethylnaphthalenes (MNs) roughly half that of naphthalene and
the Xdimethylnaphthalenes (DMNs) roughly 10% of the naphthalene concentration. The relative
abundances of the specific DMNs (see Figure 1) is very similar to what we have observed in
diesel fuel, with the most abundant isomers being 1,6-, 1,7-, 2,6- and 2,7- DMN and with no 1,8-
DMN present.

The PAHs listed in Table 1 are expected to be mainly in the gas-phase or distributed
between the gas- and particle-phases (fluoranthene and pyrene). The lifetimes of these PAHs
due to gas-phase OH radical-initiated reaction are significantly less than one day and as shown in
Table 1 for an OH radical concentrations of 5 x 10° molecule cm™ [a noontime, summer value
measured in Los Angeles (George et al., 1999)] could be less than one hour, for example, for the
dimethylnaphthalenes. Thus, atmospheric reaction products of naphthalene and
alkylnaphthalenes, such as their nitro- or quinone-derivatives, should also be present in
California’s atmosphere.

As seen in Table 1, phenanthrene is generally in higher concentration in ambient
atmospheres than the > 4-ring PAHs. Because of its relatively high abundance and the
potentially significant toxicity of 9,10-phenanthrenequinone, in addition to naphthalene and the
alkylnaphthalenes, we studied the atmospheric reactions of phenanthrene and their potential to
form 9,10-phenanthrenequinone.



Table 1. Average morning (7:30-10:30 PST) PAH concentrations measured in Los Angeles
January 13-17, 2003 (data from Reisen and Arey, 2005) and selected calculated

lifetimes (t) for reaction with the OH radical [data from Phousongphouang and Arey
(2002) and Arey and Atkinson (2003)].

PAH ng m> Ton"
Naphthalene 1,590 2.3 hr
2-Methylnaphthalene 728 1.1 hr
1-Methylnaphthalene 306 1.4 hr
Y Methylnaphthalenes 1,034
2-Ethylnaphthalene 30.2 1.4 hr
1-Ethylnaphthalene 4.5 1.5 hr
Y Ethylnaphthalenes 34.7
2,6 + 2,7-Dimethylnaphthalene 40.3
1,3 + 1,7-Dimethylnaphthalene 40.8
1,6-Dimethylnaphthalene 19.4
1,4-Dimethylnaphthalene 3.3
1,5 + 2,3-Dimethylnaphthalene 9.6
1,2-Dimethylnaphthalene 6.9
¥ Dimethylnaphthalenes 120.3 40-60 min
Biphenyl 22.9 7.8 hr
Phenanthrene 17.3 3.1 hr
Anthracene 1.6
Y Methylphenanthrenes 8.8
Fluoranthene 6.0
Pyrene 6.9

*Lifetimes calculated for an OH radical concentration of 5 x 10° molecule cm™ (George et al.,
1999).
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II. OVERALL OBJECTIVES AND RESULTS

The objectives of this project were to evaluate the potential for atmospheric reactions to
contribute to the atmospheric PAH-quinone burden by:

e Assessing formation of PAH-quinones from atmospheric reactions of naphthalene,
alkylnaphthalenes and phenanthrene.

¢ Identifying the dimethylnitronaphthalenes formed from atmospheric reaction of selected
dimethylnaphthalenes and studying their photolysis reaction and products, which were
expected to include quinones.

To achieve these objectives, we set out to perform several specific tasks during this
contract which have resulted to date in four published (or in press) manuscripts and more are in
preparation. For convenience in preparation as well as ease in reading, we will present six
sections (A-F) each with its own Introduction, Experimental Methods, Results and Discussion
sections. The tasks originally defined and the sections in which our results are reported are as
follows:

Task 1.

Atmospheric pressure ionization — mass spectrometry (API-MS) analysis of OH radical-initiated
reactions of naphthalene, 1- and 2-methylnaphthalene, 1,2-, 1,3-, 1,4-, 1,5-, 1,6, 1,7-, 1,8-, 2,3-,
2,6-, and 2,7- dimethylnaphthalenes, and 1- and 2-ethylnaphthalene screening for quinone
products.

e We conducted OH radical-initiated reactions of the alkylnaphthalenes, monitoring by
API-MS, and found quinone products to be minor. The major products observed were
two groups of ring-opened dicarbonyl products: in the first, all the carbons of the
alkylnaphthalene remained and, in the second, the dicarbonyls resulted from a loss of two
-carbons [and associated alkyl group(s)]. To help us determine whether these smaller
carbonyls were secondary products, we conducted reactions on a series of aromatic
carbonyl compounds. The results of these investigations are presented below in: B.
Kinetics and Products of Photolysis and Reaction with OH Radicals of a Series of
Aromatic Carbonyl Compounds and C. Dicarbonyl Products of OH Radical-
Initiated Reactions of Naphthalene and Alkylnaphthalenes.

Task 2.

API-MS analysis of photolysis products of 1- and 2-nitronaphthalene and 2-methyl-1-
nitronaphthalene and selected dimethylnitronaphthalenes (see Task 3 below) screening for
quinone products.

e During our NOj; radical-initiated reactions to determine the dimethylnitronaphthalene
products from selected dimethylnaphthalenes (see Task 3), we observed quinone
formation. The quinone yields from the NOjs radical-initiated reactions of naphthalene, 1-
and 2-methylnaphthalene, and all 12 dimethyl- and ethyl-naphthalenes, as well as results



of preliminary photolysis experiments on alkylnitronaphthalenes are presented in: F.
Oxygenated Products, Including Quinones, from NO; Radical-Initiated Reactions of
PAHs and from Nitro-PAH Photolysis.

Task 3.

Identification of dimethylnitronaphthalenes from the OH and NOj radical-initiated reactions of
1,6-, 1,7-, 2,6- and 2,7-dimethylnaphthalenes (the most abundant dimethylnaphthalene isomers
observed in ambient air samples).

e We conducted NO; radical-initiated reactions of all 12 dimethyl- and ethyl-naphthalenes
and utilizing the retention indices developed (see Task 4) determined the nitro-products
formed. We also conducted an OH radical-initiated reaction of a mixture of the
alkylnaphthalenes proportioned to match ambient concentrations. Finally, we have
compared the nitro-products produced with those found in ambient air samples. The
results of these investigations are presented in: E. Nitroarene Products of the NO;
Radical-Initiated Reactions of Naphthalene and the C;- and C,-Alkylnaphthalenes
and their Occurrence in Ambient Air.

Task 4.
Conduct synthesis of dimethylnitronaphthalenes in conjunction with Task 3.

e We have synthesized mg or sub-mg amounts of all 56 dimethyl-/ethyl-nitronaphthalenes
to obtain gas chromatographic retention index information to allow identification of all
isomers formed by atmospheric reactions. The results are presented in: D. Synthesis of
Dimethylnitronaphthalenes/Ethylnitronaphthalenes.

Task 5.
API-MS analysis of OH, NO; and Os; reactions of phenanthrene screening for quinone products.

e We have conducted chamber reactions of gas-phase phenanthrene with OH radicals, NO3
radicals and ozone and measured the formation of 9,10-phenanthrene quinone. The
results of these investigations are presented in: A. Formation of 9,10-
Phenanthrenequinone by Atmospheric Gas-phase Reactions of Phenanthrene.

Task 6.
Identification of most abundant compounds tentatively identified as quinones products from the
reactions conducted in Tasks 1, 2, and 5.

e We quantified the formation of 9,10-phenanthrenequinone from the gas-phase reactions
of phenanthrene and the results are presented in : A. Formation of 9,10-
Phenanthrenequinone by Atmospheric Gas-phase Reactions of Phenanthrene. The
quinone yields from the NOj; radical reactions of the alkylnaphthalenes are presented in:
F. Oxygenated Products, Including Quinones, from NO; Radical-Initiated
Reactions of PAHs and from Nitro-PAH Photolysis.



A. Formation of 9,10-Phenanthrenequinone by
Atmospheric Gas-phase Reactions of Phenanthrene

1. Introduction

Phenanthrene, a 3-ring polycyclic aromatic hydrocarbon (PAH) which exists in the
atmosphere mainly in the gas-phase (Bidleman, 1988; Coutant et al., 1988; Wania and Mackay,
1996), has been observed in numerous ambient studies at concentrations higher than the > 4-ring
PAHs with, for example, phenanthrene concentrations measured in Southern California during
2003 ranging from 5-20 ng m> (see, for example, Atkinson et al., 1988; Arey et al., 1989a;
Reisen and Arey, 2005). The atmospheric gas-phase reaction rates of phenanthrene with
hydroxyl radicals (OH), nitrate radicals (NO3) and ozone (O3) have been measured (Lorenz and
Zellner, 1984; Biermann et al., 1985; Brubaker et al., 1998; Kwok et al., 1994; Lee et al., 2003)
and indicate that reactions with OH radicals and NOj; radicals will be the most important daytime
and nighttime atmospheric loss processes for phenanthrene, respectively. Nitrophenanthrene
products were identified from the gas-phase reactions of phenanthrene with OH radicals and NO3
radicals in the presence of NOy, but only in low yields (Arey et al., 1989b). Helmig and Harger
(1994) identified a number of oxygenated products, including 9,10-phenanthrenequinone, from
the gas-phase reaction of phenanthrene with OH radicals in the presence of NOy, and
nitrodibenzopyranones formed from this reaction were shown to be highly mutagenic in one
bacterial assay system (Helmig et al., 1992a,b).

Quinones have been postulated to contribute to the toxicity of diesel exhaust particles and
ambient particles. Many of the toxic effects of quinones are attributed to their ability to form
reactive oxygen species (ROS) and cause oxidative stress (Bolton et al., 2000). 9,10-
Phenanthrenequinone has a favorable reduction potential to undergo redox cycling in biological
systems (Rodriguez et al., 2004), and the formation of ROS by 9,10-phenanthrenequinone has
been shown to lead to its toxic action in aerobic yeast systems (Rodriguez et al., 2004; 2005). It
has also been hypothesized that murine lung inflammation resulting from intratracheal
administration of 9,10-phenanthrenequinone may be mediated by enhancement of oxidative
stress and that the phenanthrenequinone present in diesel exhaust particles (Schuetzle, 1983; Cho
et al., 2004) may play a role in the pulmonary toxicity of diesel exhaust particles (Hiyoshi et al.,
2005). The reported concentrations of 9,10-phenanthrenequinone on urban airborne particulates
range up to 1 ng m> (Allen et al., 1997; Cho et al., 2004; Kishikawa et al., 2006; Chung et al.,
2006). The majority of ROS generation by extracts from ambient particles collected in Fresno,
CA has recently been attributed to 9,10-phenanthrenequinone (Chung et al., 2006).

Although 9,10-phenanthrenequinone has been quantified in ambient air because of its
potential toxicity, its sources remain to be elucidated. Cho et al. (2004) found elevated
concentrations at receptor sites in the Los Angeles air basin, but Chung et al. (2006) did not find
the positive correlation they expected between quinone mass loadings and ozone concentrations
in Fresno, CA. As noted, most ambient phenanthrene is present in the gas-phase (Arey et al.,
1987; Coutant et al., 1988; Eiguren-Fernandez et al., 2004) and in this work we have studied the
products formed from the gas-phase reactions of phenanthrene with OH radicals, NOs radicals
and O3 and measured the yields of 9,10-phenanthrenequinone from these reactions to allow an
assessment of its ambient formation.



2. Expermental Methods

All experiments were carried out in a ~7500 liter Teflon chamber, equipped with two
parallel banks of blacklamps, at 296 + 2 K and 735 torr total pressure of purified air at ~5%
relative humidity. The chamber is equipped with a Teflon-coated fan to ensure rapid mixing of
reactants during their introduction into the chamber. In all experiments to measure product
yields, phenanthrene (or phenanthrene-d;o) was introduced into the chamber by flushing N,
through a Pyrex bulb containing 1.0-1.2 mg of the compound while heating the bulb and inlet
tube, resulting in an initial phenanthrene concentration in the chamber of ~2.4 x 10" molecules
cm” (~10 ppbv).

OH radicals were generated by photolysis of methyl nitrite in air at wavelengths >300
nm, and NO was added into the reactant mixtures to suppress the formation of Oz and hence of
NOs radicals (Atkinson et al., 1981). NOj radicals were generated from the thermal
decomposition of N,Os, and NO, was also included to lengthen the reaction times (Atkinson et
al., 1984). Ozone was generated using a Welsbach T-408 ozone generator. Methyl nitrite, NO,
NO,, N,Os, and O3 in O, diluent were flushed into the chamber without heating.

Three series of experiments were carried out: (1) product identification using collection
onto Solid Phase MicroExtraction (SPME) fibers with subsequent gas-chromatography-mass
spectrometry (GC-MS) analyses, (2) product identification using in-situ analysis by atmospheric
pressure ionization mass spectrometry (API-MS), and (3) 9,10-phenanthrenequinone
quantification from the NO; radical-initiated reactions by large volume sample collection. 9,10-
Phenanthrenequinone yields from the OH radical, NO; radical and Os reactions were also
determined on a relative basis from the series (1) experiments by GC/MS with selected ion
monitoring (GC/MS-SIM) analyses of the SPME fibers for 9,10-phenanthrenequinone, as
detailed below. Two experiments were also carried out to investigate the formation of aerosol
following the reaction of phenanthrene with NO; radicals. The particle size distributions were
measured using a Scanning Mobility Particle Sizer (SMPS), consisting of a *'°Po bipolar charger,
a differential mobility analyzer and a TSI Model 3010 condensation particle counter (CPC),
which is described in detail elsewhere (Lim and Ziemann, 2005).

Product Identification by GC-MS. The concentrations of phenanthrene were measured
during the experiments (except for measurements after O3 injection, see below) by gas
chromatography with flame ionization detection (GC-FID). Gas samples of 4.5 liter volume
were collected from the chamber onto Tenax-TA solid adsorbent cartridges using a pump with
mass flow controller (Tylan General) at a flow rate of 0.3 L min™. The Tenax samples were
subsequently thermally desorbed and analyzed by GC-FID.

SPME samples were collected by exposing a 7 um polydimethylsiloxane (PDMS) fiber
to the chamber contents for 30 min with the mixing fan on. The SPME fiber samples were then
thermally desorbed in the heated (320 °C) injection port of an Agilent Technologies 6890N GC
interfaced to an Agilent Technologies 5975 inert XL mass selective detector (MSD) onto a 30-m
HP-5MS capillary column (0.25 mm i.d., 0.25 pum phase) initially at 40 °C. The MS was
operated with electron ionization (EI) in the simultaneous scanning (100-250 Da) and SIM mode.
The SIM ions monitored were m/z = 152, 180 and 208 (m/z = 160, 188 and 216 for the
phenanthrene-d;¢ experiments).

Additional SPME samples were collected for variable times (including overnight) as
described above, with subsequent thermal desorption in the heated (320 °C) injection port of an
Agilent Technologies 6890N GC interfaced to an Agilent Technologies 5973 MSD, onto a 30-m
DB-17 capillary column (0.25 mm i.d., 0.25 pm phase) initially at 40 °C. The MS was operated



in negative chemical ionization (NCI) mode, using methane as the reagent gas.

For the OH radical reactions, the initial reactant concentrations (molecule cm™) were:
CH;ONO and NO, ~4.8 x 10" each, with three replicate irradiations of phenanthrene-CH;ONO-
NO-air mixtures being carried out. For the NOjs radical reactions, the initial reactant
concentrations (molecule cm™) were: N,Os, ~9.6 x 10" and NO,, ~1.5 x 10'2, and two replicate
experiments for phenanthrene and one for phenanthrene-d;o were conducted. For the ozone
reactions, four additions of 5 L. of O3/O, mixtures were made in each experiment, with each
addition corresponding to ~4.8 x 10'* molecule cm™ of O; in the chamber, and three experiments
were conducted including two replicates with cyclohexane (~6.0 x 10" molecule cm™ ) added to
scavenge any OH radicals formed.

Product Identification by API-MS. The ~7500 liter Teflon chamber was interfaced to a
PE SCIEX API III API-MS and the chamber contents sampled through a 25 mm diameter x 75
cm length Pyrex tube at ~20 liter min™ directly into the API-MS source. The operation of the
API-MS in the MS (scanning) and MS/MS [with collision-activated dissociation (CAD)] modes
has been described elsewhere (Atkinson et al., 1995). The experimental methods and initial
concentrations for the OH radical, NOs radical and Os reactions were similar to those described
above for the SPME/GC-MS analyses.

Yield of 9,10-Phenanthrenequinone. Four NOj radical-initiated reactions were
conducted with large volume sampling to allow quantification of 9,10-phenanthrenequinone.
Tenax cartridge samples were collected and analyzed for phenanthrene as described above.
After each reaction, a 4000-6000 liter volume gas sample was collected from the chamber,
generally at ~1000 liters min™. Four sampling configurations were used for the NOj reactions:
(1) two Teflon-impregnated glass fiber filters in series, (2) an upstream filter, two polyurethane
foam plugs (PUF) and a downstream filter in series, (3) an upstream filter and two PUF in series,
(4) two PUF and a downstream filter in series. At the end of each experiment, the chamber was
back-filled with purified air to its maximum volume and the sampled volume was calculated
from the NOy concentrations before and after the back-filling with purified air.

The filter and PUF samples were spiked with known amounts of anthraquinone to serve
as the internal standard, and then Soxhlet-extracted in dichloromethane. The extracts were then
concentrated, filtered (0.2 um PTFE membrane, Acrodisc, Gelman Laboratory) and fractionated
by high-performance liquid chromatography (HPLC) using a method described previously (Arey
et al., 1992). Fractions were collected, concentrated and analyzed by GC-MS to quantify
phenanthrene and 9,10-phenanthrenequinone. The HPLC instrumentation consisted of a Hewlett-
Packard (HP) 1050 HPLC with an HP 1040M Series II HPLC detection system, and an ISCO
FOXY 200 fraction collector. The Agilent 5975-MSD was operated in the SIM mode (m/z =
152, 180, 208). Because the calibration for 9,10-phenanthrenequinone was non-linear,
quantification of 9,10-phenanthrenequinone was based on a single point calibration using the 208
ion for a phenanthrenequinone and anthraquinone standard solution that was matched to the
amounts present in each sample analyzed.

Chemicals. The chemicals used, and their stated purities, were as follows: phenanthrene
(97%, with further re-crystallization), 9,10-phenanthrenequinone (99+%), anthraquinone (97%),
and 9-fluorenone (98%) Aldrich Chemical Company; phenanthrene-d;o (98%), Cambridge
Isotope Labtoratories, Inc.; hexane (Optima), dichloromethane (Optima) and acetonitrile
(Optima), Fisher Scientific; dibenzopyranone (synthesized by Helmig and Harger, 1994); and
NO (299.0%), Matheson Gas Products. Methyl nitrite and N,Os were prepared and stored as
described previously (Atkinson et al., 1981, 1984).



3. Results and Discussion

Monitoring of gas-phase phenanthrene concentrations in the chamber in the dark showed
the gas-phase concentrations of phenanthrene to decrease with time, with decay rates of (1.5-
6.4) x 10” min™' (average of 2.9 x 10~ min™' from 8 experiments). In 2 of the 3 OH radical-
initiated reactions, apparent wall desorption (likely from a temperature increase due to use of the
chamber lights) occurred after the reaction. Additionally, SPME sampling/GC-MS analysis of
reaction products indicated dark decays.

Product Identification. SPME samples were analyzed by GC-MS after the gas-phase
reactions of phenanthrene with OH radicals, NO; radicals and O;. API-MS analyses were also
used to assist in product identification. The identified reaction products (see Figure 2 for
suggested structures) are listed in Table 2 together with their GC retention times (HP-5MS
capillary column) and methods of detection.

OH Radical Reactions. In agreement with Helmig and Harger (1994), we observed 9-
fluorenone, dibenzopyranone, 9,10-phenanthrenequinone, and 2,2’-diformylbiphenyl by GC-MS
analyses of SPME samples and also as [M+H]" ions in the API-MS analyses (see Table 2). The
addition of the OH radical to the 9,10-bond of phenanthrene, forming a 9-hydroxyphenanthrene
radical, would initiate the formation of the products observed. Helmig and Harger (1994)
suggest a reaction scheme which leads to 2,2’-diformylbiphenyl as a primary product whose
further reaction produces dibenzopyranone and 9-fluorenone. Their proposed pathway for the
formation of 9,10-phenanthrenequinone involved initial formation of a keto-alcohol at the 9,10-
bond. In addition, as listed in Table 2, we observed traces of a MW 198 compound with the
tentative formula C,H¢O3, whose major MS fragments (m/z = 126, 154 and 198) matched the
unknown MW 198 product (proposed to be 1,2-naphthalic anhydride) in the Helmig and Harger
(1994) study.

NOj3 Radical Reactions. 9-Fluorenone, dibenzopyranone, 9,10-phenanthrenequinone,
2,2’-diformylbiphenyl and traces of diphenic acid anhydride were identified by SPME
sampling/GC-MS analyses of the NO3 radical-initiated reaction products of phenanthrene, and
the corresponding phenanthrene-d; reaction products showed the appropriate degree of
deuteration (see Table 2). The initial step in the formation of these products is expected to be
NOj radical addition at the 9,10-bond of phenanthrene, which is strongly olefinic in character
(Schmitt et al., 1955).

An apparent MW 226 product was observed by SPME sampling/GC-MS analysis. The
presence of 10 non-exchangeable deuteriums in the phenanthrene-d; reaction suggests the
addition of 3 oxygens to the phenanthrene molecule and the absence of -OH or —C(O)OH
groups. API-MS analyses also showed a product with an [M+H]" ion at m/z = 227, consistent
with an empirical formula of C;4H,00;. However, in the phenanthrene-d; reaction the
corresponding product had an exchangeable D, such as expected for acids (see Table 3). The
MW 226 product observed by GC-MS eluted quite early (see Table 2) and had a sharp
symmetrical peak shape, unlike that expected for an acid. Therefore, the MW 226 product
observed by GC-MS differs from that observed by API-MS, which is suggested to be 2-(2-
carbonylphenyl)benzoic acid (VI, Figure 2). The EI fragmentation of the product seen by GC-
MS would be consistent with a secondary ozonide (see Table 3), but SPME sampling and
analysis of an ozonide was thought unlikely (Reisen and Arey, 2002). However as discussed
below, a compound attributed to the secondary ozonide was seen in the API-MS analysis of the
O; reaction with phenanthrene and a trace amount of a MW 226 product was seen in the SPME
sampling/GC-MS analysis of the Os reaction.
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Table 2. Products observed by GC-MS and API-MS from the gas-phase reactions of phenanthrene (Phen) and phenanthrene-d;o (Phen-d;¢) with OH
radicals, NO; radicals and Os.

m/z (da) of Products Observed from Gas-phase Reaction with

OH NO3 3
GC-MS | API-MS GC-MS API-MS GC-MS API-MS
MW [M+H]" MW [M+H]" MW [M+H]"
Product r.t.t Phen Phen Phen Phen-d; Phen Phen-d; Phen Phen Phen-d;

9-Fluorenone® (I) 21.8 180 1818 180 188 nd nd 180 nd nd
Dibenzopyranone” (IT) 24.0 196 1978 196 204 197 205 196 197 nd
MW 198 (C;,H603) 22.9 | 198 (tr.)° nd nd nd nd nd 198 nd nd
9,10-Phenanthrenequinone™” (I) | 26.2 208 209% 208 216 209 217 208 209 nd
2,2’-Diformylbiphenyl® (IV) 23.1 210 211 210" 220" 211 221 210 211 221
Diphenic acid anhydride® (V) 25.2 nd' nd 224 (tr.) | 232 (tr.) nd nd 224 nd nd
MW 226 (C14H,003) 22.6 nd nd 226" 236" 226 (i)
MW 226 (C14H403) (V) 227 236
Monoozonide (MW 226) (VII) 227 237
MW 255 (C14HoNOy) (VIII) Q56' 265’

"Retention index and EI mass spectrum matched to authentic compound.
"MS/MS spectrum matched to authentic compound.
‘Retention index and EI mass spectrum matched to data of Helmig and Harger (1994).

GC retention time (min) on HP-5 column.

°(tr.)= trace amount observed.
"hd = not detected.

EMS/MS spectrum was not taken.
"MW confirmed by NCI.

'API-MS CAD spectrum fragments: 210 Da = [M+H-NO,]", 197 Da = [M+H-NO-HCO]", 181 Da = [M+H-NO,-HCO]".
JAPI-MS CAD spectrum fragments: 219 Da = [M+H-NO,]", 205 Da = [M+H-NO-DCO]", 189 Da = [M+H-NO,-DCO]".
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Table 3. GC-MS and API-MS/MS CAD spectra of the MW 226 and corresponding deuterated species from the phenanthrene

(Phen) and phenanthrene-d,( (Phen-d;o) reactions with the NOs radical and with Os.

GC-MS SPME Product from NOj; reaction

API-MS Product from NOj; reaction®

Secondary Ozonide from O; reaction (VII)

C 14H1 003 from Phen

C14D1003 from Phen-dm

14H1 003 from Phen

C14HD903 from Phen-dm

14H1003 from Phen

C14D1003 from Phel’l-dlo

m/z identity m/z identity m/z identity m/z identity m/z identity m/z identity

226 M]" 236 M]" ¥ 227 [M+H]" 236 [M+H]" | 227 [M+H]" 237 [M+H]"

198 [M-COT" 208 [M-COJ" 209 [M+H-H,0]" 218 [M+H-H,0]" 210 [M+H-OH]" 220 [M+H-OH]"
197 [M-HCO]" | 206 [M-DCO]" 181 | [M+H-CH,0,]" | 190 [M+H-CH,0,]" 181 | [M+H-CH,O,]" | 190 [M+H-CHDO,]"
181 | [M-HCO,]" | 190 [M-DCO,]" 153 | [M+H-C,H,0;]" | 162 [M+H-C,H,05]" 165 | [M+H-CH,O;]" | 174 [M+H-CHDO;]"
169 | [M-HC,0,]" | 178 [M-DC,0,]" 152 | [M+H-C,H;0;]" | 160 | [M+H-C,H,DO;]" | 152 | [M+H-C,H;0;]" | 160 | [M+H-C,HD,0;]

*Tentatively identified as 2-(2-carbonylphenyl)benzoic acid (VI, Figure 2).
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API-MS analyses of the phenanthrene-NOs reaction also showed a MW 255 product
attributed to a nitrogen-containing species. The API-MS is generally insensitive to nitrates, but
responds to substituted nitrates, such as hydroxynitrates (Arey et al., 2001). Therefore, the MW
255 product is suggested to be 10-(nitrooxy)-10-hydrophenanthrene-9-one (API-MS CAD
fragments in Table 2; VIII, Figure 2). It is possible that the apparent MW 226 product observed
by GC-MS is due to a compound, such as a dinitrate, not observed by API-MS and degrading to
the ozonide during desorption in the GC inlet, but this is speculative at this time.

O3 Reactions. 9-Fluorenone, dibenzopyranone, 9,10-phenanthrenequinone, 2,2’-
diformylbiphenyl, and diphenic acid anhydride were observed by SPME sampling/GC-MS
analyses from the gas-phase reaction of phenanthrene with Os (see Table 2). In addition, the MW
198 compound C;,H¢O5 (also observed in the OH radical reaction) and a trace of the MW 226
compound C;4H;¢O3 (observed in the NO; radical reaction) were observed by GC-MS. The API-
MS spectra of gas-phase reactions of O3 with phenanthrene and phenanthrene-d;o showed the
presence of a product ion peak [M+H]" at m/z =227 and m/z = 237, respectively. Their API-MS
CAD fragmentation patterns (see Table 3) are very similar to those of the secondary ozonide
identified from the reaction of acenaphthylene and acenaphthylene-ds with O; (Reisen and Arey,
2002). Since, as noted above, the 9,10-bond of phenanthrene is olefinic in character (Schmitt et
al., 1955), addition of ozone at this bond and rearrangement to a secondary ozonide would be
expected. Indeed, Schmitt et al. (1955) suggested exclusive ozonolysis of solution-phase
phenanthrene at the 9,10-bond and reported the isolation of the stable monoozonide from this
reaction. The monoozonide (VII) was also isolated from the ozonolysis of phenanthrene
adsorbed on polyethylene (Huh, 2000).

Relative 9,10-Phenenthrenequinone Yields. Because of its potential toxicological
significance, the yields of 9,10-phenanthrenequinone from the gas-phase reactions of
phenanthrene with OH radicals, NOs radicals and O3 were compared on a relative basis during
the above product identification experiments. The amounts of phenanthrene reacted in the OH
and NOj radical reactions were determined by Tenax sampling/GC-FID analyses, with correction
for wall loss/desorption by extrapolating the concentrations measured from two replicate pre-
reaction and two replicate post-reaction analyses to the mid-point of the reaction. The O;
reaction is relatively slow (Kwok et al., 1994) and the 4 large additions of O3 necessary to yield
sufficient product precluded Tenax sampling post-reaction for phenanthrene (Cao and Hewitt,
1994). Therefore, the pre-reaction phenanthrene concentration was determined by replicate
Tenax sampling/GC-FID analyses and the percent of phenanthrene reacted with Os; was based on
the SPME-GC-MS analyses (area counts in TIC mode, pre- and post-reaction, with corrections
being made for wall losses).

The amounts of 9,10-phenanthrenequinone formed on a relative basis were obtained by
the SPME/GC-MS analyses (area counts of m/z = 208+180+152 in SIM mode). The 30 min
SPME sampling collections were started immediately after the reactions were started and no
corrections were made for wall losses of 9,10-phenanthrenequinone. The relative 9,10-
phenanthrenequinone yields from gas-phase reactions of phenanthrene with OH radicals, NO3
radicals and Oj; are given in Table 4. Because the highest yield was observed in the NOs radical-
initiated reaction, it was decided to utilize large volume samples from this reaction to quantify
9,10-phenanthrenequinone and hence place the relative yields on an absolute basis.

It should be noted that two additional NO; radical reactions were monitored for particle
formation using a CPC and it was observed that formation of aerosol (defined as >100 counts
cm™) typically began 4-5 min after the injection of N,Os, and peaked 5-10 min later at ~25,000
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Table 4. Yields and formation rates of 9,10-phenanthrenequinone (PQ).

Gas-phase reaction with
OH NOs 3
Relative Yields® of PQ + 2o 0.10 +0.09 1.0 0.056 = 0.023
Absolute Yield® + 26 33+9%
Yields + 2o 3+£3% 33 +£9% 2+ 1%
Reaction