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Abstract

The reactions of ozone with monoterpenes proceed via the formation of multiple
oxygen- and carbon-centered free radical species. These radical species are highly
reactive and thus, have generally not been measureable. A method for their de-
tection and characterization is needed to preserve these radicals for a sufficiently
long time to permit analyzes to be performed. Radical-addition reactions, also called
spin trapping techniques, allow the detection of short-lived radicals. This approach
has been applied to products from the a-pinene/ozone reaction. Secondary organic
aerosol (SOA) from a reaction chamber was collected on quartz fiber filters and ex-
tracted with a solution of 5,5-dimethyl-1-pyrroline-N-oxide (DMPQO) (spin trap) followed
by analysis with ion-trap tandem mass spectrometry (MS”) using electrospray ioniza-
tion (ESI) in the positive scan mode. The DMPO adducts with radical species ap-
pear as positive ions [DMPO—-R+H]*, [DMPO-OR+H]" and [DMPO-0O-OR+H]" in
full MS spectra of the samples. Tandem mass spectrometry (MSZ) was performed to
identify the radical species. The DMPO adducts with the C-centered radical species
[DMPO-R-+H]* are characterized by m/z 114 [DMPO+H]" in the MS? spectra and with
peaks that represent the loss of [DMPO+H]*. The DMPO adducts with O-centered rad-
ical species (RO- and ROO.) are identified by m/z 130 [DMPO-OH+H]" and m/z 146
[DMPO-0O-0OH+H]", respectively, and with peaks that correspond to the loss of those
adducts. DMPO was also able to capture OH radicals from the particle phase, and
the product ion fragmentation confirmed DMPO/OH structure providing evidence for
particle-bound OH radicals.

1 Introduction

Reactive oxygen species (ROS) present in the atmosphere include molecules such as
hydrogen peroxide (H,0O,), organic peroxides (ROOR) and hydroperoxides (ROOH),
radical species like hydroxyl (HO.), hydroperoxyl (HOO:), peroxyl (ROO.) and alkoxyl
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(RO-) radicals and ions like hypochlorite (OCI™) and superoxide (O, ) ions. The hydroxyl
radical (HO.) is the most reactive oxidant in the troposphere (Seinfeld and Pandis,
2005). In the upper troposphere, it is formed in the reaction of a singlet oxygen O(1D)
and a water molecule:

O('D) +H,0 — 2HO- (R1)

The HO- radicals present in the lower troposphere (surface HO radical) come from
the photolysis of ozone, photolysis of hydrogen peroxide or nitrous acid, Criegee inter-
mediates (Cl) decomposition, etc. These intermediates are formed by the reaction of
ozone (O3) and unsaturated compounds (alkenes) (Calvert et al., 2000).

One of the most intensively studied reactions under laboratory conditions is the re-
action of O3 with a-pinene (C;oH monoterpene with an endocyclic double bond).
The detailed mechanism of that reaction is described by Winterhalter et al. (2003) and
Docherty et al. (2005). The two possible Cl biradicals formed in that reaction are shown
in Reaction (R2):

[ f— E'T.‘
cI o
0—0 /’
03
T o0
—=
NS
a-pinene A
~ 0
cl2

(R2)
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Both intermediate products can be stabilized in reaction with water molecules
or oxygenated organics (“stabilized Criegee intermediate SCI channel”) to form a-
hydroxyhydroperoxides. Final products formed from that channel are carbonyls and
acids. The Cls can also experience B-hydrogen migration to form HO- radicals and
alkyl radicals (R-) through the “hydroperoxide channel” (Reaction R3).

,o _o —0
] /O
—4}
- HP channel

cli (R3)

The alkyl radical (R-) then reacts with oxygen to form an alkyl-peroxy radical (RO,-)
that reacts with NO, HO,, RO, and NO; to form alkoxy (RO-) radicals leading to final ox-
idation products such as: hydroperoxides, alcohols, carbonyls, etc. (Kroll and Seinfeld,
2008).

Most of the first generation monoterpene oxidation products from a-pinene/ozone
reactions have been identified (Winterhalter et al., 2003; Warscheid and Hoffmann,
2001). Recent work confirmed formation of dimer and higher molecular weight
oligomers from the same reaction (Venkatachari and Hopke, 2008a; Gao et al., 2004).
The mechanism of the polymerization processes involved in the oligomer formation is
still unclear.

Recent studies have shown that significant amount of ROS is associated with ambi-
ent particulate matter (Venkatachari and Hopke, 2005) as well as with SOA formed un-
der laboratory conditions during a-pinene/ozone reactions (Venkatachari and Hopke,
2008b). Hasson and Paulson (2003) measured gas- and aerosol-phase hydroperox-
ides present in urban air (West Los Angeles). Hydrogen peroxide was found to be the
major hydroperoxide present and its aerosol mass loadings were found to be signifi-
cantly higher then levels predicted by solubility of gaseous H,O, in water. However,
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to date, there have been no studies performed to analyze and identify reactive radical
species, other than HO.- and HOO- radicals, formed either from monoterpene/ozone
reactions or under ambient conditions in the gas phase.

Those reactive compounds can be involved in formation of first stage oxidation prod-
ucts (monomers) as well as higher molecular weight species (oligomers). Their role
cannot stay underestimated over the other already characterized compounds. In vivo
and in vitro toxicological and clinical studies have shown harmful health effects from
endogenously formed ROS (Li et al., 2003; Harman, 1981; Dreher and Junod, 1996).
The presence of ROS species in the water-soluble fraction of ultrafine and fine par-
ticles may be especially important because that fraction can carry toxics through the
blood stream and cause adverse health effects. The redox active components present
in particles are either ROS by its chemical composition or can induce ROS production
in various cells in the lungs, blood and vascular tissues. The ROS can cause oxidative
stress that results in damage of cellular membranes, DNA and proteins, and may ex-
acerbate many inflammatory effects, such as asthma, chronic bronchitis, heart attacks,
stroke, etc. (Delfino et al., 2005).

To determine the chemical composition of reactive oxygen and radical species, a spin
trap was employed to stabilize the radicals and reduce their reactivity. Spin traps
are diamagnetic compounds with double bonds that react with free radicals to form
longer-lived radicals (the spin trap adducts) capable of being detected. The spin trap
method is one of the most commonly employed methods for radical species detec-
tion and identification in organic and biological chemistry (Dominques et al., 2003;
Reis et al., 2003). Nitrones are the most frequently used spin traps, and spin trap
adducts formed in their case are called nitroxides. Dubtsov et al. (2006) used a-phenyl
nitrone (PN); 1,2,2,5,5-pentamethyl-3-imidazoline-3-oxide (PMIO); and 3-hydroxyl-2-3-
dihydro-2,2,5-trimethylpyrazine-1,4-dioxide (HDPDQ) spin traps to identify short-lived
gas-phase free radicals accompanying benzaldehyde photolysis. The same study used
electron-spin-resonance spectroscopy (ESR) to record the spectra of the spin adducts.
DMPO (5,5-dimethyl-4,5-dihydro-3H-pyrrole-N-oxide) was used by Shi et al. (2003) to
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characterize hydroxyl radical production in collected filters of different size fractions of
particulate matter (PM) to which H,O, has been added. DMPO is one of the most
commonly employed spin traps and is used in the present study. DMPO can trap
both carbon-centered radicals and oxygen-centered radicals (Guo et al., 2003). The
structure of DMPO is presented in Fig. 1 together with structures of its hydroxyl and
hydroperoxyl adducts. Mass spectrometry (MS) was used for the detection and identi-
fication of the resulting spin trap adducts.

2 Experimental procedures

The reaction of a-pinene and O; was performed in the dark in a Pyrex flow reactor
(Venkatachari and Hopke, 2008b). The length of the reactor was 120cm (90 mm 1.D.)
and the volume 7.7 L. The residence time of the reactants in the chamber was 3.85 min.
No HO. scavengers were used. Monoterpene vapor was produced by passing ultra
high purity (99.999%) nitrogen through a midget impinger (25 ml) filled with a-pinene
liquid (98% purity, Sigma Aldrich, USA). The vapor was then introduced into the reactor
with a flow rate of 0.5LPM. The resulting concentration of a-pinene was relatively
constant between 2.5 to 3.0 ppmv for all of the experiments. The concentration of a-
pinene entering the reactor was measured using gas chromatography-flame ionization
detection (GC-FID; Thermo Finnigan, USA). Ozone was generated using an “Ozone
Purification” system (Air Zone, VA, USA). The ozone was introduced into the reactor
with a flow rate of 1.5LPM with the resulting concentration of about 2.5 to 3.0 ppmv.
Room air was used for the ozone generator after it passed through a high-efficiency
particulate (HEPA) filter to remove any particulate matter. Unreacted ozone exiting
the system was removed with a charcoal diffusion denuder. The a-pinene oxidation
products exiting the denuder were collected at a 2 LPM final flow rate.

Particulate matter samples were collected for 30 min on 25 mm pre-baked quartz
fiber filters (16 h at 550°C). The filters were immediately immersed into 10 ml of HPLC
water that contained 0.5 mg of the DMPO spin trap (Alexis Biochemicals, Switzerland)
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and then sonicated for 10 min. Because of the air- and light-sensitivity of the reagents,
all reactions were conducted in the dark and under ultrahigh purity argon in an glove
T

bag. The filter extracts were filtered through 0.45 um Acrodisc ) syringe filters (Pall
Gelman). The resulting samples were then analyzed using a Thermo Finnigan LCQ
Advantage ESI/MS” system with direct sample injection without column separation.
The ESI was employed in the positive (+) scan mode and the mass spectra were
recorded over the mass range of m/z 100-1000. For ms” experiments, the applied
collision energies were between 30 and 35% (100% collision energy corresponds to
5V) using helium as the collision gas. Ten (10) samples were collected and analyzed
for the same reaction and laboratory conditions. As a negative control (blank), a mixture
of HPLC water and DMPO solution with a pre-baked quartz fiber filter was sonicated
for 10 min, filtered and analyzed under the same instrumental conditions.

3 Results and discussion
3.1 Full MS spectrum m/z 100-1000 (sample vs. blank)

In order to identify the DMPO-free radical adducts produced by the a-pinene /ozone
reaction, the full mass spectra of the samples and blanks were compared as in Fig. 2.
In both spectra, ions with m/z 114 and m/z 227 were observed and correspond to
the quasi-molecular ion [DMPO+H]" and molecular cluster 2DMPO+H]", respectively.
After the monoterpene oxidation (sample+DMPQ), new ions were observed indicating
a new species had been formed. In the low mass region (m/z 100—-m/z 250), positive
ions with m/z 130 had the highest intensity compared with m/z 114. Other ions found in
that region are expected to be a-pinene oxidation products containing keto, aldehyde,
hydroxyl and epoxy functional groups. Those groups have a sufficient proton affinity to
appear as positive quasi-molecular ions [M+H]" in the ESI (+) scan mode, and have
been identified and discussed in more detail by Winterhalter et al. (2003) and Glasius
et al. (1999).
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In the higher mass range (m/z>250), clusters were observed separated by 12—
16 amu (Fig. 2). Adjacent ions in the single clusters were separated by 1amu, indi-
cating that only single charged ions were present. Similar patterns in the ESI-QTOF
mass spectrum were found by Tolocka et al. (2004) for SOA produced by reaction
of a-pinene and ozone without a spin trap agent. In the present work, peaks into
clusters represent possible DMPO adducts with reactive radical species formed from
a-pinene/ozone reactions.

3.2 Ms? fragmentation results

Figure 3 shows the MS? spectrum of the DMPO-free radical adducts with an m/z 130.
The same figure also illustrates possible structure of that adduct and structures of its
fragments. The fragmentation patterns indicate that a DMPO adduct was formed with
the hydroxyl (HO:) radical and a similar spectrum was shown by Yang et al. (2007).
The relatively high intensity of the peak with m/z 130 compared to the other peaks
supports the role of the “hydroperoxide channel” as an important pathway in monoter-
pene ozonolysis. Winterhalter et al. (2003) reported that 77% of oxidation products
are formed through this channel. Aschmann et al. (2002) measured the HO yield
from a-pinene/ozone reactions to be 0.77+0.10. Anglada et al. (2002) suggested that
a-hydroxyhydroperoxides formed through the SCI channel can also be an important
source of HO radicals. The peroxide bond can undergo O-O cleavage because of
the excess in internal energy and form HO- and alkoxy RO- (Reaction R4) or alkyl R-
radicals (Reaction R5).

Os OH .
R o R o R 0
. +H20 —= E—— + HO*
B4 OH 28 oH

By (R4)
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The positive ion with m/z 146 (or m/z 147—-148) that would be assigned to the DMPO
adduct with HO, radicals was not observed in the full mass spectrum. This result could
be due to the very fast conversion of HO, radicals to HO radicals via:

H02'+03 - HO+202 (R6)
or the formation of a hydrogen peroxide molecule:
HOZ' + H02 i H202 + 02 (R7)

Another possibility could be the spontaneous transformation of DMPO/OOH adducts
to DMPO/OH adducts (Bacic et al., 2008), which is one of the major disadvantages of
DMPO in spin trap applications.

Table 1 presents the fragment ions observed in the MS/MS spectra of the most abun-
dant DMPO adducts. Major signals in MS? spectra belong to protonated forms of the
spin trap [DMPO+H]" with m/z 114. Peaks with m/z 130, m/z 131 and m/z 132 corre-
spond to protonated, oxidized, radical and reduced forms of [DMPO-OH+H]" adducts
(Fig. 4a). The MS? fragmentation of a few spin trap adducts (m/z 314, m/z 371 and
m/z 452) revealed the peaks with m/z 146, m/z 147 and m/z 148. Those ions can
be assigned to protonated, oxidized, radical and reduced forms of [DMPO—-OOH+H]*
adducts (Fig. 4b). The other major fragment ions present in MS? spectra were losses
of: [DMPO], [DMPO+H]*, [DMPO-OH+H]*, [DMPO-OOH+H]* and loss of water
molecules.
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3.3 Carbon-centered radical species

Some of the observed spin trap adducts (m/z 268, m/z 324 and m/z 439) only con-
tain peaks with m/z 114 [DMPO+H]" in their MS?2 spectra, in addition to peaks that
represent the loss of [DMPO], [DMPO+H]" and water molecules. Those adducts can
be a result of the reaction of the DMPO and C-centered radical species (R:). One ex-
ample is the adduct with m/z 268, whose MS? spectrum is presented in Fig. 5. The
most abundant ion in that spectrum is m/z 154 that can be assigned to a protonated
form of the radical specie [R-+H]" and corresponds to the loss of [DMPO+H]* with
m/z 114. Other positive ions found in the spectrum are [DMPO+H]" with m/z 114 and
peaks that represent loss of a water molecule and loss of m/z 57 (possibly deproto-
nated acetone). The fragment ion with m/z 57 was observed in MS? spectrums (ESI in
negative mode) of many monoterpene/ozone reaction products reported by Warscheid
and Hoffmann (2001). Carbon-centered radical species are not considered to be reac-
tive oxygen species, but further reactions in the presence of oxygen can lead to RO,-
and RO- formation.

3.4 Oxygen-centered radical species

Spin trap adducts with m/z 314, m/z 371 and m/z 452 have in their MS? spectra peaks
with m/z 131 and m/z 146 in addition to the m/z 114. Those adducts can be formed
in a reaction of the DMPO and O-centered radical species, in this case, peroxyl rad-
icals (ROO:). The example presented in Fig. 6 has m/z 314 and a possible struc-
ture of [DMPO-0-0O-R+H]". The ion with m/z 131 can be assigned to a protonated
radical form of [DMPO-OH+H]" and the ion with m/z 146 could be the protonated
oxidized form of [DMPO-O-OH+H]*. The ion with m/z 146 could be evidence that
the captured radical had the peroxyl (ROO.) structure and the formed adduct had the
[DMPO-0-0-R+H]" structure. During the process of MS? fragmentation, one of the
weakest bonds in that structure, the O-R bond, suffers cleavage, resulting in a peak
with m/z 146. The strongest product signals in the same spectrum correspond to the
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loss of a H,O molecule (—18Da) and the loss of deprotonated acetone (-57Da). Reis
et al. (2003) found the same fragment ions with m/z 146 from linoleic acid oxidation
and assigned that fragment ions to [DMPO-O-OH+H]* adducts.

All the other spin trap adducts tabulated in Table 1 had present, in their MS? specitra,
peaks with m/z 114, m/z 130, and also peaks that correspond to the losses of: [DMPO],
[DMPO+H]", [DMPO-OH+H]" and water molecules. Those peaks can be assigned to
the adducts of the alkoxyl (RO-) radicals with DMPO. The example presented in Fig. 7
had an m/z 299 and a possible structure of [DMPO-O-R+H]*. The most abundant
ion with m/z 114 corresponds to the [DMPO+H]" adduct and the ion with m/z 185
corresponds to the loss of that adduct. The ion with m/z 130 could be the protonated,
oxidized form of the [DMPO-OH+H]" adduct, with m/z 169 representing the loss of
that adduct.

The alkoxyl radical identification is supported by Guo et al. (2003). That study also
showed the presence of [DMPO-OH+H]" ions with m/z 131 in MS? spectra of the
DMPO/alkoxyl radical adducts formed with t-butyl and cumene hydroperoxide. Fur-
thermore, major fragment ions found in the ms® spectrum of the ion with m/z 131 were
the same as those found in the MS? spectrum of the synthesized DMPO/hydroxyl rad-
ical adduct and the same as ions found in the present study from fragmentation of the
ion with m/z 130 (Fig. 3). Therefore, it is reasonable to believe that adducts that contain
m/z 130 (and not m/z 146) in their MS? spectra are formed from DMPO and alkoxyl
radicals.

A large number of [DMPO-O-R+H]" adducts and only few [DMPO-O-OR+H]*
adducts can be due to the DMPO/OOH spontaneous transformation and also due to
the fast self-reaction of RO, radicals under NOx-free conditions to form RO radicals
(Reaction R8).

R1 02'+ RzCHzOz'—> RO'+ RzCH20'+02 (R8)

The reaction mechanisms suggested by Anglada et al. (2002) also support the
formation of a large number of alkoxyl radical adducts. Those adducts may not
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always come from the “hydroperoxide channel” The O-O bond cleavage in a-
hydroxyhydroperoxides results in HO- and RO- formation and subsequent DMPO/OH
and DMPO/OR adducts.

4 Conclusions

In summary, this study took the novel approach of using a spin trap to capture and MS?2
to characterize radical species from a monoterpene/ozone reaction. The method is
quick and has the potential to be applied to rapid screening of radical species present
in the airborne particulate matter samples. Furthermore, this study provided evidence
of the presence of OH radicals in the particulate phase from the monoterpene/ozone
reaction. It is still unclear whether the OH radicals are formed during condensation
processes directly from the reaction chamber or they are generated afterwards by re-
actions on filters during the collection interval. The short residence time (3.85min)
supports the fact that OH radicals are formed during the collection, but it does not di-
minish its potential for adverse health effects. In either case, OH radicals can upset the
redox balance within the cells and cause oxidative stress.

The nitrone spin trap (DMPO) was successful in the trapping of C-centered radicals
(R-) as well as two types of O-centered radicals (RO- and ROO-). DMPO/OOR adducts
can suffer spontaneous transformation to form DMPO/OR adducts. At this point, it is
impossible to say with certainty which adducts (DMPO/OR or DMPO/OOR) are formed
first. Detailed structures of radical species captured in this study are still unknown and
require further investigation.
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Table 1. Fragment ions found in MS? spectra of the most abundant DMPO adducts.
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Fig. 1. Structures of DMPO and its hydroxyl and hydroperoxyl adducts.
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Fig. 2. Full MS (m/z 100-1000) of sample (a) and blank (b).
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