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The products of the primary OH-initiated oxidation of toluene were investigated using the turbulent flow
chemical ionization mass spectrometry technique under different oxygen, NO, and initial OH radical
concentrations as well as a range of total pressures. The bicyclic peroxy radical intermediate, a key proposed
intermediate species in the Master Chemical Mechanism (MCM) for the atmospheric oxidation of toluene,
was detected for the first time. The toluene oxidation mechanism was shown to have a strong oxygen
concentration dependence, presumably due to the central role of the bicyclic peroxy radical in determining
the stable product distribution at atmospheric oxygen concentrations. The results also suggest a potential role
for bicyclic peroxy radical + HO2 reactions at high HO2/NO ratios. These reactions are postulated to be a
source of the inconsistencies between environmental chamber results and predictions from the MCM.

Introduction

Aromatic compounds are among the key anthropogenic
precursors that lead to the formation of both tropospheric ozone
and secondary organic aerosol (SOA) pollution.1,2 With sources
arising from automobile exhaust, petroleum refining processes,
and industrial solvent evaporation, aromatic compounds (the
most atmospherically abundant species are typically benzene,
toluene, dimethylbenzenes, ethylbenzene, and trimethylben-
zenes) can account for 20-40% of the total nonmethane
hydrocarbon (NMHC) content of the atmosphere in urban areas,3

Due to their relatively high OH reactivity, aromatic compounds
play an even larger role in photochemical air pollution than their
atmospheric abundance would suggest.1 Therefore, a detailed
understanding of the role of aromatic compounds in the
formation of tropospheric ozone and SOA air pollution is
essential to the goal of improved air quality.

On the basis of the large body of experimental work on the
photochemical oxidation of aromatic compounds, the Master
Chemical Mechanism (MCM) has been developed to provide
an explicit representation of the constituent reactions involved
in the aromatic oxidation mechanism.4 However, there remain
a number of key uncertainties, even for the well-studied toluene
system. In particular, the MCM overpredicts ozone concentra-
tions by 55% and underpredicts OH production by 44% in
environmental chamber experiments meant to closely simulate
atmospheric conditions for toluene oxidation.4,5 These outstand-
ing issues are important as they directly hinder the MCM’s
ability to model the contributions of aromatic compounds to
the problem of air pollution and, thus, the effort to construct
effective regulatory policies to improve air quality.

The existence of conflicting experimental results concerning
the nature of the constituent reactions of the mechanism have
likely played a major role in predictive performance problems
of the MCM. For example, it is uncertain whether observed
oxidation products are the result of primary (a single OH
reaction event) or secondary oxidation (two OH reaction events)
in part because most experiments continuously produce OH in

the reaction system. In addition, most experimental methods
use a photochemical OH source, which may inadvertently cause
the photochemical degradation of the primary products of the
aromatic oxidation mechanism. Therefore, it is of interest to
use experimental methods in which the primary and secondary
oxidation chemistry can be more tightly controlled in order to
allow the primary and secondary steps to be definitively
identified.

Regarding the predictive performance problems of the MCM
with respect to environmental chamber data, it was suggested
that the discrepancies could be explained if the MCM model
was “...missing oxidation processes that produce or regenerate
OH without or with little NO to NO2 conversion”.5 The role of
NO in the aromatic oxidation mechanisms has been difficult to
determine in part due to the experimental conditions most
commonly used. In most of these experiments, OH itself was
generated via photochemical reactions involving NO, and it was
not possible to definitively identify products arising specifically
from NO reactions. Consequently, it is desirable to apply
experimental methods in which the NO levels can be varied
independently of the OH levels, with NO-free experiments being
of particular interest.

Finally, there is currently poor qualitative and quantitative
agreement among the existing oxidation product studies for
toluene.6-21 There have been a wide variety of products detected
using the various experimental methods formed from the
oxidation of toluene, including ring-retaining species such as
benzaldehyde and cresol as well as more highly oxidized species
that result from the scission of the aromatic ring such as glyoxal
and methylglyoxal. The latter species are postulated to form
via a bicyclic (formed by the addition of O2 as a bridging
substitutent) peroxy radical (formed by the addition of a second
O2 moiety) intermediate.5,22 However, this important species has
yet to be experimentally detected. In previous low oxygen
concentration experiments performed in our lab,8 the concomi-
tant lack of observation of the bicyclic peroxy radical intermedi-
ate and ring scission products was rationalized through the
existence of an equilibrium process for the addition of the second
O2 moiety that favors the bicyclic peroxy radical intermediate
only at very high oxygen concentrations.23,24 Because it appears
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that the toluene oxidation mechanism depends sensitively on
the concentrations of several reactant species, it is of interest
to apply experimental methods in which many of the important
oxidation intermediates and products can be simultaneously
observed as a function of various reactant concentration levels,
with the direct observation of the role of the bicyclic peroxy
radical intermediate as a particularly important goal.

This article describes the identification of primary oxidation
system intermediates and the detection and quantification of
stable primary oxidation products for toluene via the turbulent
flow chemical ionization mass spectrometry (TF-CIMS) tech-
nique. In particular, the CIMS approach allowed for a more
complete identification of the reaction system species, and the
TF method provided the facility to separately control OH, NO,
and O2 levels in the system as well as the ability to perform
total pressure dependence measurements.

Experimental Section

Turbulent Fast Flow Tube. A schematic of the experimental
apparatus is given in Figure 1. The main flow tube was 100 cm
in length and constructed with 2.2 cm inner diameter Pyrex
tubing. A large flow of variable amounts of oxygen and nitrogen
carrier gas (30 STP L min-1) was introduced at the rear of the
flow tube to ensure turbulent flow conditions (Reynolds Number
≈ 2100 for most experiments). The reactants necessary for the
production of OH radicals were prepared in a 20 cm long, 1.25
cm inner diameter side arm, while toluene and NO were added
to the rear of the flow tube, as shown in Figure 1. This
arrangement allowed for the separate synthesis of OH radicals
but allowed all other reactants to be simultaneously present at
the rear of the flow tube. For experiments involving the OH
radical scavengers, the scavenger species were introduced into
the main flow tube through an encased moveable injector. The
encasement was made of corrugated Teflon tubing and allowed
the injector to be moved to various injector positions (“time )
zero” injector position is set just upstream of the ionization
source) without breaking any vacuum seals. A fan-shaped Teflon
device was placed at the end of the injector to enhance turbulent
mixing. All gas flows were monitored with calibrated mass flow
meters. A polonium-210 (210Po) R-particle-emitting ionization
source was placed between the flow tube and the entrance to
the CIMS. Flow tube pressure and temperature were measured
upstream of the ionization source. Pressure was measured using
a 0-1000 Torr capacitance manometer. Temperature was
determined using Cu-constantan thermocouples and was in the

range of 296-298 K for all experiments. Most of the flow tube
gases were removed at the CIMS inlet using a 31 L s-1 roughing
pump.

OH Source. In order to ensure that the OH synthesis method
did not introduce undesired secondary chemistry, several
different OH sources were tested. The F + H2O (used in our
previous study of toluene oxidation8), H + NO2, and H + O3

sources were tested. The same major toluene oxidation products
were observed for all three sources. However, the H + O3 source
was selected as the superior source because it was NOx-free
(important for assessing the NO dependence of the toluene
oxidation mechanism) and H2O-free (allowed more consistent
performance of the proton-transfer chemical ionization mass
spectrometer). The H + O3 source utilizes the microwave-
discharge-initiated dissociation of H2, followed by reaction with
O3

A dilute mixture of He/H2 was passed through a microwave
discharge, produced by a Beenakker cavity operating at 50 W,
to create hydrogen atoms (reaction 1). The dilute mixture was
obtained by combining a 5.0 STP L min-1 flow of ultrahigh
purity helium (99.999%) with a 1.0 STP mL min-1 flow of a
0.1-1.0% H2 (99.9%)/He mixture. The 5.0 STP L min-1 helium
flow was first passed through a silica gel trap immersed in liquid
nitrogen to remove any possible impurities. The hydrogen atoms
were then injected into the flow tube side arm and mixed with
a flow of O3 entrained in He. Ozone was produced in a
commercial ozonizer and stored on a silica-gel-filled trap at -78
C. O3 was introduced into the system by passing a 1-4 STP
mL min-1 flow of He through the trap. Ozone partial pressures
were determined by UV absorbance at 254 nm in a 1 cm flow-
through quartz cuvette. Because O3 was in great excess in the
side arm ([O3] ) ∼2 × 1013 molecules cm-3) and the H + O3

reaction is very fast (2.9 × 10-11 cm-3 molecule-1 s-2),25 the
OH-producing reaction had a very short lifetime of about 2 ms,
thus ensuring that all hydrogen atoms were quickly consumed
(the minimum side arm residence time for OH is about 20 ms).

Toluene Species. C6H5CD3 (or one of the other commercially
available toluene isotopes, C7H8 or C7D8) was added to the rear
of the flow tube as a 1% mixture in N2. The typical toluene

Figure 1. Experimental apparatus.

H2 f H + H (1)

H + O3 f OH + O2 (2)

10656 J. Phys. Chem. A, Vol. 114, No. 39, 2010 Birdsall et al.



concentration for these experiments was 1 × 1013 molecules
cm-3. Using the known OH + toluene rate constant of about 6
× 10-12 cm3 molecule-1 s-1,25 OH has a lifetime of about 17
ms under these conditions to produce the toluene-OH adduct,
which is short compared to the 100 ms main flow tube residence
time for toluene. These conditions ensured that the dominant
fate of OH was reaction with toluene (the primary oxidation
process of interest).

O2 Dependence Studies. Oxygen concentrations were varied
by adjusting the fraction of the 30 STP L min-1 carrier gas
flow that was comprised of oxygen. At a total pressure of 200
Torr and with the carrier gas flow comprised entirely of oxygen,
the main flow tube oxygen concentration was nearly that of the
atmosphere at 760 Torr ([O2] ) 5 × 1018 molecules cm-3).
Therefore, the O2 dependence studies were carried out at 200
Torr total pressure, so that O2 concentrations as high as
atmospheric levels could be accessed. For other experiments
carried out at pressures greater than 200 Torr, the oxygen
component of the carrier gas flow was adjusted to maintain a
total oxygen concentration of 5 × 1018 molecules cm-3.

NO Dependence Studies. NO [0-2 × 1013 molecules cm-3]
was introduced into the main flow tube as a 2% NO/N2 mixture
at the same injection point as toluene. The mixture was first
passed through a silica gel trap held between -20 and -30 °C
to remove any traces of NO2 impurities. Negligible amounts of
NO2 impurities were observed using the CIMS technique.

Pressure Dependence Studies. The pressure was varied
between 100 and 500 Torr by adjusting the roughing pump
speed. Therefore, as the pressure was increased, the turbulent
flow velocity proportionally decreased.

Initial OH Dependence Studies. By varying the amount of
H2 flow through the microwave discharge, the initial OH radical
concentrations were varied. The approximate OH concentrations
at each H2 flow setting were estimated by several indirect
methods, which are described below.

OH Scavenger Studies. trans-2-Butene [∼1 × 1013 mol-
ecules cm-3], which is known to efficiently form peroxy radicals
in the presence of OH and O2,26 was introduced to the main
flow tube as a 10% trans-2-butene/N2 mixture through the
moveable injector. Although the concentrations of trans-2-
butene and toluene were similar in this experiment, the OH +
2-butene reaction has a rate constant that is about 10 times larger
than that of the OH + toluene reaction.25 Therefore, the trans-
2-butene species outcompeted toluene for OH under these
conditions.

CIMS Detection. The chemical ionization reagent ions were
produced using a commercial 210Po R-particle emitting ionization
source consisting of a hollow cylindrical (69 by 12.7 mm)
aluminum body with 10 mCi (3.7 × 108 disintegrations s-1) of
210Po coated on the interior walls. All oxygenated organic species
were detected using a proton-transfer CIMS scheme. The
H+(H2O)n ions were produced by passing a large O2 flow (7
STP L min-1) through the ionization source, with H2O impurities
being sufficiently abundant to produce an adequate amount of
reagent ions. The predominant species detected were the
protonated (and partially hydrated) analogues of the neutral
precursor oxygenated organic compounds. No fragment ions
were detected. Toluene was detected with a C4H9

+-adduct-
forming CIMS scheme. C4H9

+ reagent ions were produced by
combining a large flow of N2 (7 STP L min-1) with a 12 STP
mL min-1 flow of isobutane and passing the mixture through
the ionization source. The predominant species detected was
C7H8-C4H9

+. OH and HO2 were detected via SF6
- chemical

ionization reactions, with OH- and SF4O2
- as the detected ions

for each species, respectively.27 SF6
- reagent ions were produced

by combining a large flow of N2 (7 STP L min-1) with a 1 STP
mL min-1 flow of 10% SF6/N2 and passing the mixture through
the ionization source. Ions were detected with a quadrupole mass
spectrometer housed in a two-stage differentially pumped
vacuum chamber. Flow tube gases (neutrals and ions) were
drawn into the front chamber through a charged 0.1 mm
aperture. The front chamber was pumped by a 6 in. 2400 L s-1

diffusion pump. The ions were focused by three lenses
constructed from 3.8 cm inner diameter and 4.8 cm outer
diameter aluminum gaskets and then entered the rear chamber
through a skimmer cone with a charged 1.0 mm orifice. The
skimmer cone was placed approximately 5 cm from the front
aperture. The rear chamber was pumped by a 250 L s-1

turbomolecular pump. After the ions had passed through the
skimmer cone, they were mass filtered and detected with a
quadrupole mass spectrometer.

Relative Product Yield Studies. The relative product yield
is defined as the flow tube concentration of the species of interest
divided by the sum of the flow tube concentrations of all
measured products. Therefore, the relative yield % is defined
as follows

This quantity requires the absolute concentrations of product
species to be determined. Calibration curves for authentic
samples of the products benzaldehyde and o-cresol were
constructed by flowing a known concentration of each substance
into the flow tube and measuring the CIMS response. As
extensively discussed in our earlier study on the toluene
oxidation system,8 because all other major products of the
toluene oxidation system have either hydroxyl or carbonyl
groups as the targets of the proton-transfer CIMS reactions, it
is reasonable to use the o-cresol or benzaldehyde (or the more
convenient octanal) CIMS response factors, respectively, as
proxy CIMS response factors for the calibration of species for
which authentic samples are not available. An upper limit (as
will be discussed later, OH is also believed to be generated by
the toluene oxidation process) approximation to the initial OH
radical concentration for a particular experiment was calculated
by assuming a stoichiometric equivalence between the initial
OH concentration and the total amount of toluene products
quantified.

Absolute Product Yield Studies. The absolute product yield
is defined as the flow tube concentration of the species of interest
divided by the total amount of reacted toluene precursor. The
latter quantity can be determined by measuring the difference
in the toluene flow tube concentrations with the OH source on
and off. Since the toluene concentrations for the conditions with
the OH source off are simply calculated from the flow
conditions, the amount of reacted toluene precursor is simply
calculated from the ratio of the CIMS signal for the two
conditions, multiplied by the OH source off toluene flow tube
concentration

Relative yield % product i ) [product i]

∑
j

n

[product j]

× 100

(3)

[reacted toluene] ) [1 -
(toluene CIMS signal)OH source on

(toluene CIMS signal)OH source off
] ×

[toluene]OH source off (4)
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The method of Noda et al. was also employed in the effort
to quantify the amount of reacted toluene.7 This method uses
the reactive loss of 1,3,5-trimethylphenol (TMP) as a tracer of
OH reactivity, and the known OH rate constants for TMP and
toluene are then used to calculate the total amount of reacted
toluene.

Once the amount of reacted toluene is determined, the
absolute yield % is calculated as follows

Results and Discussion

Detection of OH and HO2. SF6
- CIMS methods revealed

that the OH source also produces some HO2. HO2 is likely
produced via the H + O2 reaction in the side arm, with O2

arising from the decomposition of O3 in the silica gel trap and
in the tubing from the trap to the side arm. When toluene is
added to the system under NOx-free conditions, HO2 levels are
observed to increase. Under the same conditions of added
toluene, OH levels are observed to decrease, but they do not
drop to background levels, as would be expected given the short
OH lifetime with respect to toluene. Considering the persistence
of OH under these conditions, it is clear that the toluene
oxidation system is regenerating OH. Unfortunately, absolute
OH and HO2 concentrations could not be determined via the
OH + NO2 f HNO3 and HO2 + NO f NO2 + OH titration
and calibration techniques, respectively, because of the interfer-
ence of high levels of O3 with the CIMS detection schemes for
HNO3 and NO2. However, the indirect methods described in
the Absolute Product Yield Studies section indicate that, under
the usual OH source conditions, the initial OH concentration
was on the order of 2 × 1011 molecules cm-3. The OH
production rate from the toluene oxidation system was quantified
via a scavenger approach, as will be discussed below.

Identification of Toluene Oxidation Products. Several
major products from the primary oxidation of toluene were
identified based on CIMS spectra collected for OH + C7H8,
OH + C6H5CD3, and OH + C7D8 under NOx-free conditions.
The OH + C6H5CD3 experiments were particularly useful as
this system was characterized by the largest number of products
with unique m/z ions in the proton-transfer CIMS spectrum. The
products were identified according to the correspondence
between the protonated (and, in some cases, also hydrated) ions
and the neutral oxidation products.

In our previous work on the toluene system for NOx-free
conditions,8 we used relatively low O2 concentrations (about 1
× 1016 molecules cm-3) and reported the observation of four
major products (shown in Figure 2), benzaldehyde, cresol,
methylhexadienedial, and methylhexenedial epoxide (shorthand,
noted as epoxide). The present experiments were performed
somewhat differently than those reported in Baltaretu et al.; (1)
an H + O3 source was used (as opposed to F + H2O) to produce
OH; (2) in order to minimize reactant concentrations and
possible side reactions, the OH + toluene reaction was initiated
in the main flow tube (as opposed to the side arm); and (3)
most of the experiments were carried out at 200 Torr total
pressure (as opposed to 100 Torr) to allow the oxygen
concentrations to be varied all the way up to atmospheric levels
(5 × 1018 molecules cm-3). Despite these differences in the
experimental methods, the same four major products were
observed in the present experiments at low O2 concentrations.

However, two additional minor products were detected. In their
study of the cresol-producing pathway in the OH-initiated
oxidation of toluene, Noda et al. have reported that toluene can
also undergo a dealkylation reaction (shown at the top of Figure
2) that produces phenol.7 Noda et al. found that the cresol to
phenol ratio was about 5:1. We found a very similar result, with
our cresol to phenol ratio determined to be about 4:1. In addition,
our use of C7D8 (and the normal isotope of OH) in some
experiments allowed us to further investigate the nature of the
cresol-forming mechanism. Glowacki et al. proposed that two
cresol-forming pathways are possible for toluene; (1) O2 can
directly abstract the hydrogen atom from the toluene ring in
the toluene-OH adduct, which produces HO2 and restores the
aromaticity of the toluene ring, and (2) the toluene-OH-O2

adduct can undergo an intramolecular reaction in which the
hydrogen atom from the OH group is abstracted, followed by
an intramolecular hydrogen atom transfer from the ring back
to the oxygen atom, which also produces HO2 and restores the
aromaticity of the toluene ring.22 For the case of C7D8 + OH,
the first mechanism will produce C7D7OH + DO2, while the
second mechanism will produce C7D7OD + HO2, which are
distinguishable species in our CIMS detection method. We find
that that C7D7OH and C7D7OD are produced in a ratio of about
3:1, suggesting that both pathways are important but also
indicating the dominance of the first mechanism in the produc-
tion of cresol from the OH-initiated oxidation of toluene, as
proposed in the theoretical work of Frankcombe.28

For NOx-free experiments carried out at atmospheric O2

concentrations, many additional products were identified. The
appearance of additional products at high O2 levels is rational-
ized by the formation of a bicyclic peroxy radical (shown at
the bottom of Figure 2, with the subsequent reactions that this
species can undergo shown in Figure 3). In particular, butenedial
and methylbutenedial (produced from other bicyclic peroxy
radical isomers and/or OH attack at non-ortho positions (not
shown in Figures 2 and 3)) were observed as major products,
as well as several minor bicyclic species, including the bicyclic
peroxy radical intermediate itself. To the best of our knowledge,
this is the first experimental detection of this previously
postulated key toluene oxidation intermediate. In the C6H5CD3

experiments, the protonated bicyclic peroxy radical is detected
at a unique m/z (177 amu), but the protonated bicyclic peroxide
and protonated bicyclic carbonyl monohydrate species have a
m/z coincidence at 178 amu (the m/z coincidence problem is
identical in the C7H8 system). Very small signals for the bicyclic
alcohol species were detected in the C6H5CD3 system, but no
reproducible signal could be detected at the analogous m/z ratios
for the C7D8 system. Therefore, no quantitative yields are
reported for the bicyclic alcohol species. Due to fewer m/z
coincidences for other toluene oxidation products, the C6H5CD3

system was used in the determination of quantitative product
yields, with the total yield due to both the bicyclic peroxide
and the bicyclic carbonyl species reported as a single “bicyclic”
yield value. However, since the bicyclic peroxide and the
bicyclic carbonyl species are not m/z coincident for the C7D8

system, some experiments were performed with C7D8 in order
to partition the bicyclic yield value from the C6H5CD3 into its
bicyclic peroxide and bicyclic carbonyl components. From these
experiments, it was estimated that roughly 25% of the bicyclic
product observed in the C6H5CD3 experiments was due to the
presence of the bicyclic peroxide compound, with the balance
due to the presence of the bicyclic carbonyl species. The
definitive identification of methylglyoxal (the assumed product
partner of butenedial) and glyoxal (the assumed product partner

Absolute yield % product i ) [product i]
[reacted toluene]

× 100

(5)
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of methybutenedial for non-ortho OH attack) was stymied by
several m/z coincidences, some of which were also reported by
Zhao et al.,29 who used similar CIMS detection techniques.
Typical total identified product concentrations were about 2 ×
1011 molecules cm-3. The main sources of error in the product
yield measurements were run to run variability (∼20%, presum-
ably due to slightly different flow tube conditions) and CIMS
response factor variability (∼20%).

Oxygen Dependence of Relative Product Yields. Figure 4
shows the relative product yield results for the O2 dependence
experiments under NOx-free conditions at a total pressure of
200 Torr. As discussed above, at low O2 concentrations, the
stable species shown in Figure 2 are dominant, but at higher
O2 concentrations (but still significantly below atmospheric O2

concentrations), the species shown in Figure 3 become much
more important. In particular, while the methylhexadienedial
product is still detectable at atmospheric O2 concentrations, the
methylbutenedial product has supplanted it as the dominant
toluene oxidation product. Because the species in Figure 2 (with
the exception of cresol and phenol) show a negative O2

dependence, while the species in Figure 3 show a positive O2

dependence, it seems quite clear that overall O2 dependence is
explained by the rising concentration (and reactivity) of the
bicyclic peroxy radical intermediate as O2 levels are increased.
The persistence of the methylhexadienedial and epoxide species
at the highest O2 concentrations (where the O2 dependence of
the bicyclic peroxy intermediate derived species have plateaued)

Figure 2. Low [O2] pathways in the primary OH-initiated oxidation of toluene.
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suggests the possibility that these species might have minor
production pathways via the bicyclic peroxy intermediate as
well.

NO Dependence of Relative Product Yields. Figure 5 shows
the relative product yield results for the NO dependence
experiments at an O2 concentration of 5 × 1018 molecules cm-3

and a total pressure of 200 Torr. For the species shown in Figure
2, adding NO increases the relative product yield of methyl-
hexadienedial (a result previously observed by Berndt and Boge

in the benzene system30) and benzaldehyde, while the relative
product yield of the other species declines with increased NO
concentration (this relative decline is mostly likely due to the
increased absolute yields of the products that are enhanced at
high NO). However, the more interesting NO dependence
concerns the species shown in Figure 3. Increased NO concen-
trations favor the formation of the butenedial and methylbu-
tendial species, while the ring-retaining bicyclic species (in-
cluding the bicyclic peroxy radical itself) are suppressed by high

Figure 3. Bicyclic peroxy radical dependent pathways in the primary OH-initiated oxidation of toluene.

Figure 4. NOx-free oxygen concentration dependence of toluene
oxidation product yields at 200 Torr.

Figure 5. NO concentration dependence of toluene oxidation product
yields at 200 Torr and [O2] ) 5 × 1018 molecules cm-3.
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levels of NO. From Figure 5, it is clear that at a NO
concentration of about 5 × 1011 molecules cm-3, the kinetic
pathways for the ring-retaining bicyclic species are competitive
with the kinetic pathways for the formation of (additional)
butenedial and methylbutenedial. Assuming a typical value for
the RO2 + NO rate constant (1 × 10-11 cm3 molecule-1 s-1),26

this suggests that the lifetimes of the reactions that produce the
ring-retaining bicyclic species are on the order of 200 ms under
these conditions.

Pressure Dependence of Relative Product Yields. Figure
6 shows the relative product yield results for the pressure
dependence experiments under NOx-free conditions. For the
experiments between 100 and 200 Torr total pressure, the O2

concentrations were equal to 0.86 of the total number density
(14% of the flow was helium, and the balance was oxygen).
For experiments above 200 Torr, the O2 concentrations were
fixed at 5 × 1018 molecules cm-3 by adding N2 to the carrier
gas flow. No experiments were performed above 500 Torr
because of the degrading CIMS detection sensitivity as a
function of pressure. Figure 6 provides no definitive indication
of a pressure-dependent effect for the formation of any of the
observed products.

Initial Radical Concentration Dependence of Relative
Product Yields. The initial OH concentration was varied by
changing the flow of H2 gas in the OH source, which directly
affected the initial concentration of the toluene radical inter-
mediates and the amounts of final products eventually formed.
Therefore, the sum of the concentrations of the observed final
products can be used as a proxy for the initial radical
concentrations. Figure 7 shows the relative product yield results
for the initial radical dependence experiments under NOx-free
conditions at an O2 concentration of 5 × 1018 molecules cm-3

and a total pressure of 200 Torr. Under NOx-free conditions,
according to the mechanism outlined in Figures 2 and 3, most
major products are expected to be characterized by kinetic
behavior that is second order in OH-produced intermediates
(such as RO2 and HO2), and thus, the relative yields of products
should not be affected by the initial radical dependence.
However, Figure 2 indicates that the cresol and epoxide products
could potentially be suppressed at high radical concentrations
if their common intermediate (the nonbicyclic peroxy radical)

were to undergo radical reactions to form the methylhexadi-
enedial product rather than undergo a unimolecular or bimo-
lecular (with O2) reaction to form cresol or epoxide. While the
cresol and epoxide yields are perhaps somewhat lower at the lowest
initial radical concentrations (as shown in Figure 7), the measure-
ments at very low initial radical concentrations were characterized
by higher uncertainty due to the fact that several of the observed
species had concentrations near the detection limit of the CIMS
method. Therefore, it is difficult to make any conclusions from
the initial radical concentration experiments.

OH Scavenger Studies. The scavenger experiments were
carried out under NOx-free conditions at an O2 concentration
of 5 × 1018 molecules cm-3 and a total pressure of 200 Torr,
with the trans-2-butene scavenger added at a position down-
stream of the toluene injection point (50 ms) such that the initial
OH + toluene reaction (lifetime ) 17 ms) has largely gone to
completion. Under the conditions used, the lifetime of OH with
respect to trans-2-butene was only 2 ms; therefore, OH was
virtually instantaneously converted to the trans-2-butene hy-
droxy peroxy radical. Using the CIMS response factor for a
similar hydroxy species (cresol), the absolute concentrations of
the trans-2-butene hydroxy peroxy radical were determined. A
plot of the time-dependent behavior (relative to the trans-2-
butene injection) of the trans-2-butene hydroxy peroxy radical
concentration is depicted in Figure 8. Assuming a stoichometric
equivalence between the trans-2-butene hydroxy peroxy radical
and OH, the data in Figure 8 indicate a OH production rate of
about 1 × 1011 molecules cm-3 s-1.

Absolute Product Yields. The absolute product yields were
estimated for some experiments using the two methods described
in the Experimental Section. The toluene depletion method, used
in our previous study of the oxidation of toluene,8 was less
reliable in the present experiments because of the smaller
fraction of toluene reacted (this was a result of our efforts to
use smaller initial radical concentrations more representative
of atmospheric conditions). Nonetheless, this method indicated
that between 50 and 100% of the reacted toluene had been
accounted for in the observed products. The method of Noda
et al.7 generally indicated that 100% of the reacted toluene had
been accounted for. Because of the large uncertainties in the
absolute product yield values for the present experiments, we
report only relative yield values here but note that the absolute

Figure 6. NOx-free pressure dependence of toluene oxidation product
yields (for pressures less than 200 Torr, [O2] ) 0.85 [M]; for pressures
of 200 Torr or greater, [O2] ) [O2]atmosphere ) 5 × 1018 molecules cm-3).

Figure 7. NOx-free total products (initial OH radical) concentration
dependence of toluene oxidation product yields at 200 Torr and [O2]
) 5 × 1018 molecules cm-3.
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yield data do seem to indicate that we have identified and
quantified the majority of the toluene oxidation product mass.

Implications for the Toluene Oxidation Mechanism. In
general, the present results serve to confirm that the major
toluene oxidation products predicted by the MCM4 are indeed
experimentally observed at O2 concentrations and total pressures
similar to those of the atmosphere. The present results are
consistent with the majority of previous experimental studies
which suggest the dominance of the ring scission products in
the primary OH-initiated oxidation of toluene. The present
results are also consistent with an emerging quantitative
consensus for the yield of cresol (about 20%, as suggested by
Noda et al.7). In particular, the present experiments have shown
that the toluene oxidation mechanism is very sensitive to O2

concentration, which is a manifestation of the importance of
the bicyclic peroxy radical in forming many of the species
shown in Figure 3. However, the present experiments have also
shown that the methylhexadienedial8 and epoxide8,31 species,
only tentatively identified in a few previous experiments, are
significant toluene oxidation products, even though they are
somewhat disfavored by the high O2 concentrations character-
istic of the troposphere.

The NO concentration dependence results provide the most
important new insights on the toluene oxidation mechanism.
The MCM predicts that the dominant fate of the bicyclic peroxy
radical under atmospheric and the usual environmental chamber
conditions is reaction with NO to form the bicyclic alkoxy
radical that goes on to scission to form the butenedial (and
methylglyoxal) and methylbutenedial (and glyoxal) products;
this reaction also accomplishes the important NO to NO2

conversion that is characteristic of mechanisms that contribute
to tropospheric ozone production. Our results suggest that
significant bicyclic peroxy radical reactivity may exist in the
absence of NO. Under our experimental conditions, additional
NO does serve to change the quantitative product yields
somewhat, but it does not significantly change the overall
qualitative product distribution. Figure 7 indicates that this
reactivity remains high at relatively low initial radical concen-
trations. In Figure 3, we suggest several other reactive pathways
for the bicyclic peroxy radical that attempt to rationalize the
observed products under NOx-free conditions, as well as the
observation of stable bicyclic species and OH regeneration. In
particular, we propose that peroxy-peroxy reactions are re-

sponsible for the observed reactivity of the bicyclic peroxy
radicals under NOx-free conditions. By analogy to the results
obtained for the products formed from the self-reactions of
alkene-derived peroxy radicals32

and from the reactions of acetyl peroxy radicals with the
hydroperoxy radical33,34

we propose several possible NOx-free reaction pathways for the
bicyclic peroxy radical in Figure 3. We also include the possible
reaction with the toluene-OH adduct suggested by Jenkin et
al.24 in Figure 3, although this species is likely to be present
only at low concentration at the O2 concentrations required for
significant bicyclic peroxy radical concentrations. While reac-
tions similar to reactions 6-9 are included in the current MCM
for toluene, reactions similar to 10 and 11 are not. Since some
HO2 is initially present as a byproduct of the OH source used
in our experiments and HO2 is produced by many of the
individual reactions shown in Figures 2 and 3, HO2 concentra-
tions are likely to be higher than bicyclic peroxy radical
concentrations under our experimental conditions (and this is
also certainly true of the atmosphere as well). Further, RO2 +
HO2 rate constants tend to be larger than RO2 + R′O2 rate
constants (by about a factor of 20 for secondary peroxy radicals
such as the bicyclic peroxy radical).32 Thus, it appears that RO2

+ HO2 reactions are more likely to be important in the present
toluene oxidation system than are RO2 + R′O2 reactions. We
note that the observation of the bicyclic peroxide in our
experiments directly indicates that at least some of the bicyclic
peroxy radical reactivity is due to HO2 reaction. Indeed,
reactions 9 and 11 can account for all of the bicyclic peroxy
radical reactivity and the resulting observed products under NOx-
free conditions and can explain the presence of OH regeneration
as follows: (1) the bicyclic peroxide product is produced directly
via reaction 9 and (2) the butenedial (and methylbutenedial),
bicyclic carbonyl, and OH products are formed via reaction 11.

In the NO Dependence of Relative Product Yields section,
we estimated that the bicyclic peroxy radical reactions that did
not involve NO were characterized by a lifetime of about 200
ms under certain flow tube conditions. If the generic RO2 +
HO2 rate constant used in the MCM (2.3 × 10-11 cm3

molecule-1 s-1) is assumed to be valid for the bicyclic peroxy
radical, an HO2 concentration of about 2 × 1011 molecules cm-3

would be required to rationalize the bicyclic peroxy radical
lifetime. Since the total product formation in this experiment
was about 2 × 1011 molecules cm-3, the estimated HO2

concentration is roughly consistent with that which would be
expected under these conditions.

For the OH scavenger experiments, it was estimated that the
OH production rate was about 1 × 1011 molecules cm-3 s-1.
This OH production rate and the effective RO2 and HO2

concentrations can be used to calculate the rate constant for

Figure 8. NOx-free OH scavenger kinetics at 200 Torr and [O2] ) 5
× 1018 molecules cm-3.

RO2 + R′O2 f RO + R′O + O2 (6)

f ROH + R′-HO + O2 (7)

f R-HO + R′OH + O2 (8)

RO2 + HO2 f ROOH + O2 (9)

f ROH + O3 (10)

f RO + OH + O2 (11)
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reaction 11. However, since the scavenger was added after the
toluene oxidation system had 50 ms to react, it is even more
difficult to estimate the relevant RO2 and HO2 concentrations
than it is for the early stages of the toluene oxidation process.
However, if a value for both species of 1 × 1011 molecules
cm-3 is assumed, the inferred rate constant for reaction 11 is
about 1 × 10-11 cm3 molecule-1 s-1, which is a significant
fraction of the generic RO2 + HO2 rate constant used in the
MCM. While the calculations are somewhat speculative, they
do provide quantitative support for the supposition that reaction
11 is potentially a major reaction pathway for bicyclic peroxy
radicals under our experimental conditions. Further, since
reaction 11 is also one of the proposed routes by which
methylbutenedial forms under NOx-free conditions, the large
product yield of this species also provides support for the
hypothesis that reaction 11 is a major reaction pathway for the
bicyclic peroxy radical.

As discussed in the Introduction, when tested against the
results of environmental chamber experiments for the photo-
oxidation of toluene, the MCM seems to be missing processes
that regenerate OH with little NO to NO2 conversion.4,5 Our
results suggest that, at least at high HO2 and/or low NO
concentrations, RO2 + HO2 reactions involving the bicyclic
peroxy radical can be competitive with the RO2 + NO reactions
that facilitate NO to NO2 conversion. Therefore, it seems
possible, particularly for experimental conditions of high HO2

and/or low NO, that the environmental chamber results may
have been affected by RO2 + HO2 reactions. Further, since
reaction 11 also produces OH, it can also explain the environ-
mental chamber observation of significant OH regeneration.

The proposed RO2 + HO2 reaction pathway might also be
important in the oxidation of toluene in the atmosphere. For
example, it is well-known that isoprene oxidation chemistry in
the atmosphere is dominated by RO2 + HO2 chemistry under
low NOx conditions, while RO2 + NO chemistry dominates at
high NOx conditions.35 However, since aromatic compounds are
largely anthropogenic in origin, while isoprene is almost
exclusively biogenic in origin, high aromatic concentrations will
be more often accompanied by high NO concentrations, whereas
high isoprene concentrations are often accompanied by low NO
concentrations. Nonetheless, if high enough HO2/NO ratios exist
for certain atmospheric aromatic oxidation conditions, it is
possible that RO2 + HO2 reactions could be important. In order
to determine what HO2/NO ratios are necessary for these
reactions to be important in the atmosphere, it will likely be
necessary to experimentally determine the specific rate constants
for the RO2 + HO2 and RO2 + NO reactions for toluene-derived
bicyclic peroxy radicals.
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