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ABSTRACT: The photooxidation of five anthropogenic volatile organic
compounds (propane, propene, isopentane, n-hexane, trans-2-hexene) at different
levels of nitric oxide (NO) was investigated in the atmospheric simulation
chamber SAPHIR, Forschungszentrum Jülich. Measured time series of trace gases
and radical concentrations are compared to zero-dimensional box model
calculations, based on the Master Chemical Mechanism (agreement within
30%) and complemented by state-of-the-art structure−activity relationships
(SAR). Including RO2 isomerization reactions from SAR, validated with
theoretical calculations, improves particularly the model−measurement agreement
by ∼20% for n-hexane. The photooxidation of the chosen compounds generates
different types of peroxy radicals (RO2) which produce HO2 after one or multiple RO2+NO reaction steps, depending on the formed
alkoxy radical (RO). Measurements show that the HO2/RO2 ratio is up to ∼40% lower and the number of odd oxygen (Ox =
O3+NO2) formed per OH+VOC reaction P( (O ) )x VOC is up to ∼30% higher if RO regenerates RO2 instead of forming HO2 directly.
Though, the formation of organic nitrates nearly completely compensates for the ozone production from the second NO reaction
step for nitrate yields higher than 20%. Measured and modelled HO2/RO2 ratios agree well as does P(O )x VOC, derived from
measured/modelled radical concentrations and calculated from measured Ox.
KEYWORDS: Ozone production, Radical measurement, Anthropogenic VOCs, Master Chemical Mechanism, SAR, Alkoxy chemistry

1. INTRODUCTION
Ozone pollution remains a health issue affecting millions of
people residing in urban areas in Europe and worldwide.1,2 In
the troposphere, ozone (O3) is produced by the photolysis of
nitrogen dioxide (NO2) subsequent to the reaction of
hydroperoxy (HO2) and organic peroxy (RO2) radicals with
nitric oxide (NO).3 Although there has been a strong,
continuous reduction of ozone precursors in urban emis-
sions,4−7 including volatile organic compounds (VOCs) and
nitrogen oxides (NOx = NO + NO2) in the past decades, the
decline in ozone levels has slowed in the summer in
megacities,8−10 highlighting the incomplete understanding of
ozone production in urban environments.
HO2 and/or RO2 radicals are intermediates formed in the

atmospheric oxidation of volatile organic compounds. In urban
environments, the reaction with NO remains currently their
dominant chemical loss as NO mixing ratios are still up to a few
ppbv especially during the morning traffic rush hour.11,12 Field
campaigns, performed in urban and remote environments where
either only HO2 radicals

13,14 or both, HO2 and RO2, radicals
were measured,15−20 have shown large discrepancies between
measured and modelled radical concentrations. Deviations are

highest for NO mixing ratios larger than 1 ppbv when measured
radical concentrations are also underestimated by model
calculations. In most of these studies, the measured HO2 and
RO2 radical concentrations were used to calculate the
instantaneous odd oxygen (Ox = O3 + NO2) production,
showing large discrepancies with model results. The Ox

production rate calculated from radical concentrations was for
example up to a factor of 10 higher than derived from model
calculations in London16 and of 100 in Beijing.15 As the Master
Chemical Mechanism21,22 (MCM; www.mcm.york.ac.uk) and
the Regional Atmospheric Chemical Mechanism23 (RACM) are
used in chemical transport models to predict regional ozone
pollution, the large model−measurement differences observed
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in different cities indicate a potential gap in the understanding of
the ozone production chemistry.
Several hypotheses to explain the observed discrepancies were

proposed in the different studies. Poor mixing and therefore
segregation of NO and radicals was pointed out as a possible
reason,24 although instrument inlets were located in close
proximity in most campaigns to avoid such complications.15,17

Artifacts in the measurements could also be responsible for the
observed differences. Radical measurements were performed by
different groups, but they all applied the same detection method
(laser-induced fluorescence, LIF). Peroxy radicals, HO2 and
RO2, were detected using their chemical conversion to OH in
the reactions with NO, so that the detection of HO2 could have
been biased by the concurrent conversion of RO2.

25,26 Most of
the recent studies were performed using instruments, in which
such effects are minimized by using a reduced HO2 conversion
efficiency in the detection cell. In previous studies,13 instruments
used a quantitative conversion of HO2 to OH in the detection
cell, which in turn facilitated the additional conversion of RO2
radicals. This makes the comparison of measurements and
model results challenging.27 The larger-than-modelled HO2
radical concentration, observed in field studies, was often
consistent with the required OH production rate from the
reaction of HO2 with NO to reproduce the observed OH radical
concentrations,19,28 making it unlikely that the high measured
HO2 radical concentrations were due to measurement artifacts.
Several potential mechanisms were tested in the evaluation of

field campaigns to improve the model−measurement agreement
between HO2 and RO2 radical concentrations:

• Additional radical sources were introduced in the model,
e.g., from the photolysis of nitryl chloride (ClNO2) or
chlorine compounds.17,19

• The rate coefficients of the RO2 and NO reactions were
decreased by up to a factor of 5.18,20

• The conversion efficiency of RO2 to HO2 radicals was
inhibited in the model by introducing RO2 radicals
undergoing multiple reactions with NO before an HO2
radical is formed.15,16

In this work, the last hypothesis was investigated in 11
photochemistry experiments in the large outdoor atmospheric
simulation chamber SAPHIR. Experiments explored the
chemical degradation of a series of alkanes (propane, isopentane,
n-hexane) and alkenes (propene, trans-2-hexene) and the
concurrent ozone production at different NO levels between

0.1 ppbv and 6 ppbv. The chosen species are representative for
VOCs abundant in urban areas16,29−31 as well as for the different
chemistry of the alkoxy (RO) radicals formed after the reaction
of the primarily formed RO2 radical with NO.32,33 Measured
concentrations are compared to results of zero-dimensional box
model calculations using the MCM. Finally, calculations of the
number of Ox molecules formed per OH + VOC reaction from
either measured radical concentrations or the measured Ox
concentration are compared.

2. METHODOLOGY
2.1. The Atmospheric Simulation Chamber SAPHIR.

The experiments in this study were conducted in the outdoor
atmospheric simulation chamber SAPHIR at the Forschungs-
zentrum Jülich, Germany. The chemically inert double-wall
Teflon (FEP) film has a high transmittance of the entire
spectrum of the solar radiation, allowing the simulation of
atmospheric processes under realistic tropospheric conditions.
The cylindrically-shaped chamber has a total volume of 270 m3

with a diameter of 5 m and a length of 18 m, resulting in a low
surface-to-volume ratio of ∼1 m−1. Two fans ensured that the
same air composition is measured by all instruments. Ultra-pure
synthetic air (79% N2, 21% O2, Linde, purity >99.9999%) is
used. The chamber is operated with a small overpressure of
about 25 Pa to prevent contamination from ambient air. The
replenishment flow required to compensate for small leakages
and the consumption of air by the instruments causes a dilution
with a rate constant of (5.0 ± 0.8) × 10−6 s−1. The temperature
inside the chamber is not controlled and is thus similar to
ambient conditions. In the experiments in this work, temper-
atures of (304 ± 5) K were reached. The chamber is equipped
with a shutter system. With open shutters, OH radicals are
mainly produced by photolysis of nitrous acid (HONO), which
is released from the chamber film with a rate that depends on
sunlight intensity, humidity, and temperature.34 Further details
of the atmospheric simulation chamber SAPHIR can be found in
previous publications.34−37

2.2. Instrumentation. An overview of the used instrumen-
tation is shown in Table 1.
OH, HO2, and RO2 radicals were detected with a laser-

induced fluorescence (LIF) instrument (ROxLIF).
38,39 Air is

pulled through a conically shaped nozzle into a low-pressure
detection cell (∼4 hPa). Inside the detection cell, OH radicals
are excited by a short laser pulse (wavelength = 308 nm,
repetition rate = 8.5 kHz) and their fluorescence is detected.

Table 1. Instrumentation for Radical and Trace-Gas Measurements, Available during the Presented Experiments in SAPHIR

Species Technique Time resolution 1 σ precision 1 σ accuracy

OH DOAS 431 s 7.3 × 105 cm−3 6.5%
LIF 45 s 2.8 × 105 cm−3 18%

HO2 LIF 45 s 7.7 × 106 cm−3 18%
RO2 LIF 45 s 7.2 × 106 cm−3 18%
NO Chemiluminescence 98 s 3 pptv 5%
NO2 Chemiluminescence 98 s 70 pptv 5%
O3 UV absorption 60 s 90 ppbv 5%
VOCsa GC-FID 42 min 40 pptv 5%
trans-2-hexene PTR-TOF-MS 30 s 15 pptv 10%
CH3CHO, Acetone PTR-TOF-MS 30 s 60 pptv 20%
HCHO PICARRO 120 s 120 pptv 10%
kOH Laser photolysis + LIF 142 s 0.06 s−1 10%
j values Spectroradiometry 30 s 4.8 × 10−8 s−1b 10%

aIncluding propene, isopentane, and n-hexane. bDerived from jNOd2
data.
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The corresponding photon count rate, which is directly
proportional to the sampled OH radical concentration, is
measured by a gated microchannel plate detector.40−42

In the experiments in this work, the OH detection cell was
equipped with a chemical modulation reactor (CMR),42

allowing for interference-free OH radical measurements. In
the CMR, propane (Air Liquide, purity >99.95%, (5.0 ± 0.1)%
mixture in N2) acting as an OH scavenger is periodically
injected. In all experiments performed in this work, the observed
interference signal could be entirely attributed to the well-
characterized interference caused by the production of OH from
the photolysis of ozone by the excitation laser inside the
measurement cell.39 In a second detection cell, HO2 is indirectly
measured by its conversion to OH in the reaction with the
injected NO, such that the sum of both (HOx = OH + f·HO2, f <
1 being dependent on the NO concentration in the detection
cell) is detected.25,39−41 The HO2 radical concentration can be
derived by subtracting the measured OH radical concentration.
Interferences may appear in the HOx measurement in the
presence of specific RO2 radicals, which rapidly form HO2
following the RO2 + NO reaction.25 This RO2 interference is
minimized by working with low NO concentrations and did not
play a role in the presented experiments. In a third detection
system, the total ROx (= OH + HO2 + RO2) radical
concentration is measured. The RO2 radical concentration can
be determined by subtracting themeasuredOH andHO2 radical
concentrations. Air is introduced into a converter (∼25 hPa),
where RO2 radicals are first converted to HO2 and then toOH in
reactions with added NO. By also adding CO in excess, OH
radicals, mainly formed from the reaction of HO2 with NO, are
converted back to HO2 in the converter. The HO2 radicals are
then converted to OH in the reaction with injected pure NO in
another low-pressure detection cell downstream of the
converter, aiming for a complete conversion of HO2 radicals
to OH.38 In the HOx and ROx detection cells, in which NO is
added, a background signal that is equivalent to radical
concentrations of (6.2 ± 0.5) × 107cm−3 and (5.6 ± 2.6) ×
107 cm−3, respectively, was observed. The values were
determined during calibrations of the ROxLIF instrument
performed with clean, humidified synthetic air. The mechanism
behind the NO background has not yet been clarified.
OH radicals were also measured by differential optical

absorption spectrometry (DOAS) in five experiments. The
DOAS technique is an absolute measurement technique. Laser
pulses at a wavelength of 308 nm produced from a picosecond
dye laser system are coupled into the chamber and reflected
more than 100 times along its longitudinal axis to achieve a 2 km
long absorption path. The transmitted light is then analyzed by a
high-resolution spectrometer to determine the absorption by the
OH radicals. OH radical concentrations, measured by the LIF
and theDOAS instruments, agree within 20% in the experiments
in this work.
Cavity ring-down spectroscopy43 (CRDS, Picarro) was used

to detect formaldehyde (HCHO) and water vapor. Ozone was
detected by UV absorption (Ansyco), and NO and NO2 were
detected by using chemiluminescence (EcoPhysics).
The OH reactivity (kOH), equivalent to the inverse of the OH

lifetime, was measured by a laser-photolysis pump-and-probe
technique, using the LIF technique to detect the decay of
artificially produced OH reacting with the OH reactants in the
sampled air in a flow tube.44,45

Time series of propene and trans-2-hexene were measured by
proton-transfer-reaction time-of-flight mass spectrometry

(PTR-ToF-MS, Ionicon),46,47 while isopentane and n-hexane
were measured by gas chromatography combined with a flame-
ionization detector (GC-FID).48 The signals at the masses of
injected VOCs were converted to concentrations by scaling
them such that the corresponding increase in the OH reactivity
matched the increase observed by the OH reactivity instrument
at the point in time of the VOC injection. Calibrated time series
of acetone and acetaldehyde (CH3CHO) were measured by the
PTR-ToF-MS instrument.
Photolysis frequencies such as of NO2, HONO, O3,

CH3CHO, and HCHO were derived from measurements of
the total and diffuse spectral actinic flux densities using a
spectroradiometer that is located on the top of a building next to
the chamber.49,50 Calculations take into account the trans-
mittance of the chamber foil and local shading from the
construction elements of the chamber.
2.3. Experimental Procedure. Eleven experiments were

performed, with five anthropogenic VOCs (propane, propene,
isopentane, n-hexane, and trans-2-hexene) at NO mixing ratios
between 0.1 ppbv and ∼9 ppbv.
At the beginning of each experiment, the clean chamber air

was humidified in the dark to reach a water vapor mixing ratio of
about 1%. An OH reactivity up of 1.5 s−1 was observed after the
humidification in the clean chamber caused by mainly unknown
reactants, likely released by the chamber wall during the
humidification (OH background reactivity).
In the experiments that aimed for NO mixing ratios lower

than ∼0.4 ppbv, about 80 ppbv ozone was injected before the
chamber’s shutter was opened. To achieve NO mixing ratios
larger than 1 ppbv in the chamber for the duration of the
experiment, NOwas continuously added into the sunlit chamber
with a rate of up to 7 ppbv h−1, reaching NO mixing ratios of up
to 8.5 ppbv. In all experiments, the shutter system of the
chamber was open for about an hour before the VOC was
injected to quantify the small emissions from the chamber foil by
observing their increase in concentration. Throughout most
experiments, VOC was injected multiple times. The following
anthropogenic VOCs were tested: propane (Air Liquide, 5% in
N2, purity 99.5%), propene (Air Liquide, 1% in N2, purity
99.96%), isopentane (Fluka, purity 99%), n-hexane (Sigma-
Aldrich, purity >99%), and trans-2-hexene (Sigma-Aldrich,
purity 97%).
For the experiments presented in this study, the wall emission

rates of released compounds were estimated to be for nitrous
acid: ∼(0.6 ± 0.3) ppbvh−1, for formaldehyde: ∼(0.42 ± 0.20)
ppbvh−1, for acetaldehyde: ∼(0.27 ± 0.11) ppbvh−1, and for
acetone:∼(0.09± 0.04) ppbvh−1. In the experiments performed
in this work, an additional chamber source of NOx was observed,
which might be related to the release of nitrates from the
chamber wall in the presence of sunlight. The wall emission rate
of NO was estimated to be (0.47 ± 0.44) ppbvh−1.
In the experiments with NO > 1 ppbv, HO2 and RO2 radicals

had a short chemical lifetime of less than 2 s, so that their
concentrations were comparable to the NO background,
observed in the HOx and ROx detection cells (Section 2.2). At
high NO conditions, the signal-to-background ratios were less
than two for the HOx and ROx measurement. In comparison, an
average signal-to-background ratio of 7 and 12 was achieved in
the HOx and ROx measurement, respectively, in the experiments
at NO < 1 ppbv. The low signal-to-background ratio resulted in
large uncertainties in the measured HO2 and RO2 radical
concentrations at high NO. Therefore, the radical data for these
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experiments are not used in the analysis. An overview of the
experimental conditions is given in Table 2.

2.4. Model Calculations.Measured concentrations of OH,
HO2, and RO2 radicals, as well as of trace gases (NO, NO2, O3,
HCHO, CH3CHO, and acetone), and of the OH reactivity are
compared to results from zero-dimensional box model
calculations, based on the chemical mechanistic information of
the Master Chemical Mechanism v3.3.1 (MCM; www.mcm.
york.ac.uk).21,22 Temperature, pressure, and photolysis frequen-
cies are constrained to the measurements, and the dilution of the
chamber air is taken into account as a first-order loss process
(Section 2.1). Parametrizations of the chamber-related
emissions of NO, HONO, HCHO, CH3CHO, and acetone in
the sunlit chamber, which depend on radiation, relative
humidity, and temperature,34,51 (Section 2.3) are included in
the model. For each experiment, the production rates are scaled
to match the observed trace gas concentrations in the sunlit
chamber before the injection of the VOC of interest (Section
2.3). Since HONO was not measured in the experiments, its
chamber source in the model was adjusted by matching the
observed increase in OH radical concentration, as HONO
photolysis was the only OH source in the clean chamber besides
ozone photolysis in most of the experiments with low NO
mixing ratios. The background OH reactivity, observed in the
dark before the reactants were added, is described in the model
by an OH reactant that behaves like CO. In the sunlit chamber,
NO, NO2, and to a small extent small oxygenated compounds
add to the OH reactivity. The background OH reactivity is
assumed to be constant throughout the experiment. Injections of
O3, NO, and VOC into the chamber are implemented in the
model as an active source during the injection period, whose
strength is adjusted to match the measured increase of their
concentrations.
For all VOCs, an extended chemical mechanism (called

MCM+SAR, MCM+SAR+THEO for n-hexane; see below) is
tested in this work. The MCM is modified by kinetic and
mechanistic information from the structure−activity relation-
ships (SAR). Rate coefficients for the reactions of the dominant
RO2 with NO, unimolecular reactions of their alkoxy

radicals,32,33 as well as the organic nitrate yields of RO2 radicals
are replaced by the corresponding values predicted by
SARs.32,33,52,53 In addition, RO2 isomerization reactions,
which are not implemented in the MCM, are included as
described in the SAR fromVereecken andNozier̀e.54 Finally, the
follow-up chemistry of newly formed RO2 radicals is
implemented as described by the SAR from Jenkin et al.52 For
n-hexane, the rates for unimolecular reactions of the alkoxy and
alkylperoxy radical are provided by theoretical kinetics
(Supporting Information Section D), reducing the uncertainty
compared to general SAR predictions. This model is called
MCM+SAR+THEO.
Additional modifications are implemented for some of the

VOC species in the MCM+SAR mechanism to test whether the
model−measurement agreement can be improved. These
modifications are shown and discussed in Section 3. For trans-
2-hexene, the reaction rate constant with O3 is taken from
Atkinson and Arey,55 in agreement with results by Far̈ber et al.56

2.5. Odd Oxygen (Ox) Production Rate. In this work, the
production of odd oxygen (Ox = O3 + NO2) from the oxidation
of different volatile organic compounds is investigated. The
reactions of HO2 and RO2 radicals with NO produce NO2 that
subsequently forms ozone by its photolysis, while the reaction of
OH with NO2 forming nitric acid (HNO3) is the predominant
chemical loss of Ox

57 (Figure 1):

+ +RO NO RO NO2 2 (1)

+ + +RO NO M RONO M2 2 (2)

+ +HO NO OH NO2 2 (3)

+ + +OH NO M HNO M2 3 (4)

Besides Reaction 4, the formation of organic nitrates
(RONO2) from the reaction of RO2 with NO terminates the
radical cycle.57

The alkoxy radicals formed mainly in the reaction of RO2 with
NO (Reaction 1) can undergo either an H-abstraction reaction
via the reaction with an oxygen molecule (Reaction 5) or
unimolecular reactions, namely decomposition32,53,58 (Reaction
6) and isomerization reactions33 (Reaction 7):59

+ +RO O R CHO HO2
1

2 (5)

+RO R R CHO2 3 (6)

RO R4 (7)

Table 2. Conditions of the Experiments Presented in This
Worka

VOC Experiment
[NO]
(ppbv)

[OH]
(106 cm−3)

[VOC]
(ppbv)

NO < 1 ppbv
propaneb 13th of May 0.04−0.7 (2.2 ± 1.1) 410−580

07th of June
propene 09th of June 0.04−0.18 1.9 ± 0.6 11−17
isopentaneb 11th of June 0.1−0.9 (1.8 ± 1.3) 105−145

21st of June
n-hexane 19th of May 0.1−0.3 1.9 ± 0.7 55−130
trans-2-
hexene

24th of May 0.07−0.6 2.2 ± 0.9 ≤10.5

NO > 1 ppbv
propane 18th of May 2.1−6.2 3.3 ± 1.7 245−364
propene 23rd of June 1.3−10.7 3.7 ± 1.4 2−28
isopentane 16th of June 2.1−9.8 2.6 ± 0.6 145−191
n-hexane 22nd of May 2.0−6.1 1.8 ± 0.6 58−98

aThe values correspond to mean values ([OH]) or the range of values
([NO], [VOC]) during the photooxidation part of the experiments.
Values are given for experiments with NO < 1 ppbv and with NO > 1
ppbv. bTwo experiments considered.

Figure 1. Schematic of the radical cycle initiated by the oxidation of the
VOC by OH, leading to photochemical ozone production. Reactions
leading to the formation of ozone are highlighted in red.
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H-abstraction reactions (Reaction 5) are common for alkoxy
radicals formed from alkanes smaller than C4 and for OH-
substituted alkyl radicals often formed from β−OH-substituted
alkoxy radical decomposition, e.g., in the oxidation of
unsaturated VOCs such as alkenes, isoprene, and mono-
terpenes.32,33,59 In contrast to the reaction with oxygen
(Reaction 5), decomposition and isomerization reactions
(Reactions 6 and 7) do not necessarily lead to the formation
of HO2. Instead, the alkyl radicals R2 and R4, the latter having a
hydroxyl group at the former alkoxy site, react with O2 forming
another peroxy radical.32,33,59 The newly formed RO2 radical can
react again with NO forming another alkoxy radical, which can
undergo Reactions 5 to 7. In this way, more than two NO2
molecules are formed for each RO2 radical initially produced
from the reaction of OH with the VOC.
In this work, two groups of VOCs were investigated: propane,

propene, and trans-2-hexene, where the alkoxy radicals from the
initial OH reaction produce HO2 directly, and isopentane and n-
hexane, where alkoxy radicals in their oxidation lead partly to the
formation of another RO2 radical by decomposition (iso-
pentane) or isomerization (n-hexane) before HO2 is produced.
Simplified oxidation schemes of the investigated compounds can
be found in the Supporting Information Section A (Figures S1−
S5).
If information about radical and trace gas concentrations is

available, the Ox production rate from Reactions 1−4 can be
calculated.60−62 In addition, also the following minor reactions,

destroying ozone, were included, since the corresponding
species were measured:

+ +HO O OH 2O2 3 2 (8)

+ +h O O( D) O3
1

2 (9)

+alkene O products3 (10)

The contributions of other reactions, such as the reaction of
OH with ozone, are negligible. The Ox production rate from
measured or modelled radical concentrations can then be
derived according to

= ·[ ][ ]·
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HO NO 2 OH NO

2 HO O 2 3

O( D) H O O( D) 3 O alkene 3

2 2

2 2

2 3

1
2
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3

(11)

where +fO( D) H O1
2

is the fraction of O1(D) reacting with water

vapor (H2O) forming OH and f RONOd2
denotes an averaged

organic nitrate yield from the reaction of RO2 with NO
(Reaction 2). In this work, f RONOd2

was calculated from the
modelled RO2 distribution for each experiment and each

Figure 2.Comparison of measured andmodelled radical and trace gas concentrations for the experiment with n-hexane at NO< 1 ppbv, performed on
19May 2022. The vertical line indicates the second injection of the VOC into the chamber. Blue lines illustrate model results based on theMCM+SAR
+THEO mechanism including theoretically calculated isomerization reaction rate coefficients for the first-generation alkoxy radicals and the
isomerization products C2H5CH(OH)C2H4CH2OO• (MCM notation: HO3C6O2) and CH3CH(OH)C2H4CH(OO•)CH3 (MCM notation:
HO2C6O2). More information about the theoretically calculated reaction rate coefficients can be found in the Supporting Information Section D.
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chemical mechanism individually, so that specific RO2 radicals
and their individual reaction with NO, including the yield of
organic nitrate and NO2, are accounted for. The rate coefficients

+kHO NO2
and +kHO O2 3

are taken from IUPAC63 and +kRO NO2
is

taken from Jenkin et al.,52 as these are also implemented in the
MCM. The P(O )x radical was determined from measured and
modelled radical concentrations, P(O )x LIF and P(O )x model,
respectively. For NO > 1 ppbv, measured peroxy radical
concentrations were not reliable to determine theOx production
rate P(O )x LIF (Section 2.2).
In addition to using radical concentrations (eq 11), the Ox

production rate can also be determined from the increase of the
measured Ox concentration:

=
[ ]

+ [ ] + [ ]P
t

k k(O )
d O

d
O Ox

x
x xO dilution wallx (12)

after correcting for dilution and for the loss of ozone to the
chamber walls. With a loss rate of ∼1.5 × 10−6 s−1 the impact of
the wall loss of ozone on the Ox production rate P(Ox)Odx

is
negligible. Eq 12 is applicable for studies in atmospheric
simulation chambers, in which transport processes do not play a
role, so that only chemical sources and sinks and dilution
determine the Ox concentration.
In this study, all Ox production rates are normalized to the rate

of the reaction of OH with VOCs to ensure that values of the Ox
production rate in the different experiments can be compared.
The rate of the oxidation of VOCs by OH is given by the

measured OH reactivity, corrected for species that do not form
radicals and thus do not contribute to the Ox production:

+ = [ ]

[ ] ·[ ]
+

+

L k k

k

(OH VOC) ( NO

NO ) OH

OH OH NO 2

OH NO

2

(13)

In eq 13, the reactions of OH with NO2 and with NO are
included, as they lead to nitric acid and nitrous acid, respectively.
The major OH reactants considered are the injected VOC,
propanal, and acetaldehyde. Furthermore, the OH background
reactivity is included, although it constitutes a small fraction of
the total reactivity.
The Ox production per OH + VOC reaction, in the following

called Ox production per oxidized VOC, P(O )x VOC, is then
defined as

= +P P L(O ) (O )/ (OH VOC)x xVOC (14)

3. MODEL-MEASUREMENT COMPARISON
For most of the species investigated, negligible differences are
obtained for NO, NO2, and O3 concentrations if either the
MCM or the MCM+SAR chemical mechanism is applied for
experiments at either low (<1 ppbv) or high (up to 9 ppbv) NO
mixing ratios (Figures 2−5, S6−S12). A model−measurement
agreement within 15% is found in all experiments, except for the
experiments with n-hexane at low NO, where both mechanisms
underestimate the measuredNO2 by 25% (Figure 2), and for the

Figure 3.Comparison of measured andmodelled trace gas concentrations for the experiment with propane at NO< 1 ppbv, performed on 7 June 2022.
Orange lines illustrate model results from a test mechanism assuming a factor of two lower rate coefficient of the reaction of the RO2 isoC3H7OO•

(MCM notation: IC3H7O2) with NO.
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experiment with propene at high NO, where both mechanisms
overestimate the O3 by up to a factor of 1.25 (Figure S9).
The model results for OH radical concentrations and OH

reactivity show negligible differences if either the MCM or the
MCM+SAR mechanism is used. For all experiments at low NO
(Figures 2−5, S6, S8, and S10), an excellent model−measure-
ment agreement within the accuracy is found for the OH radical
concentration, measured by the ROxLIF instrument. At NO ≳1
ppbv (Figures S7, S9, S11, and S12), model results have the
tendency to underestimate both, the measured OH radical
concentration and OH reactivity, though still an agreement
within 35% is found for all species investigated. A good
agreement is found between measured and modeled VOC
mixing ratios (within 15%) with negligible differences between
the MCM and the MCM+SAR mechanisms.
Overall, both mechanisms can reproduce measured HO2

radical concentrations within 15% for experiments with propane
(Figure 3), trans-2-hexene (Figure 4), and isopentane (Figure 5)
at 0.3 < NO < 0.9 ppbv. An agreement within 30% is found for
propene and isopentane at NO < 0.3 ppbv. For the experiment
with n-hexane (Figure 2), the MCM model results under-
estimate the measuredHO2 by∼50%. Applying theMCM+SAR
+THEOmechanism gives an agreement within 32%. The better
agreement observed for the MCM+SAR+THEO mechanism is
mainly due to the additional RO2 isomerization reactions of
C2H5CH(OH)C3H6OO• (MCM notation: HO3C6O2) and
CH3CH(OH)C2H4CH(OO•)CH3 (MCM notation:
HO2C6O2), forming HO2, which outcompete the RO2 reaction
with NO. The competition between the isomerization reaction
of CH3CH(OH)C2H4CH(OO•)CH3 (MCM notation:

HO2C6O2) and its reaction with NO, in particular at elevated
temperatures and low NO conditions, was already predicted by
Praske et al.11 Higher modelled HO2 radical concentrations are
reached as HO2 is produced faster from the RO2 isomerization
reactions while the HO2 loss rate does not change. In addition,
the yield of organic nitrates of the two predominantly formed
RO2 radicals, C3H7CH(OO•)C2H5 (MCM notation:
HEXCO2) and C4H9CH(OO•)CH3 (MCM notation:
HEXBO2), is lower in the MCM+SAR+THEO (16%) than in
the MCM (∼22%).52 However, the impact of the different
organic nitrate yields in the MCM and the MCM+SAR+THEO
is of minor importance, as it can be seen in the experiment at
high NO (Figure S12) due to a similar HO2 yield.
The lack of reliable measurements of HO2 and RO2 radicals at

high NO makes it difficult to judge if other processes may have
played a role. However, results of the MCM+SAR+THEO
model run, showing an improved model−measurement agree-
ment for HO2 at low NO, suggest that using the nitrate yield as
in the Jenkin et al. SAR52 (16% for HEXAO2 and HEXBO2,
Figure S4) improves the model−measurement agreement
overall.
For modeled RO2 radical concentrations for all VOCs, only

small differences of ≲20% are observed between the MCM and
MCM+SAR mechanisms, except for the propane experiment,
where model results underestimate the measured RO2 radical
concentration by ∼40% (Figure 3). A better agreement (within
∼20%) can be achieved for the propane experiment, if the
reaction rate coefficient between the major RO2 species formed,
isoC3H7OO• (MCM notation: IC3H7O2), and NO is
decreased by half (from 9 × 10−12 cm3 s−1 to 4.5 × 10−12 cm3

Figure 4. Comparison of measured and modelled trace gas concentrations for the experiment with trans-2-hexene at NO < 1 ppbv, performed on 24
May 2022. The vertical line indicates the second injection of the VOC into the chamber.
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s−1 at 298 K) in the model. This is supported by previous studies
by Adachi and Basco64 and by Peeters et al.,65 which suggest rate
constants of (3.5 ± 0.3) × 10−12 cm3 s−1 and of (5.0 ± 1.2) ×
10−12 cm3 s−1, respectively, for the reaction of isoC3H7OO• with
NO. However, Eberhard et al.66 suspected that results from
Adachi and Basco64 were affected by systematic errors caused by
the formation of alkyl nitrites. Furthermore, measurements by
Peeters et al.65 needed to be corrected for contributions from
secondary reactions and from organic nitrates.66

Acetone and/or acetaldehyde were measured in most
experiments. Concentration time series are only shown in the
figures if their production is not dominated by the production
from the chamber wall but from the oxidation of the injected
VOC. Formost species investigated, goodmodel−measurement
agreement is observed at low NO (within 15%) with negligible
differences between the different mechanisms (Figures 2−4, S6,
S8, and S10). A slightly larger discrepancy of measurements and
model results of 20 to 25% is observed in the experiment with
trans-2-hexene at low NO, overestimating the measured
acetaldehyde (Figure 4). Acetaldehyde is a major product of
the oxidation of trans-2-hexene and is formed from the
decomposition of the dominant (> 50%) first-generation alkoxy
radicals produced, C3H7CH(O•)CH(OH)CH3 (MCM nota-
tion: C65OH4O) and C3H7CH(OH)CH(CH3)O• (MCM
notation: C64OH5O). Only decomposition reactions of these
alkoxy radicals are considered in the MCM and the MCM+SAR
mechanisms, with rate constants of 1 × 106 s−1 and 3.7 × 109 s−1

at 298 K, respectively. Isomerization reactions, which would
yield another peroxy radical instead of the products
acetaldehyde, butanal, and HO2, are expected to proceed with

reaction rate coefficients of 1 × 104 s−1 to 1 × 106 s−1 and are
thus not competitive with the decomposition reaction, based on
SAR-predicted rates.32 Still, the discrepancy is within the
accuracy of the instrument.
A larger model−measurement discrepancy is observed for

acetaldehyde in the low NO experiment with n-hexane (Figure
2), with the MCM and the MCM+SAR+THEO mechanism
underestimating the measurements by 70%. Uncertainties in the
acetaldehyde concentrations, however, do not significantly affect
the formation of PAN, which is expected to be a factor of 1.7
larger (equivalent to 70 pptv) when the model is constrained to
measured values in the MCM+SAR+THEO model. Therefore,
the effect on the Ox production is negligible.
For experiments with NO higher than 1 ppbv, an over-

estimation of the observed oxidation product concentrations
(acetaldehyde in all experiments, acetone in the experiment with
isopentane) by factors of 1.25 and ∼1.4 is seen for propene and
isopentane, respectively, while measured acetaldehyde concen-
trations are underestimated by a factor of 1.5 by theMCM+SAR
+THEO mechanism. In the case of isopentane, an increase of
the organic nitrate yield of the first-generation RO2, C2H5C-
(CH3)(CH3)OO• (MCM notation: IPECO2) and CH3CH-
(CH3)CH(CH3)OO• (MCM notation: IPEBO2), formed in
the oxidation of isopentane, may help improving the model−
measurement agreement of the gas-phase products. A higher
organic nitrate yield would result in less formation of the
corresponding alkoxy radicals, which contribute significantly to
the formation of acetone and acetaldehyde and thus would lead
to a reduced formation of the aforementioned molecules. No

Figure 5. Comparison of measured and modelled trace gas concentrations for the experiment with isopentane at NO < 1 ppbv, performed on 21 June
2022. The vertical line indicates the second injection of the VOC into the chamber.
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data for products are available for the experiments with propane
and trans-2-hexene.
In the case of propene, acetaldehyde is formed from the

decomposition of the alkoxy radical CH3CH(O•)CH2(OH)
(MCM notation: HYPROPO), formed from first generation
RO2. While no significant discrepancy was observed for NO < 1
ppbv (Figure S8), ∼25% lower acetaldehyde concentrations
were measured at high NO compared to the model results from
the MCM and the MCM+SAR mechanism (Figure S9). The
model−measurement discrepancy of up to 25% of the OH
reactivity indicates that there might be compounds that are not
included in the mechanisms and which do not contribute to the
formation of acetaldehyde at the tested high NO conditions.
In summary, a good agreement (within the accuracy of

measurements) is found for most measured species and, in
particular, for OH, HO2, and RO2 radicals, when using the
MCM+SAR mechanisms for all the VOCs investigated and for
both low and high NO conditions. Negligible differences are
found between the model results of the MCM and MCM+SAR
mechanisms, with the exception of n-hexane, where a lower yield
of nitrates in the MCM+SAR+THEO model, following the
recommendation from the Jenkin et al. SAR,52 improves the
agreement between measured and modelled HO2 radical and
acetaldehyde concentrations. Furthermore, a better agreement
between measured and modeled RO2 radicals is found if the rate
coefficient for the reaction of isoC3H7OO• (MCM notation:
IC3H7O2) with NO was twice as low as currently implemented
in the mechanisms and recommended by IUPAC.67 Such a low
value would be in agreement with previous studies by Adachi
and Basco64 and Peeters et al.65 The overall good model−
measurement agreement gives confidence in the ability of the
mechanism used to correctly predict the radical concentrations
and therefore also the ozone production, when used to analyze
field data and/or to predict pollutant levels.

4. THE HO2/RO2 RADICAL CONCENTRATION RATIO
The HO2/RO2 radical concentration ratio observed in the
experiments is expected to differ for VOCs producing alkoxy
radicals with different chemistry. Figure 6 displays the HO2/

RO2 radical concentration ratio averaged for the two VOC
groups, forming HO2 in one or two RO2 radical reaction steps
(Table 3, Table S1). Modelled HO2/RO2 radical concentration

ratios are obtained using results from the MCM+SAR (MCM
+SAR+THEO for n-hexane) chemical mechanism. For the
averaging, only data are considered for which the injected VOC
constitutes minimum 50% to the total OH reactivity. In the
presence of a sufficiently high NO concentration like in the
experiments performed in this study, it is anticipated that the
production and the destruction rates of HO2 and specific RO2
radicals are very similar. This can be assumed, because the
reaction rates of RO2 andHO2 with NO are comparable (k = 9.0
× 10−12 cm3 s−152 and k = 8.4 × 10−12 cm3 s−163 at 298 K,
respectively). If HO2 is formed from one RO2 radical, this leads
to a HO2/RO2 radical concentration ratio of approximately 1.
In contrast, if two RO2 radical reaction steps are required

because another intermediate RO2 radical is formed by an
isomerization or a decomposition reaction of the alkoxy radical,
a larger total RO2 radical concentration than HO2 radical
concentration is expected. Indeed, this is observed in the ratio of
both, measured and modeled, radical concentrations in the
experiments with VOCs that form such alkoxy radicals. In
experiments with VOCs forming RO radicals which produce
HO2 after one RO2 radical reaction step, the ratio is on average
0.9 for both, measured and modelled data, while in experiments
with VOCs, forming RO radicals regenerating a RO2 radical, an
average ratio of 0.56 is observed for modelled and measured
results (Figure 6).

5. ODD OXYGEN (OX) PRODUCTION PER OXIDIZED
VOC

Figure 7 shows the average odd oxygen production per oxidized
VOC P( (O ) )x VOC derived frommeasured radical concentrations
(P(O )x VOC,LIF, eq 11), modelled (MCM+SAR) radical concen-
trations (P(O )x VOC,model, eq 11), as well as calculated from the

Figure 6. Comparison of HO2/RO2 radical concentration ratios,
derived frommodelled (MCM+SAR,MCM+SAR+THEO in case of n-
hexane) and measured radical concentrations and averaged for the two
groups of VOCs with different RO chemistry (Table 3, Figures S1−S5).
Excluded are the experiments with propane, where measured radical
concentrations could only be described by a factor of two lower RO2 +
NO reaction rate constants.

Table 3. Species Considered in the Calculation of the HO2/
RO2 Radical Concentration Ratios and of the Ox Production
Per Oxidized VOCa

P(O )x VOC

HO2 formation HO2/RO2 NO < 1 ppbv NO > 1 ppbv

Single step b propane propane
propene c d

trans-hexene trans-2-hexene e

Multistep isopentane isopentane isopentane
n-hexane f n-hexane

aBlank entries refer to species that were not considered in the
analysis. Only data are considered for which the contribution of the
VOC of interest to the total OH reactivity is more than 50%. bNot
included because measurements could only be reproduced by
assuming a factor of two smaller RO2 + NO reaction rate constants
which highly affects the HO2/RO2 radical concentration ratio. cNo
significant increase in Ox observed, resulting in a large uncertainty of
the Ox production. dContribution of propene to the total OH
reactivity is less than 50% for 3 ppbv < NO < 6 ppbv. eNo experiment
available. fHO2 is mainly formed from the isomerization of the
regenerated RO2, leading, at low NO, to an only small amount of
peroxy radicals forming HO2 in two NO reaction steps (Figure S4),
and thus it cannot be grouped together with isopentane at these
conditions.
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measured Ox concentrations (P(O )x VOC,Ox
, eq 12) (Section 2.5,

Table S2). For the averaging, only data are considered for which
the injected VOC constitutes minimum 50% to the total OH
reactivity. The Ox production per oxidized VOC in Figure 7 are
grouped according to the alkoxy chemistry of the VOC in the
different experiments (Table 3). Similar as for the HO2/RO2
radical concentration ratio, the Ox production is expected to
increase with the fraction of alkoxy radicals, regenerating RO2
instead of producing HO2. Values for times of the experiments,
when NO was higher than 1 ppbv, were not included in the Ox
production derived from measured radical concentrations as
peroxy radical concentrations were in a similar range as the
background signals (Section 2.2).
The Ox production per oxidized VOC, calculated from

measured and modelled peroxy radical concentrations,
P(O )x VOC,LIF, P(O )x VOC,model, and from the increase of the Ox

concentrations, P O( )x VOC,Ox
, overall agrees within the scatter

around the averaged value (Figure 7). Unlike the calculation
frommeasured radical concentrations (P(O )x VOC,LIF, eq 11), the
determination from the Ox concentration increase, P(O )x VOC,Ox

,
is independent of the kinetics and the fate of the peroxy radicals
and thus of the applied chemical model. The Ox production per
oxidized VOC is on average∼25% higher for the VOCs, forming
HO2 in a single NO reaction-step, than for isopentane,
producing HO2 in a multi-step RO reaction. This is consistent
with the expectation that another Ox molecule is formed in the
reaction of the regenerated RO2 with NO.
A comparison of different calculations of the Ox production,

derived from experiments with NO < 1 ppbv (Figure 7) and
from experiments with 3 ppbv < NO < 6 ppbv, is shown in
Figure 8. Overall, the modeled Ox production shows a slight
increase with increasing NO for both, one or two NO reaction
steps before HO2 is formed, which is within the statistical
variability.

6. DISCUSSION
Table 4 summarizes the HO2/RO2 radical concentration ratios,
calculated from radical concentrations, measured in previous

field campaigns15−20 using laser-induced fluorescence instru-
ments, and modelled radical concentrations using the MCM or
the RACM. At low NO (< 1 ppbv), HO2/RO2 radical
concentration ratios as low as 0.2 were observed in London,16

north Norfolk,20 and in Beijing in the summer.15 In these
studies, the ratios from modelled radical concentrations are by
factors of up to 8 higher than the ratios obtained from measured
radical concentrations.15,20 At high NO (3 ppbv < NO < 6
ppbv), HO2/RO2 radical concentration ratios as low as 0.13−0.2

Figure 7.Ox production per oxidized VOC, derived from measured Ox
concentrations, as well as from measured and modelled (MCM+SAR)
radical concentrations and averaged for the two groups of VOCs with
different RO chemistry (Table 3). Excluded are the experiments with
propene, because of a too small increase in Ox, and with n-hexane, as the
RO2 isomerization dominates the loss of the regenerated RO2 for NO <
1 ppbv (Figure S4).

Figure 8.Ox production per oxidized VOC forNO< 1 ppbv and 3 ppbv
< NO < 6 ppbv for VOCs forming RO which produce HO2 either in
one or in two NO reaction steps and averaged for the two groups of
VOCs with different RO chemistry (Table 3, Figures S1−S5).
Modelled normalized Ox production rates are based on the MCM
+SAR mechanism and on the MCM+SAR+THEO mechanism for n-
hexane.

Table 4. Summary of Modeled and Measured HO2/RO2
Radical Concentration Ratios at Different NO Mixing Ratios,
Found in Previous Field Studies andObserved in ThisWorka

NO < 1 ppbv 3 < NO < 6 ppbv

(HO2/
RO2)meas

(HO2/
RO2)model

(HO2/
RO2)meas

(HO2/
RO2)model

Wangdu NCP18 0.9 1.3 0.3 1.7
BEST-ONE
Beijing17

1.7 1.06 0.8 1.5

ClearfLo
London16

0.2 0.6 0.2 1.1

AIRPRO Beijing
winter19

−b −b 0.25 1

AIRPRO Beijing
summer15

0.2 1.4 0.13 1.25

ICOZA
Norfolk20

0.25 2 0.6 −c

single-step HO2
formation

0.92 ± 0.13 0.89 ± 0.04 −d −e

multi-step HO2
formation

0.63 ± 0.08 0.50 ± 0.02 −d 0.60 ± 0.02

aModel calculations are based on the MCM model,15,16,19,20 the
RACM base model17,18 for the field data, or on MCM+SAR, for
hexane MCM+SAR+THEO (results obtained from this study).
Modeled and measured data were directly derived from the studies
cited. For the value given for NO < 1 ppbv, minimum NO mixing
ratios of 200 pptv were considered. bNo data below NO = 1 ppbv.
cNo data for NO ≥3 ppbv. dThe radical data was discarded for NO >
1 ppbv due to the low signal-to-background ratios of measurements
(see Section 2.3 for details). eContribution of propene to the total
OH reactivity is less than 50% for 3 ppbv < NO < 6 ppbv.
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were also observed in Beijing15,19 and in London.16 Whereas the
ratios calculated using the MCM are higher by a up to a factor of
10 in London,16 the model overestimates the HO2/RO2 radical
concentration ratios observed during the BEST-ONE campaign
in Beijing17 by only a factor of two. Overall, the model predicts
HO2/RO2 radical concentration ratios larger than 1 for NO
mixing ratios in the range of 3 ppbv to 6 ppbv, which is not in
agreement with the measurements.
In the field studies performed in Wangdu in the North China

Plain18 and in London,16 the VOCs investigated in this work
(propane, propene, isopentane, n-hexane) contributed 15 to
20% to the total amount of measured non-methane VOCs.
Propane, propene, and n-hexane were also observed during the
AIRPRO campaign in Beijing.15,19

In this work, HO2/RO2 radical concentration ratios of ∼0.6
were found for VOCs forming HO2 in two RO2 radical reaction
steps. This a factor of three larger than the value observed in
London,16 Beijing (summer),15 and in north Norfolk20 (Table
4). The much smaller HO2/RO2 ratios observed in the field
studies would be explainable only if nearly all RO2 radicals
present in the field campaigns would undergo several NO
reaction steps before forming a HO2 radical. As this mechanism
applies only for specific RO2 species, it seems unlikely that this
type of mechanism can explain the field observations. However,
it cannot be excluded that there are so far unknown VOCs
forming HO2 in multiple RO2 + NO reaction steps. The
involved RO2, however, must not be lost to reactions that do not
regenerate a peroxy radical, such as the formation of organic
nitrates or the formation of carbonyls from, e.g., the
decomposition of OH-substituted alkyl radicals.
The HO2/RO2 radical concentration ratio observed in the

chamber experiments for RO2 radicals forming HO2 in one RO2
radical reaction step is similar to the ratio observed inWangdu28

(Table 4). However, in contrast to the results in the chamber
experiments, modeled and measured radical concentrations
disagreed, leading to an overestimation of the HO2/RO2 radical
concentration ratio by the model.
In field campaigns in urban and close to urban areas, typical

NO mixing ratios were between about 5 ppbv and 100
ppbv,15,17−19 except for haze events in Beijing, when mixing
ratios were much higher.19 Radical measurements performed in
London,16 Beijing,15,17,19 Wangdu,18 and in north Norfolk,
UK,20 reveal a much higher Ox production rate derived from
measured radical concentrations than derived from the model
calculations (Table 5). While in Wangdu an agreement within
∼15% is found for NO < 1 ppbv,18 modelled ozone production
rates are found to be ∼50−75% lower than measured values in
Beijing in the summer15 and in north Norfolk.20 Modelled rates
are even up to a factor of 2.8 higher than measured values in
London.16 For NO mixing ratios between 3 and 6 ppbv, the
model−measurement agreement of the ozone production rate
worsens in most field studies (Table 5). The measured ozone
production rate exceeds the modelled values by factors of up to
11 and 6 in north Norfolk20 and in Beijing,15,17,19 respectively,
and by up to ∼2.2 in Wangdu.18 Modelled and measured ozone
production rates were in better agreement in London and
Beijing in the summer, when the ratio of modeled and measured
ozone production rates were between 0.5 and 0.7.
In contrast to observations in the field, a good agreement

between modeled and measured ozone production is found in
the experiments in this work (Table 5). Similar to the HO2/RO2
radical concentration ratio, the model−measurement agreement
of the Ox production is comparable to the values observed in the

field study in Wangdu18 at NO < 1 ppbv. However, at high NO
(3 ppbv < NO < 6 ppbv), the ozone production rate calculated
from measured radical concentrations is three times larger than
calculated from modelled values in Wangdu.18 In the model, the
majority of modeled RO2 radicals produce HO2 after one NO
reaction step. However, if a larger fraction of RO2 required two
NO reaction steps, the expected ozone production rate would be
still lower than calculated from measured radical concentration,
as experiments in this work show that the ozone production
would only increase by approximately 25% for the anthro-
pogenic VOCs investigated.
Overall, the model−measurement discrepancy of 30 to 90%

of the Ox production rate observed in the field campaigns cannot
be reproduced in the chamber experiments investigating the
oxidation of representative VOCs neither at low NO (< 1 ppbv)
nor at higher NO (3 < NO < 6 ppbv, Table 5). Furthermore, no
significant model−measurement discrepancy evolves for VOCs
forming RO radicals which regenerate RO2, making the multi-
step HO2 formation an unlikely candidate for explaining the
observed discrepancies in the field campaigns. It should be
noted, though, that the VOCs investigated, having rather simple
chemical structures, represent a subset of the air mixtures
observed in field studies and thus cannot be seen as a complete
surrogate of ambient air.
Different attempts have been made to improve the model−

measurement agreement of radical concentrations. Whalley et
al.15 found that the model−measurement discrepancy of the
HO2 and RO2 radical concentration, and thus of the Ox
production rate, can be improved by assuming the formation
of a specific RO2 radical CH3C(�O)CHCH2CH(CH2OO•)-
C(CH3)CH3 (MCM notation: C96O2), a peroxy radical
formed in the oxidation of α-pinene that produces HO2 after
four NO reaction steps. Even though one may expect a linear
increase of the Ox production rate with the number of NO
reactions steps per oxidized VOC, radical termination reactions,
such as the decomposition of OH-substituted alkyl radicals
formed in the isomerization of OH-containing RO2 radicals and

Table 5. Summary of O3 Production Rates, Determined in
Previous Field Studies from Modeled P( (O ) )3 model and
Measured P( (O ) )3 LIF Radical Concentrationsa

P P(O ) / (O )3 model 3 LIF

NO < 1 ppbv 3 < NO < 6 ppbv

Wangdu NCP18 0.9 0.36
BEST-ONE Beijing17 2 0.17
ClearfLo London16 2.8 0.7
AIRPRO Beijing winter19 −b 0.3
AIRPRO Beijing
summer15,c

0.25 0.5

ICOZA Norfolk20,c 0.5 0.1
single-stepHO2 formationc 1.1 ± 0.4 1.00 ± 0.17d

multi-step HO2 formationc 0.95 ± 0.25 replaced 1.10 ± 0.21
1.14 ± 0.16d

aModeled radical concentrations are based on the MCM15,16,19,20 or
on the RACM base model17,18 for the field data, and on MCM+SAR,
for hexane MCM+SAR+THEO (results obtained from this study).
Modeled and measured data were directly derived from the cited
studies. For NO < 1 ppbv, minimum NO mixing ratios of 200 pptv
were considered to better compare with the chemical conditions in
this study. bNo data below NO = 1 ppbv. cValues correspond to Ox
production rates. dP P(O ) / (O )x xVOC,model VOC,Ox

.
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the formation of organic nitrates from the reaction of RO2 with
NO (eq 2) limit the Ox production rate.
To assess the impact of the organic nitrate yield on the Ox

production rate, a steady-state analysis using a box model with a
simplified chemical mechanism is performed. In the model, the
fraction of the initially formed RO2 radical which requires two
NO reaction steps to form HO2 is variable. In the zero-
dimensional box model calculations, constant mixing ratios of
NO and ozone of 2 ppbv and 50 ppbv, respectively, and a
constant production rate of a R1O2 radical of 5 s−1 from the
reaction of OH with an artificial VOC (X) are assumed. HO2 is
then formed after either one or two reaction steps with NO:

+OH X R O1
2 (15)

+ +
×+

R O NO R O NO
k f1

2
(1 ) 1

2
RO2 NO RONO2

(16)

+R O HO R CHO
k1

2
1O2

(17)

R O R O
k1 2

2
uni

(18)

+ +
×+

R O NO R O NO
k f2

2
(1 ) 2

2
RO2 NO RONO2

(19)

+R O HO R CHO
k2

2
2O2

(20)

where fRONOd2
is the organic nitrate yield, while +kRO NO2

, kOd2
, and

kuni are rate constants of the reaction of RO2 with NO, of RO
with O2

68 (pseudo-first order), and of unimolecular reactions of
the alkoxy radical regenerating RO2, respectively. If the nitrate
yield is small (fRONOd2

≪ 1) and all R1O2 form another RO2

radical (i.e., kuni ≫ kOd2
), an approximately 55% higher Ox

production is obtained as compared to a chemical system
where RO2 producesHO2 after oneNO reaction (i.e., kuni ≪ kOd2

,
Figure 9) due to additionally produced NO2 (Ox) from the

second RO2 + NO reaction (Reaction 19). With increasing
organic nitrate yield, the effect becomes smaller as the formation
of organic nitrates terminates the radical chain before NO is
oxidized to NO2 in the reaction with another peroxy radical. The
formation of organic nitrates nearly completely compensates the
ozone production from the secondNO reaction step for a nitrate

yield higher than 20%. According to the SAR by Jenkin et al.,52

the organic nitrate yield scales nonlinearly with the number of
carbon atoms in the peroxy radical and can reach values up to
30%. For peroxy radicals with more than four carbon atoms, the
RO2 isomerization reaction competes at low NO conditions
with the reaction of RO2 with NO forming organic nitrates.
In the case of the RO2 radical reactions following the reaction

of NO with CH3C(�O)CHCH2CH(CH2OO•)C(CH3)CH3
(MCM notation: C96O2), used in the sensitivity study by
Whalley et al.,15 the organic nitrate yield of the peroxy radical
reactions with NO range between 0 and 16% in the MCM. In
this case, the steady-state model would give an increase in the Ox
production rate by a factor of 1.75. However, organic nitrate
yields, implemented in the MCM, are up to 60% smaller than
organic nitrate yields in the recent SAR by Jenkin et al.,52 so that
the increase in the ozone production from the additional NO
reaction steps is likely less. For example, the organic nitrate yield
for the peroxy radical CH3C(�O)C(OO•)CH2CH(CH2OH)-
C(CH3)CH3 (MCM notation: C97O2) formed in the
subsequent chemistry of peroxy radical CH3C(�O)-
CHCH2CH(CH2OO•)C(CH3)CH3 (MCM notation:
C96O2) is zero, although this is only expected for acyl
(R(=)OO•) or aromatic peroxy radicals in the SAR.52

Overall, using the organic nitrate yields of the Jenkin et al.
SAR52 instead of the MCM, the impact of the conversion of
alkoxy radicals to another RO2 radical instead of HO2 is strongly
reduced, highlighting the organic nitrate yield being a limiting
factor for the Ox production. Organic nitrate yields in the MCM
may need to be updated to the most recent values from the
SAR.52 In addition, more experimental studies to determine
organic nitrate yields would help to make more accurate
predictions of the ozone production rates from the oxidation of
specific organic compounds. Furthermore, RO2 isomerization
reactions, which can also limit the Ox production by forming a
carbonyl and an HO2 radical, are also not implemented in the
MCM for the majority of RO2 radicals. Considering those
reactions can impact the Ox production from large RO2 radicals
significantly at low NO mixing ratios.

7. SUMMARY AND CONCLUSIONS
In this work, the chemical degradation of short and long-chain
saturated linear (propane, n-hexane), branched (isopentane),
and unsaturated (propene and trans-2-hexene) hydrocarbons by
the OH radical were studied. The compounds were chosen as
they are commonly observed in urban environments16,29−31

from traffic emissions,5,29 and they are also emitted as volatile
chemical products, which can play a major role in urban
environments.29,69−71 These VOCs form alkoxy radicals
characterized by different reaction pathways: (1) propane,
propene, and trans-2-hexene form RO2 radicals which produce
HO2 in one reaction step with NO, while (2) first-generation
RO2 radicals from isopentane and n-hexane require one to two
NO reaction steps, regenerating another RO2 radical in the
process. In total, 11 experiments were performed in the outdoor
atmospheric simulation chamber SAPHIR at Forschungszen-
trum Jülich, Germany, at NO mixing ratios between 0.1 ppbv
and 9 ppbv. Zero-dimensional box model calculations were
conducted and results were compared to measured trace gas and
radical concentrations. For each compound, the chemical
mechanism MCM+SAR was used which is based on the
MCM and updated and complemented with reaction rate
coefficients and reaction pathways derived from SAR for the
predominantly formed peroxy radicals52,54 and the alkoxy

Figure 9. Results from steady-state model calculations for the
dependence of the Ox production rate on the organic nitrate yield
from the reaction of a RO2 radical with NO and on the fraction of RO2
in which RO undergo unimolecular reactions regenerating RO2 such
that HO2 is formed in two RO2 + NO reaction steps (Reactions
16−20). See text for details.
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radicals32,33 and, for n-hexane, theoretical kinetic calculations.
Overall, a good model−measurement agreement, particularly of
the OH, HO2, and RO2 radical concentrations, is found for most
of the investigated species. Differences between model results
using the MCM and the MCM+SAR mechanisms are small,
except for n-hexane, for which measured radicals are better
described by the MCM+SAR+THEO mechanism. In this case,
the major update of the MCM+SAR+THEO mechanism are
additional isomerization reactions of the RO2 radicals as well as
modified organic nitrate yields for the major RO2 radicals
formed. For propane, HO2 and RO2 radical concentrations are
reproduced best, if a factor of two slower rate coefficient of the
reaction of isoC3H7OO• (MCM notation: IC3H7O2) with NO
is used in agreement with results of Adachi and Basco64 and
Peeters et al.65

The impact of alkoxy radical isomerization reactions on the
radicals and ozone production was assessed by investigating the
HO2/RO2 radical concentration ratio as well as the Ox
production per VOC oxidized by OH. In field studies such as
in London,16 Beijing,15,17,19 Wangdu,18 and north Norfolk,20

significant model−measurement discrepancies were found for
HO2 and RO2 radical concentrations. In all campaigns, the
models tend to underestimate the measured radical concen-
trations with increasing NO concentrations. As a consequence,
the Ox production rate calculated from the measured radical
concentrations is higher (up to a factor of 100 in Beijing15) than
from modelled concentrations. In the experiments in this study,
a ∼40% lower HO2/RO2 radical concentration ratio is found for
VOCs (isopentane and n-hexane) producing RO radicals which
require two NO reaction steps instead of only one to form an
HO2 radical. In contrast, a more than two times larger HO2/RO2
radical concentration ratio was observed in field campaigns in
London,16 Beijing,15 and north Norfolk,20 so that the
unexpected low ratio cannot be explained by the presence of
this type of RO2 formed from the oxidation of unmeasured
organic compounds. For the experiments in this work, the Ox
production per oxidized organic compound was determined
from using (1) modelled radical concentrations, P(O )x VOC,model,
(2) measured radical concentrations, P(O )x VOC,LIF, and (3) the
change of the measured Ox concentrations, P(O )x VOC,Ox

.
Overall, a good agreement within 15% is observed for the
different approaches at low (NO < 1 ppbv) and high NO (3 <
NO < 6 ppbv), whereby for the latter case, the Ox production
from measured radicals could not be determined. The
production of Ox from isopentane, producing peroxy radicals
forming HO2 in two RO2+NO reaction steps, was found to be
27% larger than that for propane and trans-2-hexene, forming
RO radicals which directly produce HO2.
The model−measurement discrepancies found in field

campaigns in Beijing in the summer15 and in north Norfolk20

in London16 and in Beijing in winter17 were much higher. Based
on the present knowledge, the additional Ox production
required to explain the observations seems to be unlikely due
to reactions of RO2 species that require twoNO reaction steps to
form an HO2 radical and are produced from unmeasured VOCs
not included in the model calculations. Other explanations for
the model−measurement discrepancies found in the field have
been suggested in the literature, for example the oxidation of
VOCs by chlorine which would lead to an increased radical
production. Overall, the model−measurement discrepancies
observed in the different field studies cannot be understood with
the current knowledge and further investigations are needed.
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GmbH, 52425 Jülich, Germany; orcid.org/0000-0002-
4608-3695

Andrea C. Marcillo Lara − Institute for Energy and Climate
Research, IEK-8: Troposphere, Forschungszentrum Jülich
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