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Résumé

Modélisation de l’oxydation d’alpha-pinène et de la formation
d’aérosols y associée en conditions de laboratoire et
atmosphériques

Nous avons développé un modèle décrivant l’oxydation détaillée d’α-pinène par
OH et O3 en phase gazeuse et le partitionnement des produits d’oxydation entre la
phase gazeuse et aérosol. Les travaux théoriques menés par le groupe de Peeters
sur la cinétique associée aux réactions radicalaires alkoxyles et peroxyles constituent
la pierre angulaire du mécanisme en phase gazeuse. Le partitionnement est basé sur
la formulation de Pankow et est gouverné largement par la pression de vapeur des
produits. Une méthode de prédiction de pression de vapeur destinée à l’ensemble
des espèces chimiques générées par l’oxidation d’α-pinene a donc été développée
dans ce travail. Un grand nombre d’expériences d’oxydation d’α-pinène ont été
simulées afin de valider le modèle d’oxydation et de partitionnement. Le modèle
a permis de quantifier la forte dépendance des rendements des produits avec la con-
centration de NO dans l’oxydation par OH due aux réactions non-traditionnelles iden-
tifiées par le groupe de Peeters (décomposition des radicaux α-hydroxy peroxyles et
réactions de fermeture de cycle des radicaux peroxyles insaturés). La simulation de
la phase aérosol produite par l’oxydation α-pinène montre que l’ozonolyse est la voie
privilégiée pour la formation d’aérosols organiques secondaires (AOS). Toutefois,
l’oxydation par OH dans des conditions atmosphériques typiques peut former aussi
une petite quantité non negligeable d’aérosols composés d’hydroxy hydroperoxydes.
Les resultats des simulations indiquent que les acides carboxyliques multifonction-
nels produits par l’ozonolyse contribuent grandement à la phase aérosol. Néanmoins,
le mécanisme de formation de certains composés importants, comme l’acide pinique
et l’acide hydroxy pinonique, nécessite encore des clarifications. Nous avons calculé
que la formation d’AOS est renforcée par la dimérisation des acides carboxyliques
multifonctionnels. Par conséquent, il est impératif de poursuivre les études théoriques
et expérimentales de ces composés de manière à examiner la vitesse de formation
ainsi que la pression de vapeur des dimères et des adduits. Les simulations exé-
cutées à l’aide de notre modèle ont mis en relief deux problèmes importants: D’abord,
la formation d’AOS mesurée en laboratoire est nettement moins dépendante de la
température que prédite par le modèle. D’autre part, le partitionnement des produits
carbonyles n’a pu être reproduit comme observé dans les mesures, à cause de leurs
hautes pressions de vapeur. L’étude de processus favorisant la production d’AOS,
comme l’oligomérisation suggérée par plusieurs groupes, s’avère donc nécessaire.
Notre modèle prévoit une production moindre d’aérosols à partir de l’oxydation d’α-
pinène que les paramétrisations utilisés dans les modèles globaux récents.





Abstract

Modeling the oxidation of alpha-pinene and the related aerosol
formation in laboratory and atmospheric conditions

A model has been developed to describe the detailed gas phase oxidation of α-
pinene by OH and O3 and the partitioning of the oxidation products between the gas
and aerosol phases. The theoretical work performed by the group of Peeters on the
reaction kinetics of alkoxy and peroxy radical reactions constitutes the cornerstone
of the gas phase mechanism. The partitioning follows the Pankow’s formulation, and
is governed to a large extent by the subcooled vapour pressure of the condensable
products. A vapour pressure prediction method has been therefore developed in this
work which is applicable to all categories of products generated by the α-pinene ox-
idation. A large number of α-pinene oxidation experiments have been simulated to
validate the gas phase oxidation/partitioning model. The model has been used to
quantify the strong dependence of the product yields on the level of NO due to non-
traditional reaction sequences in the OH-initiated oxidation of α-pinene identified by
Peeters and co-workers (decomposition of α-hydroxy peroxy radicals and ring clo-
sure reactions of unsaturated peroxy radicals). Our simulations of the aerosols gen-
erated from the oxidation of α-pinene show that ozonolysis is the privileged route for
the formation of secondary organic aerosol (SOA). However, in typical atmospheric
conditions, the OH-oxidation could provide a small but significant amount of aerosol
though the condensation of hydroxy hydroperoxides. Our results show that multifunc-
tional carboxylic acids generated from the ozonolysis contribute largely to the aerosol
phase because of their low vapour pressures. Nevertheless, the formation route of
important compounds, such as pinic acid and hydroxy pinonic acid, still needs clar-
ification. SOA formation is calculated to be enhanced by the dimerization of these
multifunctional acids. Therefore, we stress the need for more experimental and theo-
retical studies to evaluate the formation rates and the vapour pressure of the dimers
and adducts. Our model results raise two important issues: First, the SOA produc-
tion measured in the laboratory is much less temperature-dependent than predicted
by the model. Secondly, the observed partitioning of carbonyl products can not be re-
produced by the model because of their high vapour pressures. The investigation of
processes favouring SOA production, such as the oligomerization suggested recently
by several groups, is therefore necessary. Our oxidation/partitioning mechanism in-
dicates less potential for aerosol formation from α-pinene than the parameterizations
which have been adopted in recent global modeling studies.
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Chapter 1

Introduction

1.1 Context of this study: Global climate change and
air quality

As emphasized recently by the latest report of the Intergovernmental Panel on
Climate Change, our climate is changing, and human activities appear to be a major
driving force for this change (IPCC, 2001). It has been shown that the globally and
annually average surface temperature has increased by about 0.6 °C since the 19th
century, and model projections indicate that an even stronger positive trend could
take place in the future. These temperature variations witness the profound climatic
change of the industrial age.

Surface temperature is controlled by the balance between the incoming solar ra-
diation and the outgoing radiation emitted by Earth. An average of 343 W m−2 of
solar energy radiates the Earth. About 30% of this amount are directly reflected back
into space by clouds, by the atmosphere, and by the Earth’s surface. The remaining
240 W m−2 are absorbed by the Earth/atmosphere system. The fraction absorbed
by the Earth’s surface is returned to the atmosphere as infrared radiation which, in
turn, is partly absorbed by trace gases in the atmosphere, thereby preventing this en-
ergy from escaping the system back to space. Without this "greenhouse" effect, the
temperature at the Earth’s surface would be -20°C. Therefore, despite their relative
scarcity in the atmosphere, these "greenhouse" gases play an important role in the
regulation of the Earth’s energy balance (Seinfeld and Pandis, 1998). Besides water
vapour, which is controlled by the hydrological cycle, the main greenhouse gases in-
clude methane, nitrous oxide, ozone and carbon dioxide.

Most scientists agree that the rapid increase in surface temperature is for a large
part, the result of an enhanced greenhouse effect of anthropogenic origin. Since the
industrial revolution, the abundance of greenhouse gases has increased as a conse-
quence of human activities, such as fossil fuel burning and biomass burning (induced
mostly by deforestation and agricultural practices). The atmospheric concentration
of carbon dioxide, for example, has increased by 30% since the 18th century, whilst

1
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Figure 1.1: Records of change in the atmospheric composition of CO2, CH4 and N2O
over the past 1000 years. The estimated radiative forcing of these gases is indicated
on the right-hand scale (IPCC, 2001).

the level of methane has more than doubled. The resulting change in the Earth en-
ergy budget can be expressed in term of radiative forcing (Fig.1.1). Model projections
summarized in the IPCC report predict a temperature increase from 1.4 to 5.8°C by
the end of the 21st century. Global warming will be also accompanied by changes in
precipitation, sea level, and the frequency and intensity of extreme weather events.

Besides the greenhouses gases, aerosols have been recognized to influence the
radiative budget of the Earth/atmosphere (Liao et al., 2004). Aerosols are liquid or
solid particles suspended in the air. They are produced by a variety of processes
including both natural emissions (vegetation, dust storms, volcanic activities) and an-
thropogenic emissions (fossil fuel consumption, industry and biomass burning). Pri-
mary aerosols are emitted directly, whereas secondary aerosols are generated from
the oxidation of precursor gases present in the atmosphere. Aerosols larger than
ca 1 µm like sea salt particles, pollens, and dust particles are generally of primary
origin. Secondary aerosols have both anthropogenic and biogenic origin and they
reside mostly in the sub-micron size fraction (Seinfeld and Pandis, 1998). Sulfate and
nitrate aerosols constitute important examples of secondary aerosols. The main pre-
cursors of sulfate are sulfur dioxide (SO2) from anthropogenic sources and volcanoes,
and dimethyl sulfide ((CH3)2S) from biogenic sources, especially marine plankton. It
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is estimated that a large fraction of nitrate aerosols originates from the use of ma-
nure in agriculture (Andreae, 1995). Aerosols can affect the radiative balance in two
ways: 1/ the direct effect, whereby aerosols scatter and absorb solar and thermal
infrared radiation and, 2/ the indirect effect, whereby aerosols alter warm cloud for-
mation processes by increasing the concentrations of the droplets while decreasing
their size. The precipitation efficiency and the albedo of warm clouds are thereby af-
fected, resulting in a negative radiative forcing (i.e. a cooling effect) (Liao et al., 2004).

The main greenhouse gases being well mixed in the atmosphere (particularly the
most abundant ones, methane and carbon dioxide), and their absorption properties
being well known, their radiative impact can be evaluated to a relatively high degree
of confidence. However, the case of the aerosols is more complex. Aerosols un-
dergo chemical and physical processes in the atmosphere and are rapidly removed
by precipitation. Their residence time is typically one week. This short atmospheric
lifetime, in conjunction with the inhomogeneity of the sources, result in a large spatial
and temporal variability of the size, abundance, and composition of the aerosols. The
radiative impact depends not only on their spatial distribution, but also on their size,
shape, and chemical composition. To date, the quantification of the aerosol sources
remains difficult and the fundamental processes governing their physics and chem-
istry in the atmosphere are poorly understood.

In the last decades, the deterioration of air quality due to the emissions of pollu-
tants by human activities has been identified as another crucial environmental issue.
Actually, the concern about air pollution goes back earlier in History than the global
warming debate. Records from the seventeenth century indicate smog events in Eu-
ropean cities such as London. These air pollution events causing severe health res-
piratory problems and even excess deaths were caused by the widespread domestic
use of high-sulfur coal. In the late 1940’s, a new air pollution phenomenon appeared
in the Los Angeles area. On hot and bright days, the ambient air of the troposphere
(the lowest layer of the atmosphere as described in the next section) was observed
to show high concentrations of strongly oxidizing pollutants, in particular ozone (O3).
Studies showed that the L.A. smog was an entirely new form of air pollution due to
the oxidation of organics in the atmosphere:

Organics + oxidants + NOx + Sunlight → O3 + products (R1.1)

In presence of sufficiently high levels of sunlight and NOx (NOx= NO + NO2) origi-
nating mainly from fossil fuel combustion (e.g. car engines), the oxidation of hydro-
carbons produces ozone. Any organic compound emitted from the surface by an-
thropogenic or biogenic sources, undergoes oxidation processes in the atmosphere.
The main oxidants are the hydroxyl radical (OH), the nitrate radical (NO3) and ozone.
They initiate a complex sequence of chemical transformations (represented in a sim-
plified form by the unique reaction R1.1) leading to the formation of stable products,
a large fraction of which is ultimately oxidized into carbon dioxide. Until the 1950s,
such "polluted" conditions favouring ozone production were restricted to urban ar-
eas. Nowadays, high concentrations of ozone are measured in rural regions as well,
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due to the transport of pollutants by the wind. In tropical regions, developing coun-
tries face also ozone pollution resulting from the oxidation of hydrocarbons originating
from biomass burning. Atmospheric pollution has therefore become a phenomenon
affecting almost all parts of the world. The World Health Organisation (1994) has
reported the damaging effects of the deterioration of air quality on human health (e.g.
breathing, cancer). Note that beside being a prominent pollutant, tropospheric ozone
presents also an important greenhouse power (Brasseur et al., 1999).

The latest IPCC report has recently summarized our knowledge of the radiative
forcing that has occurred since the beginning of the Industrial Era (1750) (Fig. 1.2).
The radiative forcing induced by the greenhouse gaseous compounds is now rela-
tively well understood and quantified. The direct radiative forcing has been tentatively
estimated for sulfate, biomass-burning, and fossil fuel particles. Carbonaceous parti-
cles are usually divided into two fractions, "black carbon" (BC) including elementary
carbon species such as soot and charcoal, and "organic aerosols" (OC) represent-
ing a mixture of different organic compounds. Black carbon particles show a positive
forcing due to their strong absorption capacity. The sign of the radiative forcing due
to mineral dust is uncertain. The estimation of the indirect forcing of aerosols (both
organic and inorganic) is highly uncertain as well, although it is likely to be a cool-
ing effect of similar magnitude as the direct effect. Note that all the forcing agents
reported in Fig. 1.2 have distinct spatial and temporal features, so that the global,
annual means appearing in this figure do not represent the complete picture of the ra-
diative perturbation. In particular, the distribution of tropospheric ozone and aerosols
is characterized by a high spatial and temporal variability. The uncertainties associ-
ated to their impacts, already very large at the global scale, are therefore probably
much larger at the regional scale.

Understanding and evaluating the role of aerosols has become a major neces-
sary task in order to predict properly the influence of human activities on the climate
and on air quality. Among the different aerosol components, the Secondary Organic
Aerosols (SOA), i.e the particles originating from the atmospheric oxidation of organic
compounds, are believed to represent a significant fraction in most continental areas.
Their production processes are still very poorly understood, however, and they re-
quire a better attention.

In the following, our attention will be more focused on the Volatile Organic Com-
pounds (VOC) emitted by the vegetation (the biogenic VOC or BVOC). We will see
how the oxidation of BVOC contributes to SOA formation and affects the chemical
composition of the atmosphere and in particular the ozone levels. In order to under-
stand these effects, an outline of the structure and composition of the atmosphere
will be first given, followed by a description of the main mechanisms of atmospheric
chemistry.
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Figure 1.2: IPCC estimates of global annual-mean radiative forcing by a number of
agents from the pre-industrial Era (1750) to 2000. Best estimated forcing values and
their associated uncertainties are indicated by rectangles and vertical lines respec-
tively (IPCC, 2001).

1.2 Structure and composition of the atmosphere

The Earth’s atmosphere is divided into layers according to the variation of tem-
perature (Fig 1.3). The troposphere is the lowest layer of the atmosphere, extending
from the Earth’s surface up to 10 to 15 km altitude depending on the latitude and
time of year. The temperature in the troposphere decreases with increasing distance
from the warm Earth’s surface which absorbs the largest part of the incoming solar
radiation. As a good approximation, atmospheric pressure decreases exponentially
with altitude:

p(z)

p0

= e−z/H , (1.1)

where H = RT/Mairg is called the scale height (varying between 7 and 8.5 km).
About 80% of the total mass of the atmosphere is contained in the troposphere. In
particular, atmospheric water vapour (including clouds) resides almost exclusively
in this region of ceaseless turbulence and mixing (as indicated by the Greek word
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Figure 1.3: Typical temperature profile defined as the "U.S. Standard Atmosphere"
(NOAA, 1976)

"tropos"). Above the troposphere lies the stratosphere, extending until 45 km altitude.
The change in the sign of the temperature gradient in this region is due to the absorp-
tion of solar ultraviolet radiation by ozone. This positive gradient is responsible for the
stability of this region, where little vertical mixing occurs. In the mesosphere, the tem-
perature falls again with altitude due to the decrease in O3 concentration. At about
100 km altitude, the temperature starts to increase again as a result of absorption
of short wavelength radiation (<200 nm) by N2, O2 and atomic species. This region
is known as the thermosphere. The transition zones between the various regions of
the atmosphere are known as the tropopause, the stratopause and the mesopause,
successively (Finlayson-Pitts and Pitts, 2000; Seinfeld and Pandis, 1998).

The Earth’s atmosphere is composed mainly of molecular nitrogen (78.08%), oxy-
gen (20.95%), argon (0.93%) and carbon dioxide (0.03%). Water vapour is present
in varying abundances, not exceeding 2-3%. The remaining (0.01%) is a mixture of
a multitude of trace gases, as shown in Tab. 1.1. Exchange of air between the tropo-
sphere and the stratosphere is much slower than mixing within the troposphere itself.
Therefore, only gases possessing a very long lifetime are well mixed throughout the
entire atmosphere. This is the case for N2, O2, CO2 and the noble gases. Carbon
monoxide (CO) and methane (CH4) are emitted in large amounts, about 1219 Tg/yr
and 469 Tg/yr, respectively (Brasseur et al., 1998). Around 75% of methane emis-
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Table 1.1: Chemical composition of the atmosphere (Brasseur et al., 1999)

Volume
Chemical Mixing Ratio Major Sources

Constituent Formula in Dry Air and Remarks

Nitrogen N2 78.084% Biological
Oxygen O2 20.948% Biological
Argon Ar 0.934% Inert
Carbon dioxide CO2 350 ppmv Combustion ocean, biosphere
Neon Ne 18.18 ppmv Inert
Helium He 5.24 ppmv Inert
Methane CH4 1.7 ppmv Biogenic and anthropogenic
Hydrogen H2 0.55 ppmv Biogenic, anthropogenic,

and photochemical
Nitrous oxide N2O 0.31 ppmv Biogenic and anthropogenic
Carbon monoxide CO 50-200 ppbv Photochemical and anthropogenic
Ozone (troposphere) O3 10-500 ppbv Photochemical
Ozone (stratosphere) O3 0.5-10 ppm Photochemical
Nonmethane volatile
organic compounds 5-20 ppbv Biogenic and anthropogenic
Halocarbons (as chlorine) 3.8 ppbv 85% anthropogenic
Nitrogen species N0y 10 ppt-1 ppm Soils, lightning, anthropogenic
Ammonia NH3 10 ppt-1 ppb Biogenic
Particulate nitrate NO−

3 1 ppt-10 ppb Photochemical, anthropogenic
Particulate ammonium NH+

4 10 ppt-10 ppb Photochemical, anthropogenic
Hydroxyl OH 0.1 ppt-10 ppt Photochemical
Hydroperoxyl HO2 0.1 ppt-10 ppt Photochemical
Hydrogen peroxide H2O2 0.1 ppb-l0 ppb Photochemical
Formaldehyde CH2O 0.1-1 ppb Photochemical
Sulfur dioxide SO2 10 ppt-l ppb Photochemical, volcanic, anthrogenic
Dimethyl sulfide CH3SCH3 10 ppt-100 ppt Biogenic
Carbon disulfide CS2 1 ppt-300 ppt Biogenic, anthropogenic
Carbonyl sulfide OCS 500 pptv Biogenic, volcanic, anthropogenic
Hydrogen sulfide H2S 5 ppt-500 ppt Biogenic, volcanic
Particulate sulfate SO−2

4 10 ppt-10 ppb Photochemical, anthropogenic

sions are anthropogenic (particularly in the industrial and agricultural sector). CO
direct emissions include biomass burning (50%) and industrial activities (30%). The
remainder for these two compounds consist of biogenic emissions. Besides the direct
surface emissions, CO is also produced photochemically in the atmosphere, as a by
product in the oxidation of methane and the non-methane volatile organic compounds
(NMVOC). In general, the NMVOC emitted at the Earth’s surface remain confined in
the troposphere and are photochemically destroyed in less than a year. The oxidation
of methane, which is the dominant hydrocarbon and is quasi uniformly distributed, is
ubiquitous in the troposphere. In continental regions, a myriad of nonmethane hydro-
carbons of anthropogenic and biogenic origins are oxidized.

The global emissions of anthropogenic NMVOC have been estimated to 103 Tg
carbon yr−1. About 60% of these emissions are attributable to fossil fuel use, and
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the rest to biomass burning (Brasseur et al., 1999). Guenther et al. (1995) estimated
that the emissions of volatile organic compounds released by the vegetation (BVOC)
into the atmosphere are on the order of 1150 Tg carbon yr−1 worldwide, exceeding
by far the anthropogenic emissions. The BVOC include a plethora of compounds
of different sizes and structures (Fig. 1.4) (König et al., 1995; Kesselmeier et al.,
1997). Isoprene (C5H8) accounts for about half of the total biogenic emissions on a
mass basis. It is synthesized by less advanced plants (mosses) as well as by trees,
in particular by broadleaved trees such as oaks. Monoterpenes (C10H16) are an-
other important class of biogenic compounds, and are emitted primarily by conifers.
Whereas isoprene emissions by broadleaved trees are sensitive to both leaf temper-
ature and light intensity, with generally little or no emissions at night, the main factor
controlling the emissions of monoterpenes by conifers is temperature (Wallens, 2004;
Wiedinmyer et al., 2004). Other factors can influence the emissions (leaf age, water
or nitrate concentration in the plant, stress conditions) in different proportions in dif-
ferent plants. Beside isoprene and the monoterpenes, other classes of compounds
are emitted such as the sesquiterpenes (15-carbon hydrocarbons) and oxygenated
hydrocarbons. Their production rates, however, are still poorly characterized. Fig. 1.5
shows the global distribution of monoterpene emissions, as evaluated by Guenther
et al. (1995) for the month of July. As expected, the emissions are larger in forested
areas. Most of the BVOC are highly reactive in the atmosphere. Their lifetimes under
tropospheric conditions are calculated to range from a few minutes to a few hours
(Atkinson, 2000).

1.3 Chemistry of the Troposphere

1.3.1 Photochemical cycle of NO x and HOx

Key to the chemistry of the troposphere is the "NOx" family, grouping nitrogen ox-
ide (NO) and nitrogen dioxide (NO2). Most tropospheric NOx is emitted as NO, which
photochemically equilibrates with NO2 within a few minutes. The largest emissions
of nitric oxide (NO) to the atmosphere results from fossil fuel combustion (14-28 TgN
yr−1), biomass burning (4-24 TgN yr−1), and the soils (4-40 TgN yr−1). NO is also
formed by lightning (2-20 TgN yr−1) (Brasseur et al., 1999). The nitrogen oxides cat-
alyze tropospheric O3 formation through a sequence of reactions. At wavelengths <
424 nm, NO2 photolyzes into NO and atomic oxygen, followed by the rapid formation
of an ozone molecule:

NO2 + hv → NO + O (R1.2)

O + O2 + M → O3 + M (R1.3)

where M represents N2, O2 or another third molecule which can absorb the excess
vibrational energy and stabilize the ozone molecule. Once formed, ozone can react
with NO to regenerate NO2,

O3 + NO → NO2 + O2. (R1.4)
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Figure 1.4: Chemical structure and usual name of a variety of biogenic volatile or-
ganic compounds (BVOC).

or can photolyze to produce either a ground-state (O) or an excited singlet (O(1D))
oxygen atom:

O3 + hv → O + O2 (R1.5)

→ O(1D) + O2 (R1.6)

The ground-state O atom combines rapidly with O2 by reaction R1.3 to reform O3.
In general, O(1D) loses its excess energy by collision with a third molecule and is
quenched back to its ground state. Occasionally, however, O(1D) collides with H2O
and produces two hydroxyl radicals :

O(1D) + H2O → 2OH. (R1.7)

The major ozone sink represented by reaction R1.6 followed by R1.7 is also the main
source of odd hydrogen radicals (HOx=OH+HO2) in the atmosphere. Since the pro-
duction of OH is function of the actinic flux and the water concentration, its concen-
tration shows a diurnal and a seasonal cycle, as well as a dependence to location
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Figure 1.5: Global emission of monoterpenes averaged for the month of July as
evaluated by Guenther et al. (1995).

and altitude. Averaged daytime OH levels in the troposphere range from 1-5×106

(winter) to 5-10×106 molecules cm3 (summer). During the night, it falls below 5×105

molecules cm−3 (Seinfeld and Pandis, 1998). OH radical plays a key role in the tropo-
sphere due to its high reactivity. Of particular importance is its reaction with carbon
monoxide (CO):

CO + OH + O2 → CO2 + HO2. (R1.8)

The hydroperoxyl radical HO2 reacts with NO to generate NO2, or with O3 to regen-
erate the hydroxyl radical:

HO2 + NO → NO2 + OH (R1.9)

HO2 + O3 → OH + 2O2 (R1.10)

When the concentration of NO is high, ozone is formed as a result of reactions R1.8,
R1.9, R1.2 and R1.3. This can be represented schematically as:
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The NO/NO2 ratio as well as the production of ozone are mainly determined by
two interwoven cycles defined by the NO/NO2 partitioning reactions (R1.2, R1.3 and
R1.4) and the HOx reactions (R1.8, R1.9, R1.10). The effect of the HOx cycle in
presence of NOx is to convert NO to NO2 without destroying ozone and therefore to
increase the ozone concentration. The production of ozone is therefore dependent on
the concentrations of CO and NOx, and on the presence of sunlight. Besides R1.8,
other reactions involving organic compounds can generate peroxy radicals which con-
tribute to ozone formation as described in the following subsections.

1.3.2 Oxidation mechanism of methane

The most abundant hydrocarbon in the atmosphere is methane (CH4). The hy-
droxyl radical reacts with CH4 producing the methyl radical CH3, which reacts instan-
taneously with oxygen to yield the methyl peroxy radical, CH3O2:

CH4 + OH → CH3 + H2O (R1.11)

CH3 + O2 + M → CH3O2 + M. (R1.12)

In the troposphere, the methyl peroxy radical reacts chiefly with NO and HO2, leading
to the formation of the methoxy radical (CH3O) and methyl hydroperoxide (CH3OOH),
a stable product. The reaction with NO2 gives an unstable product (CH3O2NO2) which
decomposes back to the reactants at ambient temperature. CH3O2 can also react
with other peroxy radicals (RO2), generated from the degradation of more complex
organic compounds, or with other methyl peroxy radicals:

CH3O2 + NO → CH3O + NO2 (R1.13)

CH3O2 + NO2  CH3O2NO2 (R1.14)

CH3O2 + HO2 → CH3OOH + O2 (R1.15)

CH3O2 + CH3O2 → αCH3O + (1−α)products (R1.16)

CH3O2 + RO2 → αCH3O + (1−α)products (R1.17)

Finally, the methoxy radical reacts rapidly with oxygen to form formaldehyde, as a
final primary product:

CH3O + O2 → CH2O + HO2. (R1.18)
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When the levels of NOx are sufficiently high, the methane oxidation chain is:

kR1.11 CH4 + OH → CH3O2 + H2O

kR1.13 CH3O2 + NO → CH3O + NO2

kR1.18 CH3O + O2 → CH2O + HO2

kR1.9 HO2 + NO → NO2 + OH

kR1.2 2(NO2 + hv → NO + O)

kR1.3 2(O + O2 + M → O3 + M)

Net: CH4 + 4O2 + 2hv → CH2O + 2O3 + H2O

In the so-called "high NOx" regime, CH3O2 and HO2 react dominantly with NO which
is converted into NO2, leading to a production of O3. In consequence, the oxidation
of one molecule of methane down to the first primary product, formaldehyde, yields
two molecules of ozone. CH2O is degraded in the atmosphere by photodissociation
and by oxidation by OH (Saunders et al., 2003):

CH2O + OH + O2 → CO + HO2 + H2O (R1.19)

CH2O + hv + 2O2 → CO + 2HO2 (R1.20)

CH2O + hv → CO + H2 (R1.21)

Formaldehyde is shown to have an important potential for ozone formation through
its production of HO2 and CO.

When the level of NO is low, the reactions R1.15 to R1.17 become competitive,
in particular the reaction with HO2. Their impact is the removal of CH3O2 from the
system and a retardation of the rate of ozone production. Furthermore, if the level of
NO decreases below a critical threshold, the reaction R1.10 becomes dominant and
destroys O3. However kR1.9 being much higher than kR1.10, NO levels as low as 10 ppt
are sufficient to promote a net production of ozone. NO mixing ratios in the planetary
boundary layer over the remote Pacific Ocean are generally lower than 10 ppt, i.e.
well below the crossover point. Logan et al. (1981) reported that concentrations of
NO exceeding 30 ppt are necessary so that the reaction of the CH3O2 radical with NO
dominates over that with HO2. In industrialized countries, the production of ozone is
favoured with daytime NO higher than 100 ppt.

At night, the photolytic processes cease and the NO concentration drops near
zero. The reaction between O3 and NO2 becomes efficient and produces the nitrate
radical:

NO2 + O3 → NO3 + O2. (R1.22)

Because of its oxidizing capacity and its relative high nighttime concentrations, the
nitrate radical plays an important role in the nighttime oxidation of many VOC (Bey et
al., 2001).



1.3 Chemistry of the Troposphere 13

1.3.3 Oxidation mechanism of non-methane organic compounds

The oxidation of a NMVOC compound by OH is similar to the oxidation of methane.
The attack proceeds via H-atom abstraction from C-H bonds of the organic molecule
RH:

RH + OH → R + H2O. (R1.23)

In the case of alkenes (as monoterpenes), the initial oxidation step can also occur on
the double bond of the molecule. The OH radical adds to the double bond:

RC=CR′ + OH → RC(OH)−CR′. (R1.24)

The presence of the double bond renders alkenes reactive also to ozone. The re-
action proceeds via initial O3 addition to the double bond, forming an ozonide which
rapidly decomposes:

(R1.25)

Different channels are possible for the energy-rich Criegee biradicals [R3R4ĊOȮ]‡

and [R1R2ĊOȮ]‡ depending on their structure. In general, the Criegee biradicals
can collisionally stabilize or undergo unimolecular decomposition which subsequently
produces stable species and alkyl radicals.

The alkyl radical produced in these reactions, R (or RC(OH)-CR’), reacts rapidly
with oxygen to form the peroxy radical RO2 (or RC(OH)-CO2R’). The subsequent gen-
eral mechanism is shown in Fig. 1.6. The peroxy radical RO2 reacts with NO, NO2,
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Figure 1.6: General scheme of the photooxidation of an organic molecule

HO2, and other peroxy radicals similarly to Eqs. R1.13-R1.17. However, depend-
ing on the structure of RO2, the rates and the distribution of the products differ. For
example, reaction of higher (>C2) peroxy radicals with NO have been observed to
produce organic nitrates (RONO2). The alkoxy radicals (RO) may undergo a variety
of competitive processes under tropospheric conditions: e.g. unimolecular dissocia-
tion, unimolecular isomerization, reaction with O2. The number of possible isomer-
ization/dissociation processes increases with the carbon number and the complexity
of the radical. These reactions produce either a stable carbonyl compounds and a
hydroperoxyl radical or an alkyl radical R, which reacts with O2 producing a R’O2

that undergoes a new oxidation step. The radical chain of oxidation propagates un-
til the formation of nonradical products. Reaction with HO2 terminates the reaction
chain by the production of a hydroperoxide (ROOH). The permutation reactions, i.e.
the reactions between peroxy radicals RO2, produce alkoxy radicals as well as al-
cohol (ROH) and carbonyl compounds (RCHO, RR’CO). These reaction chains lead
ultimately to the production of CO2. As an example, Fig. 1.7 illustrates the photoox-
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Figure 1.7: Atmospheric photooxidation mechanism of n-butane in high NOx condi-
tions (Seinfeld and Pandis, 1998)

idation mechanism of butane down to the primary products in high NOx conditions
(Reaction RO2+NO is dominant).

When not removed from the atmosphere by dry or wet deposition, stable products
are further oxidized. Moreover, their oxygenated functionalities make them potentially
photodissociable. The OH-attack of an aldehyde occurs preferably by abstraction of
the hydrogen atom of the aldehydic functionality:

RCHO + OH → RCO + H2O (R1.26)

RCO + O2 → RC(O)O2 (R1.27)

An acyl peroxy radical, of general structure RC(O)O2, is formed after reaction with
oxygen. Its reaction with HO2 produces organic acids (RC(O)OH and RC(O)OOH).
In certain cases, as we will see in the α-pinene oxidation mechanism, acyl peroxy
radicals are also formed by isomerization (e.g. ring opening, intramolecular shifts of
hydrogen atoms) of alkoxy radicals (RO) and reaction with O2.

As for CO and CH4, the oxidation of organic compounds yields HO2 and RO2 radi-
cals which increase the production of ozone when the NOx levels are sufficiently high.
When the carbon number is large, VOC can undergo several radical reaction cycles
before their transformation into stable products. The potential for ozone formation of
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a VOC depends on its oxidation mechanism. In general, alkenes yield more ozone
than alkanes (Carter, 1990). The oxidation of BVOC generates products of different
structures which can interact to some extent with the aerosol phase. The length and
the complexity of a degradation mechanism is related to the structure of the VOC
compound. Whereas only tens of reactions are required to describe the oxidation
of simple alkanes as methane or butane, hundreds of reactions are necessary for
the oxidation of isoprene (see molecular structure in Fig. 1.4) (Paulson and Seinfeld,
1992) and thousands of reactions might be required for a monoterpene.

1.4 Modeling the impact of BVOC on tropospheric
ozone

The troposphere can be viewed as a chemical reactor cleaning continuously the
air polluted by the emissions of the surface. This ability of this atmospheric layer is
referred as the oxidizing capacity of the atmosphere. Ozone, being the main precur-
sor of the hydroxyl radical (through R1.6 and R1.7), plays a key role in this respect.
Ozone abundance in the troposphere typically varies from less than 10 ppb to over
100 ppb in very polluted metropolitan areas. The source and sink of ozone in the
troposphere are difficult to quantify because they require a good knowledge of the
emission sources of the ozone precursors, of the photooxidation mechanism of the
NMVOC in the atmosphere, and of the dynamic processes. There exists different
types of three-dimensional models simulating the formation, transport and sinks of
ozone. Global models simulate the zone concentration on Earth scale (Brasseur et
al., 1999). Regional and urban models are dedicated to smaller regions and are
characterized by a much finer resolution, which makes them more capable to sim-
ulate episodic ozone events in great detail (Schmidt et al., 2001). A typical global
distribution of ozone simulated by the model IMAGES (Müller and Stavrakou, 2005)
at the surface in July is shown in Fig. 1.8. Important photochemical sources of ozone
are the oxidation of carbon monoxide (CO) and methane (CH4) in the presence of
nitrogen oxides. Being more reactive in the atmosphere, the effects of the NMVOC
on ozone levels are more localized and intense near their emission zones. Wang et
al. (1998) and Wang and Shallcross (2000) pointed out substantial effects of the oxi-
dation of anthropogenic and biogenic NMVOC on the concentration of ozone and on
the oxidizing capacity of the atmosphere in general. An increase in BVOC emissions
is expected in response to the global warming, with potentially significant impacts on
ozone. Sanderson et al. (2003) calculated that the increase of isoprene emissions
could result in an increase of 5 to 30 ppb of ozone in some continental locations.
Since isoprene is estimated to account for about half of the total BVOC emissions,
we can expect the effect resulting from the increase in the emissions of other BVOC,
among which the monoterpenes, to be of similar amplitude.

The oxidation of simple VOC, e.g. ethane, propane and propene is relatively well
represented in models (Brasseur et al., 1998). Experimental studies on the yields of
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Figure 1.8: Typical surface ozone mixing ratio (ppb) simulated by the global model
IMAGES for the month of July (Müller and Stavrakou, 2005)

products and reaction rates provide the basis for developing the oxidation mechanism
of these simple hydrocarbons. Over the past two decades, the availability of kinetic
and mechanistic data has allowed the development of protocols for VOC degradation.
The most known detailed "master" mechanism developed on the basis of these pro-
tocols are the NCAR (Madronich and Calvert, 1989) and the MCM (Saunders et al.,
2003) mechanisms. They include several thousands of reactions describing the de-
tailed degradation of over 100 VOC that may be relevant in the troposphere. However,
the elucidation of the oxidation mechanisms for higher VOC (including most biogenic
VOC) is a more difficult task. The number of reactions involved in the oxidation of
a biogenic molecule like a monoterpene compound is so large that the information
provided from laboratory studies is far from being sufficient to constrain every step
in the mechanisms. In order to compensate for the limited contribution of laboratory
data, several theoretical tools have been developed to construct the chemical mech-
anisms of larger VOC. These tools are based on empirical data deduced from the
known chemistry of simple compounds and allow predictions of the rate and product
distribution of the reactions involving larger VOC. These tools are usually grouped un-
der the generic term "Structure Activity Relationships"(SAR). Several groups (Kwok
et al., 1995; Jenkin et al., 1997; Atkinson, 2000; Arey et al., 2001) have developed
numerous SAR for application to the mechanistic studies of the gas phase chemistry.
However, these methods are inadequate to describe a number of complex reactions
appearing in the degradation mechanism of higher carbon number compounds. Since
several years, the group of J. Peeters from Leuven University has acquired a world
reputation in the development of quantum chemical methods (ab initio/density func-
tional theory) in combination with statistical kinetic theories (TST and RRKM). These
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approaches allow a deep understanding of the elementary reaction mechanisms even
in absence of direct empirical input. The theoretical calculations require the resolu-
tion of the Schrodinger equation which allows to identify and quantify each possible
chemical route a reacting system may follow. Uncertainty estimates are provided for
the predicted reaction rates and product yields. However, a major drawback of these
theoretical analyses is their complexity and their high computational cost. The theo-
retical approach developed by Peeters and co-workers has already proved to be an
essential and complementary tool to the existing laboratory data and SAR methods
in the elaboration of gas phase chemical mechanisms.

Due to their large size, explicit mechanisms cannot be implemented as such in
global models for computer cost reasons. A reduction of the mechanism to a manage-
able size is therefore necessary but can lead to oversimplifications and large errors
(Kanakidou et al., 2005). For example, although the detailed mechanism of isoprene
is largely elucidated (Paulson and Seinfeld, 1992), no standard reduced scheme ex-
ists for this compound, with the consequence that different chemical treatments are
being used in global models. Recently, a sensitivity study performed by von Kuhlmann
et al. (2004) using different reduced schemes of isoprene in global models indicated
that the model results can only be seen as first order estimates of its impact in the
atmosphere. Monoterpenes are assumed to have the same oxidation products as
isoprene in some global models (Brasseur et al., 1998). Other reduced schemes are
based on unvalidated detailed mechanisms (Griffin et al., 2002).

1.5 Impact of BVOC on secondary organic aerosols

The observation of a blue haze above forests led Went (1960) to suggest the
role of biogenic hydrocarbons as precursors of tropospheric organic aerosols. This
hypothesis has been confirmed later by laboratory studies on the photooxidation of
BVOC by several groups (Hatakeyama et al., 1989, 1991; Pandis et al., 1991, 1992).
They showed that the oxidation of high molecular weight hydrocarbons produces low
volatility products which can partition between the gas and the particulate phase.
These condensed organic products are referred to as Secondary Organic Aerosols
(SOA). Laboratory experiments have indicated that aromatic compounds, represent-
ing a small proportion of anthropogenic VOC, are the only anthropogenic sources
of SOA (Odum et al., 1997; Stroud et al., 2004). Among the BVOC, the oxidation
of isoprene has been observed to yield a negligible production of organic aerosols
in laboratory experiments (Pandis et al., 1991) whereas the oxidation of larger com-
pounds generates high SOA yields. In particular, the oxidation of monoterpenes by
ozone appears to provide the most efficient routes to the formation of condensable
products (Hoffmann et al., 1997). The SOA formation in the troposphere can be sum-
marized as illustrated in Fig. 1.9: Biogenic compounds are emitted from the surface
and oxidized. Some of the products, in particular those resulting from the ozonolysis
condense completely or partially on a condensed phase which can be made also of
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Figure 1.9: Schematic representation of SOA formation from the biogenic volatile
organic compounds. The ozonolysis is believed to be responsible for the main pro-
duction of condensable compounds found in SOA.

Primary Organic Aerosols (POA). The partitioning equilibrium is governed by chem-
ical and physical conditions of the atmosphere. Uptake of water and heterogeneous
reactions are believed to occur in the organic aerosol, which alter its chemical com-
position, but these processes are not well identified so far (Raes et al., 2000).

The experimental SOA yields have been introduced in global transport models
using simplified oxidation mechanisms for biogenic compounds. The model assump-
tions remained crude in these studies: the aerosol yields were assumed to be con-
stant, independent on the chemical conditions. On this quite uncertain basis, the
first estimations of the global SOA production have been obtained by several groups
among which Liousse et al. (1996), Griffin et al. (1999b) and Kanakidou et al. (2000).
Their estimations are summarized in Tab. 1.2. For comparison, estimations for the
global sources of POA and anthropogenic SOA are also given (IPCC, 2001). POA
emissions are categorized into fossil fuel burning (transportation, energy production
and consumption), biomass burning (agricultural waste, savanna and deforestation
fires), and biogenic (vegetation fragments, pollens). These primary sources con-
tribute more to the aerosol mass than the production of SOA dominated by the bio-
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Table 1.2: Estimates for the global sources (Tg/year) of POA and anthropogenic SOA
as reported by IPCC (2001), and comparison with biogenic SOA estimates.

Northern Southern Global Range
Hemisphere Hemisphere

Primary sources
Organic matter (0-2µm)

Biomass burning 28 26 54 45-80
Fossil fuel 28 0.4 28 10-30
Biogenic (>1µm) 56 0-90

Black Carbon (0-2µm)
Biomass burning 2.9 2.7 5.7 5-9
Fossil fuel 6.5 0.1 6.6 6-8

Secondary sources
Anthropogenic 0.15 0.45 0.6 0.3-1.8
Biogenic

Andreae and Crutzen (1997) 150 30-270
Griffin et al. (1999b) 18.5 13-24
Kanakidou et al. (2000) 70 61-79
Chung and Seinfeld (2002) 11.2
Derwent et al. (2003) 63
Tsigaridis and Kanakidou (2003) 23.3 2.5-44.0
Lack et al. (2004) 15.3
Bonn et al. (2004) 20

genic sources. However, light scattering by particles in the atmosphere is primarily
due to particles in the size range 0.1-1 µm (Finlayson-Pitts and Pitts, 2000). More-
over, cloud condensation nuclei (CCN) are almost exclusively sub-micron particles
(Seinfeld and Pandis, 1998). Consequently, the climate relevance of the SOA can be
considered of equal or even more important than that of the POA. Kanakidou et al.
(2000) predicted that the increase in tropospheric ozone and anthropogenic organic
aerosols could have resulted in a possible 3-to 4-fold increase of biogenic SOA since
pre-industrial times. Since biogenic SOA are expected to be influenced by anthro-
pogenic activities, their representation in global and regional models is essential in
order to quantify the impact of human activities on both air quality and the climate.

On the theoretical level, the work of Pankow (1994a,b) has provided a handy
description of the condensation of organic gases onto aerosols which has been com-
monly accepted. The gas/particle partitioning is governed by an equilibrium law be-
tween the concentrations of the organic compounds present in the respective phases.
According to this law, the condensation of a gaseous compound on a particle is
governed by its vapour pressure and is proportional to the mass of organic aerosol
present. This condensation is favoured at low ambient temperature (which leads to a
lower equilibrium vapour pressure).
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In the first model estimations, the determination of the partitioning coefficients
following the parameterization by Pankow was not possible because it requires the
knowledge of the exact product distribution in the oxidation of the biogenic precur-
sors as well as the vapour pressure of the products. Further experimental studies
were therefore needed to identify the composition of biogenic aerosols. Labora-
tory experiments were focused in particular on α-pinene, as representative for the
monoterpenes, because of its large contribution to the total emissions of monoter-
penes (Rinne et al., 2000). They revealed the presence of multifunctional products
in the aerosol samples (Christoffersen et al., 1998; Nozière and Barnes, 1998; Jang
et al., 1999; Nozière et al., 1999a; Reissel et al., 1999; Yu et al., 1999a; Glasius
et al., 2000; Koch et al., 2000; Orlando et al., 2000; Larsen et al., 2001; Wisthaler
et al., 2001). Dicarboxylic acids, such as pinic acid and keto-carboxylic acids such
as pinonic acid have been identified in the SOA produced from the oxidation of α-
pinene, but also (hydroxy-) carbonyl products such as pinonaldehyde and hydroxy
pinonaldehyde (the structure of these species is shown in Appendix A). The pres-
ence of these compounds in SOA has been corroborated by field measurements
performed in forested areas (Kavouras et al., 1998; Yu et al., 1999b; Kubátovátova et
al., 2000).

The modeling studies on the partitioning of individual oxidation products between
the gas and the particulate phase have highlighted another issue. The compounds
identified in the SOA samples present a complex carbon structure and bear sev-
eral chemical functionalities. Their thermodynamic properties (solubility, boiling point,
volatility) have received only little experimental attention. Therefore, the vapour pres-
sure of these compounds necessary to calculate their partitioning coefficient has to
be evaluated using prediction methods. Early methods were dedicated to simple
monofunctional molecules (e.g. Jensen et al., 1981; Joback and Reid, 1987) and did
not allow proper evaluation when applied on more complex compounds. In recent
years, experimental studies have been performed to deduce the vapour pressure
of several multifunctional compounds found in biogenic SOA (Hallquist et al., 1997;
Bilde and Pandis, 2001; Bilde et al., 2003). The measurement of very low vapour
pressures requires special experimental set ups and, to date, there exists only few
data for these compounds. Several vapour pressure prediction methods have been
extended on the basis of these scarce experimental values (e.g. Asher et al., 2002).
However, they provide parameterizations for only a few chemical categories among
the multifunctional compounds. Moreover, the temperature dependence of the pre-
dicted vapour pressure is uncertain. Their current prediction uncertainties can reach
one order of magnitude or more.

On the basis of the products identified in the laboratory, several mechanistic stud-
ies have attempted to explain the oxidation routes leading to these products. In partic-
ular, the general lines in the oxidation mechanisms of α-pinene have been drawn and
included in the MCM master mechanism (Jenkin et al., 1997; Saunders et al., 2003).
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On the basis of these first simple mechanisms, simulations of laboratory experiments
have been carried out by different groups (Kamens et al., 2001; Jenkin et al., 2004).
However, many among the proposed routes remain speculative. For example, sev-
eral routes have been proposed for the formation of pinic acid, a low-volatility product
believed to play an important role in condensation and nucleation (Christoffersen et
al., 1998; Jang et al., 1999; Koch et al., 2000; Jenkin et al., 2000). However, none of
the proposed routes could be substantiated, for the reasons already outlined in the
previous section. Moreover, many experimental studies have confirmed the presence
of supposedly volatile products such as pinonaldehyde in the aerosol phase, in con-
tradiction with the partitioning theory established by Pankow.

Considering these shortcomings, the representation of the oxidation of BVOC in
recent global models (Chung and Seinfeld, 2002; Derwent et al., 2003; Tsigaridis and
Kanakidou, 2003; Lack et al., 2004) has not significantly progressed. The chemical
schemes of the SOA precursors remain very simplified and the yields and partitioning
of the products (sometimes fictitious) are based on regressions of experimental SOA
yields obtained in laboratory conditions differing greatly from the conditions found in
the atmosphere. However, on the basis of an extensive review of laboratory exper-
iments, Seinfeld and Pankow (2003) have shown the existence of a strong depen-
dence of the SOA yields with the photochemical conditions. They concluded that the
use of experimental SOA yields measured in the laboratory may cause large errors
when introduced in atmospheric models. Better mechanistic representations of the
BVOC oxidation in models are thus required. Pun et al. (2003) have also stressed
the importance of errors related to the lack of adequate methods for the prediction of
partitioning parameters for the products. These assertions have been confirmed very
recently by Griffin et al. (2005) who performed a sensitivity analysis on the impact
of the BVOC oxidation mechanism and the vapour pressure predictions on the SOA
yields. The uncertainties in the predictions of SOA are also illustrated in Tab. 1.2
by the large discrepancies found between the biogenic SOA production estimates by
different global model studies.
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1.6 Objectives of the thesis

An important objective of this work is the development of a state-of-the-art near-
explicit mechanism for the gas phase oxidation of α-pinene by OH and O3, based on
the theoretical works performed by the group of J. Peeters from University of Leuven
which constitute the cornerstone of this mechanism. Another important objective is
the implementation of this detailed mechanism in a box model and its confrontation
with the results of laboratory experiments. For that purpose, attention will be focused
on the model representation of the chemical conditions taking place in laboratory re-
actors (Chapter 2).

A third major objective is the development of a model describing the formation of
SOA, based on the partitioning theory developed by Pankow (1994a,b). The vapour
pressure being a key parameter in the partitioning of organic compounds, our goal
is to design a prediction method adapted to the α-pinene oxidation products, and to
compare our vapour pressure estimates with previous evaluations. The estimation
of the uncertainties on the modeled vapour pressures will be performed in order to
evaluate the robustness of the partitioning calculations (Chapter 3).

A fourth major objective of this work is to couple the SOA formation model with
the gas phase box model, and to confront its results with gas and aerosol phase
measurements of the main α-pinene oxidation products in a selection of laboratory
experiments. The uncertainties of the model predictions will be also estimated (Chap-
ter 4).

Finally, we aim to reduce the detailed mechanism to a smaller size based on rigor-
ous methods for mechanism reduction. We will verify that the results of the reduced
mechanism are reasonably close to the predictions of the detailed mechanism in at-
mospheric conditions (Chapter 5).



Chapter 2

Modeling the gas phase oxidation of
alpha-pinene

2.1 Introduction

This chapter focuses on the development of the gas phase photooxidation mech-
anism of α-pinene by OH and ozone. This mechanism is largely based on theoretical
studies performed by Peeters and coworkers. They have determined the sites of
α-pinene where the oxidations are initiated and the resulting main oxidation routes.
The elucidation of these routes relies mainly on the determination of the products
and rates of the alkoxy radical reactions (isomerizations, decompositions and reac-
tions with O2). These rates are indeed extremely variable, ranging between ∼1 s−1

and 1011 s−1. Due to the lack of experimental data, theoretical studies are essential
to determine which reactions prevail among the set of possible processes. We refer
to the publications of this group for the details of their calculations. However, given
the importance of theoretical aspects in the development of the α-pinene oxidation
mechanism, a brief outline of the methods used is given in the next section.The oxi-
dation routes of α-pinene are presented and briefly discussed in Sec. 2.3.1.

As described in the Introduction, once initiated, we can represent the oxidation
routes as reaction chains involving a succession of alkoxy and peroxy radicals until
their complete transformation into stable products. The reactions involving peroxy
radicals are generally more predictable than those of alkoxy radicals and they do not
require case-by-case theoretical studies. Their characterization in the context of the
α-pinene mechanism is part of the present work. As it will be described in Sec. 2.3.2,
the rates and products of the peroxy radical reactions are estimated on the basis of
known reactions. An exception is represented by the reactions involving α-hydroxy
peroxy radicals as well as the ring opening reactions of large unsaturated peroxy rad-
icals which have been specifically investigated by Peeters et al. (Sec. 2.3.3).

The primary products formed in the course of the α-pinene oxidation are further
oxidized by OH and/or are photolyzed. Among these products, pinonaldehyde is

25
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formed in large amount. Its oxidation mechanism has been treated in details by
Peeters and coworkers and will be also discussed in this chapter. However, the ex-
plicit representation of the oxidation routes of all the other primary products would be
prohibitive, due to the large number (tens of thousands) of reactions involved. There-
fore, a simplified representation has been adopted in this work to represent the sec-
ondary oxidation routes (Sec. 2.3.4) of every primary product. The OH-reaction rates
have been determined using a well-established theoretical method. A more detailed
analysis have been performed to determine the parameters (photolytic channels,
absorption cross sections and quantum yields) of their photodissociation reactions
(Sec. 2.4). As a case study, photolytic rates have been calculated for the laboratory
experiments of α-pinene oxidation by OH performed by Nozière et al. (1999a). The
simulations of these experiments are discussed in Chapter 4. Further reference to
this paper in this chapter and in the next ones will be abbreviated as N99. Photolytic
rates calculated for typical atmospheric conditions are also computed.

The gas phase inorganic chemistry of Ox, NOx, HOx used in this work is not
discussed here and we refer to the review of Atkinson et al. (2003) for more details.

2.2 Methodologies used for the development of the
mechanism

2.2.1 Theories of molecular kinetics

The rate of a bimolecular reaction :

A + B → products (R2.1)

generally follows the Arrhenius expression k(T ) = A exp −Ea

RT
. A is the pre-exponential

factor and Ea is the activation energy. The widely accepted Arrhenius equation in-
volves the important concept of an activation barrier to the reaction. This thermody-
namic view of activated molecules, produced by molecular collisions, and capable of
overcoming the energetic barrier to a reaction leads to the concept of transition state
theory (TST). It is based on the assumption of the following sequence (Finlayson-Pitts
and Pitts, 2000) :

A + B  (AB)? → products. (R2.2)

The entity represented as (AB)? is called the transition state. The potential energy of
the reacting system depends on the molecular orientations, and on the internal ge-
ometries of the molecules, and defines a "potential energy surface" (PES) (Fig. 2.1).
It is a function of a set of coordinates which define completely the instantaneous rel-
ative positions of all atoms in the molecules. This surface possesses one or several
saddle point(s). The curve which goes from the bottom of the reactant valley, through
the saddle point, and to the bottom of the product valley defines the reaction coor-
dinate. For a particular set of initial conditions of the reactants (initial positions and
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Figure 2.1: Typical potential energy surface in two dimensions showing the reaction
path from the reactants to the products, passing by the transition state.

momenta of all atoms), it is in principle possible to calculate a trajectory across the
potential energy surface. This trajectory might either end up back in the region of the
reactants (case of a non reacting collision), or pass over the saddle to the product
region (reactive collision). The activation energy of the reaction is the difference be-
tween the energy level of the reactants and the energy level of the transition species
(at the saddle point). The reaction rate is defined by the number of molecules in the
transition state that cross the activation barrier by second. This rate is equal to the
concentration of the transition state multiplied by the frequency at which the barrier is
crossed.

In order to determine this concentration, thermal equilibrium is assumed between
the reactants and the transition species. The equilibrium constant,

K∗ =
[(AB)∗]
[A][B]

, (2.1)

is related to the partition functions Q of the species,which take into account the trans-
lational, rotational, and vibrational motion of the molecule:

K∗ =
Q(AB∗)

QAQB

e−E0/RT , (2.2)
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where E0 is the height of the potential energy barrier. Using Eq. 2.1 and Eq. 2.2, the
rate of the reaction can be written as :

v = [(AB)∗]ν∗ = ν∗[A][B]
Q(AB∗)

QAQB

e−E0/RT , (2.3)

where ν∗ is the frequency of passage across the barrier. ν∗ is calculated based on the
partition function of the transition state which represents the motion along the reaction
path. The partition functions are determined from the resolution of the Schrodinger
equation for the reacting molecules, which allows to construct the Potential Energy
Surface. The points on the PES where the energy of the system is minimal cor-
respond to particular arrangements of nuclei which have increased stability, i.e. to
stable species (reactants, products and transition states). The calculation of the PES
allows therefore to establish the potential reaction path and its activation energy.

The Schrodinger equations are written under the Born-Oppenheimer approxima-
tion. It postulates that, the nuclei being much more massive than electrons, the PES
can be computed by solving the equations for the electronic wave functions only. The
resolution of these equations requires the use of computational chemistry. Methods
have been developed since the 1980’s when the computers became powerful enough
to tackle these issues. The oldest and most popular method is the Hartree-Fock
method. It is based on a representation of the molecular system using a linear com-
bination of approximate atomic orbitals. Following this approach, the electrons are
subject to an average non-local potential arising from the other electrons. This leads
to a poor description of the molecular electronic structure in the case of many-body
systems, such as large molecule. This limitation (known as the correlation energy
error) leads to an unprecise parameterization of the PES. Fortunately, in the last ten
years, new approaches have appeared, known as density functional theories (DFT),
which can be applied to much larger systems with good precision and accuracy. The
motivation of the DFT is to replace the many-dimensional atomic wave functions by a
functional of the density of the electrons φ(ρ) around the molecule. The most popular
functionals used in the literature have been derived by careful comparison with ex-
periments (the BP86, BLYP and B3LYP functionals). The elucidation of the α-pinene
mechanism presented in this work is mainly based on B3LYP.

Consider an unimolecular reaction (Billing and Mikkelsen, 1996) :

A ⇒ products (R2.3)

The rate of such a reaction may not be proportional to the concentration of A. If A is a
normal stable molecule then there must be some intervention to trigger the reaction.
This may be the absorption of light or the effect of molecular collisions between A
and species not chemically involved in the reaction. In the last case, the apparent
unimolecular mechanism can be described by the following equations proposed by
Lindemann-Hinshelwood :

A + M  A∗ + M (R2.4)

A∗ → products (R2.5)
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Applying the steady-state approximation to the concentration of A* gives:

[A∗] =
kR2.4[A][M ]

k−R2.4[M ] + kR2.5

. (2.4)

so that the overall rate is :
d[product]

dt
= kR2.5[A

∗] =
kR2.5kR2.4[A][M ]

k−R2.4[M ] + kR2.5

. (2.5)

The effective first-order rate constant is defined as keff = kR2.5kR2.4[M ]
k−R2.4[M ]+kR2.5

. At high pres-
sures, collisional deactivation of A∗ is more likely than unimolecular reaction, keff

reduces to kR2.5kR2.4

k−R2.4
, and the reaction is truly first order in A. At low pressures, bi-

molecular excitation is the rate determining step; once formed, A∗ is more likely to
react than be collisionally deactivated. The rate constant reduces to keff = kR2.5[M ]
and the reaction is second order. Although the Lindemann-Hinshelwood mechanism
explains the rate behavior of the reaction at high and low pressures, it can not de-
scribe properly the reaction rate in the falloff region when the energizing-deenergizing
processes of Eq. R2.4 are competing. This is due to the fact that, in reality, A∗ is not
in equilibrium with A, mainly because A∗ has to be in specific energetic modes to
react. More precisely, the reaction requires a minimum amount of energy in these
specific ("effective") vibrational modes to take place. The RRKM theory addresses
this issue. Central to this theory is the introduction of the activated complex A+. It
represents the fraction of A∗ which has sufficient energy in its effective mode:

A∗  A† (R2.6)

A† → products. (R2.7)

In this theory, it is considered that kR2.6 is much smaller than kR2.7, and the conversion
of A∗ to A† is rate determining. In general, the RRKM theory admits an equilibrium
between A∗ and A†:

kR2.6 = kR2.7
[A†]
[A∗]

. (2.6)

It is possible to determine the proportion of A+ as well as the rate constant kR2.7 using
partition functions (kR2.7 is treated as a motion along the reaction coordinate as in the
TST theory). As in the case of the TST theory, the partition functions are determined
by solving the Schrodinger equation of the molecular system.

At high pressure, A∗ and A are at equilibrium and they behave as described by
transition state theory (which assumes thermal equilibrium between the activated
species and the reactants). It follows that at high pressures, both theories can be
used and their results coincide. In the framework of the study of α-pinene oxida-
tion, bimolecular reactions, but also thermal unimolecular reactions of alkoxy radicals
(e.g. isomerizations, decompositions) are treated on the basis of the TST theory.
The rates of the unimolecular reactions which are not in thermal equilibrium, such
as prompt decomposition of activated radicals, are calculated using RRKM theory.
Examples of prompt decomposition processes are given in Sec .2.3.3.
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2.2.2 Structure-Activity Relationships

Another family of prediction methods widely used in the development of the α-
pinene mechanism is represented by the Quantitative Structure-Activity Relationships
(SAR). These methods designed on empirical or theoretical grounds are much sim-
pler to use than the quantum kinetic theories, and they give usually relatively good
results when applied within the limits they have been designed for. The SAR attempt
to correlate structural molecular properties (descriptors) with mathematical functions
representing a chemical activity of a molecule (i.e. physicochemical properties, bi-
ological activities, kinetic rates) for a category of compounds by means of statistical
methods. As a result, a simple mathematical relationship is established (Gallegos,
2004):

Function = f(structural descriptors) (2.7)

Following this approach, similar compounds have similar activities, and any system-
atic variation in the chemical structure from one compound to another is reflected
by a difference of analogous magnitude in the chemical response. It is important to
note that this approach does not seek to identify the particular descriptors causing a
particular activity. Although some SAR are based on causal processes clearly iden-
tified, the prime objective of a SAR is restricted to the statistical correlation existing
between the descriptors and an activity. Applications of SAR are found almost every-
where in chemistry, e.g. in agrochemistry, pharmaceutical chemistry, toxicology and
atmospheric chemistry.

To determine the function f , a mathematical model is designed which relates
experimental measurements with a set of chemical descriptors characterizing the
molecular structure of the compounds in the data set. The selection of the appropri-
ate data set is critical to the predictive capabilities of the SAR model. It defines also
the domain of validity of the model. A suitable set requires some degree of chemical
similarity between the compounds. Strict structural criterions are therefore essential
in the selection of the compounds, which justifies their classification into subgroups.
Great care is taken also for the selection of the structural descriptors so that they
do not content redundant information. The selection of the descriptors is based on
experimental data set. The use of computational methods in the elaboration of the
function f allows to optimize the choice of the descriptors.

In the last decade, empirical and theoretical studies have been performed on gas
phase reactions involving different types of oxygenated compounds (ethers, esters,
ketones, aldehydes, etc.). The data obtained gave rise to numerous structure-activity
relationships which can be used to predict the kinetics and mechanisms of oxidation
of various families of oxygenated organic compounds. These SAR are widely used
in the development of mechanisms of oxidation of VOC, as for example in the MCM
mechanism (Saunders et al., 2003). An extensive use of SAR, mostly designed by
Peeters and co-workers, has been necessary in the development of the oxidation
mechanism of α-pinene. For further details concerning these SAR, we refer to the
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published works. The SAR employed in this work comprises :

• Site-specific SAR for addition of OH to polyalkenes (Peeters et al., 2001).

• SAR for H-atom abstraction from (poly)alkenes (Peeters et al., 2001).

• SAR for specific radical stabilization effects in bicyclic terpenic structures (Peeters
et al., 2001).

• SAR for barrier heights to dissociation of alkoxy radicals (Peeters et al., 2001).

• SAR for isomerization of alkoxy radicals by 1,5-H shifts (Peeters et al., 2001).

• SAR for the formation of nitrates in reactions of alkyl peroxy radicals with NO
(Arey et al., 2001).

• General SAR for OH + hydrocarbon reactions (Kwok et al., 1995).

The predictions of SAR appear to be uncertain when applied to radicals where spe-
cific structural effects occur (i.e.(de)stabilization effects due to resonances). In these
cases, quantum chemical methods such as those described above may be more
adapted to treat these issues.

2.3 Mechanism of α-pinene oxidation by OH and O 3

2.3.1 Outline of mechanism

α-pinene being an alkene, it is highly reactive towards O3 and OH, with rates of
9.0×10−17 cm3 molecule−1 s−1 and 5.3×10−11 cm3 molecule−1 s−1 (Atkinson et al.,
2004) at 298 K, respectively. Figures 2.2, 2.3 summarize the main reactions steps of
the α-pinene oxidation by OH and O3.

The main channels (88%) of the reaction between α-pinene and the hydroxy radi-
cals is OH addition on the double bond leading to two activated radicals R†

2 and R†
6 (in

Fig. 2.2). About 50% of the activated R†
6 isomerize by cycle opening, whereas 50%

stabilize collisionally. In the case of R†
2, collisional stabilization is predicted to be the

only possible path. Besides OH-addition, H-abstraction processes account for the
remaining ∼12% of the reaction flux. Only the major H-abstraction channel (∼9%)
is considered in this study. It is assumed to represent the other minor H-abstraction
channels (Peeters et al., 2001).

The theoretical study of the oxidation of α-pinene by OH has revealed the exis-
tence of "exotic" processes following the OH addition reactions. Peeters et al. (2001)
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Figure 2.2: Main paths of the α-pinene oxidation by OH.
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Figure 2.3: Main paths of the α-pinene oxidation by O3 .
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Figure 2.4: Main paths of the OH-oxidation and photolysis of pinonaldehyde.
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and Hermans et al. (2005) consider the alkyl radicals R3 and R13 which react with
oxygen to produce activated α-hydroxy peroxy radicals (Fig. 2.2). These activated
radicals and their subsequent stabilized counterparts can both decompose to pinon-
aldehyde, a compound which has been observed by several groups (Arey et al., 1990;
Hatakeyama et al., 1991; Hakola et al., 1994; Nozière et al., 1999a; Larsen et al.,
2001; Wisthaler et al., 2001; Vanhees et al., 2001; Librando et al., 2003). A detailed
discussion on the role and rates of these reactions is given in Sec. 2.3.3. In addition,
Vereecken and Peeters (2004) demonstrated the importance of ring-closure reac-
tions of unsaturated peroxy radicals formed in the atmospheric oxidation of biogenic
VOC. They showed in particular that the radical R7O2 formed in the α-pinene oxida-
tion mechanism undergoes a ring closure reaction with a rate of ∼2.5 s−1. It should
be noted that the chemistry following ring closure has not been studied so far and
remains unknown. The NO-reaction of the radical R7O2 yields an organic nitrate and
an alkoxy radical that promptly decomposes into the alkyl radical R10 and acetone.
Acetone has been quantified in laboratory experiments of α-pinene oxidation by OH
in presence of NOx with a yield ranging from 5% to 11% by Aschmann et al. (1998),
Fantechi (1999), Nozière et al. (1999a), Orlando et al. (2000), Larsen et al. (2001)
and Wisthaler et al. (2001).

Depending on the level of NO, the decomposition of α-hydroxy peroxy radicals and
the ring closure of large unsatured peroxy radicals can compete with the usual NO-
reaction, affecting the yields of pinonaldehyde, acetone, and the semi-volatile aerosol
precursors. A detailed discussion of the influence of these reactions on the products
yield is given in Sec. 4.2.6.

The ozonolysis of alkenes compounds proceeds by the addition of ozone to the
C=C bond to form a "primary ozonide" which rapidly decomposes to two Criegee
biradicals intermediates. The branching ratios adopted in this work are based on the
review of Atkinson (2000). The production of di-substituted biradical is dominant for
alkenes of structure CR1H=CR2R3 (like α-pinene):

CR1H = CR2R3 + O3 → ∼ 0.35 (R1C(O)C2 + [R3ĊH2OȮ]∗)

∼ 0.65 (R3CHO + [R1R2ĊOȮ]∗). (R2.8)

The energy-rich biradicals can stabilize collisionally (R2.9) or decompose (R2.10).In
the case of [R3ĊH2OȮ]∗:

[R3ĊH2OȮ]∗ + M → R3ĊH2OȮ + M (R2.9)

[R3ĊH2OȮ]∗ → products. (R2.10)

The stabilized biradicals can react with a number of species (Seinfeld and Pandis,
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1998; Baker et al., 2002):

R3ĊH2OȮ + H2O → R3C(O)OH + H2O (R2.11a)

R3ĊH2OȮ + H2O → R3CHO + H2O2 (R2.11b)

R3ĊH2OȮ + NO → R3CHO + NO2 (R2.12)

R3ĊH2OȮ + SO2 → R3CHO + H2SO4 (R2.13)

R3ĊH2OȮ + CO → products. (R2.14)

The review by Atkinson (2000) indicates three possible decomposition processes for
biradicals which do not stabilize thermally: the O-atom elimination (R2.15a), the ester
channel (R2.15b), and the hydroperoxide channel (R2.15c):

[R3ĊH2OȮ]∗ → O(3P ) + R1CH2C(O)R2 (R2.15a)

[R3ĊH2OȮ]∗ → [R1CH2C(O)OR2]
∗ → decomposition (R2.15b)

[R3ĊH2OȮ]∗ → [R1CH=C(OOH)R2]
∗ → R1ĊC(O)R2 + OH (R2.15c)

Early experimental estimates of the yield of OH radicals from the α-pinene-O3 re-
action are 0.70±0.17 (Paulson et al., 1998), 0.76±0.11 (Chew and Atkinson, 1996),
and 0.83±0.21 (Rickard et al., 1999). These values suggest that the hydroperoxide
channel is the major pathway. Formation of pinonaldehyde has been also observed
by several groups using different experimental set ups: Hakola et al. (1994) and Al-
varado et al. (1998) used gas chromatography, Ruppert et al. (1999) used in situ
Fourier transform infrared absorption spectroscopy, Yu et al. (1999a) used derivati-
zation methods coupled to combined gas chromatography-mass spectroscopy and
Baker et al. (2002) used in situ atmospheric pressure ionization tandem mass spec-
trometry (API-MS). In average, the reported pinonaldehyde yields range from 0.14 to
0.19.

RRKM estimations from by Peeters and Co-workers confirm the dominance of
the hydroperoxide formation deduced from the measurements. Calculations indicate
that 66% of "Crieg I" (leading to norpinonaldehyde) and 88% of "Crieg II" follow the
hydroperoxide channel. Actually, there are two possible hydroperoxide channels for
"Crieg I" (Fig. 2.3) depending on where the shift of the hydrogen atom takes place.
In the case of the less substituted biradical "Crieg II", an ester channel is expected to
occur leading to the formation of pinonic acid, a product of the α-pinene ozonolysis
which has been observed by several groups (Hatakeyama et al., 1989; Hoffmann et
al., 1997; Christoffersen et al., 1998; Jang et al., 1999; Yu et al., 1999a; Glasius et al.,
2000; Koch et al., 2000). Calculations indicate that the remaining fraction of biradicals
stabilizes thermally. The dominant pathway for formation of pinonaldehyde is the re-
action of the stabilized Criegee intermediates with water vapour. The theoretical fate
and fraction of the stabilized biradicals are in good agreement with the experimental
yields of pinonaldehyde. The subsequent paths Ia, Ib, IIa of the alkoxy radicals have
been determined theoretically by Peeters’group, leading to the mechanism depicted
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on Fig. 2.3.

This ozonolysis mechanism does not include the production of pinic acid and hy-
droxy pinonic acid. However, these two compounds have been identified in the gas
and particulate phases in the ozonolysis of alpha-pinene (Christoffersen et al., 1998;
Hoffmann et al., 1997; Glasius et al., 2000; Kamens et al., 1999). Observations in-
dicate yields up to 3% in the aerosol phase for each of these products. Several
schemes have been proposed in the literature (Fig. 2.5). Jenkin et al. (2000) sug-
gested an isomerization of the radical R31O competing with the decomposition. The
1,8-shift of the aldehydic H atom in R31O leads to an alcohol function. Subsequent re-
actions with O2 and HO2 generate hydroxy pinonic acid (reaction 1). A similar isomer-
ization is also proposed for the formation of pinic acid from the radical R32. According
to Jenkin et al. (2000), the loss of CO2 would represent a minor path (20%) whereas
the 1,7 H-shift would be dominant and leads to pinic acid (reaction 2). Winterhalter
et al. (2000) proposed also a formation scheme for pinic acid based on the radical
R32 (reaction 3): Upon reaction with O2 and HO2, the peroxo acid R32OOH follows an
autoxidation of its aldehydic function and is converted into pinic acid. The reality of
this reaction is supported by the autoxidation of acetaldehyde, known to occur in the
liquid phase.

However, recent theoretical studies performed by Peeters and co-workers (Peeters
and Vereecken, 2005) showed that these isomerization reactions are much slower (by
several orders of magnitude) than the decomposition reactions of the radicals. Cal-
culations showed also that autoxidation of the peroxo acid in the gas phase has an
activation barrier so high so that the reaction cannot take place.

Pinonaldehyde is a primary product formed in substantial amount in the α-pinene
oxidation of both O3 and OH. With its 10-carbon structure and its two carbonyl func-
tionalities, pinonaldehyde is highly reactive with OH (3.5×10−11 molecules cm−3 s−1)
making this compound a potential precursor for aerosol formation. Consequently, the
development of an explicit mechanism for the oxidation of pinonaldehyde is of im-
portance in this work. Fantechi et al. (2002) has calculated that the OH-oxidation of
pinonaldehyde proceeds mainly via H-atom abstraction on four carbon sites. The first
steps and the relative importance of each abstraction channel are shown in Fig. 2.4.
The paths Ib and IIa of α-pinene ozonolysis appear also in the pinonaldehyde+OH
mechanism. The photolysis of pinonaldehyde is discussed in Sec. 2.4.3.

2.3.2 Reactions of peroxy radicals RO 2

Peroxy radicals react with NOx compounds, with HO2, and with other peroxy radi-
cals. These reactions are slow compared to the reactions of alkoxy radicals. Although
their rates depend on the peroxy radical structure, this dependence is much less dras-
tic than in the case of alkoxy radical reactions. In particular, the rates of the reactions
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Figure 2.5: Possible formation paths for hydroxy pinonic acid and pinic acid in the
ozonolysis of α-pinene proposed by Jenkin et al. (2000) (reaction sequences 1 and
2) and Winterhalter et al. (2000) (reaction 3)

.
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of peroxy radicals with NOx and HO2 vary by less than an order of magnitude. The
rates of the permutation reactions of peroxy radicals can vary by up to 7 order of
magnitudes. Such a variation could legitimate the use of theoretical methods, but
the tremendous number of possible permutation reactions involved in the α-pinene
mechanism makes it unrealistic. Moreover, the relatively minor importance of these
reactions in atmospheric conditions does not justify this approach. The rates of the
reactions involving the peroxy radicals can therefore be extrapolated from the existing
experimental data, in spite of the scarceness of data for large peroxy radicals. As in
previous studies (Saunders et al., 2003), simple parameterizations are adopted for
the treatment of the peroxy radicals reactions with other radicals. The reactions in-
volving α-hydroxy peroxy radicals and large unsaturated peroxy radicals represent a
special case which justifies a theoretical study described further in this section.

Reactions of RO 2 with NO

The reaction of a RO2 radical with NO leads to the formation of either an alkoxy
radical (RO) or an alkyl nitrate (RONO2):

RO2 + NO → RONO2 (R2.16a)

→ RO + NO2. (R2.16b)

The rate coefficients for CH3O2, C2H5O2, CH3C(O)O2 and C2H5C(O)O2 from the rec-
ommendations of Atkinson et al. (2003) are used for all peroxy radicals (RO2) and
acyl peroxy radicals (RC(O)O2) of the same carbon number. For higher (C>2) per-
oxy radicals, the expression 2.54×10−12 exp(360/T) cm3 molecule−1 s−1 proposed by
Saunders et al. (2003) is used. The rate for C2H5C(O)O2 + NO, 6.7×10−12 exp(340/T)
cm3 molecule−1 s−1, is assigned to higher (C>2) acyl peroxy radicals. The ratio
kR2.16a/kR2.16b for reactions involving CH3O2, C2H5O2 and CH3C(O)O2 does not ex-
ceed 3% (Tyndall et al., 2001) . The organic nitrate-forming channel is therefore
neglected for C≤2 peroxy and for all acyl peroxy radicals. The organic nitrate yield for
other alkyl peroxy radicals is calculated using the SAR of Arey et al. (2001). How-
ever theoretical calculations have showed that when the radical is located on the
four-membered ring as in the case of R22O2 (Fig. 2.4), the resulting organic nitrate
is unsteady and decomposes back to RO2 + NO. For these specific peroxy radicals,
there is no nitrate formation and the yield of the alkoxy radical is unity (Peeters et al.,
2001).

Reactions of RO 2 with NO 2

The reaction of RO2 radicals with NO2 forms a peroxy nitrate:

RO2 + NO2 + M ® RO2NO2 + M. (R2.17)

The reaction (R2.17) involving peroxy radicals is negligible in the lower atmosphere
as well as in laboratory reactors (Atkinson et al., 2003). However RCO(O)2 radicals
react with NO2 to form stable peroxy acyl nitrates (abbreviated as PANs) of general
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formula RC(O)O2NO2. The main loss mechanism of PANs is thermal decomposition
back to RC(O)O2 and NO2. The Troe expression parameterizes the dependence to
the pressure and temperature of the rate of the forward termolecular reaction:

kR2.17 = (
k0(T )[M ]

1 + k0(T )[M ]
k∞(T )

)F
(1+(log10(

k0(T )[M ]
k∞(T )

))2)−1

c (2.8)

k0(T ) and k∞(T ) represent the rate constants at low and high pressures limits, re-
spectively. Tyndall et al. (2001) determined the low-pressure limit of the forward re-
action (R2.17) for CH3C(O)O2 using Fc = 0.6 :

kR2.17,0 = 8.5× 10−29(T/298)−6.5. (2.9)

The high-pressure limit is expressed as :

kR2.17,∞ = 1.1× 10−11(T/298)−1.0. (2.10)

The reverse reaction is obtained from kR2.17/Keq, where the equilibrium constant Keq

is:

Keq = 9.3× 10−03 exp (14000/T ). (2.11)

Due to the lack of additional kinetic data, Atkinson (2000) recommended to set the
rate of the forward reaction of higher peroxy acyl radicals to the high-pressure limit of
the Troe expression for the CH3C(O)O2 + NO2 reaction (Eq. R2.17).

Reactions of RO 2 with NO 3

The reaction of peroxy radicals with NO3,

RO2 + NO3 → RO + NO2 (R2.18)

proceeds with a rate of 1.1×10−12 cm3 molecule−1 s−1 for the reaction with CH3O2

and 2.3×10−12 cm3 molecule−1 s−1 for the reaction with C2H5O2 (Atkinson et al.,
2003). The latter value is also used for the reactions involving C≥3 peroxy radicals.
The rate value of 4.1×10−12 cm3 molecule−1 s−1 derived by Canosa-Mas et al. (1996)
for CH3C(O)O2 + NO3 is used for all RC(O)O2 + NO3 reactions.

Reactions of RO 2 with HO 2

The reaction of the CH3O2 radical with HO2 proceeds through two channels:

CH3O2 + HO2 → CH3OOH + O2 (R2.19a)

→ CH2O + H2O + O2. (R2.19b)

Tyndall et al. (2001) recommended a room temperature rate coefficient of 5.2×10−12

cm3 molecule−1 s−1 for the overall reaction. The relative importance of the CH2O
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branching channel is given by the temperature-dependent equation defined by Elrod
et al. (2001):

kR2.19a/kR2.19b = exp (6.21− 1160/T). (2.12)

At 298 K, the hydroperoxide channel is the main pathway with kR2.19a/kR2.19 = 0.91.
Experimental evidence indicates that the reaction of most alkyl peroxy radicals with
HO2 proceeds exclusively via the hydroperoxide pathway (Atkinson et al., 2003):

RO2 + HO2 → ROOH + O2. (R2.20)

The rates reported for CH3O2, C2H5O2 and CH3C(O)CH2O2 are used for all C1, C2

and C3 peroxy radicals respectively. Jenkin et al. (1997) parameterized the RO2 +
HO2 rates for C≥3 alkyl peroxy radicals as a function of the carbon number n :

kR2.20,alkyl = 3.0× 10−13 exp (1250/T )× [1− exp (−0.34n)]. (2.13)

This expression is based on the data available for the reactions of alkyl and β-
hydroxy RO2 radicals up to 6 carbons with HO2. The available data for the reac-
tion CH3C(O)O2+HO2 indicate a reaction rate of (Atkinson et al., 2003; Tyndall et al.,
2001):

kR2.20,acyl = 5.2× 10−13 exp (983/T). (2.14)

Two channels are considered:

RC(O)O2 + HO2 → RC(O)OOH + O2 (R2.21a)

→ RC(O)OH + O3. (R2.21b)

The ratio kR2.21a/kR2.21 = 0.785 at ambient temperature recommended by Atkinson et
al. (2003) for CH3C(O)O2 is used for all acyl peroxy radicals.

Permutation reactions of RO 2

The permutation reactions of a given RO2 radical include its self-reaction and the
cross reactions of this RO2 with the other peroxy radicals (Finlayson-Pitts and Pitts,
2000):

RO2 + R′O2 → RO + R′O + O2 (R2.22a)

→ R−HO + R′OH + O2 (R2.22b)

→ ROH + R′
−HO + O2. (R2.22c)

The self-reaction of a given RO2 radical, i.e. RO2+RO2, undergoes the same paths.
The relative importance of these paths depends on the structure of the radicals re-
acting with each other. Tab. 2.1 reports the fraction of alkoxy radicals (RO), carbonyls
(R−HO) and alcohols (ROH) generated from the permutation reactions of a given RO2

radical. As shown by this table, the degree of substitution and the presence of a cycle
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Table 2.1: Branching ratios assigned to the cross reactions of a given RO2 with other
peroxy radicals depending on their respective structure: primary (prim.), secondary
(sec.), cyclic (cycl.) and acyl.

For a primary/secondary radical RO2 Notes

RO2 + prim.∗/sec. RO2 → 0.50 RO + 0.25 R−HO + 0.25 ROH a

RO2 + cycl. R′O2 → 0.3 RO + 0.35 R−HO + 0.35 ROH e

RO2 + tert. R′O2 → 0.7 RO + 0.3 R−HO b

RO2 + acyl R′O2 → 0.86 RO + 0.14 R−HO c

For a tertiary radical RO2

RO2 + prim./sec./cycl. R′O2 → 0.7 RO + 0.3 ROH b

RO2 + tert. R′O2 → RO d

RO2 + acyl R′O2 → RO d

For an acyl radical RC(O)O2

RO2 + prim./sec./cycl. R′O2 → 0.86 RC(O)O+ 0.14 RC(O)OH c

RO2 + tert. R′O2 → RC(O)O d

RO2 + acyl R′O2 → RC(O)O d

For a cyclic radical RO2

RO2 + prim./sec./cycl. R′O2 → 0.3 RO + 0.35 R−HO + 0.35 ROH e

RO2 + tert. R′O2 → 0.7 RO + 0.3 R−HO b

RO2 + acyl R′O2 → 0.86 RO + 0.14 R−HO c

a For the cross reactions of primary and secondary RO2 radicals, Atkinson (1994) suggested a con-

stant ratio of 45±20% for the oxy-forming route at 298 K from the few available data of self-reactions.
b No experimental data. Value assumed. c Based on the measurement of Horie and Moortgat (1992)

for the reaction of CH3O2 with CH3C(O)O2 at 298 K. d Only one reaction path can occur. e Based on

the measurement of the self-reactions of c-C6H11O2 made by Rowley et al. (1992).

in α are found to influence the branching ratios.

Because of the large number of RO2 radicals generated in the mechanism, the ex-
plicit representation of their permutation reactions would be too demanding in terms
of implementation and computational time. A parameterization is required, of the type
proposed by Madronich and Calvert (1990) and Jenkin et al. (1997). Following the
same approach as in these studies, the RO2 radicals are grouped into classes accord-
ing to their structure. Each class is characterized by a self-reaction rate (Tab. 2.2).
The permutation reactions of an explicit RO2 are represented by the reactions of this
compound with pseudo-species representing the different classes. The concentration
of a pseudo-species is equal to the sum of the explicit peroxy radicals concentrations
in the corresponding class. Whenever a particular peroxy radical is produced or de-
stroyed in the mechanism, the pseudo-species representing its class is also produced
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Table 2.2: RO2 classes and self-reaction rate constants (kself ) at 298 K.

RO2 class Class kself

notation ( cm3 molec−1 s−1)
Alkyl primary R1R 4.0× 10−12

secondary R2R 4.0× 10−13

tertiary R3R 1.0× 10−16

β-hydroxy primary R1H 8.0× 10−12

secondary R2H 3.0× 10−12

tertiary R3H 5.0× 10−14

α-hydroxy/ β-carbonyl/
multifunctional primary R1M 1.5× 10−11

secondary R2M 1.0× 10−11

tertiary R3M 1.0× 10−13

acyl peroxy RO3 1.5× 10−11

or destroyed. The rate constant of the reaction between a given RO2 and a class is
estimated as twice the geometric average of the self-reaction rate constants of the
class to which the specific RO2 belongs (kself(RO2)) with the self-reaction rate constant
of the class under interest (kself(class)):

kR2.22 = 2× (kself(RO2) × kself(class))
1/2. (2.15)

An important exception to this rule is the case of the reactions of acyl peroxy radicals
with other RO2, as discussed further below. The classes are defined according to the
substitutions and chemical functionalities (hydroxy, carbonyl, or allyl), if any, in α or β
position.

Since the photooxidation of α-pinene produces mostly C≥7 peroxy radicals, the
cross reactions involve mostly large radicals in laboratory conditions. In the atmo-
sphere, the reactions of large α-pinene radicals with smaller radicals (e.g. CH3O2

and radicals from isoprene) might be important as well. However, since our current
focus is mainly on laboratory conditions, we limit our classification to large (C≥7) rad-
icals. The literature data for the self-reaction rates of peroxy radicals are reported in
Tab. 2.3. Based on these values, the self-reaction rates adopted for each class are
discussed below. The notations used here for the different classes are as in Tab. 2.2.

Alkyl peroxy radicals (R1R, R2R, R3R)
Experimental data exist for primary alkyl radicals (R1R) of different structures. Light-
foot et al. (1992) and Boyd et al. (1999) measured the self-reaction rate of the linear
primary radicals up to n-C5H11O2. However, the presence of a double bond or a sub-
stitution in β in a primary radical appears to increase its kself as e.g. for C(CH3)3CH2O2

and CH2(OH)C(CH3)=C(CH3)CH2O2 (Jenkin et al., 1998). The radicals generated in
our mechanism are usually substituted. Therefore we assume that the structure of
the neo-pentyl radical (C(CH3)3CH2O2) is representative of the primary peroxy radi-
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Table 2.3: Self-reaction rates (kself ) of RO2 radicals measured at 298 K.

RO2 kself RO2 kself

Primary alkyl/allyl (R1R) Secondary hydroxy (R2H)

CH3O2 3.7(−13)? a CH3CH(OH)CH(O2)CH3 6.9(−13) f

C2H5O2 6.6(−14) a c−C6H10(OH)O2 1.6(−12) j, k

n−C3H7O2 3.9(−13) a

n−C5H11O2 3.9(−13) e Tertiary hydroxy (R3H)

C(M)3CH2O2 1.2(−12) a C(M)2(OH)C(M)2O2 4.0(−15) f

CH2=CHCH2O2 6.9(−13) b C(M)2O2CH2OH 1.5(−14) j

CH2(OH)CH=CHCH2O2 2.8(−12) c c−C6H8(M)2(OH)O2 2.0(−14) j, l

CH2(OH)C(M)=C(M)CH2O2
?? 3.9(−12) c

Primary α-hydroxy/

Secondary alkyl (R2R) α-carbonyl/ multifunctional (R1M)

i−C3H7O2 1.1(−15) a CH2(OH)O2 6.2(−12) a

c−C5H9O2 4.5(−14) a CH3C(O)CH2O2 8.3(−12) a

c−C6H11O2 4.2(−14) a

sec−C5H11O2 3.3(−14) e Secondary α-hydroxy/

sec−C10H21O2 9.4(−14) e α-carbonyl/ multifunctional (R2M)

sec−C12H25O2 1.4(−13) e CH2(OH)CH(O2)CH=CH2 5.7(−12) c

Tertiary alkyl (R3R) Tertiary α-hydroxy/

(M)3CO2 3.3(−17) a α-carbonyl/ multifunctional (R3M)

CH2(OH)C(M)(O2)C(M)=CH2 6.9(−14) c

Primary hydroxy (R1H)

CH2(OH)CH2O2 2.3(−12) f Acyl peroxy radicals (RO3)

(M)2C(OH)CH2O2 4.8(−12) g CH3C(O)O2 1.6(−11) h

(M)2CHC(O)O2 1.4(−11) i

(M)3CC(O)O2 1.4(−11) i

? Notation is 3.7(−13) = 3.7 × 10−13 ?? M represents the methyl substitution "CH3" aLightfoot et
al. (1992) b Boyd et al. (1996a) c Jenkin et al. (1998) e Boyd et al. (1999) f Boyd et al. (1997) g

Boyd et al. (1996b) h Atkinson et al. (2003) i Tomas and Lesclaux (2000) j Boyd et al. (2003) k

2-hydroxycyclohexyl peroxy radical l 2-hydroxy-1,2-dimethylcyclohexyl peroxy radical
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cals in our model. Since the kself for non-linear alkyl radicals increases slightly with
carbon number, we set the self-reaction rate to 4.0×10−12 cm3 molec−1 s−1 for the
R1R class. Boyd et al. (1999) parameterized the self-reaction rates of linear sec-
ondary alkyl peroxy radicals (R2R) as a function of the carbon number n:

log k(sec-RO2+sec-RO2) = −13.0− 3.2 exp (−0.64× (n− 2.3)). (2.16)

Taking n = 8 in Eq. 2.16, and assuming that this rate is somewhat higher due to the
numerous allyl and substituted secondary radicals present in the mechanism, a kself

of 4.0 ×10−13 cm3 molec−1 s−1 is chosen for the R2R class. Few data exist for the
alkyl tertiary radicals (R3R). Lightfoot et al. (1992) reported a very low value of kself

for (CH3)3CO2. We assume a value of 1.0×10−16 cm−3 molec−1 s−1 to represent the
R3R class.

β-hydroxy peroxy radicals (R1H, R2H, R3H)
The measurements performed by Lesclaux and coworkers (Boyd et al., 1996b, 1997,
2003) show that the presence of a β-hydroxy functionality on the peroxy radical in-
creases significantly the self-reaction rate. On the basis of their experimental values,
the kself of primary radicals (R1H class) is extrapolated to 8.0×10−12 cm−3 molec−1

s−1 for R1H radicals generated by the α-pinene oxidation. Following the same ap-
proach, the self-reaction rates of β-hydroxy secondary (R2H) and tertiary (R3H) rad-
icals are set to 3.0×10−12 cm−3 molec−1 s−1 and 5.0×10−14 cm−3 molec−1 s−1, re-
spectively. Boyd et al. (2003) measured the cross reaction rate between a R2H and a
R3H C7 radical. Using Eq. 2.15 with our estimated self-reaction rates, we calculate a
cross reaction rate in fair agreement with their experimental data of 6.2×10−13 cm−3

molec−1 s−1.

α-hydroxy/β-carbonyl/multifunctional peroxy radicals (R1M, R2M, R3M)
Measurements of self-reaction rates for α-hydroxy and β-carbonyl substituted pri-
mary alkyl peroxy radicals show high rate values (Lightfoot et al., 1992). A value
of 1.5×10−11 cm3 molec−1 s−1 is chosen for this class (R1M). In absence of more
measurement data, we consider this rate as an overall upper limit for the peroxy rad-
icals kself , and compounds containing more than one functionality among hydroxy,
carbonyl and allyl substitutions in α or in β are also included in this class. Based on
the measurements of Jenkin et al. (1998), rates of 1.0×10−11 and 1.0×10−13 cm−3

molec−1 s−1 are used for the corresponding secondary (R2M) and tertiary (R3M)
classes, respectively.

Acyl peroxy radicals (RO3)
Experimental evidence indicates that the cross reaction rates of acyl peroxy radi-
cals (RO3) with all the other peroxy radicals are of the same order of magnitude (1-
1.25×10−11 cm3 molec−1 s−1) (Villenave and Lesclaux, 1998; Atkinson et al., 2003).
A value of 1×10−11 cm3 molec−1 s−1 is adopted for these reactions. The rate of
the pseudo-reaction between an acyl peroxy radical and the RO3 class is set to
1.5×10−11 cm3 molec−1 s−1, based on the measurement of the self-reaction rate
constant of (CH3)3CC(O)O2 (Tomas and Lesclaux, 2000).
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2.3.3 "Exotic" peroxy radical reactions in the oxidation of alpha-
pinene

As described in Peeters et al. (2001), the reaction of a large secondary (or tertiary)
α-hydroxy alkyl radical with O2 produces an activated peroxy radical RCH(OH)O†

2

(or R’C(OH)O2R†). The activated peroxy radical can either stabilize collisionally or
decompose thermally in competing reactions. In the case of RCH(OH)O†

2:

RCH(OH)O2
† → RCHO + HO2 (R2.23a)

RCH(OH)O2
† → RCH(OH)O2. (R2.23b)

On the basis of an RRKM analysis, Hermans et al. (2005) estimated the prompt
decomposition rates for the nascent chemically activated HOCH2O

†
2, CH3CH(OH)O†

2

and C(CH3)2(OH)O†
2 to be on the order of 1010 s−1, and their effective stabilization

rates were found to lie in the range 104–10−1 s−1. These results are in agreement
with the available experimental data. For the much larger radicals involved in the
oxidation of α-pinene, prompt decomposition and stabilization rates should be more
competitive. Using RRKM, the ratio kR2.23a/kR2.23b is estimated to be about 10/90 and
25/75 in the cases of R13O

†
2 and R3O

†
2 (Fig. 2.2), respectively . The probable error on

these ratios is a factor of 2.5. The stabilized α-hydroxy peroxy radical RCH(OH)O2

can either decompose or be oxidized via the traditional reactions with NO, HO2 and
RO2 radicals as described in Sec. 2.3.2. In presence of NO, two reactions compete
with each other:

RCH(OH)O2 → RCHO + HO2 (R2.24)

RCH(OH)O2 +NO → RCH(OH)O + NO2. (R2.25)

The α-hydroxy alkoxy radical produced in the reaction (R2.25) decomposes and pro-
ducing HCOOH (or R’C(O)OH in the case of the decomposition of RC(OH)O2R’†):

RCH(OH)O → R + HCOOH. (R2.26)

The rate of the thermal decomposition reaction (R2.24) is strongly dependent on the
degree of substitution of the alpha-hydroxy peroxy radical. Hermans et al. (2005) es-
timated the decomposition rates of HOCH2O2 (primary), CH3CH(OH)O2 (secondary)
and C(CH3)2(OH)O2 (tertiary) to 201 s−1, 2710 s−1 and 29 300 s−1 at 300 K, respec-
tively. These results are in good agreement with the available experimental data, al-
though the measured decomposition rate of CH3CH(OH)O2 is somewhat lower (1870
s−1 at 298 K) than the theoretical estimate by Hermans et al. (2005).

In the case of R13O2 and R3O2 in the α-pinene+OH mechanism, the fairly strong
H-bond between the hydroxyl-H and the carbonyl-O should somewhat slow down the
decomposition, but as this bond is entropically disfavored, the thermal decomposition
rate kR2.24 is reduced by only a factor of 1.5. For R13O2, we adopt the experimental
value of 1870 s−1 for secondary radicals, but reduced by a factor of 1.5, i.e. kR2.24

= 1250 s−1. For R3O2, given the absence of experimental data for the tertiary case,
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we adopt the estimate by Hermans et al. (2005) again reduced for the hydroxyl-to-
aldehyde hydrogen bonding, setting kR2.24 to 1.9×104 s−1 at 298 K. Since HCOOH
is mainly produced from reaction R2.26 in our mechanism, the laboratory measure-
ment of the formic acid yield by Orlando et al. (2000) (7% yield for [NO]=2−22×1014

molecules cm−3) partly validates the rates adopted here for R13O
†
2 and R13O2. The

yield estimated from our mechanism ranges from ∼2% at 2 ppm to 16% at 20 ppm
NO. The statistical average over the 2–20 ppm range is ∼10%, i.e. reasonably close
to the measurement. Reaction R2.25 involving R13O2 competes with R2.24 for NO À
100 ppb. Because of the faster decomposition rate of R3O2, its reaction with NO be-
comes effective for NO À 5 ppm. Under these conditions, the overall product yields
in the α-pinene oxidation are dependent on the concentration of NO. In particular, the
yields of pinonaldehyde and acetone are determined by the fate of the radicals R3O2

and R13O2 (Fig. 2.2).

2.3.4 Chemistry of the primary products

The OH-oxidation rates of the first generation products in the degradation of α-
pinene can be estimated using the structure-reactivity approach (SAR) proposed by
Kwok et al. (1995). The estimated rates for the compounds present in the mechanism
range from 1×10−12 to 7×10−11 cm3 molecule−1 sec−1 depending on the structure of
the compound considered. These compounds presenting no double bonds, the re-
action with ozone is neglected. The estimation of their photolysis rate is described in
the next section. The oxidation mechanism of small organic compounds such as ace-
tone, methyl vinyl ketone, or acrolein is taken from the MCM mechanism (Saunders
et al., 2003) or the NCAR master mechanism MM2.1 (Madronich and Calvert, 1989).
However there are no published degradation mechanism for larger compounds, to
the exception of pinonaldehyde. A detailed investigation of such degradation mech-
anisms would be beyond the scope of the present study. A simplified representation
is therefore adopted. Our aim is to represent the main impact of the oxidation of
primary products, i.e. the generation of a chain of peroxy radicals reactions which,
in high NO conditions, contribute to NO to NO2 conversion and to organic nitrate
production. We assume here that the unknown chemistry of primary products pro-
ceeds in ways similar to the explicit mechanism. Based on this similarity assumption,
we estimate to about 4 the average number of successive peroxy radical reactions
necessary to generate a stable compound from the oxidation of a typical (C9 or C10)
product in high NOx conditions, about half of which are C≥7 peroxy radical reactions.
Due to the marked dependence of the nitrate yield on the size of the peroxy radicals
in RO2+NO reactions, it is found useful to distinguish between large (C≥7) peroxy
radicals produced from the oxidation of primary products, noted LXO2, and smaller
(C<7) radicals, noted SXO2.

Based on these observations, the oxidation of C≥7 products is represented as a
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unique reaction producing generic peroxy radicals:

C≥7 product + OH → λ

n∑
i=1

αi LXO2i, (R2.27)

LXO2i is a generic peroxy radical C≥7 of class i, as defined in Tab. 2.2. λ represents
the assumed average number of oxidation steps necessary to obtain a radical of car-
bon number lower than 7 and is taken equal to 2 based on the above considerations.
The distribution of the generic peroxy radicals among the different classes is defined
by the stoichiometric coefficients αi. It is assumed to be similar to the distribution of
the different peroxy radicals classes present in the explicit mechanism. The sum of
the αi of the different classes i is equal to unity. Based on a simple count of the num-
ber of peroxy radicals in each class in the α-pinene mechanism, the "RxH" and "RxM"
(x=1,2 or 3) classes are found to be dominant. The distribution is parameterized as
follows: αRxR=0.06, αRxH=0.1, αRxM=0.1, αRO3=0.2.

These LXO2 radicals react with NO, (NO2 in the case of the acyl peroxy radicals)
HO2 and the other RO2 radicals, producing stable products and smaller (C<7) generic
peroxy radicals SXO2. E.g. for the generic radicals others than the acyl peroxy
radicals class:

LXO2i + NO → NO2 +
n∑

i=1

αi SXO2i (R2.28a)

LXO2i + NO → LXONO2 (R2.28b)

LXO2i + HO2 → LXOOH + O2 (R2.29)

LXO2i + RO2 → a

n∑
i=1

αi SXO2i + b LXOH + c LXCHO. (R2.30)

The SXO2 radicals react in the same manner and terminate the propagation chain:

SXO2i + NO → NO2 (R2.31a)

SXO2i + NO → SXONO2 (R2.31b)

SXO2i + HO2 → SXOOH + O2 (R2.32)

SXO2i + RO2 → b SXOH + c SXCHO. (R2.33)

The coefficients a, b and c in (R2.30) and (R2.33) depend on the structure of the rad-
icals LXO2i and SXO2i (see Tab. 2.1). LXO2RO3 and SXO2RO3 produce the generic
products LXPAN,LXCOOH and LXCOOOH following the same approach. The C<7

primary products are treated as their C≥7 counterparts:

C<7 products + OH → λ

n∑
i=1

αi SXO2i. (R2.34)

The coefficients λ and αi in Eq. R2.34 are assumed to be the same as in Eq. R2.27.
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The subsequent reactions of radicals for which the chemistry is still speculative are
also treated following Eq. R2.27 or R2.34, depending on the carbon number of the
radical considered. For example, in the case of the R11 radical (Fig. 2.2), we write:

R11 → 2
n∑

i=1

αi LXO2i. (R2.35)
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2.4 Photodissociation processes

2.4.1 Atmospheric conditions

As already discussed in the Introduction, photodissociation reactions play a cru-
cial role in the atmosphere, in particular for the main oxidants OH and O3, and con-
sequently for the overall photochemistry in the atmosphere. The photodissociation
coefficient (J-value) for a given photolytic process i is calculated as

Ji =

∫

λ

I(λ)× σi(λ)× φi(λ)× dλ (2.17)

where λ is the wavelength, I(λ) is the actinic flux, and σi(λ) and φi(λ) are the absorp-
tion cross section and the photolysis quantum yield, respectively.

The actinic flux is defined as the radiative flux incident on a given volume of air,
from all directions. Light absorption and scattering by atmospheric constituents atten-
uate solar radiation as it passes through the atmosphere. This attenuation depends
on the nature and concentration of the gases and particles, and on the path followed
by the light rays. The pathlength is a function of the angle of the Sun, i.e. the latitude
and date. The light intensity incident on a given volume of air includes not only the
direct solar beam, but also indirect light either reflected by the Earth’s surface or by
clouds, or scattered into the volume by gases and particles (Fig. 2.6).

Figure 2.7 shows the solar flux I as a function of wavelength outside the atmo-
sphere and at the sea level. The absorption by various atmospheric constituents,
mainly O2, O3, H2O and CO2 is represented by the shaded areas. Mostly because
of the presence of oxygen and ozone, only light of λ>290 nm is available for photo-
chemical reactions in the atmosphere. Water vapour has complex absorption bands,
especially for λ>800 nm. Absorption by atmospheric gases is moderate between
300 and 800 nm, leaving a "window" centered on the visible solar spectrum where
the atmosphere can be considered as transparent to the solar energy. The position
of the sun relative to a fixed point on the Earth’s surface is characterized by the solar
zenith angle θ defined as the angle between the direction of the sun and the vertical
passing by the point. The larger values of θ in winter, compared to summer, result
in a longer path through the atmosphere and hence in a greater reduction in solar
intensity by absorption and scattering processes (Seinfeld and Pandis, 1998).

The reduction of the intensity of the direct solar beam can be estimated using the
Beer-Lambert law:

I

I0

= exp (−tm). (2.18)

I0 is the light intensity at a given wavelength incident at the top of the atmosphere
and I is the intensity of the light transmitted to the earth’s surface. m is the air mass
parameter, defined as the ratio of the length of path of the direct solar beam though
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Figure 2.6: Paths followed by solar radiations in the atmosphere (Finlayson-Pitts and
Pitts, 2000)

Figure 2.7: Solar spectral irradiance I at the top of the atmosphere and at sea level
(overhead sun). The emission of a blackbody at 6000K is also shown for comparison.
Shaded regions correspond to absorption by the molecules (Seinfeld and Pandis,
1998).
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the atmosphere to a surface point to the length of the vertical path passing by this
point. The attenuation coefficient t defined for an overhead sun is a sum of terms :

t = tag + tsg + tsp + tap, (2.19)

where ag represents light absorption by gases, sg, light scattering by gases, sp, light
scattering by particles, and ap, light absorption by particles. Scattering by gaseous
molecules (Rayleigh scattering) is influenced by a number of factors including the
structure of the molecule and the incident angle. However, Rayleigh scattering can
be simplified for application to the atmosphere and can be expressed using an aver-
aged index of refraction of air function of temperature, pressure and wavelength. The
strong dependence of Rayleigh scattering with wavelength (∼ λ−4) can be noted in
Fig. 2.8.

The Mie theory addresses the problem of light absorption and scattering by a
spherical particle. Despite the elegance of this theory, its application to the atmo-
sphere is a complex matter. The size distribution, the chemical composition as well
as the concentration of the particles are very important in determining the extent
of light scattering. These parameters show large geographical, seasonal and diur-
nal variations, making difficult to estimate their impact at a particular location at the
earth’s surface. The literature refers to the term "aerosol extinction" defining the sum
of the absorption and light scattering attenuation coefficients. Many standard profiles
of aerosol attenuation coefficients based on observations have been proposed in the
literature (e.g. Elterman (1968)). One estimate is shown in Fig. 2.8.

The reflection of light by the Earth’s surface or by clouds is quantified by the
albedo. It represents the fraction of solar energy which is reflected back from Earth to
space. Different surface types have different albedos. For example, rain forests have
low albedos, which means that they reflect only a small portion of the sun’s energy
whereas ice and clouds have high albedos. The albedo is parameterized for different
surface types, and is a function of wavelength.

2.4.2 Laboratory conditions

The photolysis rates in a laboratory chamber depend on the experimental setup.
In the case of laboratory studies aiming at reproducing atmospheric conditions, am-
bient light can be used, as e.g. in the experiments performed in the EUPHORE
chamber (Fig. 2.9). The experimental conditions in these reactors are relatively close
to the atmosphere in term of pressure, temperature and photolytic conditions, while
the air in the reactor remains isolated from transport and emission effects.

However, it can be desired to study experimentally a particular chemical process
as in the case of chemical kinetics studies or investigations of products yields in the
oxidation of an hydrocarbon by a specific oxidant. Improved controlled conditions
are seeked and smaller indoor smog chambers are preferred in this case (Fig. 2.10).
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Figure 2.8: Attenuation coefficients t for Rayleigh scattering, ozone absorption,
aerosol scattering and extinction (Finlayson-Pitts and Pitts, 2000).

Temperature and light intensity control is made possible by the use of artificial radia-
tion. Additional advantages of the indoor approach include the reduction of thermal
gradients and less flow agitation. However, the emission spectrum as well as the
intensity of these lamps can differ from solar light, so that the photolytic conditions in
the reactor differ markedly from those in the atmosphere. In the case of the study of a
VOC+OH reaction, the production of the OH radical is maintained through the photol-
ysis of a OH-precursor. The choice of the lamp(s) used in indoor experiments is thus
determined in part by the photolytic parameters of the radical precursor. Due to these
factors, the impact of photolysis might differ from one experimental set up to another,
affecting the entire chemical regime of the system, e.g. the oxidizing rate of the hy-
drocarbon studied or the loss of the products by photolysis. Therefore, modeling a
photooxidation experiment requires a good parameterization of the light radiating in
the reactor and the photodissociation rates of the compounds in the system.

As an example of photolytic conditions in indoor smog chambers, we focus now
on the experiments performed by Nozière et al. (1999a) (N99). The simulations of
these experiments using a box model will be presented and discussed in Chapter 4.
N99 have performed series of experiments of α-pinene oxidation by OH in presence
of either visible or UV light.
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Figure 2.9: The European Photoreactor (EUPHORE) in Valencia/Spain (Brockmann
et al., 1996)

Figure 2.10: A 480 L reaction chamber at the Joint Research Institute, Ispra, Italy
(http://carbodat.ei.jrc.it)

As in most experiments dedicated to the OH-photooxidation of VOC, the photo-
chemistry is initiated by the photodissociation of an OH precursor, which is either
H2O2 :

H2O2 + hν → 2OH, (R2.36)

or CH3ONO :

CH3ONO + hν → CH3O + NO (R2.37)

CH3O + O2 → CH2O + HO2 (R2.38)

NO + HO2 → NO2 + OH. (R2.39)

CH3ONO is often used as a source of OH radicals because it photodissociates rapidly
under UVA (320-400 nm) light. However, this source yields high concentrations of
formaldehyde as a side product, which makes difficult to quantify the direct formalde-
hyde production from the hydrocarbon oxidation. H2O2 can be preferred in order to
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avoid this contamination and to allow experimental studies in absence of nitrogen ox-
ides.

In the N99 experiments, both OH-precursors have been used. H2O2 is photolyzed
by TUV mercury lamps emitting short-wave ultraviolet radiation with a concentrated
radiation peak at 253.7 nm. In the second case, TL-05 mercury lamps (Philips, λmax =
360 nm) are used. The lamp spectra are shown in Fig. 2.11 as well as a typical solar
spectrum at ground level. The intensity of the lamps reported in the figure are those
estimated for the N99 experiments. Because the TL-05 lamps radiate mostly in the
300-480 nm range, they are often considered more appropriate to represent solar ra-
diation in real tropospheric conditions. The experiments performed using TL-05 and
TUV lamps will hereafter be referred as "visible" and "UV" experiments, respectively.

The actinic flux I(λ) (Eq. 2.17) has not been directly measured in the N99 experi-
ments but it can be related to measurable quantities by writing

I(λ) = I0 × f(λ) (2.20)

where f(λ) is either the TUV or TL-05 normalized lamp spectrum, and I0 is a scal-
ing factor adjusted so that J(H2O2) or J(CH3ONO) calculated using Eq. 2.17 matches
the observed decay rate of H2O2 or CH3ONO in the reactor. The following average
photorates are deduced from the observations of H2O2 and CH3ONO in the N99 ex-
periments:
J(H2O2) = 1.0× 10−3s−1

J(CH3ONO) = 9.1× 10−4s−1.
These values are corrected for minor effects due to secondary reactions influenc-
ing CH3ONO and H2O2. The derivation of I0 is straightforward, because the pho-
tolytic parameters for both precursors are well known. The absorption spectrum of
CH3ONO resembles the one of HNO2 (Fig. 2.12), which is often used as a surrogate
for CH3ONO. The absorption cross sections spectrum of CH3ONO is roughly lower
by a factor 1.5 and shifted by 16 nm to the shorter wavelengths with respect to the
spectrum of HNO2. The photolytic rates in the N99 experiments can be estimated
using these deduced actinic fluxes and the photodissociation parameters of the α-
pinene oxidation products, which are discussed in the following subsection.

Note that most experimental studies of the reaction VOC+O3 are performed in the
dark. The absence of light is preferred in ozonolysis studies because it prevents the
photolysis of O3. Furthermore, the loss of products by photodissociation is avoided.
The ozonolysis experiments simulated in this work correspond to these conditions.

2.4.3 Determination of the photodissociation rates

The photooxidation of VOC produces organic compounds such as carbonyls, or-
ganic nitrates, peroxy acyl nitrates and hydroperoxides which can all photodissoci-
ate (photolysis of alcohols or organic acids is negligible in sunlight conditions). The
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Figure 2.11: Actinic fluxes of the TUV and TL-05 lamps used in N99. A solar spec-
trum (ground level, standard atmosphere, zenith angle=45◦) is also shown for com-
parison (solid line).

photolysis of inorganic as well as diverse small organic compounds has been investi-
gated in the laboratory (Atkinson et al., 2003) and their photolysis parameters (σi(λ)
and φi(λ)) are well known. The plethora of products generated in the degradation
of α-pinene by OH consists mostly of compounds bearing one or several chemical
functionalities. To the exception of pinonaldehyde, their photodissociation has not
been directly investigated in the laboratory. Therefore, their photolytic parameters
are based on those of (smaller) compounds of similar structures.

The photodissociation processes for which the absorption cross sections and the
quantum yields are known from laboratory studies are listed in Tab. 2.6 (page 61).
The corresponding "J-values" were calculated for both the UV and visible experiments
in N99. The photolysis rates for typical tropospheric conditions (ground level, zenith
angle of 45◦) given in this table have been estimated using the TUV radiative transfer
model (Madronich and Flocke, 1998). Tab. 2.7 (page 62) summarizes the reactions
and rates for the compound classes for which the photolysis parameters are deduced.
The reference species on which the estimations are based are also indicated in the
table. Pinonaldehyde and organic nitrates are important special cases and will be
discussed in the next sections.

Pinonaldehyde

The absorption cross sections of pinonaldehyde have been measured by Hallquist
et al. (1997) between 275 and 345 nm. Being a keto-aldehyde, it can be expected
to photolyze following both aldehydic and ketone dissociation channels. In the first
case, by analogy with other aldehydes like n-pentanal (Tadic et al., 2001a) and n-
hexanal (Tadic et al., 2001b), intramolecular rearrangements and fragmentations into
free radicals are expected to take place. One radical channel (R2.40a) (Norrish-
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Figure 2.12: CH3ONO (dotted line) and HNO2 (solid line) absorption cross sections.

Type I) and two molecular channels (R2.40b) and (R2.40c) (Norrish-Type II) can be
considered (PINALD stands for pinonaldehyde) :

PINALD + hν → CHO + R17 (R2.40a)

PINALD + hν → CH2=CHC(O)CH3 + CH3C(CH3)=CHCH2CHO (R2.40b)

PINALD + hν → CH3C(O)CH=C(CH3)CH3 + CH2=CHCH2CHO. (R2.40c)

The molecular channels are assumed to proceed through two energetically favored
symmetric cleavages of the strained four-membered ring. In absence of experimental
data, the two resulting molecular channels are assumed to have the same probability.
Chemistry subsequent to R17 in Eq. R2.40a is already described in the pinonalde-
hyde+OH mechanism.

The ketone dissociation channel can be assumed to proceed by cleavage of the
CH3CO-R bond of pinonaldehyde, based on the example of methyl ethyl ketone
(Atkinson et al., 2003) :

PINALD + hν → R4 + CH3CO. (R2.40d)

This path is shown in Fig. 2.4. Tadic et al. (2001a, 2001b, 2002) measured the rela-
tive importance of the different photolysis channels of aldehydes. Their experiments
between 275 and 380 nm showed that the contribution of the molecular channel in-
creases slowly with chain length : 70% for n-pentanal, 73% for n-hexanal and 80% for
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Figure 2.13: Pinonaldehyde absorption cross sections from Hallquist et al. (1997)
(solid line). The value at 253.7 nm (cross) is estimated in this study.

n-heptanal. The average quantum yields (averages weighted by the lamp spectrum
and the absorption cross sections) were measured to be 0.32, 0.34, 0.38 and 0.31
at 700 Torr for C4-C7 alkanals. They all show a similar dependence on total pres-
sure. It should be noted however, that Desai et al. (1986) and Atkinson et al. (2003)
reported substantially higher quantum yields for propanal and isobutanal. Based on
these studies, we calculate average quantum yields of 0.70 and 0.66 for these two
species, respectively (averages weighted by their respective absorption cross sec-
tions (Atkinson et al., 2003) and by the spectrum of the lamp used in Tadic et al.).
The origins of this difference are unclear.

We assume here that the averaged quantum yield of n-hexanal (0.38) can be used
for the aldehydic channels of pinonaldehyde, with probabilities of 27% and 73% for
the Norrish-Type I and II, respectively. These yields are assumed to be essentially
independent on wavelength. The wavelength-dependent quantum yields of methyl
ethyl ketone (MEK) is used for the ketone photodissociation channel. Below 290 nm,
the quantum yields are scaled down so that the total quantum yield does not exceed
1. The estimated pinonaldehyde quantum yields are shown in Tab. 2.4. It can be
seen that the ketone dissociation channel is expected to be dominant in the UV, while
the aldehydic channels are expected to prevail in the visible and therefore in the at-
mosphere. By using the cross sections of Hallquist et al. (1997) with the quantum
yields and the lamp spectrum in Eq. 2.17 described above, a rate of 9.2×10−6 s−1 is
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Table 2.4: Estimated pinonaldehyde photolysis quantum yields. φ1, φ2 and φ3 repre-
sent the aldehyde Norrish I, Norrish II and ketone photolysis pathways, respectively.

wavelength / nm φ1 φ2 φ3 φtotal

250 0.07 0.20 0.72 1.0
280 0.09 0.23 0.68 1.0
290 0.10 0.28 0.52 0.9
300 0.10 0.28 0.26 0.64
310 0.10 0.28 0.10 0.48
320 0.10 0.28 0.04 0.42
330 0.10 0.28 0.02 0.40
340 0.10 0.28 0.01 0.39

calculated for the visible experiments, i.e. less than the measurement (5.5×10−5 s−1)
based on a blank pinonaldehyde experiment conducted in the absence of CH3ONO
by N99. Such a discrepancy between the experimental and theoretical J-values can-
not be attributed to uncertainties in the pinonaldehyde photolysis parameters. In-
deed, even the maximum theoretical quantum yield (unity) would result in a J-value
lower than the measured value. In any case, both experimental and theoretical val-
ues are very low, making pinonaldehyde photolysis almost negligible in the visible
experiments. A similar estimation of the J-value using Eq. 2.17 is not possible for
the UV experiments, because the cross sections are unknown at or around the lamp
emission peak (253.7 nm). Therefore, the measured photolytic rate of 3.3×10−4 s−1

reported in N99 for the UV experiments is used in our model. Combining this value
with the TUV lamp spectrum, we estimate the cross section of pinonaldehyde to about
2.8×10−20 cm2 at 253.7 nm.

Alkyl Nitrates

The absorption cross sections of organic alkyl nitrates are based on the recom-
mendations of Atkinson et al. (2003). The quantum yield is assumed equal to 1
throughout the visible and UV spectrum. The only channel considered is :

RONO2 + hν → RO + NO2. (R2.41)

The calculated photodissociation rates of several organic nitrates investigated in the
laboratory are listed in Tab. 2.5. The rates are seen to increase with the number of
carbons. They are also higher when a ketone functionality is present. The increase
of J(n-alkyl nitrates) with carbon number obeys roughly a logarithmic law. The rate
depends also on the position of the nitrate group, as illustrated by the differences be-
tween isopropyl nitrate (i-CH3CH(ONO2)CH3), 2-butyl nitrate (CH3CH2CH(ONO2)CH3)
and their n-alkyl counterparts. We group the numerous nitrates generated in the
α-pinene photooxidation into 4 families: C<7 alkyl nitrates, C≥7 alkyl nitrates, C<7

keto-nitrates and C≥7 keto-nitrates. The photorate of 2-butyl nitrate is adopted for
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the C<7 alkyl nitrates. Barnes et al. (1993) reported absorption cross sections of α-
nitrooxy acetone, 1-nitrooxy-2-butanone and 3-nitrooxy-2-butanone. The photorate
of 3-nitrooxy-2-butanone (CH3CH(ONO2)C(O)CH3) is assumed to be representative
for the C<7 keto-nitrates. The photodissociation rates for C≥7 alkyl and keto-nitrates
compounds are obtained by logarithmic extrapolation. Because of the presence of the
carbonyl in the keto-nitrates, the photolytic cleavage of the RCO-CH(ONO2)R bond is
another possible pathway for these compounds, in particular in the UV experiments.
However, the rupture of the O-NO2 bond probably dominates. Due to the lack of data,
aldehyde-nitrates are assume to photolyze in the same fashion as keto-nitrates.

Table 2.5: Photolysis rates of several alkyl nitrates under the UV and visible condi-
tions in N99.

Species J(s−1) J(s−1)
TUV TL-05

n-alkyl nitrates
CH3ONO2

a 5.2× 10−4 1.8× 10−7

CH3CH2ONO2
a 6.2× 10−4 3.1× 10−7

n−C3H7ONO2
a 6.9× 10−4 4.6× 10−7

n−C4H9ONO2
a 7.4× 10−4 4.4× 10−7

alkyl nitrates
i−CH3CH(ONO2)CH3

a 7.9× 10−4 6.3× 10−7

CH3CH2CH(ONO2)CH3
a 9.0× 10−4 1.2× 10−6

keto-nitrates
CH3C(O)CH2(ONO2)

b 2.1× 10−3 8.5× 10−6

CH3CH2C(O)CH2(ONO2)
b 3.0× 10−3 4.3× 10−6

CH3CH(ONO2)C(O)CH3
b 2.7× 10−3 1.2× 10−5

References for the absorption cross sections: a

Atkinson et al. (2003). b Barnes et al. (1993)
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Table 2.6: Photolysis reactions for which the photodissociation parameters (σ = cross
section, φ=quantum yield) are known from laboratory investigations, and estimated
J-values in the N99 reactors and in typical tropospheric conditions (ground level, stan-
dard atmosphere, zenith angle = 45 ◦).

J (s−1) J (s−1) J (s−1)Reactions
TUV TL-05 Tropos. Notes

O3 + hν → O(1D) + O2 1.6(−1)? 4.0(−6) 1.7(−5) a,b
O3 + hν → O + O2 2.2(−1) 9.7(−6) 1.4(−5) a,b
NO3 + hν → NO2 + O 0. 4.0(−4) 1.7(−1) c,d
NO3 + hν → NO + O2 0. 0. 2.2(−2) c,d
NO2 + hν → NO + O 3.7(−4) 9.2(−3) 8.2(−3) c
N2O5 + hν → NO3 + NO + O 3.2(−3) 0. 4.1(−10) c
N2O5 + hν → NO3 + NO2 1.3(−3) 1.6(−5) 2.8(−5) c
H2O2 + hν → OH + OH 1.0(−3) 2.7(−6) 5.1(−6) c
HONO + hν → OH + NO 2.2(−3) 1.8(−3) 1.4(−3) c
HNO3 + hν → OH + NO2 3.0(−4) 1.3(−7) 4.1(−7) c
HNO4 + hν → HO2 + NO2 3.3(−3) 1.2(−6) 2.8(−6) c,e
HNO4 + hν → OH + NO3 2.3(−3) 8.6(−7) 1.9(−6) c,e
CH2O + hν → CO + 2HO2 2.0(−5) 9.7(−6) 2.8(−5) c
CH2O + hν → H2 + CO 2.7(−5) 3.0(−5) 3.8(−5) c
CH3CHO + hν → CH3O2 + HO2 + CO 5.5(−5) 7.7(−7) 3.2(−6) c
CH3CHO + hν → CH4 + CO 1.4(−4) 0. 3.0(−11) c
CH3OOH + hν → CH3O + OH 5.3(−4) 2.5(−6) 4.1(−6) c
CHOCHO + hν → 0.09CH2O + 1.6CO + 0.6H2

+0.31HO2 + 0.31OH 7.1(−5) 1.5(−5) 6.9(−5) c
CH3COCH3 + hν → CH3CO3 + CH3O2 4.4(−4) 9.4(−8) 3.6(−7) f
CH3COC2H5 + hν → CH3CO + C2H5 5.1(−4) 1.4(−7) 5.8(−7) c,g
CH2OHCHO + hν → CH3OH + CO 2.7(−4) 0. 2.8(−11) c,h
CH2OHCHO + hν → CH2O + 2OH + CO 1.3(−4) 3.9(−7) 1.7(−6) c,h
CH3C(O)CHO + hν → CH3CO3 + CO + HO2 4.4(−4) 3.9(−4) 6.5(−4) c
CH2=CHC(O)CH3 + hν → CH2=CHCO3 + CH3O2 0.8(−5) 0.4(−6) 0.7(−6) c,i
CH2=CHC(O)CH3 + hν → CH2=CHCH3 + CO 2.5(−5) 1.2(−6) 2.0(−6) c,i
CH2=CHC(O)CH3 + hν → CH3CO3 + CH2O + CO 0.8(−5) 0.4(−6) 0.7(−6) c,i
CH2=C(CH3)CHO + hν → 0.5CH2=C(CH3)

+0.5HCO + 0.5CH2=CH(CH3) + 0.5CO 2.4(−6) 2.1(−5) 2.1(−5) c,i
CH2=CHCHO + hν → 0.5CH2=CH + 0.5HCO

+0.5CH2=CH2 + 0.5CO 4.8(−7) 1.9(−6) 2.0(−6) i,j
CH3ONO2 + hν → CH3O + NO2 5.2(−4) 1.8(−7) 5.8(−7) k
CH3C(O)CH2ONO2 + hν → CH3C(O)CH2O + NO2 2.1(−3) 8.5(−6) 2.5(−5) l,m
CH3ONO + hν → CH3O + NO 5.3(−5) 9.1(−4) 1.2(−3) n
CH3C(O)O2NO2 + hν → CH3C(O)O2 + NO2 1.3(−3) 1.9(−7) 4.1(−7) c
CH3C(O)O2NO2 + hν → CH3C(O)O + NO3 0.3(−3) 0.4(−7) 1.0(−7) c

? Notation is 1.6(−1) = 1.6× 10−1 a Sander et al. (2000) b Molina and Molina (1999) c Atkinson
et al. (2003) d Johnston et al. (1996) e Knight et al. (2002) f Gierczak et al. (1998) and Warneck
(2001) g quantum yield assumed equal to the wavelength-dependent quantum yields of acetone
multiplied by a factor 1.2, in order to match the averaged yield measured by Raber et al. (1995)
h assumed equal to the wavelength-dependent quantum yields of CH3CHO for the different pho-
todissociation paths, adjusted to match the averaged yield reported by Bacher et al. (2001) i

Raber et al. (1995) j Gardner et al. (1987) k Talukdar et al. (2001) l Barnes et al. (1993) m

assumed equal to one n Hippler et al. (1992)
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Table 2.7: Photolysis reactions for the species and classes considered in this work,
and estimated rates in the N99 reactors and in typical tropospheric conditions (ground
level, standard atmosphere, zenith angle = 45◦).

Reaction J (s−1) J (s−1) J (s−1) Reference
TUV TL-05 Tropos. species

PINALD + hν → R17 + CHO 2.4(−5) 2.2(−6) 6.9(−6) see text

PINALD + hν → 0.5CH2=CHC(O)CH3

+0.5C(CH3)2=CHCH2CHO 3.3(−5) 3.0(−6) 0.9(−5) see text

PINALD + hν → 0.5CH2=CHCH2CHO
+0.5CH3C(O)CH=C(CH3)2 3.3(−5) 3.0(−6) 0.95(−5) see text

PINALD + hν → R4 + CH3CO 2.4(−4) 9.4(−7) 3.4(−6) see text

Keto-aldehydes C<7 + hν → products 4.4(−4) 3.9(−4) 6.5(−4) Methyl glyoxal

Keto-aldehydes C≥7 + hν → products 3.3(−4) 9.2(−6) 2.9(−5) PINALD
Aldehydes +hν → products 8.2(−5) 5.4(−6) 1.5(−5) Pentanal

di-aldehydes +hν → products 7.1(−5) 1.5(−5) 6.9(−5) Glyoxal

RC(O)R′ + hν → RC(O)O2 5.1(−4) 1.4(−7) 5.8(−7) MEK

ROOH + hν → products 5.3(−4) 2.5(−6) 4.1(−6) CH3OOH
Unsaturated ketones +hν → products 4.1(−5) 1.9(−6) 3.4(−6) MVK
Unsaturated aldehydes +hν → products 2.4(−6) 2.1(−5) 2.1(−5) MACR
Nitrates C<7 + hν → RO + NO2 9.0(−4) 1.3(−6) 4.5(−6) see text

Nitrates C≥7 + hν → RO + NO2 1.3(−3) 2.7(−6) 1.1(−5) see text

Keto-nitrates C<7 + hν → RO + NO2 2.7(−3) 1.3(−5) 3.6(−5) see text

Keto-nitrates C≥7 + hν → RO + NO2 4.0(−3) 2.5(−5) 6.3(−5) see text

RC(O)O2NO2 + hν → RC(O)O2 + NO2 1.3(−3) 1.9(−7) 4.1(−7) PAN

RC(O)O2NO2 + hν → RC(O)O + NO3 0.3(−3) 0.4(−7) 1.0(−7) PAN



Chapter 3

Modeling the aerosol phase

3.1 Introduction

Modeling organic aerosols in the atmosphere would normally require the repre-
sentation of each of the chemical and physical steps involved in their formation and
their transformation. However, due to the lack of detailed knowledge on these pro-
cesses, oversimplified parameterizations have been designed and used in several
global 3-dimensional chemistry/transport models. The earliest and simplest method
for parameterizing SOA formation in regional and global models is the bulk method:
the aerosol yield (defined as the number of aerosol molecules produced per VOC
molecules oxidized) derived in laboratory experiments is applied directly to the emis-
sion flux used in the atmospheric model. It is therefore assumed to be independent
on the atmospheric photooxidative conditions (Liousse et al., 1996) as well as on the
concentrations of organic aerosols and precursor BVOC.

Next in complexity, the two-products model (Odum et al., 1996) allows a simplified
representation of the partitioning of BVOC oxidation products between the gas phase
and an existing organic aerosol phase. This model represents the BVOC oxidation
as:

BV OC + oxidant →
n∑
i

αiPi + high volatility products, (R3.1)

where αi is the stoichiometric coefficient of the condensable product Pi. For each of
these products Pi, an absorption equilibrium constant Kp,i is defined as:

Kp,i =
Cp,i

Cg,iMo

, (3.1)

where Cp,i and Cg,i are the gas and the particulate phase concentrations (ng m−3),
respectively. Mo is the total organic mass concentration consisting of primary or/and
secondary particulates (µg m−3). Using Eq. 3.1, we express the overall SOA yield Yp

in function on the mass of organic matter Mo and the partitioning coefficients of the

63
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oxidation products:

Yp = Mo

n∑
i

(
αiKp,i

1 + Kp,iMo

) (3.2)

Odum et al. (1997) has shown that the observed dependence of Yp on Mo in the oxi-
dation of aromatic compounds can be described using only two hypothetical product
compounds (n = 2). The appropriate values for αi and Kp,i are obtained by fitting
the experimental data of SOA yields measured in laboratory conditions. In a similar
manner, Hoffmann et al. (1997) derived two-product model parameters for the ozonol-
ysis of α-pinene. This modeling approach and the related empirical parameters have
been implemented in global models such as IMAGES (Griffin et al., 1999b), MOGUN-
TIA (Kanakidou et al., 2000), MOZART-2 (Lack et al., 2004) and TM3 (Tsigaridis and
Kanakidou, 2003).

However, these studies ignore the actual complexity of the chemical processes
leading to SOA formation. Early laboratory studies of gas phase BVOC oxidation
have been conducted to explore this terra incognita. They allowed to identify some of
the products playing a role in the aerosol partitioning. On the basis of these exper-
imental results and with the help of theoretical studies, oxidation mechanisms have
been elaborated. Although these mechanisms remain incomplete and oversimplified,
they provide some representation of the SOA formation based on observed prod-
ucts. Consequently, the equation derived by Pankow (1994a,b) relating the partition-
ing coefficient of a compound i to its thermodynamical properties can be used. This
expression is obtained by applying the Raoult’s law and the ideal gas law in Eq. 3.1:

Kp,i =
760RTfom

MWom106ζip0
L,i

, (3.3)

where R is the ideal gas constant; T is temperature; MWom is the mean molecu-
lar weight of the absorbing medium; fom is the weight fraction of the total aerosol
concentration that constitutes the absorbing om phase; ζi is the activity coefficient of
compound i in the particulate phase; p0

L,i is the subcooled vapour pressure of com-
pound i at temperature T .

A parameterization based on this formulation (i.e. Eq. 3.3) has been implemented
in global models by Griffin et al. (2002) (see also the companion paper of Pun et al.
(2002)) and Bonn et al. (2004). They expressed the partitioning of each product from
simple gas phase chemical mechanisms for BVOC consisting of tens of reactions. In
these global models, the laboratory data on the BVOC photooxidation and methods
of vapour pressure predictions are combined to express the Kp of each individual
product. However, recent sensitivity studies performed by this group (Griffin et al.,
2005) have identified a number of unsolved issues for the representation of SOA for-
mation in global models. First of all, the gas phase chemistry of the SOA potential
species remains largely uncertain and the SOA production is dependent on many
speculative oxidation pathways. On the other hand, although a mechanism like the
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one designed by Griffin et al. (2002) is oversimplified, it is relatively large in view of
the currently available computer resources. Therefore, the implementation of detailed
reaction schemes (such as the α-pinene oxidation mechanism described in the pre-
vious chapter) including thousands of reactions is not feasible. Robust and efficient
methods need to be elaborated to reduce such mechanisms to a manageable size
for global models.

Additional issues emphasized by Griffin et al. (2005) concern the SOA partition-
ing model. The parameters of the gas/particle partitioning model (e.g. ζi and p0

L,i)
are very uncertain. Current vapour pressure prediction methods are not applicable to
all categories of products found in the oxidation mechanisms of BVOC. Furthermore,
early laboratory (Yu et al., 1999a) as well as in situ experimental studies (Kavouras
et al., 1998) have revealed the presence of high volatility products in the particulate
phase which cannot be explained by the standard partitioning theory (i.e. Eq. 3.3).
For example, the experimental vapour pressure of pinonaldehyde (Hallquist et al.,
1997) implies a very low theoretical partitioning coefficient preventing its condensa-
tion on existing aerosols in typical laboratory and atmospheric conditions. Recently,
attention has been drawn on the possible implication of heterogeneous reactions in
the aerosol phase, which could explain the observed presence of particulate carbonyl
compounds. To date, however, quantitative information on these processes are lack-
ing, and their representation in models cannot be envisaged at this point. Given these
uncertainties, model simulations of smog chamber experiments are crucial in order
to clarify the gas phase photooxidation mechanisms and the related SOA formation.

In this Chapter, we describe the SOA partitioning model attached to the oxidation
mechanism described in Chapter 2. First, we present the kinetic equations govern-
ing the partitioning equilibrium implemented in our model. The derivation of Eq. 3.3
requires the prediction of the subcooled vapour pressures. Therefore, a method is
described for the prediction of the vapour pressures of all products of our oxidation
mechanism. The group contribution principles constituting the basis of our method is
also introduced. Next, the performance of our method is compared with the methods
used current global models (Bonn et al., 2004; Pun et al., 2002; Griffin et al., 2005), in
particular the UNIFAC method (Asher et al., 2002). The second section of this chap-
ter (page 80) gives a brief overview of the possible heterogeneous reactions which
have been proposed to occur in secondary organic aerosol.
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3.2 The kinetic aerosol model

We have adopted the kinetic representation of the gas/particle partitioning pro-
posed by Kamens et al. (1999):

Kp,i = Kon,i/Koff,i. (3.4)

The equilibrium between the gas and aerosol phases of a species i is governed by
the equilibrium constant Kp,i, expressed here as the ratio of the adsorption rate (Kon,i)
to the desorption rate (Koff,i) on an existing aerosol. The adsorption and desorption
processes of a species "X" are implemented as chemical reactions in the model:

Xg + aerosol → Xp + 2 aerosol (R3.2)

Xp → Xg − aerosol. (R3.3)

Here, "aerosol" is a counter species representing the sum of all particle phase com-
pounds. Xg and Xp represent the compound X in the gaseous and particulate phases,
respectively.

The adsorption rate of a gas by a particle is parameterized as (Lelieveld and
Crutzen, 1991):

Kon =
a2

3Dg

+
4a

3ωγ
, (3.5)

where a is the particle radius (cm2); Dg, the diffusivity in the gas phase, set to 0.06
cm2 s−1 on the basis of the parameterization proposed by Fuller et al. (1969); ω is
the mean gas phase molecular speed (cm s−1) and γ is the accommodation coeffi-
cient (dimensionless). To the best of our knowledge, there is no experimental data
for the accommodation coefficients of organic species on organic aerosols. Here, we
assume γ equal to 0.2 for all compounds, based on the value deduced by Bowman
et al. (1997) from simulations of smog chamber experiments of m-xylene photooxida-
tion.

The desorption rate Ki
off is obtained from Eq. 3.3 and Eq. 3.5, which requires

the evaluation of the parameters ζi, MWom and p0
L,i. It is generally assumed that the

activity coefficient of VOC oxidation products in particles composed of a mixture of
VOC products is close to one (Kamens et al., 1999). MWom is assumed constant
and taken equal to 185 g mol−1, based on the molecular weights of the main con-
densables in the oxidation of α-pinene (between 170 and 200 g mol−1). The vapour
pressure of the chemical compounds generated by the oxidation of terpenes range
from 10−2 to 10−7 torr (Hallquist et al., 1997; Hoffmann et al., 1997; Bilde and Pan-
dis, 2001). Given these hypotheses, the ability for a compound i to condense on an
aerosol is therefore governed by only one parameter, i.e., its vapour pressure.

The vapour pressure of a compound measures its ability to escape from the con-
densed phase, which depends on the strength of the intermolecular forces existing
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between the condensed molecules. The relatively weak dispersion forces (resulting
from temporary dipoles formed in adjacent molecules) are the sole cohesive agent
in liquid alkanoic compounds, which explains their high vapour pressures. In oxy-
genated compounds, cohesion is reinforced by the hydrogen bonds existing between
the polar groups of the molecules (Poling et al., 2001). Due to the important role
played by these hydrogen bonds, the vapour pressure of an oxygenated organic com-
pound is strongly dependent on the number and type of oxygenated functionalities, as
well as on the carbon structure (carbon number, nature and positions of the branch-
ings) of the molecule.

The products of the oxidation of α-pinene by OH and O3 are generally multifunc-
tional and bear one or several oxygenated groups among the carbonyl, hydroxy, ni-
trate, hydroperoxide and acid functionalities. Experimental data are lacking for the
thermodynamic properties of a large majority of these products. In the following sec-
tion, we describe a semi empirical extrapolation method for predicting the vapour
pressure of the α-pinene oxidation products. Given their large number, this method is
meant to be relatively simple and straightforward to apply. It is based on the so-called
"group contribution" principles.

3.2.1 Vapour pressure estimation methods

The paradigm of the group contribution methods is basically the same as for the
SAR methods (Sec. 2.2.2). Originally, group contribution methods were designed
for the prediction of thermodynamic properties whereas SAR methods were used for
the estimations of chemical reactivities. A group contribution method expresses the
thermodynamic property of a chemical compound such as its vapour pressure as
a function of a sum of contributions τi(T ) of small groups of atoms i (descriptors)
constituting the molecule:

p = f(
∑

i

τi(T )). (3.6)

A large variety of group contribution methods have been designed in the past years,
differing in their field of applicability and in the set of experimental data they are based
on.

Jensen et al. (1981), Joback and Reid (1987), Tu (1994) and Li et al. (1994)
proposed such methods for the prediction of a variety of thermodynamic properties
(e.g., vapour pressure, critical temperature, critical pressure, boiling point) of organic
compounds. These predictive methods are based on different data sets and provide
estimations for specific or various classes of compounds including alkanes, alkenes,
aromatics, halogenated hydrocarbons, oxygen-, sulfur- or nitrogen-containing mono-
functional compounds. Other approaches have been proposed to estimate the vapour
pressure of a component: e.g. Makar (2001) adopted an approach where the vapour
pressures are directly estimated from polynomials, functions of the carbon number
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and temperature, defined for 39 structural classes. Myrdal and Yalkowsky (1997) pro-
posed a method which requires the knowledge of the normal boiling point as well as
structural information related to the molecule flexibility.

In recent years, the experimental identification of multifunctional compounds in
secondary organic aerosols has strengthened the need for new prediction methods
dedicated to these complex species. Marrero and Gani (2001) and Olsen and Nielsen
(2001) developed methods which perform estimations at different levels. While the
primary level describes a wide variety of simple, monofunctional groups, the higher
levels treat multifunctional structures and allow to differentiate between isomers by
considering, to some extent, the interactions among functionalities. Asher et al.
(2002) developed a method based on the principles of UNIFAC (Universal Func-
tional Group Activity Coefficients (Fredenslund et al., 1977)). It provides vapour pres-
sure estimates of mono- and multifunctional oxygen-containing species using only 12
group contributions.

Vapour pressure estimates of monofunctional species by current methods are rea-
sonably accurate. An evaluation of several methods performed by Asher et al. (2002)
shows that the vapour pressures of volatile compounds having log p0

L,i ≥ −3 at ambi-
ent temperature are predicted by current methods to within a factor 2 on average. For
less volatile compounds (often multifunctional), i.e. log10 p0

L,i ≤ −5, uncertainties are
estimated to a factor 3 for the UNIFAC method and up to an order of magnitude for
other methods. This explains the broad use of UNIFAC in SOA models (Griffin et al.,
2005). The failure to provide more accurate predictions for low volatile compounds
is related in part to experimental difficulties. Measurements of low vapour pressures
are easily contaminated by impurities or biased by adsorption of the organic on the
reactor walls. The literature reports experimental vapour pressure measurements for
only about one hundred multifunctional compounds. The relative uncertainty of their
measurements, when known, ranges from 25% to 50% (Hallquist et al., 1997; Bilde
and Pandis, 2001; Bilde et al., 2003). Another important cause for the inaccuracy
in the predictions for multifunctional compounds is the poorly quantified role of inter-
actions between the chemical functionalities. Although they appear to have a large
impact on the vapour pressure, their quantification remains difficult in part because
of the scarcity of data for these compounds.

A major drawback of the methods described above is the absence of parame-
terization for chemical classes believed to play an important role in SOA formation
(e.g. organic nitrates). The vapour pressure estimation method described in this
work is intended to provide vapour pressure predictions for broad categories of α-
pinene degradation products including alcohols, acids and carbonyls (classes which
were considered by the methods cited above) as well as nitrates, peroxy acyl nitrates
(PANs) and hydroperoxides (which were ignored by these methods).
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Figure 3.1: Vapour pressures of monofunctional and difunctional compounds at 298
K. Species prefixed by "n-" or "1,n-" (connected symbols) are of type "CH3−(CH2)n−
X" or "X− (CH2)n−X", respectively, with X being an oxygenated functionality. Non-
connected symbols are used for all other types of compounds.

3.2.2 Vapour pressure prediction method proposed in this work

The literature sources for the vapour pressure data used in this study are listed
in Tab. 3.1 (last column). The vapour pressures at 298 K for a selection of com-
pounds are shown as a function of carbon number in Fig. 3.1. As seen on this figure,
it is important to distinguish between linear (single-chained) compounds, denoted
by the prefix "n-" or "1,n", and the other compounds, including, cyclic, alkyl substi-
tuted species and/or species with a functionality not positioned at one extremity of
the molecule. The "tri-O-acids"(Tab. 3.1) class follows the definition chosen by Makar
(2001). This class represents three-oxygen-acids, i.e., acids with a carbonyl or hy-
droxy functionality.

Note that all species listed in Tab. 3.1 are either mono- or difunctional. Based on
the group contribution principles, and in absence of data for species bearing more
than two functionalities, we assume the method to be applicable to all multifunc-
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Table 3.1: Literature data used for our vapour pressure parameterization, and stan-
dard error (as defined by Eq. 3.10) between the experimental and estimated vapour
pressures, using the method developed in this work and using UNIFAC.

Class of compounds σ(298K) σ(298K) σ(320K) σ(320K) Sources
This work UNIFAC This work UNIFAC

Monocarbonyls 0.21 0.36 0.16 0.29 Lide (2001),ESDU (2001)

Dicarbonyls 0.26 0.56 0.15 0.65 HSDB (2004),Lide (2001),

Hallquist et al. (1997)

Prim.d mononitrates 0.33 -b 0.22 -b Lide (2001)

Prim.d n-monoalcohols 0.34 0.21 0.34 0.18 Poling et al. (2001)

Sec.d monoalcohols 0.29 0.29 0.29 0.24 Poling et al. (2001)

Tert.d monoalcohols 0.12 0.27 0.06 0.27 Poling et al. (2001)

PAN-like compounds -a -b -a -b Bruckmann and Willner (1983)

Monohydroperoxydes 0.21 -b -a -b Lide (2001), HSDB (2004)

(prim.)d 1,n-dinitrates 0.11 -b -c -b Fischer and Ballschmiter (1998)

1,2-dinitrates 0.35 -b -c -b Fischer and Ballschmiter (1998)

Sec.d dinitrates 0.11 -b -c -b Fischer and Ballschmiter (1998)

(prim.)d 1,n-diols 0.21 0.40 0.23 0.31 ESDU (2001)

Sec.d diols 0.20 0.26 0.15 0.22 ESDU (2001)

Tert.d diols 0.14 0.89 0.13 0.78 ESDU (2001)

Othere diols 0.28 0.38 0.29 0.43 ESDU (2001)

n-carboxylic acid 0.27 0.11 0.04 0.11 Poling et al. (2001)

1,n-dicarboxylic acid 0.26 0.65 0.45 0.48 Bilde et al. (2003)

Hydroxy ketones 0.43 0.58 0.34 0.50 Lide (2001), Asher et al. (2002)

Tri-O-acidsf 0.42 0.50 0.61 0.60 HSDB (2004), ESDU (2001)

a Only one experimental value. b Not parameterized. c No experimental data. d Refers to the degree
of substitution of the carbon(s) at which the functionality(ies) is(are) attached. Read "prim." as "pri-
mary", "sec." as "secondary", and "tert." as "tertiary". e The carbons bearing the functionalities
have different degree of substitutions. f Acid compounds with a carbonyl or alcohol functionality.

tional species. Figure 3.1 shows that there is a roughly linear relationship between
the logarithm of the vapour pressure and the carbon number, with an approximately
constant slope for all classes, especially for n ≥ 4. A noticeable exception to this
pattern is provided by the diacids. Bilde et al. (2003) has shown that the vapour
pressures of solid C3-C9 dicarboxylic acids depend strongly on the parity of the car-
bon number. This is due to the increased symmetry of even-numbered molecules,
favouring the stability of their crystal structure. Rosenorn et al. (2003) reported that
methyl substituted even-numbered diacids have significantly higher vapour pressures
than their non-substituted analogues, presumably because of their asymmetry. The
vapour pressure of these compounds show no dependence on parity. Note that the
1,n-diacids and C≥7 1,n-diols are solid at ambient temperature, whereas the other
compounds reported in Fig. 3.1 are liquid. The (subcooled) liquid vapour pressures
of solid compounds shown in this figure are obtained by converting p0

s into p0
L using

the equation described in Prausnitz (1969):

ln p0
s(T ) = ln p0

L(T )− (
∆Sfus(Tm)

R
(
Tm

T
− 1)). (3.7)



3.2 The kinetic aerosol model 71

The melting point Tm and the fusion entropy change ∆ Sfus(Tm) are provided by
NIST (2004) for 1,n-diacids and C≥7 1,n-diols. Figure 3.1 also shows that the vapour
pressures of different isomers of dinitrates and diols sometimes cover several orders
of magnitude, with the 1,n-compounds presenting the lowest values. Our prediction
method aims at reproducing to some extent the differences in vapour pressure be-
tween different isomers.

Our proposed method to estimate the vapour pressure of a compound i at tem-
perature T has the following form :

log p0
L,i(T ) = log p0

L,hc(T ) +
n∑

k

νk,iτk(T ). (3.8)

Here p0
L,hc(T ) is the vapour pressure of the "parent" alkanoic compound hc, where

all oxygenated functionalities in compound i are replaced by hydrogen atoms (e.g. -
CH(OH)- is replaced by -CH2-, etc), νk,i is the number of oxygenated functionalities of
type k in the compound i, n is the number of defined types of oxygenated functionali-
ties, and τk are the group contribution parameters. When no experimental value of the
vapour pressure for the parent compound is available, the group contribution method
of Marrero and Gani (2001) is used to calculate the boiling point, the critical temper-
ature and the critical pressure of the compound i. p0

L,i(T ) is obtained using the Lee
and Kesler formulation, function of these properties (Poling et al., 2001). The choice
of the method of Marrero and Gani (2001) is motivated by its good performance for
alkanoic compounds. A comparison study by these authors shows that their method
performs better than the Joback and Reid (1987) method which is commonly used
for the prediction of these thermodynamic parameters. We estimate that the error on
p0

L,hc predicted using Marrero and Gani (2001) does not exceed 50%, in the case of
the most complex structures of VOC.

Table 3.2 lists the temperature dependent contributions optimized in this work.
Note that the group contributions for the nitrate and hydroxy functionalities depend
on the degree of substitution of the carbon bearing the functionality. The importance
of this distinction can be illustrated by the observed lower vapour pressures of 1,6-
hexanediol and butane-diol-1,2, compared to their substituted isomers 2,3-dimethyl-
2,3-butanediol and 2-methyl propane-diol-1,2 (Fig. 3.1). Only a minor part of this
difference is related to the weaker dispersion forces existing in substituted hydrocar-
bons, as shown by the small difference (30%) observed between the vapour pres-
sures of the corresponding alkane isomers. The rest can be attributed to the interac-
tions produced by the hydroxy functionalities. Their strength depends on the location
of the chemical functionalities and the distance between each other in the molecules.
This relatively minor influence of the dispersion forces explains the smaller error ex-
pected in the prediction of p0

L,hc(T ) compared to the second term of Eq. 3.8 represent-
ing the influence of the functionalities. The effect of distance between functionalities
has been investigated by Knauth and Sabbah (1990a,b,c). They have shown that,
when the hydroxy functionalities are positioned close to each other in linear diols, in-
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Table 3.2: Optimized group contributions (τk), as functions of the temperature (T).
The last column reports the number of species for which experimental data are avail-
able in each class.

Class of compounds Abr. Contribution Nb. of Species
Carbonyls τcarb -0.8937 + 0.0039*(T-298) 16
Primarya nitrates τONO2p -2.0897 + 0.0063*(T-298) 16
Secondarya nitrates τONO2s -1.6711 + 0.0063*(T-298) 14
Tertiarya nitrates τONO2t -1.2793 + 0.0063*(T-298) 0
Hydroperoxides τOOH -2.9942 + 0.0361*(T-298) 3
Primarya alcohols τOHp -2.6738 + 0.0171*(T-298) 28
Secondarya alcohols τOHs -2.0374 + 0.0124*(T-298) 22
Tertiarya alcohols τOHt -1.4418 + 0.0103*(T-298) 7
Acids τCOOH -3.2516 + 0.0075*(T-298) 13
PANs τPAN -3.0372 + 0.0133*(T-298) 1

a Refers to the degree of substitution of the carbon(s) to which the functionality(ies)
is(are) attached.

tramolecular hydrogen bonds between the hydroxy functionalities are favored, result-
ing in less intermolecular cohesion and therefore in higher vapour pressures. Param-
eterizing both effects (presence of substitutions and distance between functionalities)
simultaneously would require more data than is currently available. Our choice to take
into account the effect of alkyl substitutions on the α carbon of the functionalities is
motivated by the large number of substitutions in the α-pinene oxidation products.
Furthermore, this approach allows to include also some influence of the distance
between the functionalities, since this distance is usually larger in primary diols and
dinitrates from the data set than in their secondary isomers. An exception to this
rule is provided by the case of the para-diols and para-dinitrates cyclic compounds.
As for the linear diols, the effect of intramolecular interactions between two hydroxy
groups can be seen in the vapour pressure data for cyclic diols and dinitrates. For
example, the vapour pressure of cyclohexanediol isomers is seen to increase when
the distance between the hydroxy groups decreases. 1,4-cyclohexanediol and 1,6-
hexanediol are found to have similar vapour pressures, reflecting the fact that the
hydroxy groups are situated at the respective opposites of the carbon structure in
both molecules. Therefore, although the hydroxy groups of 1,4-cyclohexanediol are,
strictly speaking, secondary, they are considered as primary in our parameterization
of group contributions. Note that, in absence of vapour pressure data for tertiary and
secondary (di)nitrates at different temperatures, the temperature dependence of their
contributions is derived from the primary dinitrate contribution.

Since linear monoaldehydes and monoketones of same carbon number show very
close vapour pressures, both functionalities are treated using a single contribution pa-
rameter τcarb. The linear diacids of even carbon number are not taken into account in
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the determination of the acid contribution, since their symmetric structure (resulting in
abnormally low vapour pressures) is not characteristic of the α-pinene oxidation prod-
ucts. Vapour pressure data are scant for the hydroperoxides and peroxy acyl nitrates
(PANs). The contributions shown in Tab. 3.2 for these classes are based on data for
only three monofunctional hydroperoxides and one peroxy acyl nitrate (peroxy acetyl
nitrate). No adequate data were found to parameterize the contribution of carboxylic
peracids. The contribution of the peracid functionality is considered as the same as
the acid one.

Figure 3.2: Structure of APINANO3 and pinic acid with their respective alkanoic
parent compound

The principles of our prediction method are illustrated by the two following exam-
ples. In both cases, the Marrero and Gani (2001) method combined with the Lee
and Kesler equation is used to predict the vapour pressure of the parent alkanoic
compound, whose the structure is shown in Fig. 3.2. Consider first, APINANO3, a
hydroxy nitrate produced from the oxidation of α-pinene by OH (from R12O2 + NO,
Fig. 2.2). Given the presence of a tertiary nitrate and a secondary hydroxy function-
ality in APINANO3, its vapour pressure at 298 K is estimated as:

log10 p0
L,hc = 0.4232

−1× τONO2t - 1.2793
−1× τOHs - 2.0374
log10 p0

L,APINANO3 = -2.89351

The second example is provided by pinic acid, a low volatility product formed in the
ozonolysis of α-pinene (Saunders et al., 2003). The vapour pressure of pinic acid at
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320 K is estimated as:

log10 p0
L,hc = 1.6135

−2× τCOOH - 6.1732
log10 p0

L,pinic acid = -4.5597

3.2.3 Minimization and comparison with the UNIFAC method

The parameters τk are determined by the minimization of a cost function J defined
as

J =
1

2

N∑
i

(log p0,mod
L,i − log p0,exp

L,i )2

(Ei)2
. (3.9)

The cost function J measures the bias between the model and the entire set of avail-
able data (N species) listed in Tab. 3.1. Being a quadratic function of τk, its mini-
mization is straightforward. The minimization has been performed at two tempera-
tures (298 K and 320 K). Ei represents the assumed error associated to the data of
compound i. It is primarily related to the observational uncertainty, but also to the
expected ability of the model to reproduce these data. The measurement uncertainty
on the log p0,exp

L,i (T ) is generally of the order of 0.3. Since the less volatile multifunc-
tional compounds are expected to contribute most to organic aerosol formation, the
errors Ei are adjusted in order to favour the ability of the method to reproduce their
vapour pressures: Emono = 0.5 for the monofunctional compounds and Emulti = 0.3
for the multifunctional compounds. Using these values, we obtain after minimization,
J(298)/N = 0.43 and J(320)/N = 0.45 for both categories, i.e., the modeled vapour
pressures fall well within the range of uncertainty adopted for the observations.

The vapour pressures predictions can be approximated by assuming a linear de-
pendence of τk(T ) with T , deduced from their values at 298 and 320 K. Comparisons
between predictions and experimental data have been conducted at 290 and 310 K.
They show that the prediction uncertainty at 310 K is close to the average of their
values at 298 K and 320 K. Predictions at 290 K are found to be of similar uncertainty
as those at 298 K. Meaningful comparisons at lower temperatures are difficult due to
the lack of experimental data for multifunctional compounds at low temperatures.

The measured vapour pressures are compared with the predictions using this
method and using UNIFAC (Asher et al., 2002) in Fig. 3.3 and 3.4, respectively. Table
3.1 shows the standard prediction error for both methods and for each compound
class calculated as in Asher et al. as

σi(T ) =

∑n
i |log p0,exp

L,i (T )− log p0,mod
L,i (T )|

n
, (3.10)

where n is the number of compounds in class i. The poor performance of UNIFAC
for dicarbonyls is due to its large error (σ ∼ 0.8) for pinonaldehyde, pentanedione and
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butanedione. Our method performs as well as UNIFAC for monoalcohols. The better
performance of our method for diols gives support to the parameterization used to
distinguish between isomers. The values of the averaged standard error for alcohols
(including monoalcohols and diols) are 0.22 and 0.37 for our method and for UNIFAC,
respectively.

The validity of a group contribution method depends on the number and diversity
of data it is based on. A drawback of the vapour pressure data set used here is the
scarceness of information for heterofunctional species (compounds bearing different
oxygenated functionalities): vapour pressure data are known for only 4 hydroxy ke-
tones and 2 tri-O-acids species. Both our method and UNIFAC provide fairly good
predictions for hydroxy ketones, with σ . 0.5 (Tab. 3.1). However, they both fail to
predict the vapour pressures of tri-O-acids. For example, our p0

L,i prediction for pyru-
vic acid (CH3COCOOH) is excellent at both temperatures, but a bias of one order of
magnitude is obtained in the case of levulinic acid (CH3CO(CH2)2COOH) at 320 K. A
good agreement with the experimental data is obtained with our method for 2-hydroxy
propanoic acid at 298 K. Tobias et al. (2000) deduced the subcooled vapour pressure
of α-hydroxytridecyl hydroperoxide on the basis of temperature-programmed thermal
desorption (TPTD) analysis (3×10−9±1 torr). The value predicted by our method for
this hydroxy hydroperoxide is two orders of magnitude higher (see Fig. 3.3). This dif-
ference being much larger than the standard prediction errors calculated for the com-
pounds containing hydroperoxide and/or hydroxy functionality(ies) (monohydroperox-
ides, monoalcohols, diols, hydroxy ketones, hydroxy acids), this compound has been
omitted from the dataset used for the minimization. The low measured vapour pres-
sure is surprising since, as noted previously, the closeness of functionalities tends
to increase the vapour pressure. Experimental artefacts are not excluded. Further
studies are required to better quantify the interactions between functionalities, as well
as the role of molecular structure (e.g. presence of substitutions, of cycles) in mul-
tifunctional compounds in order to provide satisfactory predictions for the products
originating from the oxidation of biogenic hydrocarbons.

Figure 3.3 shows that our calculated log p0
L,i for monoalcohols are underpredicted

by σ = 0.3, while the predictions for the monocarboxylic acids are roughly overpre-
dicted by σ = 0.2. These systematic biases for monofunctional classes are related to
the oversimplified functional form adopted for parameterizing the vapour pressures.
These biases are of little consequence in the context of secondary organic aerosol
modeling, however, since the least volatile multifunctional compounds are expected
to contribute most to the aerosol mass.
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Figure 3.3: Vapour pressures estimated using the prediction method developed in
this work against the experimental vapour pressures (sources in Tab. 3.1).

Figure 3.4: Vapour pressures estimated using UNIFAC against the experimental
vapour pressures (sources in Tab. 3.1).
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3.2.4 Vapour pressure estimations for α-pinene oxidation prod-
ucts

Figure 3.5 shows the variation with temperature of the vapour pressure of several
important α-pinene degradation products, as estimated using the method developed
in this work. The structure of these compounds is shown in Appendix A. Our pre-
dictions are also compared with vapour pressures estimates from previous studies,
when available.

Bilde and Pandis (2001) measured the melting point and the evaporation rate of
solid pinic acid and deduced its vapour pressure over the range 290-323 K. The fu-
sion entropy change (∆Sfus(Tm)) necessary to deduce the corresponding subcooled
vapour pressure is unknown for pinic acid. However, NIST (2004) reported the values
for ∆Sfus(Tm) of azelaic acid (86 J mol−1 K−1) and nonanoic acid (69 J mol−1 K−1).
Given the presence of two carboxylic functionalities and the non-linear carbon struc-
ture of pinic acid, we can assume that ∆Sfus(Tm) for pinic acid lies between these two
values. Introducing their average in Eq. 3.7, we obtain an estimation of the depen-
dence of the subcooled vapour pressure on temperature for this compound (solid line
in Fig. 3.5). Both our method and UNIFAC calculate values which are about a factor
of 3 higher than this estimation over the range of ambient temperatures. The agree-
ment is fair given the uncertainty of 50% on the measurements performed by Bilde
and Pandis. Jenkin et al. (2004) and Yu et al. (1999a) estimated the vapour pres-
sure of the α-pinene oxidation products based on a modified form of the Clausius-
Clapeyron equation (Scharzenbach et al., 1993). This equation is function of the
boiling point and the molar heat (or entropy) of vaporization. The vapour pressure
calculated by Jenkin et al. for pinic acid at 298 K using this equation is about two
orders of magnitude higher than the experimentally deduced value at that tempera-
ture. This discrepancy could originate from the group contribution method of Joback
and Reid (1987) used to estimate the boiling point of pinic acid. This method appears
unappropriate for predicting thermodynamical properties of carboxylic diacids. For
example, Jenkin et al. estimates the melting point of pinic acid to be 542 K using this
method, 200 K above the experimental value (Bilde and Pandis, 2001) .

It is important to note that carboxylic acids are known to form dimers in the gas
phase (Singleton et al., 1987; Orlando and Tyndall, 2003). For example, at ambi-
ent temperature, the vapour pressure of the dimer represents about 90% of the total
vapour pressure of acetic acid in equilibrium with its pure liquid phase (Orlando and
Tyndall, 2003). Hoffmann et al. (1998), and more recently Kuckelmann et al. (2000),
observed pinic acid dimers as well as adducts of pinonic acid and pinic acid. The
dimers of pinic acid were observed to be abundant. The stability of these dicarboxylic
acid dimers can be expected to be high, due to the strong hydrogen bonds formed
between the acid groups of the monomers. As in the case of acetic acid, we can
expect the partial vapour pressure of the dimer form to contribute significantly to the
total vapour pressure for many (di)carboxylic acids, and in particular for pinic acid. It
follows that the vapour pressure of the dimer should be close to the experimental to-
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Figure 3.5: Vapor pressure of individual compounds estimated from the measure-
ments (solid line), the method developed in this work (dashed), the UNIFAC method
Asher et al. (2002) (dotted), Bonn et al. (2004) (dash dotted), Jenkin et al. (2004) at
298 K (triangles) and Yu et al. (1999a) at 306 K (diamonds).
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tal (dimer+monomer) vapour pressure for these compounds. In the pinic acid/pinonic
acid adduct, the carbonyl site in one acid group in pinic acid is not H-bonded and able
to form an hydrogen bond with another component. Therefore, the vapour pressure
of the pinic-pinonic acid adduct should then be on the same order, or even lower, than
the vapour pressure of the pinic acid dimer (∼ 1× 10−6 torr) at ambient temperature.

The vapour pressure estimated by our method for pinonaldehyde agrees well with
the measurement of Hallquist et al. (1997). Bilde and Pandis (2001) measured the
vapour pressure of pinonic acid to be ∼5.3×10−7 torr at 296 K, but they did not con-
sider this value as reliable, due to experimental problems. UNIFAC predicts vapour
pressure values which are an order of magnitude higher than our estimations for
these two compounds.

Bonn et al. (2004) is, to our knowledge, the only previous study providing vapour
pressure estimations for hydroperoxides, organic nitrates and PANs generated by
the oxidation of α-pinene. They provided temperature dependent estimations for the
vapour pressure of APINANO3 (Fig. 3.5). Their estimation uses the group contribu-
tion relationship established by Nielsen et al. (1998) which relates the vapour pres-
sure of organic nitrates to their number of carbons and their number of carbonyl,
nitrate and hydroxy functionalities. The optimization of the contributions is based
on a data set including hydrocarbons, alcohols, diols, carbonyls, alkyl nitrates, small
hydroxy nitrates and dinitrates of different structures. The influence of the carbon
structure on vapour pressure is not taken into account. For C10 hydroxy nitrates, this
method calculates a vapour pressure of 2×10−4 torr at ambient temperature. The
vapour pressures we calculate for such compounds, assuming a moderately sub-
stituted carbon structure, are ∼5×10−5 torr (primary functionalities), ∼5×10−4 torr
(secondary functionalities) and ∼7×10−3 torr (tertiary functionalities). The value of
Nielsen et al. falls therefore well in our range. Our higher values calculated for AP-
INANO3 (Fig. 3.5) result from the tertiary degree of its nitrate functionality and its
branched carbon structure. The vapour pressure relationship proposed by Bonn et
al. for α-pinonyl peroxynitrate (αP-PAN), a product from the oxidation of pinonalde-
hyde by OH, is also partly based on the parameterization of Nielsen et al. (1998) for
nitrate compounds.

As for the nitrates, our vapour pressure estimates for the hydroperoxides AP-
INAOOH and C96OOH are higher than in Bonn et al.. Bonn et al. based their es-
timations on UNIFAC and on vapour pressure data for small hydroperoxides and for
the C13 hydroxy hydroperoxide measured by Tobias et al. (2000). The exceptionally
low vapour pressure of the latter compound has not been taken into account in our
derivation of the hydroperoxide contribution, which might explain the discrepancy be-
tween our method and Bonn et al. for hydroperoxides. As in Bonn et al., however, we
predict a lower vapour pressure for APINAOOH than for C96OOH, due to its hydroxy
functionality and its higher carbon number. Taking into account the Tobias et al. data
in the minimization would increase the magnitude of the hydroperoxide contribution
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(τOOH), with -3.5231 at 298 K (instead of -2.9942, cfr Tab. 3.2). The impact on τOHs

is negligible due to the large amount of data used to constrain this functionality. The
vapour pressures of APINAOOH predicted using this alternative value of τOOH co-
incide with those determined by Bonn et al.. However, the standard error σ for the
hydroperoxide class becomes very large, increasing from 0.2 (Tab. 3.1) to 1.3.

3.3 Heterogeneous reactions

Heterogeneous reactions, in particular those involving carbonyl compounds, have
been studied by different groups. The proposed processes include protonation, eno-
lization, hydration, hemiacetal and acetal formation, polymerization and aldol con-
densation, as summarized by Jang et al. (2002)(Fig. 3.6). Carbonyl compounds
dissolved in an acidic aqueous phase may act as weak bases and be protonated.
Another process involving carbonyl compounds is enolization. Nozière and Riemer
(2003) showed that the keto-enol equilibrium takes place for any carbonyl compound
with at least two carbon atoms and a hydrogen atom in α position with respect to the
carbonyl group. Larger compounds usually have larger enolization constants than
protonation constants because their enol form is stabilized by organic substituents
adjacent to the carbonyl group. The uptake of these compounds occurs therefore
primarily by enolization.

The impact of these heterogeneous reactions has been highlighted by Jang et
al. (2002); Czoschke et al. (2003); Jang et al. (2003). They measured the organic
aerosol yields of different aliphatic aldehydes (glyoxal, hexanal, octanal, decanal) in
the presence and in the absence of an acid catalyst (H2SO4). A marked increase in
the organic aerosol yield was observed in the acidic environment in comparison to the
neutral system. This group showed that these reactions play a key role in particular
in the ozonolysis experiments of small biogenic VOC such as isoprene and acrolein.

Kalberer et al. (2004) measured polymers in the particles generated from the pho-
tooxidation of 1,3,5-trimethylbenzene. The suggested mechanism is mainly based on
a polymerization of methylglyoxal following the steps described in Fig. 3.6. The hydra-
tion of this oxidation product is followed by an acetal polymerization from the carbonyl
and its hydrate or other alcohols. Further polymerization processes incorporate car-
bonyls products of different structure and size as well as carbonyl-containing acids.
In contrast with the experiments of Jang et al. (2002), polymerization proceeds here
without any seed particle. It is therefore assumed that the organic acids formed in
the photooxidation are present in sufficiently high concentrations to catalyze the re-
actions. Note that this polymerization is a rather slow process and has visible effects
only after several hours.

Tolocka et al. (2004), Gao et al. (2004) and Iinuma et al. (2004) observed the pres-



3.3 Heterogeneous reactions 81

Figure 3.6: Acid-catalyzed heterogeneous reaction mechanism of carbonyls in or-
ganic aerosols (Jang et al., 2002).

ence of oligomeric molecules in experiments of α-pinene ozonolysis at relative hu-
midities between 30% and 50%. Gao et al. (2004) reported that oligomers are found
regardless of the initial particle acidity. On neutral seed (MgSO4), small oligomers,
probably dimers, are the most abundant species. When the seed becomes more
acidic (from (NH4)2SO4 seed to MgSO4-H2SO4 seed), the SOA comprises larger
oligomers such as trimers, tetramers and pentamers. The higher the seed acidity,
the faster the formation of large oligomers. The presence of oligomers in SOA has
been also found in experiments without pre-existing particles. These observations
suggest that organic acids produced from the gas phase hydrocarbon oxidation may
provide enough acidity to catalyze the reactions.

Tolocka et al. (2004) proposed the oligomer formation mechanism shown in Fig. 3.7.
The monomer building blocks in the oxidation of α-pinene are products such as pinon-
aldehyde, norpinonaldehyde, pinonic acid and hydroxy pinonaldehyde (panel A) but
also products resulting from the acid-catalyzed rupture of the cyclopropane moiety
(panel B). Panels C and D show the dimerization of pinonaldehyde as an example.
The oligomerization process takes place through an enolization and aldol conden-
sation (panel C) or an hydration of the monomer followed by a dimerization process
(referred to as gem-diol formation) with subsequent dehydration (panel D). Mecha-
nisms similar to this second scheme have been also proposed by Iinuma et al. (2004).

Oligomerization can involve compounds other than large carbonyls. Lightfoot et
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Figure 3.7: (A) Representative monomer products of the reaction of α-pinene with
ozone. (B) Possible decomposition products of the monomers using pinonaldehyde
as an example. (C) Dimerization of pinonaldehyde via aldol condensation. (D)
Dimerization of pinonaldehyde by gem-diol formation with subsequent dehydration.
(Tolocka et al., 2004)
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al. (1992) studied the reactive uptake of glyoxal onto particulate matter in laboratory
experiments. Different compositions of inorganic seed particles were used, includ-
ing NH4SO4, (NH4)2SO4/H2SO4, H2SO4, NaCl and NaNO3, while varying the relative
humidity and acid concentration. At very low RH (11% and 25%), there is no dis-
cernable particle growth. Increasing the RH above 50% dramatically increases the
organic mass. The effect of particle acidity on glyoxal uptake is seen to be less
pronounced than that of RH. The identification of mass fragments greater than the
glyoxal monomer suggests the occurrence of heterogeneous reactions to form gly-
oxal adducts of low volatility. A reaction mechanism based on gem-diol formation has
been proposed to explain the oligomers formation.

Another type of heterogeneous reactions involving carbonyl compounds has been
proposed by Tobias and Ziemann (2000) based on the observation of a peroxyhemi-
acetal in the aerosol produced from the ozonolysis of tetradecene. It is believed to be
formed from the reaction of a hydroperoxide with an aldehyde:

R1OOH + R2CHO → R1OOCH(OH)R2. (R3.4)

This reaction is proposed to occur at the surface of the aerosol between the con-
densed hydroperoxide and the aldehyde in the gas phase and possibly by acid catal-
ysis. More experiments are required to identify the factors (acidity and relative hu-
midity) influencing this reaction.

3.4 Conclusions

A model has been developed to describe the gas/aerosol phase partitioning of the
products generated in the gas phase oxidation mechanisms of α-pinene. This model
is based on Pankow’s formulation for the partitioning coefficients of the compounds
present in the chemical mechanism. This approach requires the evaluation of the
subcooled vapour pressure of these compounds. For this purpose, a semi empiri-
cal extrapolation method for predicting the vapour pressure of the α-pinene oxidation
products has been developed on the basis of group contribution principles.

Parameterizations have been derived for the influence of the carbonyl, hydroxy,
nitrate, peroxy acyl nitrate, acid and hydroperoxide functionalities. The impact of alkyl
substitutions is also parameterized for alcohols and nitrates. The predicted vapour
pressures are within a factor 2-3 of the experimental values for multifunctional com-
pounds. Further experimental studies are required to investigate 1/ the effect of the
substitutions, 2/ the effect of the distance between functionalities on the vapour pres-
sure and 3/ the vapour pressure of heterofunctional compounds.

Our findings support the hypothesis that, among the α-pinene products identified
to date, dicarboxylic acids and hydroxy acids such as pinic acid and hydroxy pinonic
acid are the least volatile compounds, with estimated vapour pressures of 3×10−6
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and 6×10−7 torr, respectively. Other primary products can be considered as semi-
volatile, with p0

L ranging between 1×10−5 and 1×10−3 torr. Among them, hydroxy
hydroperoxides present the lowest vapour pressures. Compounds produced after
several oxidation steps in the α-pinene mechanism may have low volatilities due to
their increased number of functionalities. However, they are expected to contribute
less significantly to the aerosol phase because of their lower yields. Hydroperox-
ides are expected to contribute more largely to SOA formation at low temperatures
due to the strong dependence of the hydroperoxide group contribution with temper-
ature. In any case, the contribution of these semi-volatile products to the aerosol
phase is expected to be less important than predicted by Bonn et al. (2004). The
dimerization of multifunctional carboxylic acids is believed to take place in laboratory
experiments of α-pinene oxidation. Since dimers are expected to contribute largely to
the total (dimer+monomer) concentration of multifunctional carboxylic acids in these
conditions, their partial vapour pressure is likely to be close to the vapour pressure
measured in the laboratory for these compounds. The pinic/pinonic acid adduct is
likely to play a significant role in the observed partitioning of pinonic acid (Yu et al.,
1999a) between the aerosol and gas phases, due to its low vapour pressure esti-
mated in this study (≤1×10−6 torr). However, the role of dimers and adducts remains
difficult to quantify in absence of kinetic data for their stabilities and formation rates.

Recently, heterogeneous reactions of carbonyls such as oligomerization processes
and surface reactions with condensed hydroperoxides, have been proposed to ex-
plain the uptake of these compounds in the aerosol phase. The rate of these reactions
is dependent on the relative humidity and the acidity of the aerosol. Measurements
have shown that the acidity of the acids contained in the aerosol phase could be
sufficient to catalyze the oligomerization processes. More experimental studies are
required to unravel these observations.



Chapter 4

Simulations of laboratory
experiments

4.1 Description of the box model and experiments

In order to simulate laboratory experiments, a comprehensive chemical mecha-
nism has been implemented in a box model, including:

• The gas phase reactions of the α-pinene oxidation by OH and ozone, as well
as the photooxidation reactions of the main primary product, pinonaldehyde, as
described in Chapter 2.

• The chemistry of inorganic species and small organic compounds, based on
the recommendations of Atkinson et al. (2003).

• The partitioning of condensable products between the gas and aerosol phases
represented by its adsorption and desorption reactions as described in Chap-
ter 3, (Eq. R3.2 and R3.3).

• The loss of gaseous and particulate compounds on the reactor walls. The rates
are specific to the experimental set-up and are based on estimates reported by
the authors for the considered experiment.

The complete mechanism includes a total of ∼3400 reactions and ∼700 species.
The box model solves the continuity equations for the chemical species involved in
this mechanism. The solver used in this model is based on an embedded Rosen-
brock scheme of order 4 (Hairer and Wanner, 1990). A preprocessor called "KPP"
(Damian-Iordache et al., 1995) reads text files listing the chemical equations and
species involved in the mechanism and generates the FORTRAN code of the solver.

The state-of-the-art α-pinene mechanism developed in this work has been val-
idated by comparison with laboratory experiments performed in diverse conditions.
This chapter is divided in three sections. The first part is concerned with the simu-
lations of the experiments of α-pinene+OH in presence and in absence of NOx. The
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experiments performed by Nozière et al. (1999a)(N99) were chosen for the validation
of our box model. This group provided concentrations data for numerous compounds
measured in a large series of experiments. Some products have been quantified
only by this group as for example, α-PPAN (see Appendix A for identification of the
structure). The results for the gas phase are first discussed. Based on a methodol-
ogy described in this section, the measured and simulated concentrations in function
of time are compared as well as the experimental and modeled yields. A sensitivity
analysis of the simulation results in the gas phase with respect to the less constrained
parameters is also included in this part as well as an evaluation of the dependence
of the non-traditional reactions (α-hydroxy peroxy radical decompositions and ring
closure reactions of unsaturated peroxy radicals) with the NO levels from the labo-
ratory to atmospheric conditions. Next, the SOA formation related to the oxidation
of α-pinene by OH is simulated and compared to the data laboratory of N99. The
impact of the uncertainties related to the predicted vapour pressures on the SOA
production is evaluated. The second section (page 109) is dedicated to the α-pinene
ozonolysis. In this work, modeling studies of ozonolysis experiments performed in
dark conditions and in absence of NO by Yu et al. (1999a), Hoffmann et al. (1997)
and by the "BIOVOC" project (BIOVOC, 1998; Christoffersen et al., 1998) are car-
ried out. Simulations are particularly focused on the Yu et al. (1999a) experiments
which provide both gas and aerosol phase yields of products. The influence of the
dimerization of multifunctional carboxylic acids, of the temperature and of the use of
scavenger on the partitioning is studied. In the third section (page 117), box model
simulations have been performed in typical atmospheric conditions. The α-pinene
oxidation/partitioning mechanism developed in this work is compared with the treat-
ments used in current global models.

4.2 α-pinene+OH experiments

4.2.1 Description of the experiments

N99 performed α-pinene+OH experiments with and without nitric oxide (NO). In
presence of NO, 9 experiments were conducted under UV light and 11 experiments
under visible light with H2O2 and CH3ONO as radical precursor, respectively. A few
pinonaldehyde+OH experiments were also carried out in presence of NO. A selection
of experiments presenting typical features will be discussed in this study. In the fol-
lowing discussion, the experiments are numbered following their appearance number
in Tab. 1 (α-pinene+OH in presence of NO: Experiments 1 to 21), Tab. 3 (in absence
of NO: Experiments 22 to 31) and Tab. 4 (pinonaldehyde+OH: Experiments 32 to 37)
in N99.

The time dependent concentrations of the chemical compounds in the reactor
were measured with a Fourier transform infrared (FTIR) spectrometer. The species
measured include α-pinene, the OH precursor, pinonaldehyde, acetone and formalde-
hyde. In addition, organic nitrates, acyl peroxy nitrates (PANs), NO and NO2 were
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also estimated in several experiments. Real-time measurements of the aerosol pro-
duction were performed in 5 UV experiments in presence of NOx. The aerosol was
measured in real time by a Scanning Mobility Particle Sizer (SMPS) system. No
aerosol seeds were used and the SMPS scan of the reactor indicated a negligible
background aerosol concentration (3×108 nm3/cm3). The relative humidity did not
exceed 20% in the reactor. A detailed description of the experiments is provided in
N99. In the following, the notation "APIN" and "PINALD" will be used for α-pinene
and pinonaldehyde, respectively.

4.2.2 Methodology for comparison

A simple way to validate the mechanism could be to compare the primary product
yields deduced from the mechanism with the corresponding yields estimated from
the laboratory data. However, this simplistic approach ignores the dependence of
the yields on photochemical conditions (e.g. concentration of NO) which will be dis-
cussed in more detail in Sec. 4.2.6. In addition, the derivation of primary yields from
laboratory data is particularly difficult due to the product losses and to the existence
of secondary productions. The effect of these processes can be minimized by using
the concentrations measured in the early stages of the experiment, and by using the
fact that the true primary yield can be approximated as

Y (X)= lim
t→0

Yapp(X, t) (4.1)

where

Yapp(X, t)=[X(t)]/([REACTANT(0)]−[REACTANT(t)]). (4.2)

Yapp(X, t) is the apparent yield of the product X at time t, [X(t)] and [REACTANT(t)]
represent the concentration of X and the reactant, (α-pinene or pinonaldehyde) at
time t. [REACTANT(0)] is the initial concentration of the reactant. However, it is easy
to see that even small errors on the concentrations can lead to large errors on the
yields. Also, any delay between the time when [REACTANT(0)] is measured and the
actual start of the experiment can have large effects. For larger t values, the relative
errors on [X(t)] and on the difference [REACTANT(0)]-[REACTANT(t)] become less
important, but the photochemical sink and the secondary production play a larger
role, which is difficult to quantify. Therefore, instead of comparing "true" yields, it is
more meaningful for the purpose of mechanism validation to compare the observed
concentrations [X(t)] with concentrations calculated using a box model.

Let us apply this methodology in the case of the α-pinene+OH experiments. In
order to quantify the model/data biases in a systematic way, we average the apparent
yields deduced at measurement times ti comprised between 10% to 60% of α-pinene
conversion, i.e. a time interval of typically 10 minutes. Data before 10% of α-pinene
conversion are discarded in order to minimize the relative errors on [∆APIN(t)] and on
the product concentrations, whereas data after 60% of α-pinene conversion are re-
jected to moderate the influence of product losses and secondary productions. These
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processes are taken into account in the model, but to a much lesser degree of detail
than the pathways leading to the primary products. For example, the experimental
average apparent yield of a product X is calculated as :

Ȳ obs
app (X)=

∑n
i=1 Y obs

app (X, ti)

n
, (4.3)

where n is the number of samplings between 10% and 60% α-pinene converted. The
corresponding model apparent yield (Ȳ mod

app (X)) is deduced in a similar way using the
modeled values of X at the same measurement times ti. Note that the apparent yields
deduced from both the model and the observation are calculated using the α-pinene
concentrations from the model.

The comparison between experimental and simulated apparent yields is meaning-
ful only if the model is able to reproduce properly the observed variation of α-pinene.
This is indeed the case for most experiments. The mean bias between the modeled
and measured α-pinene concentrations is below 10% for more than 70% of the ex-
periments. Experiments showing a mean bias higher than 10% are discarded from
our analysis. On average, the valid experiments show a mean bias that does not
exceed 5%.

Secondary productions of a compound X (Ysec) may result from the photooxidation
of other primary products, e.g. pinonaldehyde. The losses (L) of X occur via oxidation
by OH, photolysis and, of least importance, by loss on the walls. L̄(X) and Ȳsec(X)
are averaged over the n sampling times of X in the same fashion as in Eq. 4.3. The
values of Y (X) reported in this study are the theoretical yields obtained following
Eq. 4.1. In principle, the yield of X can vary in the course of an experiment, because
it is a function of the conditions (e.g. [NO], [NO2], [HO2]) which influence the fate of
peroxy radicals. In practice, however, these conditions do not vary dramatically in the
N99 experiments for the adopted conversion window of α-pinene and Y (X) is almost
constant. Therefore, if the samplings of X are made in the early experimental times,
we obtain the following relation :

Y (X) ≈ Ȳapp(X) + L̄(X)−Ȳsec(X). (4.4)

The yields Y (X), as well as the average apparent yields, Ȳapp(X), the losses L̄(X)
and secondary productions Ȳsec(X) are summarized in Tab. 4.1. They are all ex-
pressed as molar yields, i.e. as percentages of α-pinene converted. The yields
reported by N99 are also shown. The variability in the modeled values are due to
1/ differences in the initial conditions of NO and 2/ differences in the sampling times.
The time concentrations calculated by the model are compared with the measured
concentrations in Fig. 4.1 (visible, in presence of NO), Fig. 4.2 (UV, in presence of
NO) and 4.3 (UV, NO-free).

The same methodology has been used for the pinonaldehyde experiments. How-
ever, the strong photolysis of pinonaldehyde in the UV experiments contributes to
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Table 4.1: Experimental vs modeled yields of products for the photooxidation of
alpha-pinene by OH, expressed as percentages of α-pinene reacted. The numbers
given in the table are averages taken over all experiments in each category (high
NOx/UV, high NOx/visible, NOx-free). The standard deviations around these means
are also given.

High NOx/UV High NOx/Visible NOx Free/UV
α−pinene+OH Model Exp. Model Exp. Model Exp

Y? 56±1 (70±12)a 55±1 (66±18)a 26.4±0.4 (37±7)a

L̄hν 4±1 0. 1.7±0.5Pinonaldehyde
L̄OH 9±1 8±2 4.3±0.7
Ȳapp 44±3 44±8 47±2 45±9 20.4±0.6 21±1
Y 11.1±0.5 (11±8)a 11.0±0.2 (8±7)a 0.4±0.1 (6.4 ±2)a

Ȳsec 3.1±0.9 1.4±0.2 0.1±0.1
Acetone L̄hν 1.6±0.7 0. 0.

L̄OH 0. 0. 0.
Ȳapp 12.7±0.7 12±5 11.2±0.1 24±14 0.5±0.1 11±1b

Y 12.6±0.4 (23±9)a 0.5±0.5 (8.1±1.2)a

Ȳsec 9 ±2 2.0±0.5
Formaldehyde L̄hν 0.3±0.2 0.

L̄OH 1.0±0.2 0.2±0.1
Ȳapp 22±4 56±25 2.6±0.5 7±3
Y 14.1±0.4 (26)a 14.5±0.5 (17±5)a

Ȳsec 2.2±0.5 2.0±0.5P
Nitrates L̄hν 5±1 0.

L̄OH 1.7±0.3 1.9±0.5
Ȳapp 9±2 13 16.3±0.5 19±8
L̄hν 2±1 0.P

PANs L̄OH 0.23±0.07 0.15±0.10
Ȳapp 5±2 5±2 7±2 6±2

High NOx/UV High NOx/Visible
Pinonaldehyde+OH Model Exp. Model Exp.

Y c 10 (12)a 9.0±0.0 (20±6)
L̄hν 2 0.Acetone
L̄OH 0 0.
Ȳapp

d 20 19 9.6±0.1 35±2
Y c 29 (157)a

L̄hν 1Formaldehyde
L̄OH 2
Ȳapp

d 51 167
L̄hν 0.3 0.P

PANs L̄OH 2.2 1.8±0.2
Ȳapp

d 6.0 7.5 11.1±0.6 10.4±0.7

? Notation: Y is the primary yield, Ȳsec is the secondary yield, L̄hν is loss by photolysis, L̄OH is the
loss by OH, and Ȳapp is the apparent yield. a As reported by N99 b yields calculated for a conversion
from 60 to 90 % and with respect to the measured concentration of alpha-pinene c excluding the
production from pinonaldehyde photolysis d including the production from pinonaldehyde photolysis.
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Figure 4.1: Measured (diamonds) vs simulated (curves) concentrations as a function
of time for several experiments of α-pinene oxidation in visible conditions in the pres-
ence of NOx: (a) Experiments 12 and 4, (b) Experiments 5 and 10 from N99. Two
curves are shown in the modeled

∑
PANs for each experiment: The lowest curve

represents the sum of PAN and α-PPAN and the upper curve is the sum of all PANs.
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Figure 4.2: Measured (diamonds) vs simulated (curves) concentrations as a function
of time for several experiments of α-pinene oxidation in UV conditions in the presence
of NOx: (a) Experiments 20 and 8, (b) Experiments 3 and 17 from N99. Two curves
are shown in the modeled

∑
PANs for each experiment: The lowest curve represents

the sum of PAN and α-PPAN and the upper curve is the sum of all PANs.
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Figure 4.3: Measured (diamonds) vs simulated (curves) concentrations as a function
of time for several experiments of α-pinene oxidation in UV conditions in the absence
of NOx: (a) Experiments 24 and 29, (b) Experiments 30 and 25 from N99.

the product concentrations. Therefore Y (X) has to be corrected by retrieving the
production from the photolysis and readjusting the yield to the actual [∆(PINALD)]
that has reacted with OH. In the visible conditions, the photolysis of pinonaldehyde is
weak, and no correction is needed. Only two pinonaldehyde+OH experiments were
performed in UV conditions. The model fails to reproduce the degradation of pinon-
aldehyde (>10% deviation) for one of them. In the visible, the pinonaldehyde decay
rate is well caught by the model for the three experiments reported. On average,
the mean bias between the modeled and measured pinonaldehyde concentrations is
about 5%.
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4.2.3 Comparison results for the gas phase products

α-pinene and OH-precursors

As explained in Sec. 2.4, the intensity of the lamps in the model are adjusted on
the measured decay rates of the OH-precursors. These rates are found to be essen-
tially constant, demonstrating the stability of the lamps. The degradation of α-pinene
is well simulated in the UV conditions in presence as well as in absence of NO, indi-
cating that the processes determining the concentration of OH are well represented
by the model. In the visible conditions, the large production of formaldehyde gener-
ated through the degradation of CH3ONO (Eq. R2.37) as well as the concentration of
NO are well reproduced. This indicates that the photolysis of CH3ONO is correctly
estimated and so is the primary production of OH (through Eq. R2.39) in the reactor
for these conditions. However, discrepancies appear at longer experimental times
between the modeled and measured α-pinene degradation rates for about half the
experiments simulated in the visible conditions. Examples of this behavior are seen
in experiments 4 and 5 in Fig. 4.1. The bias is small (<10%) in the first stage of
the experiment (before 60% of α-pinene conversion) and it does not influence the
estimation of the primary product yields. The discrepancy at later times seems to
be independent on the initial concentrations or on the evolution of the photochemical
conditions in the course of the experiment (e.g. abrupt decrease of the NO level).

Pinonaldehyde

The pinonaldehyde concentrations are very well reproduced by the model in pres-
ence (Fig. 4.1 and Fig. 4.2) as well as in absence (Fig. 4.3) of NO, in particular in
the first stage of the experiments (<60% α-pinene conversion). This is reflected by
the excellent agreement obtained regarding the apparent yields of pinonaldehyde, as
defined by Eq. 4.3 (see Tab. 4.1). In presence of NO, the yield of pinonaldehyde
(i.e. the yield corrected for its different losses) is calculated to be 56% for an ini-
tial concentration of NO around 3 ppm. The strong photolysis of pinonaldehyde in
the UV conditions explains the lower apparent yields in the UV compared to the vis-
ible conditions, where photolysis plays a negligible role (Tab. 4.1). In both series of
experiments, the reaction of pinonaldehyde with OH represents 8-9% of the reacted
α-pinene. As much as 10-25% of the pinonaldehyde produced when 60% of α-pinene
has reacted is photooxidized in this interval. In the later stages of the experiments,
when the oxidation of the primary products plays a more important role in the reactor,
pinonaldehyde is overestimated by the model in about half the visible experiments.
The reason for this discrepancy might be the oversimplified treatment of the oxidation
mechanism of the primary products.

N99 estimated the products yields on the basis of Eq. 4.1 using the measured con-
centrations at the beginning of the experiments (α-pinene conversion less than 30%).
The yields of pinonaldehyde deduced directly from the experiments in presence of
NO and published in N99 are shown in Fig. 4.4. The yields for the same experiments
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calculated in this work using Eq. 4.4 are shown on the figure for comparison. It ap-
pears that the yields calculated by N99 are strongly dependent on the initial α-pinene
concentration, increasing from 22 to 89% for α-pinene decreasing from 2.5 ppm to
200 ppb. N99 concluded that this variation of the pinonaldehyde yield results from
a partitioning of pinonaldehyde between the gas and condensed phases since the
particulate fraction of pinonaldehyde (or of any semi-volatile compound) is expected
to increase for increasing initial concentrations of α-pinene. However, since N99 es-
timated yields using concentrations measured in the early stage of the experiments
(i.e. when only a small fraction of the initial α-pinene has reacted), they should be free
of condensation processes. In fact, pinonaldehyde yields calculated in this work do
not show any significant dependence on the α-pinene concentration. Therefore,we
conclude that condensation of pinonaldehyde in the aerosol phase does not seem to
occur in the N99 experiments.

In absence of NOx, pinonaldehyde is produced exclusively from cross reactions
of peroxy radicals. About 10% among the 26% pinonaldehyde yield come from reac-
tions of R12O2 (see Fig. 2.2). The low self-reaction rate of this tertiary radical explains
that it reacts for about 50% with HO2, thereby contributing to about 8% among the to-
tal 30% of hydroperoxides generated in the system. The remaining 50 % of the R12O2

radicals react mainly with acyl peroxy radicals, then with O2, producing R13O2. The
fast decomposition of R13O2 outruns its reaction with HO2 and other RO2s, producing
pinonaldehyde. The other channel leading to pinonaldehyde (16%) proceeds via the
secondary radical R2O2. The high self-reaction rate allows R2O2 to react for 90% via
the permutation reactions. Among them, the reaction of R2O2 with the β-hydroxy sec-
ondary radicals (actually mainly composed of R2O2) is the preferred pathway (∼40%).
The other permutation reactions contribute equally (∼5-10%) to the exception of the
cross reactions with the alkyl tertiary radicals R3R which are negligible.

N99 reported yield estimates about 10% higher than reported here although the
observed apparent yields of pinonaldehyde are well reproduced by the model in pres-
ence as well as in absence of NOx. Considering the difficulty to retrieve true product
yields from the measured concentrations these estimates are in fairly good agree-
ment with our model.

Acetone

The calculated primary yield of acetone for a mean initial concentration of NO of
3 ppm is 11%, in good agreement with N99. The sink of acetone is small: oxidation
by OH is negligible, and photolysis plays at most a minor role. The secondary pro-
duction of acetone originates from the photooxidation of pinonaldehyde. It is more
important in the experiments using the UV lamp due to the higher photodissociation
rate of pinonaldehyde under these conditions. Considering the large dispersion in the
data, the model reproduces quite well the time evolution of acetone.
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Figure 4.4: Yields of pinonaldehyde in the α-pinene experiments in presence of NO
as function of initial α-pinene concentration. Yields estimated by N99 (red diamonds)
are compared with the yields calculated in this work (green diamonds). A linear re-
gression is applied on both sets of results.

An important disagreement exists for acetone in the experiments without NOx.
The data show a significant production of acetone (≈11% yield) through primary
or/and secondary reactions in these conditions, whereas the model simulates a pro-
duction close to zero. As explained in Sec. 2.3.1, the ring closure reaction of R7O2

outruns the channel leading to the production of acetone in presence of NO. Due to
the lack of measurements in the early stages of the experiments, the acetone yields
(Tab. 4.1) are calculated using concentration data for α-pinene conversions from 60
to 90%. The observed production of acetone in NOx-free conditions might have pri-
mary as well as secondary origins. In a sensitivity test, turning off the ring closure
reactions in the model (thus freeing the path to R7) results in only 3.5% acetone. This
low production is due to the tertiary structure of the peroxy radical R7O2 which favours
the reaction with HO2 against the permutation reactions. In the event that ring closure
is dominant, we estimate the highest possible (primary) acetone yield to 6%, which
is the value obtained by hypothesizing that acetone is produced immediately upon
decomposition of R8O (generated from reactions of R8 with O2 and then with other
peroxy radicals). Secondary productions are therefore required in order to account for
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the high observed yield. This is also suggested by the concentration-time profiles in
Fig. 4.3 since acetone is seen to increase even after complete oxidation of α-pinene.

Formaldehyde

The model cannot reproduce the large formaldehyde concentrations measured in
the UV experiments. However, the measured production of formaldehyde appears to
be constant in time (experiments 3 and 17 in Fig. 4.2) and independent on the photo-
chemical regime (experiments 25 and 30 in Fig. 4.3), suggesting a desorption of this
compound from the walls. This effect is not seen in the visible conditions because of
the large amount of formaldehyde generated by the photolysis of CH3ONO (experi-
ment 4 in Fig. 4.1). The modeled primary yield is 12.7% at high NOx concentrations.
Primary production proceeds further in the mechanism, through the reactions of the
radicals R4 and R10 (not shown in Fig. 2.2). Secondary productions originate from the
photooxidation of pinonaldehyde (6%) and other smaller organic compounds (3%).
Yield values are not reported for the visible experiments, since methyl nitrite photol-
ysis generates large quantities of formaldehyde. The formaldehyde yield is very low
in the NOx-free experiments. This is due to the fast decomposition of the radicals
R3O2 and R13O2 to pinonaldehyde, outrunning the formation of formaldehyde through
these pathways. The other channel (via R6 and R7O2) leads to R8 for which we have
no explicit mechanism. Therefore we can assume that, as for acetone, formaldehyde
is underestimated in the model in absence of NO.

Nitrates

The total concentration of organic nitrates (mainly made of C≥7 compounds) gen-
erated by the α-pinene oxidation were quantified by N99 on the basis of the inte-
grated cross sections (σint) of 2-hydroxypinane-3-nitrate and 3-oxopinane-2-nitrate in
the range 1635-1700 cm−1. The first compound represents 20% of the total amount
of nitrates produced according to the mechanism, whereas the latter is not produced.
However, the great majority of the nitrates generated in the α-pinene mechanism
have a structure comparable to 2-hydroxypinane-3-nitrate (presence of a cycle, pres-
ence of an alcohol function, and similar number of carbons), so that we can consider
plausible that they absorb in a similar fashion as 2-hydroxypinane-3-nitrate and 3-
oxopinane-2-nitrate.

The model reproduces quite well the observed apparent yields for both actinic
conditions. The nitrates were quantified in only one experiment in the UV series. In
that case, the data at longer times show a sharp increase of the nitrates concentra-
tion that could not be reproduced by the model.

The experiments in the visible conditions were performed at different pressures
of O2: Experiments 5 and 10 at PO2=10 mbar, experiment 4 at PO2=26 mbar and
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experiment 12 at PO2=200 mbar. Varying the pressure of O2 affects the decay rate
of CH3ONO. This is due to the main reactions involving CH3O, which is produced by
reaction (R2.37):

CH3O +O2 → CH2O + HO2 (R4.1)

CH3O +NO + M → CH3ONO (R4.2)

CH3O +NO2 + M → CH3ONO2. (R4.3)

Reactions R4.2 and R4.3 are negligible at standard pressure but they compete with
reaction R4.1 at low oxygen pressure, resulting in CH3ONO reformation and in a
large production of methyl nitrate. Experiment 4, 5 and 10 produce 15, 20 and 50%
of CH3ONO2, respectively, whereas the yield of CH3ONO2 is only 3% in experiment
12. In Fig. 4.1, 4.2, 4.5, and in Tab. 4.1, "

P
Nitrates" represents the total nitrates ex-

cluding CH3ONO2.

PANs

Measurements of peroxy acetyl nitrate (PAN) and α-pinonyl peroxy nitrate (α-
PPAN) were carried out for almost all UV experiments. α-PPAN is the main PAN ana-
logue produced in the pinonaldehyde oxidation by OH (Fantechi et al., 2002). These
measurements should be considered with caution, since many other PAN analogues
are produced in the mechanism, which can be expected to have very similar IR spec-
tra (Nozière and Barnes, 1998). For example, alkyled PAN analogues (e.g. benzoyl
peroxy nitrate and peroxy methacryloyl nitrate) show a peak within 1 cm−1 of PAN in
the main band of their spectra (at 1741 cm−1). It follows that the spectroscopic mea-
surements of PAN and α-PPAN in N99 experiments cover all PAN analogues similar
to PAN and α-PPAN in the reactor. Therefore, we make the assumption that the sum
of the measured concentrations of PAN and α-PPAN should be close to the sum of
all PANs in the system (

P
PANs). Figures 4.1 and 4.2 display also the sum of PAN

and α-PPAN (lower curve) as calculated by the model for illustration purposes (the
upper curve representing

P
PANs). In general, the model agrees well with the mea-

surements in both UV and visible conditions.

4.2.4 Pinonaldehyde+OH comparison results

It is more difficult to draw precise conclusions regarding the product yields in the
pinonaldehyde+OH experiments, due to their small number. The experiment in the
UV indicates an acetone apparent yield around 20% (Tab. 4.1 and Fig. 4.5) which is
well reproduced by the model. In these conditions, 30% of the pinonaldehyde present
in the reactor photolyze while 8% are lost by adsorption on the walls, leaving only
62% reacting with OH. This explains the large amount of acetone produced in the
experiment, whereas the primary yield from pinonaldehyde+OH only is actually twice
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Figure 4.5: Measured (diamonds) vs simulated (curves) concentrations as a function
of time for pinonaldehyde oxidation experiments in UV (experiment 33, blue lines),
and in visible conditions (experiment 35, red lines) in the presence of NOx from N99.

lower. Photolysis of pinonaldehyde is assumed to occur mainly around the ketone
function in the UV (Sec. 2.4.3). The bond breaking produces the R4 radical (see
Fig. 2.4) leading to acetone. The model calculates that photolysis yields as much as
50% of acetone in these conditions. The apparent yield as well as the primary yield
of acetone are in good agreement with the estimations of N99 for the UV conditions.
The modeled apparent yield of acetone is lower in the experiments conducted under
visible light because photolysis is negligible in these conditions. However the data
show the opposite, with a twice higher apparent yield in the visible experiments. The
causes of these differences are unclear.

4.2.5 Sensitivity studies

We evaluate the sensitivity of the model results to three sources of uncertainties.
The first and probably most important of all is the incompleteness of the mechanism.
As discussed in Sec. 2.3.4, the reactions of many primary products and radicals are
treated in a crude way in the model. In order to assess the impact of these reactions,
the standard model results are compared with simulations where the reactions of the
generic peroxy radicals LXO2 and SXO2 (Eq. R2.28a to Eq. R2.33) are switched off.
Figure 4.6 shows typical simulation results in presence and in absence of NO. When
NO is present, the influence of the generic peroxy radicals is small in the first stage of
the experiment, because the conversion of NO to NO2 are due to radicals generated
in the first reactions in the oxidation of α-pinene. Later on, the chemistry of the pri-
mary products becomes more important. When α-pinene is almost entirely oxidized,
the NO to NO2 conversion is mainly due to LXO2 and SXO2. The importance of
these radicals is also noticeable for the total PANs concentrations, which are lowered
by about 35% when this chemistry is omitted.
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In absence of NO, the pinonaldehyde yield is significantly reduced (to 17%) when
the chemistry of the generic radicals is switched off. This is due to the fact that the
ring closure of R7O2 promoted by the absence of NO produces large amounts of
LXO2 in the first steps of the oxidation process. These radicals contribute largely to
the cross reactions producing pinonaldehyde.

Although the use of generic radicals allows us to simulate NO to NO2 conversions
and permutation reactions missing in our mechanism, it should be considered with
caution, especially in NOx-free conditions. The values of λ and the αi in Eq. R2.27,
R2.30 and R2.34 are indeed based on the high-NO assumption. In spite of this ap-
parent limitation, however, the use of generic radicals provides satisfactory results for
the simulations presented in this study. For example, the simulated concentrations of
total PANs as well as of pinonaldehyde in absence of NO (both largely dependent on
the chemistry of the generic radicals) reproduce well the measurements. The other
products are not much influenced by this chemistry: e.g., the total peroxide yield in
NOx-free conditions goes down by only 5% (from the standard case of 30%) and
the total organic nitrate yield decreases only from 14% to 12% in the experiments in
presence of NOx.

A similar sensitivity test performed in typical atmospheric conditions (Sec. 4.2.6),
shows that the chemistry of the generic radicals has little influence on the primary
yields of pinonaldehyde and acetone. Our representation of the missing chemistry
in the mechanism can therefore be considered as reasonably accurate for predicting
the product concentrations in the first stages of the oxidation of α-pinene.

In another sensitivity test, the uncertainties related to the rates of the reactions
of inorganic and small organic (C≤3) compounds have been investigated. For that
purpose, the rates proposed by Atkinson et al. (2003) (IUPAC) for these reactions
are replaced by those proposed by DeMore et al. (1997) and Sander et al. (2000)
(JPL). This substitution affects the levels of OH and, therefore, the oxidation rate of
α-pinene. As seen in Fig. 4.7, this rate is slightly higher when the JPL set is used.
This difference is mainly due to two reactions :

OH + OH + M → H2O2 + M (R4.4)

and,
OH + NO + M → HONO + M. (R4.5)

Atkinson et al. (2003) report rates of 5.26×10−12 and 9.71×10−12 cm3 molec−1

s−1 for reaction R4.4 and R4.5, respectively, whereas DeMore et al. (1997) gives
5.98×10−12 and 7.39×10−12 cm3 molec−1 s−1, respectively. When the JPL set is
used in the visible simulations, the modeled apparent yield of pinonaldehyde is over-
estimated by 5%, a larger discrepancy than when the IUPAC set is used (2%). These
changes remain reasonably small.

The rate of 3.5×10−11 cm3 molec−1 s−1 proposed by Fantechi et al. (2002) is
used in the model for the reaction of pinonaldehyde with OH. This value based on
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Figure 4.6: Modeled concentrations when the chemistry of the generic radicals LXO2
and SXO2 (see Sec.2.3.4) is omitted (red lines), and comparison with the standard
case (blue lines). Effects in presence and absence of NOx are represented by exper-
iments VIS12 and UV26, respectively.

theoretical calculations is in fair agreement with the two most recent experimental
values of 4-5×10−11 cm3 molec−1 s−1 (Alvarado et al., 1998; Nozière et al., 1999b).
Setting the rate to the higher limit of 5×10−11 cm3 molec−1 s−1 in the model leads to
a slightly better match with the data for pinonaldehyde in visible conditions (Fig. 4.7).
However in the UV conditions, pinonaldehyde is underestimated, with a calculated
apparent yield of 41%.

4.2.6 Influence of the photochemical conditions on the modeled
pinonaldehyde and acetone yields

The yield of pinonaldehyde is determined by the reactions of peroxy radicals: the
reactions of R2O2 and R12O2 with NO, with HO2 and with the other peroxy radicals,
and the reaction with NO and the decomposition reaction of the α-hydroxy peroxy
radicals R3O2, R3O

†
2, R13O2, R13O

†
2 (Fig. 2.2). Consequently, as already noted in

Sec. 2.3.3, the yield depends on the photochemical conditions. Figure 4.8 represents
the yield of pinonaldehyde as a function of NO and α-pinene. The solid blue line
is the yield calculated by the model with an initial concentration of α-pinene of 400
ppb (1×1013 cm3 molecule−1), typical of the N99 experiments (standard case). In the
chemical regime (A) (a "low NOx" regime), the permutation reactions of the peroxy
radicals are dominant and the decomposition reaction R2.23a and R2.24 are the only
reactions of the α-hydroxy peroxy radicals. The pinonaldehyde yield is limited by the
alkoxy channel ratio in the permutation reactions of R2O2 and R12O2. The regime B is
characterized by a transition where the NO-reaction of R2O2 and R12O2 compete with
the permutation reactions. This transition takes place at higher NO levels when the
concentration of α-pinene is augmented, as shown by the dotted blue line in Fig. 4.8
calculated using a higher α-pinene level. The highest yield (61%) is reached when the
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Figure 4.7: Modeled concentrations when the rates from DeMore et al. (1997)
and Sander et al. (2000) are used (red lines) instead of the corresponding
rates from Atkinson et al. (2003) (standard case, blue lines). The results using
k(pinald+OH)=5×10−11 cm−3 molec−1 s−1 are also shown (green lines).

NO-reaction is the only reaction for the radicals R2O2 and R12O2, and is still negligible
compared to decomposition for the α-hydroxy peroxy radicals (Eq. R2.24, regime C).
For NO > 100 ppb (regime D) kR2.25 becomes effective and reduces the production of
pinonaldehyde. However the reaction of the tertiary radical R3O2 with NO plays only
a minor role for NO concentrations below 10 ppm.

Besides the N99 experiments, other α-pinene+OH experiments have been per-
formed at similar NO levels: Among these studies, Hatakeyama et al. (1991) derived
a pinonaldehyde yield of 78.5 % (value adjusted by N99), whereas Wisthaler et al.
(2001) deduced a yield of 34±9 %. A few experiments were made at higher concen-
trations of NO. Arey et al. (1990) and Hakola et al. (1994), with about 10 ppm of NO
derived yields of 28±5% and 29±5% respectively. These results are in fair agree-
ment with the modeled yield considering the uncertainty on the rates kR2.23a, kR2.23b

and kR2.24. They tend to confirm the predicted decrease of the pinonaldehyde yield
for NO concentrations higher than 100 ppb.

The yield of acetone is also dependent of NO. For NO < 1 ppb, the ring closure
reaction of radicals R7O2 outruns the other reactions and the acetone production
pathway proceeding through the reaction of R7O2 with NO or RO2 is negligible. The
ring closure products being unknown, it is unfortunately not possible to provide theo-
retical estimates of the acetone yield at low NOx (regime A and B). In regime C (NO
≥ 100 ppb), the ring closure reaction becomes negligible and the acetone yield is
estimated to be about 10%. In regime D, the channel promoted by R3O2+NO brings
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an additional contribution to the primary yield of acetone which reaches 17% for 100
ppm of NO.

In the atmosphere, the abundances of α-pinene and NO are usually much lower
than in the reactor. Typical atmospheric concentrations of [NO] range from several
ppt to several hundreds of ppt. It follows that the α-hydroxy peroxy radicals R3 and
R13 decompose entirely to pinonaldehyde. The influence of the reaction with NO
(Eq. R2.25) is restricted to laboratory conditions when [NO]≥100 ppb. The other
usual reactions of peroxy radicals compete with each other in the atmosphere. In
particular, we can expect HO2, CH3O2, and the peroxy radicals produced by the oxi-
dation of isoprene and the other VOC to play a significant role.

The dependence of the pinonaldehyde yield on NO concentration in the atmo-
sphere is illustrated by the black curves in Fig. 4.8. They represent the yield calcu-
lated with the box model in relatively typical atmospheric conditions, with [CH4]=1.7
ppm, [CO]=300 ppb (a higher than usual mixing ratio in order to represent the effect
of other VOC), [O3]=30 ppb, T=298 K, relative humidity=50%, and [α-pinene]=100 ppt
(solid line) or 500 ppt (dash dotted line). The photolysis rates are those reported in
Tab. 2.6 and 2.7. In these conditions, [OH] and [HO2] are calculated to range between
4 and 6 × 106 and 3 and 4 × 108 molecules cm−3, respectively.

The pinonaldehyde yield varies significantly with the level of NO from about 10%
(NO∼5 ppt) in clean conditions to more than 50% for NO≥200 ppt. This variation
results almost exclusively from a competition between NO- and HO2-reactions of the
peroxy radicals. The permutation reactions bring only a minor contribution to pinon-
aldehyde production. The α-pinene concentration has therefore little influence on
the product distribution. Note that the chemical interactions with other VOC and in
particular the biogenic compounds are not taken into account in these calculations.
The photooxidation of isoprene, the most abundant biogenic VOC (Guenther et al.,
1995), generates peroxy radicals bearing alcoholic and allyl functionalities (Paulson
and Seinfeld, 1992). Half of them have self-reaction rates typical of the R1H or R2M
classes (see Tab. 2.2). We can expect the cross reactions between these radicals
and those from α-pinene to occur in the canopy and to offer an additional channel to
the production of pinonaldehyde.

The dependence of the total primary nitrate and hydroperoxide yields with NO
has also been calculated for typical atmospheric conditions, with [α-pinene]=500 ppt.
As seen in Fig.4.9, the production of hydroperoxides is expected to be important
in the atmosphere, with a yield close to 90% at very low NOx (1 ppt NO), and as
high as 30% at 100 ppt of NO. Hydroxy hydroperoxides represent the majority of
these hydroperoxides. They have low vapor pressures and high solubilities and may
therefore have a strong impact on SOA formation (Bonn et al., 2004).
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Figure 4.8: Yields of pinonaldehyde (upper panel) and acetone (lower panel) as a
function of the NO volume mixing ratio (VMR). The blue curves correspond to labora-
tory conditions, with [α-pinene]=400 ppb (solid lines) or [α-pinene] = 20 ppm (dotted
lines). The black curves correspond to atmospheric conditions, with [α-pinene] = 100
ppt or [α-pinene] = 500 ppt (dash dotted lines).

4.2.7 Comparison results for aerosol formation

In addition to the gas phase products, the production and composition of sec-
ondary organic aerosols in the N99 experiments has been estimated, based on the
partitioning model described in the preceding chapter. This aerosol model relies on
the vapour pressure prediction method described in Sec. 3.2.2. It has been noted that
the relative uncertainty on the estimated vapour pressures of multifunctional organic
compounds can reach a factor of three, in particular, in the case of heterofunctional
compounds (e.g. hydroxy ketones and tri-O-acids, see Tab. 3.1). Such a large un-
certainty can have significant effects on the calculation of the partitioning coefficients
and consequently on the production of particulate compounds. The impact of this un-
certainty on the results has been estimated by using the following approach. Instead
of performing only one simulation for each N99 experiment, a series of 30 simulations
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Figure 4.9: Primary yields of total hydroperoxide (black curve) and total nitrate (blue
curve) as a function of the NO volume mixing ratio (VMR) in atmospheric conditions,
with [α-pinene] = 500 ppt.

has been performed using randomly perturbed sets of vapour pressures:

log p0,pert
L,i = log p0,mod

L,i + ∆i, (4.5)

where the index i denotes the compound. p0,mod
L,i is the best estimate of the vapour

pressure of compound i as obtained using our prediction method, whereas p0,pert
L,i is

the perturbed vapour pressure actually used in the model. The set of ∆i are random
numbers normally distributed with σ = 0.5, reflecting the bias between the model
and the measurements for low-volatile compounds. For each run, a new set of ∆i

is selected for all compounds i. The normal distribution of ∆i reproduces similarly
the distribution of the differences between the measured and the estimated vapour
pressures (Fig. 3.3).

The degradation of α-pinene is successfully simulated by our model for four out
of the five experiments providing aerosol-phase measurements. Experiments 19 and
21 are discarded from the analysis because they show a mean bias between the
modeled and measured α-pinene concentrations higher than 10%. For each of the
three experiments remaining, 30 series of simulations were performed with different
sets of p0,pert

L,i . Results of this sensitivity test are shown in Fig. 4.10, 4.11 and 4.12 .

The simulations of the aerosol in the three experiments show a systematic bias.
The measurements indicate that aerosol production starts as soon as the photooxida-
tion is initiated, whereas aerosol production starts 5 to 10 minutes after the beginning
of the experiment according to the model. The slow aerosol production in the model
is due to the semi-volatility of the hydroxy nitrates and, hydroxy peroxy acyl nitrates
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constituting the aerosol in high NOx conditions. The vapour pressures of these prod-
ucts are higher than 10−4 torr. Therefore an accumulation of these compounds in
the gas phase is necessary to trigger the aerosol production. Note that pinonalde-
hyde does not contribute to the aerosol phase, confirming our analysis of the gas
phase. In any case, uncertainties on the estimated vapour pressures cannot explain
this systematic difference between the model and the data. To date, no reason could
be found to explain the observed fast aerosol production, particularly in absence of
seed particles. A lower volatility product is possibly formed in the gas phase in the
first steps of the OH-oxidation, which is not currently taken into account in the model.

Experiments "UV17" and "UV20" performed with the same initial concentration of
α-pinene (∼300 ppb) give both an aerosol yield between 2 and 5%. The higher yield
of 20% in Experiment "UV18" results in part from the larger initial concentration of
the precursor hydrocarbon (1.5 ppm). Furthermore, the model predicts a complete
conversion of NO occurring before α-pinene is completely oxidized. The absence of
NO results in an increase of hydroxy PANs and hydroxy hydroperoxides compounds
contributing to the particulate phase.

In presence of NOx, LXONO2 and LXPAN are the main products of the generic
peroxy radicals LXO2i. Their vapour pressures are estimated on the basis of the
structures of the explicit products generated in the oxidation mechanism. LXONO2
and LXPAN are not produced in large amounts (their total yield does not exceed 2%)
and although these products are multifunctional, their carbon number is assumed
equal to 8, which makes them rather volatile. For these reasons, these products are
found to contribute little to the aerosol phase at high NOx.

Although the model does not reproduce the observed timing for aerosol produc-
tion, the different simulations reproduce the correct order of magnitude of the to-
tal aerosol yield in the three experiments. Other experimental studies have been
conducted to quantify the production of aerosols in the α-pinene/OH/NOx system.
Hatakeyama et al. (1991) and Bonn and Moortgat (2002) used 1.3 ppm and 500 ppb
of initial α-pinene, respectively. On the basis of the measured volume concentration
of aerosols, we estimate molar aerosol yields of the order of 20% and 2-3% for these
studies, respectively, in good agreement with the yields of N99 obtained at similar
concentrations of α-pinene. Note, however, that the actinic conditions in both experi-
ments are different than in N99 due to the choice of different lamps.
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Figure 4.10: Simulations of experiment 17 from N99. Each run (green curves) cor-
responds to different choices of ∆i (Eq. 4.5). Black curves correspond to ∆i=0 for all
compounds. Experimental data are represented by the diamonds. Compound names
preceded by "Y-" denote the molar yield of this (class of) compound(s)
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Figure 4.11: Simulations of experiment 18 from N99. Each run (green curves) cor-
responds to different choices of ∆i (Eq. 4.5). Black curves correspond to ∆i=0 for all
compounds. Experimental data are represented by the diamonds. Compound names
preceded by "Y-" denote the molar yield of this (class of) compound(s)
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Figure 4.12: Simulations of experiment 20 from N99. Each run (green curves) cor-
responds to different choices of ∆i (Eq. 4.5). Black curves correspond to ∆i=0 for all
compounds. Experimental data are represented by the diamonds. Compound names
preceded by "Y-" denote the molar yield of this (class of) compound(s).
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4.3 α-pinene+O 3 experiments

4.3.1 Description of the experiments

Table 4.2 summarizes the conditions of the experiments studied in this work. In
general, experiments are performed around 290 K, 308 K or 320 K, with initial con-
centrations of α-pinene between 10 and 150 ppb. The relative humidity does not
exceed 20% in the three series of experiments. These dry conditions are expected to
result in a negligible role for aqueous processes in the aerosol phase since these rel-
ative humidities are well below the deliquescence relative humidities of usual organic
aerosols (Marcolli et al., 2004).

Yu et al. (1999a) performed the most detailed qualitative and quantitative analysis
of the products. Besides the total aerosol mass measurements, they also provided
concentrations of individual products in both the gas and particulate phase. Samples
were treated by gas chromatography/Mass spectrometry (GC/MS). Yu et al. (1999a)
deduced the partitioning coefficients for these compounds from their measured gas
and aerosol phase concentrations.

Hoffmann et al. (1997) investigated the formation of aerosols during the ozonol-
ysis of biogenic hydrocarbons in the dark. The instrumentation included two scan-
ning electrical mobility spectrometer (SEMS) and two condensation nucleus counters
(CNC). α-pinene experiments were carried out at different initial concentrations and
without OH scavenger. Experiments performed in the framework of the "BIOVOC"
project (BIOVOC, 1998; Christoffersen et al., 1998) included measurements of the
aerosol mass produced in the ozonolysis of α-pinene at different temperatures, with
and without OH scavenger. The aerosol yields were calculated on the basis of the
aerosol volume, measured by a Differential Mobility Analyser (DMA). Note that neu-
tral seed particles ((NH4)2SO4) were injected prior to each experiment in Yu et al. and
Hoffmann et al.. No seeds were used in the BIOVOC experiments.

Many parameters influencing the chemical conditions differ from one experiment
to one another (temperature, initial concentrations, type of scavenger, relative humid-
ity, addition of seeds, sampling time) which makes the comparisons between experi-
mental yields difficult. Moreover, the three groups used different experimental set ups
(e.g. measurement methods, reactor volumes). Therefore, measurement biases, wall
losses and possible wall desorptions might differ in the three series of experiments.
Yu et al. estimated the experimental uncertainty associated to the product yields to
∼50%. Neither Hoffmann et al. nor BIOVOC provided uncertainty estimates. How-
ever, the comparison of the yields from experiments performed in close conditions
(e.g. HofF vs. BioI ,BioA vs BioB) reveals differences of a factor 2-3 on the aerosol
yield, suggesting the existence of large uncertainties in the BIOVOC results.
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Table 4.2: Ozonolysis experiments investigated using the box model. ∆Mo is the
aerosol mass produced from the oxidation (directly measured or calculated from vol-
ume measured)

References Experiments T ∆(α-pinene) RH OH scavenger ∆Mo

K ppb % µg m−3

Yu et al. (1999a) YuA 308 57.0 5 2-butanol 54.2
Yu et al. (1999a) YuB 308 65.1 5 2-butanol 65.1
Yu et al. (1999a) YuC 306 45.1 5 2-butanol 38.8
Hoffmann et al. (1997) HofA 322 38.0 5 none 29.9
Hoffmann et al. (1997) HofB 321 88.0 5 none 82.0
Hoffmann et al. (1997) HofC 320 101.9 5 none 80.4
Hoffmann et al. (1997) HofD 319 132.9 5 none 94.9
Hoffmann et al. (1997) HofE 321 154.1 5 none 183.5
Hoffmann et al. (1997) HofF 289 88.5 5 none 341.0
BIOVOC-project BioA 293±2 745 1 cyclohexane 967.8
BIOVOC-project BioB 297.5±1.5 684 1 cyclohexane 1699.8
BIOVOC-project BioC 290.5±1.5 790 20 cyclohexane 2364.8
BIOVOC-project BioD 292±1 74 20 cyclohexane 62.7
BIOVOC-project BioE 291±1 55 1 none 62.1
BIOVOC-project BioF 293±3 10 1 none 2.3
BIOVOC-project BioG 289±3 66.6 1 cyclohexane 56.4
BIOVOC-project BioH 292±2 63.7 1 cyclohexane 68.4
BIOVOC-project BioI 289.5±1 85 20 none 105.6

4.3.2 Mechanism for the formation of condensable products

Very small aerosol yields are predicted by the box model simulations of Yu et al.
experiments using the gas phase mechanism described in Sec. 2.3 (∼1%). The rea-
son is the relatively high volatility of the products. As mentioned is Sec. 2.3, although
pinic acid and hydroxy pinonic acid are known products resulting from the ozonoly-
sis of α-pinene, their formation processes remain so far unknown and are therefore
missing in our gas phase mechanism. These two compounds are expected to be
very condensable (p0

L= 3×10−6 torr and p0
L=6×10−7 torr for pinic acid and hydroxy

pinonic acid, respectively) and to adsorb promptly on the aerosol seeds. Their pres-
ence would lead to an increase in the aerosol mass Mo, thereby allowing more volatile
compounds to condense according to Eq. 3.1. Therefore these two compounds play
an essential role in the formation of aerosol, and they need to be taken into account
somehow.

A simplified reaction path has therefore been adopted to represent the formation
of these two compounds, on the basis of the Yu et al. experimental results. Given that
the use of the OH scavenger, 2-butanol, by Yu et al. leads to a large production of HO2

(as simulated using the MCM mechanism of Saunders et al. (2003)) and therefore to
a large production of hydroperoxides and acids in the reactions of (acyl) peroxy rad-
icals, pinic acid and hydroxy pinonic acid must be produced in the early steps of the
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oxidation mechanism after one peroxy radical reaction or less. We adopted a prompt
formation of both acids from the radical Crieg II. Their overall yield (gas and aerosol
phase) in the ozonolysis of α-pinene are taken to be 3% for each of them, based on
laboratory observations (Christoffersen et al., 1998; Hoffmann et al., 1997; Glasius
et al., 2000; Kamens et al., 1999; Yu et al., 1999a). The ratio of the hydroperoxide
channel of Crieg II has been reduced correspondingly. The reduction remains within
the uncertainty of the channel ratio.

The dimerization of carboxylic acids in the gas phase has been introduced in
Sec. 3.2.4. The equilibrium reaction on the form:

acid + acid  dimer, (R4.6)

has been observed to produce large amounts of dimers and adducts of pinic acid
and pinonic acid in smog chambers (Hoffmann et al., 1998; Kuckelmann et al., 2000).
Theoretical estimations by Peeters and Vereecken (2005) for pinic acid dimer leads to
an equilibrium constant Keq = 2×10−29 exp(15400/T) cm3 molecule−1 and a dimeriza-
tion rate k = 1×10−12 exp(1000/T) cm3 molecule−1 sec−1. In absence of estimations
for other multifunctional carboxylic acids dimers, these kinetic constants are adopted
in our box model for all dimers/adducts equilibrium reactions involving pinic, pinonic
and pinalic acid. As discussed in Sec. 3.2.4, the vapour pressures of the dimers
formed in the α-pinene oxidation mechanism are assumed to be equal to the vapour
pressure of pinic acid (with the same temperature dependence).

4.3.3 Total yield of products

Two of the three experiments by Yu et al., YuA and YuB were performed in excess
of ozone and sampled after 4 hours, whereas α-pinene was in excess in experiment
YuC and the sampling was made before one hour of experiment. The experiments be-
ing performed in presence of a scavenger and without light, the losses of the products
by secondary reactions in the gas phase can be neglected. The compounds identi-
fied by Yu et al. can be considered as primary products. The losses on the walls are
small compared to the experimental uncertainty and the apparent yields can be as-
sumed equal to the true yields (Sec.4.2.2). Table 4.3 reports the averaged total yield
(gas+aerosol phase) of the products measured. The yields of hydroxy pinonaldehyde
(&isomers), pinonaldehyde and pinonic acid (see Appendix A for identification of the
products) are well reproduced by the box model. However, the yields of hydroxy
pinonaldehydes and pinonic acid are lower by a factor 3-4 in both samples taken af-
ter 4 hours (YuA and YuB) compared to the sample taken after one hour (YuC). No
reason has been found that could explain this difference. Model and measurements
disagree for the yields of norpinonaldehyde and norpinonic acid (&isomers). Causes
may include the uncertainty in the branching ratios of the Criegee reactions, and the
uncertainty in the rates and product ratios of the permutation reactions of peroxy rad-
icals, since these reactions are responsible for the propagation of the oxidation chain
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Table 4.3: Experimental and modeled yields of products in the experiments per-
formed by Yu et al. (1999a)

Molar Yield (%)
Species Exp. Model Species Exp. Model
Pinic acid? 4.8±1.3 3.2 Pinonaldehyde 11.8±5.4 12.8
Hydroxy pinonic acid? 2.7±0.9 2.7 Norpinonaldehyde 1.8±0.6 6.5
Pinonic acid 4.2±2.6 6.3 Hydroxy pinonaldehyde 5.6±4.0 9.8
Norpinonic&Isom. 9.0±3.5 3.2

? Using adjusted mechanism (See Sec. 4.3.2)

in absence of NOx.

Several studies have reported the production of acetone from experiments of α-
pinene ozonolysis performed in the dark (BIOVOC, 1998; Reissel et al., 1999; Or-
lando et al., 2000). The experimental molar yields range between 3% and 9%. Sim-
ulations in the same conditions indicate a negligible primary yield (<1%). This low
value is explained by the fact that acetone is produced in the ultimate steps of the
oxidation paths Ia and Ib of the ozonolysis mechanism (Fig. 2.3). In absence of NOx,
the permutation reactions of RO2 compete with the reactions with HO2. Due to the
high levels of HO2, low yields are predicted for the products generated after the first
oxidation steps. The missing fraction of acetone reveals the existence of missing
routes in our ozonolysis mechanism.

4.3.4 Aerosol phase simulations

Table 4.4 reports the distribution of the products between the gas and the aerosol
phase modeled for typical experiments. The box model reproduces well the equal
distribution of the carboxylic acids between both phases in experiment YuB. However
the model underestimates the particulate matter concentration by 10-20% (Tab. 4.5)
in the three experiments of Yu et al.. This underestimation might be due to the ab-
sence of carbonyl compounds in the simulated aerosol phase. Yu et al. reported
indeed that an equivalent fraction of the aerosol phase is made mainly of pinonalde-
hyde and hydroxy pinonaldehyde. The low partitioning coefficients calculated in the
model for carbonyl compounds result from their high volatility. Heterogeneous reac-
tions, such as oligomerization processes described in Sec. 3.3 are believed to explain
their partitioning. The oligomeric products were not identified in the experiments used
in this study because the detection and characterization methods used to study SOA
induce back decomposition of the oligomers to the primary monomers (Tolocka et al.,
2004). The oligomerization reactions are not included in the box model, because they
remain so far unclear. Many factors, such as the relative humidity and the acidity of
the aerosol, seem to influence the formation of oligomers. However, although het-
erogeneous reactions are not modeled, the time dependence of the aerosol is well
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Table 4.4: Modeled gaseous and particulate yields of the main products gener-
ated from the ozonolysis of α-pinene in the experiments YuB, BioC , BioG, BioE (see
Tab. 4.2)
Species YuB BioG BioC BioE

Ygas Ypart. Ygas Ypart. Ygas Ypart. Ygas Ypart.

Pinonic acid 2.6 3.8 0.2 6.1 0. 6.1 0.3 3.9
Pinalic acid 1.4 1.8 0.1 3.9 0. 4.1 0.1 1.5
Pinic acid 1.3 1.9 0.1 3.1 0. 2.4 0.1 1.8
Perpinalic acid 11.0 0. 13.2 0.8 6.3 7.2 5.2 0.2
Hydroxy pinonic acid 0.7 1.9 0. 2.9 0. 2.7 0. 1.9
Hydroperoxides 35.5 0.7 3.4 7.5 0. 9.8 4.3 2.9
Hydroxy pinonaldehyde&Isom. 9.3 0. 11.4 1.1 4.2 7.2 6.0 0.3

Table 4.5: Modeled vs experimental yields for the ozonolysis experiments listed in
Tab. 4.2

Experiments YSOA (%) Experiments YSOA (%)
Exp. Model Exp. Model

YuA 11.5 9.4 BioA 15.64 40.1
YuB 12.0 10.1 BioB 29.9 37.1
YuC 10.4 9.5 BioC 36.0 43.9
HofA 9.5 0. BioD 10.2 23.0
HofB 11.2 0.4 BioE 13.6 15.7
HofC 9.5 0.8 BioF 2.72 3.9
HofD 8.6 2.3 BioG 10.2 26.1
HofE 14.3 1.8 BioH 12.9 22.0
HofF 46.1 17.9 BioI 15.0 15.9

reproduced by the model for the Yu et al. experiments, as shown in Fig. 4.13.

The acid dimer formation affects significantly the aerosol formation. Figure 4.14
shows the impact of dimerization as a function of the reacted α-pinene at different
temperatures (290 K, 308 K, 320 K). The modeled yields shown in the figure are
based on simulations of typical ozonolysis experiments after two hours, in presence
of cyclohexane as scavenger. Experimental yields from Yu et al. and BIOVOC per-
formed in similar conditions are also shown. Simulations performed without account-
ing for the dimerization process show a lower production of aerosols. Almost no par-
ticulate matter is formed at 308 and 320 K for ∆α-pinene < 100 ppb. Due to the fast
rate of the forward reaction (Eq. R4.6), the three acids involved in the dimerization are
under the form of dimers in the range of ambient temperatures. Therefore, pinonic
acid which does not condense significantly as monomer (p0

L=3×10−3 torr at 298K), is
incorporated in the aerosol phase through dimerization processes (p0

L ≤3×10−6 torr
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a-pinene

Figure 4.13: Time-dependent concentrations of α-pinene and SOA in experiments
YuB from Yu et al. (1999a)

Figure 4.14: Aerosol yield as a function of the concentration of α-pinene oxidized by
O3, in presence of a scavenger (cyclohexane). Experimental yields are represented
by triangles (BioH , BioG, BioD, BioC) and diamonds (YuA, YuB, YuC). Model sim-
ulations with (solid lines) and without (dotted lines) the acid dimerization reactions
are also shown. Colors characterize temperature of interest: Red for 290 K, blue for
308K, and green for 320 K.
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at 298 K for the dimers and adducts of pinonic acid). However, due to the adopted
temperature dependency of the vapour pressures, the dimers are too volatile at 320K.

A sensitivity test on the SOA yields has been performed using a different approach
for the vapour pressures of the dimers and adducts. The dimers were assumed to
have the same volatility as their corresponding monomers. Following an hypothe-
sis outlined in Sec. 3.2.4, the adducts formed by pinonic acid (or pinalic acid) with
pinic acid were supposed to have a low volatility because of the free carbonyl site.
Their vapour pressures have been calculated using the vapour pressure of pinic acid
reinforced by the carbonyl contribution as:

log p0
L,adduct(T ) = log p0

L,pinic acid(T ) + τcarb(T ). (4.6)

As a consequence, the dimers of pinic acid and the adducts pinonic acid (pinalic
acid)/pinic acid (4.9×10−7 torr) are the only dimeric forms which condense at ambi-
ent temperature. Simulations of the Yu et al. experiments with these vapour pres-
sures indicate that the proportion of dimers/adducts in the aerosol decreases only
from ∼11% to ∼7%.

Experiments BIOD, BIOG, BIOH used a similar amount of α-pinene as in Yu et
al., but at ∼ 290 K. The model simulates a yield of ∼ 24%, whereas the measure-
ments indicate yields close to those of Yu et al. (10-13%) despite a difference of
18 K between both experiments. These similar yields are difficult to explain since,
according to the strong temperature dependence of the partitioning coefficient (via
the vapour pressure), such a marked decrease of the temperature should favour an
increase in SOA production. At higher concentration of converted α-pinene (BIOC),
the model and the measurements are in fair agreement. At lower temperatures, the
hydroperoxide compounds contribute more to the aerosol phase. Due to the stronger
temperature dependence of their vapour pressures with respect to other compounds,
they represent about 30% of the aerosol in experiment BioG, to be compared with the
small fraction (7%) predicted in experiment YuB (Tab. 4.5). Small amounts of semi-
volatile hydroxy carbonyls are also found in the aerosol. Note that for all conditions,
perpinalic acid is an important primary product although it has not been identified so
far in experimental studies.

The series of experiments by Hoffmann et al. as well as several BIOVOC experi-
ments were performed without any OH scavenger. The BIOVOC experiments (BIOE

and BIOI) are in good agreement with the box model. However, the simulations of
the Hoffmann et al. experiments predict a negligible production of aerosol contrasting
with the averaged experimental yield of 10%. The unability to model SOA concentra-
tions at low and particularly at high temperature may be due to the simplified kinetic
scheme adopted for the formation of dimers and the crude estimation of their temper-
ature dependent vapour pressures.

The sensitivity tests performed with the model highlight the influence of the scav-
enger (Fig. 4.15). In the simulations without OH scavenger, about one third of α-
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Figure 4.15: Aerosol yield as a function of the concentrations of α-pinene oxidized.
Symbols represent the yields in experiments performed without scavenger: Squares
and triangles are used for Hoffmann et al. (1997) and BIOVOC experiments (BioE

and BioI), respectively. The effect of the scavenger is shown by model simulations
(solid lines). Colors characterize temperature of interest: Red for 290 K, and green
for 320 K.

pinene is oxidized by OH. Scavenging the hydroxyl radical is found to increase the
SOA production in similar proportions. This confirms the view that ozonolysis is the
major oxidation path for the generation of condensables. Interestingly, the chemical
conditions are affected by the choice of the scavenger. The oxidation of 2-butanol by
OH generates an important amount of HO2 (Saunders et al., 2003). Consequently, a
more important production of hydroperoxides is seen in the Yu et al. (1999a) exper-
iments (Tab. 4.5) where 2-butanol is used as scavenger, compared to the BIOVOC
experiments using cyclohexane. This effect is almost negligible regarding aerosol
formation at 308 K. However, the sensitivity test shows that at 290K, the amount of
particulate products increases when 2-butanol is used instead of cyclohexane due to
the condensation of a larger amount of hydroperoxides.
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4.4 Modeling SOA production in atmospheric condi-
tions

Box model simulations have been performed in daytime atmospheric conditions
to evaluate the production of SOA from the photooxidation of α-pinene. The photo-
chemical conditions used in these simulations are comparable to those adopted in
Sec. 4.2.6 for the forested areas where the emissions of α-pinene are particularly in-
tense: [α-pinene]=500 ppt, [CH4]=1.7 ppm, [CO]=400 ppb, [NO]=50 ppt, [O3]=30 ppb,
T=293 K, and relative humidity=50%. Mo is initially set to 8 µg/m3 (Eq. 3.3, page 64),
representing a typical concentration of organic aerosols as observed in forested ar-
eas (Kanakidou et al., 2000).

20-hour simulations have been performed in these conditions, keeping α-pinene
and NO constant. After 10 hour of simulation, the SOA yield reaches a constant
value of approximatively 5% (simulations results are shown in Fig. 5.7 of Chapter 5,
page 138). Under these conditions, the aerosol phase is dominated by multifunc-
tional acids and to a lesser extent by hydroxy hydroperoxides. Interestingly, a major
fraction of pinonic, pinalic and pinic acids are under the dimer form. The dimeriza-
tion is favoured by the rapidity of this process combined to the slow oxidation by OH
calculated using the SAR of Kwok et al. (1995) for acid compounds. The ozonolysis
remains the privileged path for aerosol formation in atmospheric conditions. However,
the oxidation by OH is not negligible, as shown by the presence of particulate hydroxy
hydroperoxides which originate mainly from this oxidation route. It is not possible to
compare these box model results with the simulations of a global model in which the
emissions, transport and deposition processes are taken into account. However, it is
possible to compare the chemical schemes and the partitioning coefficients adopted
in the most recent global models (Tab. 1.2, page 20) with those used in this work.

Tsigaridis and Kanakidou (2003) have used the global 3-dimensional chemistry/
transport model, TM3, in order to simulate the temporal and spatial distribution of
primary and secondary organic aerosols from both anthropogenic and biogenic ori-
gins. They estimated the global annual SOA production from biogenic sources at
23.2 Tg/year. The chemical mechanism for the oxidation of α-pinene is represented
by a temperature-dependent two-product model (Eq. 3.2, page 64). The partitioning
(Kp,i) and stoichiometric (αi) coefficients have been deduced by Griffin et al. (1999a)
on the basis of their ozonolysis experiments of α-pinene performed in presence of a
scavenger and at an average temperature of 307 K. The dependence of the aerosol
yields to the organic aerosol concentration Mo are shown in Fig. 4.16 (green dashed
curves). The aerosol production from the oxidation by OH and NO3 is considered
as negligible by Tsigaridis and Kanakidou (2003). The SOA yields simulated using
our box model (discussed in the previous section) are lower than the model results
of Griffin et al. (1999a). In TM3, the temperature dependence of the partitioning co-
efficients is based on an estimation of the enthalpy of vaporization assumed to be
representative of the mixture of products. Due to the exponential dependence of the
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Figure 4.16: SOA yields from the α-pinene oxidation as a function of organic mass
concentration between 308 and 320 K, calculated using the two-product models
of Griffin et al. (1999a) (gri) and Chung and Seinfeld (2002) (chu), and using the
CACM/MPMPO model of Griffin et al. (2005) (gri05). Dashed and solid lines repre-
sent yields calculated for the ozonolysis and the photooxidation, respectively. The
yields calculated using the box model developed in this work are represented by the
black curves.

vapour pressure to the enthalpy of vaporization, uncertainties of a factor 2 for the
enthalpy are evaluated to translate into tremendous differences up to 150% on the
predicted global annual SOA production.

The biogenic SOA formation has been also simulated in the global models GISS
GCM II-prime (Chung and Seinfeld, 2002, 11.2 Tg/year) and MOZART (Lack et al.,
2004, 15.3 Tg/year). The 2-product mechanism used in both models is assumed to
represent the chemistry of all monoterpenes. The parameters used in Chung and
Seinfeld (2002) to model the partitioning have been obtained from an average of the
experimental Kp deduced from photooxidation experiments of Hoffmann et al. (1997)
and Griffin et al. (1999a) on a series of monoterpenes. In MOZART, these parameters
are taken from Griffin et al. (1999a) and are based on the photooxidation experiments
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of α-pinene only. In contrast with Tsigaridis and Kanakidou (2003), both OH- and O3

oxidation routes are considered to produce SOA in these global models. The SOA
yields calculated by the 2-product models used in both global simulations are shown
in Fig. 4.16. They are significantly higher than the yields obtained from the simula-
tions using our box model for similar photooxidation experiments.

A more complex chemical mechanism describing the photooxidation of VOC has
been elaborated by Griffin et al. (2002). The CACM mechanism includes a total of
191 species and 361 reactions. Among them, 40 reactions, leading to about 10 prod-
ucts, describe the oxidation of "BIOH" which is representative of 7 monoterpenes
(including α-pinene) known to produce high SOA yields in laboratory. The gas phase
module has been coupled to the MPMPO module which describes the partitioning of
the organic products between the gas phase and a condensed phase consisting of
an aerosol and an aqueous phase (Griffin et al., 2003). In a recent version of the
CACM/MPMPO model (Griffin et al., 2005), the vapour pressures and stoichiomet-
ric coefficients of the condensable products have been adjusted in order to match
chamber experiments (Odum et al., 1996, 1997; Hoffmann et al., 1997; Griffin et al.,
1999a). Simulations of SOA formation from the photooxidation of a "BIOH" compound
in laboratory conditions using the CACM/MPMPO model is shown in Fig. 4.16.

Another alternative to the 2-product model has been proposed in Bonn et al.
(2004). A reduced scheme of the α-pinene oxidation described in the MCM mecha-
nism (Saunders et al., 2003) has been implemented in a global model. The vapour
pressure of the condensable products is estimated on the basis of the UNIFAC method
and experimental data (see Sec. 3.2.4, page 79). This approach allows to model the
distribution of individual products in the particulate phase. A production of 20 Tg/year
of aerosol is simulated, consisting of hydroperoxides (63%), carboxylic acids (26%)
and PANs (11%). This distribution differs from ours calculated for a typical atmo-
sphere, due mainly to the choice of the vapour prediction method and the chemical
mechanism. The vapour pressures predicted by Bonn et al. (2004) for the oxidation
products are much lower than our estimations (see Fig. 3.5). Our treatment of the
α-pinene oxidation has therefore less potential for aerosol formation than in the Bonn
et al. (2004) model.

Figure 4.16 illustrates the large differences existing in the treatment of the chemi-
cal mechanism of the SOA precursors and the partitioning of their oxidation products
between the gas and aerosol phase in the current global models. In any case, our
oxidation mechanism and SOA formation module based on the vapour pressure pre-
diction method developed in this work should imply a much lower prediction of SOA
production than the recent estimations.
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4.5 Conclusions

An exhaustive mechanism of both the OH- and O3 initiated oxidation of α-pinene
and pinonaldehyde developed by Peeters and co-workers has been implemented in
a box model and validated against series of experiments performed in different con-
ditions.

The experiments of oxidation by OH in presence of NO performed by N99 are well
reproduced by the model. A good agreement is obtained for the yields of pinonalde-
hyde, acetone, total nitrates and total peroxy acyl nitrates in the gas phase. Pinon-
aldehyde production appears to be fairly well described. The concentrations of NO
used in the experiments are relatively high (≥1 ppm) so that the α-hydroxy peroxy
radicals can react with NO or decompose to pinonaldehyde in competing processes.
In these conditions, the pinonaldehyde yields vary between 50% to 60%. In absence
of NO, this yield falls to about 26% in the measurements as well as in the model simu-
lations. The model fails, however, to reproduce the production of acetone in absence
of NO, presumably because the chemistry following the ring closure reaction of R7O2

and the oxidation of the primary products (except pinonaldehyde) is not treated ex-
plicitly in the model.

In the atmosphere, where the NO levels lie in the range 1 ppt-1 ppb, the decompo-
sition of the α-hydroxy peroxy radicals is dominant. Due to the competition between
the reactions of the other peroxy radicals with NO, HO2 and other RO2s, the yield of
pinonaldehyde is predicted to vary from 10% in clean conditions to 60% in the most
polluted areas. Further theoretical or laboratory studies will be required to elucidate
the acetone formation channels in low NOx (i.e. atmospheric) conditions.

The OH-oxidation is found to produce particulate products in small amounts (2-5%
for 300 ppb of α-pinene) in laboratory conditions. The aerosol production is observed
to start as soon as the α-pinene oxidation is initiated. Although the total aerosol
yield calculated by the box model is in good agreement with the measurements, it
is not possible to reproduce the aerosol production in the early times of the exper-
iments. Sensitivity tests show that the uncertainties related to the vapour pressure
estimations are not the cause of these discrepancies. To date, neither gas phase,
nor heterogeneous processes can explain the rapid condensation of products in the
OH-oxidation in high NOx conditions. Box model simulations indicate that hydroxy
nitrates and hydroxy peroxy acyl nitrates are the main constituents of the aerosol
phase. Carbonyl products, such as pinonaldehyde are calculated to remain in the
gas phase, contradicting the hypothesis made by N99.

As far as the ozonolysis is concerned, we have seen that box model simulations of
the ozonolysis mechanism described in Sec. 2.3 largely underestimate aerosol pro-
duction due to the lack of formation routes for two important condensables, pinic acid
and hydroxy pinonic acid. A simple hypothetical route for their formation has therefore
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been adopted in the mechanism in order to model the aerosol phase.

The adjusted mechanism has been implemented in the box model in order to
simulate a number of ozonolysis experiments. A good agreement is obtained re-
garding hydroxy pinonaldehyde (&Isomers), pinonic acid and pinonaldehyde. Some
differences are found for norpinonaldehye and for norpinonic acid (&isomers), pos-
sibly related to the uncertainties on the rates and product ratios of the permutation
reactions of peroxy radicals. However, box model simulations underestimate the pro-
duction of acetone in comparison with several experimental studies. Similarly to the
OH-oxidation, the origin of the observed acetone yield has not been elucidated so
far. However, the observed acetone is believed to be only primary in the ozonolysis
experiments, given the absence of secondary reactions.

Simulations of the aerosol phase shows that the oxidation by ozone is the dom-
inant oxidation process for SOA formation. Large amounts of multifunctional car-
boxylic acids are present in the aerosol formed from the ozonolysis. Model simu-
lations confirm the experimental observations suggesting that dimerization of multi-
functional carboxylic acids occur in smog chambers. Furthermore, since these dimers
are supposed to have a low vapour pressure, the simulations indicate that they play
an important role in SOA production. The observed partitioning of carbonyl prod-
ucts could not be reproduced by the box model due to their high vapour pressure.
Oligomerization processes mentioned in Sec. 3.3 could be responsible for the pres-
ence of these compounds in the particulate phase. Given the large experimental
uncertainties (on the order of 50%), the total aerosol yield is usually well reproduced
by the model in the cases of the Yu et al. (1999a) and BIOVOC experiments. How-
ever, modeled yields are overestimated for the BIOVOC experiments using ∼50 ppb
of α-pinene in presence of a scavenger. The box model calculates a negligible pro-
duction of aerosols for the Hoffmann et al. (1997) experiments at 320 K. This could
be due to the temperature dependence of the vapour pressures of the α-pinene ox-
idation products and, in particular, the carboxylic acid dimers/adducts. The origin of
this large aerosol production at high temperature is not clarified. Further work on
the role of heterogeneous reactions and on the vapour pressure and stability of the
dimers/adducts of multifunctional carboxylic acids are required in order to elucidate
the mechanisms responsible for aerosol production in the ozonolysis of α-pinene.

Although the crude representation adopted in this study for the oxidation of the
primary products (other than pinonaldehyde) appears to be sufficient in the simula-
tions of the early stages in the oxidation of α-pinene, it is likely to be unrealistic in
general conditions. Thousands of reactions will probably have to be carefully exam-
ined before the impact of these processes in the atmosphere can be assessed to a
good degree of confidence. Since a rigorous evaluation of every possible oxidation
step is not possible in a realistic time frame, focus should be given to the main oxi-
dation pathways and to the formation of critical compounds, e.g., acetone and SOA
precursors.
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Box model simulations in typical atmospheric conditions suggest that the biogenic
SOA from the oxidation of α-pinene are mainly made of multifunctional carboxylic
acids and hydroperoxides. Furthermore, model results indicate that the dimerization
of acids could be important in atmospheric conditions. Further work will be needed
to better constrain the kinetic rates associated to dimerization. Our α-pinene oxida-
tion mechanism and its related SOA partitioning model has less potential for SOA
formation than the treatments which have been adopted in recent modeling studies.



Chapter 5

Mechanism reduction for global
modeling

5.1 Introduction

The development of detailed oxidation mechanisms for hydrocarbons has raised
an important technical issue: the chemistry of all organic species present in the at-
mosphere involves hundreds of thousands of reactions which cannot be considered
explicitly in multi-dimensional atmospheric models. Thousands of reactions are con-
sidered in current "master" mechanisms (Madronich and Calvert, 1989; Saunders et
al., 2003) which describe only a small fraction of the complete picture. Since com-
puter resources allow the representation of several hundreds of reactions at most
in 3D models, it follows that the chemical mechanisms must be simplified in order
to be implementable in models. In fact, reduced chemical mechanisms have been
elaborated as soon as the 1980’s to alleviate the computational burden. The ba-
sis principle generally used to condense the chemistry and minimize the number of
species is to combine ("to lump") the organic species with similar chemistry. Species
are partitioned in categories according to their reactivities and oxidation products.
The categories are determined through the use of structural reactivity analyses and
depend on the processes to be represented and the desired level of accuracy. Earlier
condensed mechanisms such as the carbon bond mechanism (Whitten et al., 1980)
or the ALW mechanisms (Atkinson et al., 1982) were relatively simple (fifty reactions
at most). The carbon bond mechanism relies on the so-called structure-oriented
lumping approach, where organic species are grouped according to bond type (e.g.
carbon single bonds, carbon double bonds, or carbonyl bonds). An organic com-
pound is therefore represented by surrogates describing the different types of carbon
bonds found in its chemical structure. The main advantage of this approach is that
only few surrogate categories are needed, and that the carbon number is conserved.
Structure-oriented lumping approaches have found applications in modeling studies
of the chemistry of complex petroleum mixtures. The molecule-oriented approach
adopted in the ALW mechanism relies on categories defined in terms of chemical
families (e.g. alkanes, alkenes, carbonyls, aromatics). The categories are subdivided
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according to the carbon number if necessary. All species in a category are repre-
sented by only one species which is explicitly represented in the mechanism. The
carbon number of the explicit structure of the organic compounds is not conserved in
this approach. This approach is particularly suitable for simulations of photochemical
ozone formation.

Further methods have been shown to be useful to condense chemical mecha-
nisms: e.g the hypothesis of the quasi-steady state approximation (QSSA, described
further in this chapter) allowing to remove fast reacting species, and the use of
pseudo-reactions (Sec. 2.3.2). These reduction methods combined with sensitivity
analyses to identify negligible species and reactions have allowed to design con-
densed mechanisms for specific atmospheric conditions: for example, the SAPRC
mechanism developed by Carter (1990) to describe photochemical smokes in urban
areas or the MIM mechanism (Pöschl et al., 2000) dedicated specifically to the oxi-
dation of isoprene. Versions of the Carbon Bond mechanism have been elaborated
for global (Houweling et al., 1998) and regional modeling (Morris and Myers, 1990).
Recently, Whitehouse et al. (2004a,b) proposed a reduced version of the fully explicit
MCM master mechanism (counting 3487 species and 10763 reactions) suitable for
polluted tropospheric UK conditions. As a result of lumping, the reduced mechanism
contains 35% of the number of species and 40% of the number of reactions of the full
mechanism.

However, the chemical calculations still consume a large fraction of the CPU time
in typical simulations of global chemical transport models. The situation can worsen
in the future, since new generations of mechanisms will incorporate heterogeneous
reactions in order to model the formation and aging of aerosols. Lumping techniques
will therefore remain critical in the future. The α-pinene oxidation mechanism devel-
oped in this work includes ca. 700 species involved in ca. 2300 gas phase reactions.
ca. 250 condensed species involved in ca. 500 reactions of adsorption and desorption
are included in the partitioning mechanism. In order to provide a condensed version
for global modeling, we propose to reduce this mechanism (both the gas phase and
the partitioning) using a combination of techniques, as described further below in this
Chapter. An innovative aspect of our reduction work is the consideration of impacts
in the gas phase as well as in the aerosol phase.



5.3 Objectives and outline of the mechanism reduction 125

5.2 Objectives and outline of the mechanism reduc-
tion

The major requirement for the reduced mechanism is that it must be able to rep-
resent the impact of α-pinene on the levels of inorganic compounds playing a role
in the oxidizing capacity of the atmosphere (OH, NOx and ozone), as well as on the
production of SOA. Several products specific to the α-pinene degradation play an im-
portant role and need to be represented explicitly in the mechanism. This is the case
for pinonaldehyde, due to its high molar yield, and for pinic acid, pinonic acid, and hy-
droxy pinonic acid due to their importance in SOA production. Small organic species
like CO, CH2O and acetone should also be described explicitly in the condensed
mechanism, since these compounds play a key role in atmospheric chemistry. The
other species can be lumped in order to represent their general and averaged effects.
We have seen that the oxygenated functionalities determine the reactivity of organic
compounds in the gas phase (e.g. photodissociation, peroxy radical reactions) as
well as their partitioning properties (through the vapour pressure). Therefore, lump-
ing should be performed according to the chemical functionalities, (e.g. acids, hy-
droperoxides, nitrates). The list of the compounds and the reactions of the reduced
mechanism is presented in Appendix B.

The reduction is performed in successive steps. Sensitivity tests using the box
model with the detailed and the intermediate reduced mechanism are performed to
evaluate the impact of each reduction step. For this purpose, one-hour simulations
have been performed using the box model. The photochemical conditions used in
these simulations are comparable to those adopted in Sec. 4.4 for the forested areas
([α-pinene]=500 ppt, [CH4]=1.7 ppm, [CO]=400 ppb, T=293 K, Mo=8 µg/m3, and rel-
ative humidity=50%). Simulations are performed for levels of NO ranging from 10 to
100 ppt, and ozone from 30 to 80 ppb. In the following, we will describe the different
steps of the reduction procedure. Next, the comparison results between box model
simulations using the reduced and detailed mechanisms will be discussed.

5.3 Procedure

5.3.1 Identification of negligible reactions in atmospheric condi-
tions

The first step is to remove the reactions which have a negligible impact in atmo-
spheric conditions. These reactions are identified using sensitivity analyses. Are
considered as negligible, minor reaction paths affecting negligibly the yields of the
inorganic species, the explicit products, and the chemical families. An example is
provided by the route leading to radical R15 ( Fig. 2.2, page 32). The dominance of
the "exotic" peroxy radical reactions in atmospheric conditions discussed in Sec. 2.3.3
should be noted: the decomposition of the α-hydroxy peroxy radicals R3O2 and R13O2
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to pinonaldehyde as well as the ring closure reaction of R7O2 outrun all other reac-
tions involving these peroxy radicals in atmospheric conditions. The oxidation chan-
nels from R3O, R13O and R7O radicals can be therefore removed, which simplifies
significantly the mechanism. As a whole, cutting off the minor routes results in a rel-
ative change inferior to 2% on the products yields, whereas the number of reactions
in the mechanism is reduced by 15%.

5.3.2 Reduction of the length of the oxidation routes

The alkyl and alkoxy radicals can react with O2, decompose or isomerize. Com-
pared to the peroxy radicals, these radicals react very rapidly and their rates of pro-
duction and consumption can be considered as equal. The Quasi-Steady-State Ap-
proximation (QSSA) defines the assumption of equilibrium for short-lived species:

dCi

dt
= 0, (5.1)

where Ci is the concentration of the QSSA species. This hypothesis allows to re-
move the alkyl and alkoxy radical species and their related reactions by adjusting the
stoichiometric coefficients of the peroxy radicals produced through these reactions.
For example, typical radical reactions, of respective rates k1, k2, k3, of the explicit
mechanism such as:

RO2 + NO → RO + NO2 (R5.7)

RO → 0.5 Product + 0.5 R′O (R5.8)

R′O + O2 → R′O2 (R5.9)

can be reduced to

RO2 + NO (+O2) → 0.5 Product + 0.5 R′O2 + NO2, (R5.10)

because the lifetime of the alkoxy radicals RO and R’O is much smaller than that
of RO2. Based on this reduction technique, alkyl and alkoxy radicals, and their related
reactions are removed from the intermediate reduced mechanism.

Any further reduction is more delicate because it requires the lumping of RO2

which have different fates in different regions of the atmosphere. In high NO condi-
tions (NO ≥ 100 ppt), the RO2+NO reactions are dominant. When decreasing NO,
the reactions of the peroxy radicals with HO2 and, to a lesser extent, with other per-
oxy radicals become more important. For NO of the order of 10 ppt, the HO2-reaction
outruns the reaction with NO. In median conditions (10 ppt<NO<100 ppt) , both reac-
tions are competing. The dependence of the nitrate and hydroperoxide yields on the
NO levels has been discussed in Sec. 4.2.6 and is illustrated in Fig. 4.9, page 104.
On this basis, the strategy adopted in this work consists in designing two reduced
mechanisms, each representing one "extreme" condition of NO (NO=500 ppt, and
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NO=10 ppt). Both reduced mechanisms are developed for their specific NO condi-
tions. These two reduced mechanisms will then be merged into a mechanism repre-
senting intermediate NO conditions (10≤NO≤500 ppt) which are the most common
in the atmosphere.

The development of two separate mechanisms for specific NO levels allows to
decrease further the length of the oxidation routes by reducing the number of peroxy
radicals in each oxidation route. The peroxy radicals generated in the first oxidation
steps are kept explicit in both schemes because of the high yields of the primary
products generated from these radicals. However, after three oxidation steps, or
even less, the products have yields below 10%, and their influence is smaller. Con-
sequently, these reactions can be lumped and represented by only one "condensed"
reaction. The explicit NO- and HO2-reactions are represented in the condensed re-
action by using the generic radicals described in Sec. 2.3.4 (page 47). Two types
of generic radicals are used: a peroxy radical "LXO2" and an acyl peroxy radical
"LXO3". The properties (i.e. the structure) of the generic LXO2 (LXO3) are adapted
to represent the average chemical effect of the (acyl) peroxy radicals being replaced,
by means of sensitivity analyses. The organic nitrate and hydroperoxide yields are
adjusted in each intermediate reduced mechanism. LXO2 is assumed to belong to
the R2R class (cfr. Sec. 2.3.2) as far as the permutation reactions are concerned. Its
structure presents a carbon chain bearing a carbonyl and a secondary hydroxy func-
tionality, similar to the structure of the explicit radicals replaced which show in general
at least two functionalities among the hydroxy and the carbonyl functionalities. The
vapour pressures and the reactivities towards OH of the corresponding generic prod-
ucts (e.g. LXOOH, LXONO2) are also determined for both mechanisms. Since the
reactivity of acyl peroxy radicals does not depend on details of its structure, no ad-
justment is required for LXO3. Note that the use of generic radicals is not necessary
for all oxidation routes. The OH-addition routes leading to pinonaldehyde, or those
leading to norpinonaldehyde and pinonic acid in the ozonolysis mechanism are kept
explicit because they involve at most one peroxy radical.

The treatment of the acyl peroxy radicals in high NO conditions is difficult due to
the variable relative importance of their reactions with NO2. Therefore it is preferred
to represent explicitly the most important acyl peroxy radicals produced in the mech-
anism. For that reason, the acyl peroxy radical R32O2 of the ozonolysis path Ia is kept
explicit (represented as APINCO3 in the final reduced mechanism). APINCO3 is the
precursor of pinalic acid, which plays a role in aerosol formation.

An example illustrating the reduction operated in the mechanisms for high and
low NO conditions is shown in Fig. 5.1 for a path from pinonaldehyde+OH (Fig. 2.4,
page 34). In high NO conditions, the number of NO to NO2 conversions in the entire
path is equal to 1 (for R23O2)+0.8 (for R41O2), which is represented by the stoichio-
metric coefficient of 1.8 for LXO2 in the reduced mechanism. More generally, the
stoichiometric coefficients in the condensed reaction corresponds to the yields of the
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Figure 5.1: Example illustrating the reduction of the length of an oxidation route
(here, from pinonaldehyde+OH). From the detailed mechanism, two reduced mecha-
nisms are designed, for high and low NO conditions. The oxidation chain subsequent
to the first oxidation step is represented by a "condensed" reaction in both reduced
mechanisms.

products generated along the explicit oxidation path calculated by the box model for
NO=500 ppt. The acetyl peroxy radical is treated explicitly in the reduced mecha-
nism. In low NO conditions (NO=10 ppt), the reaction with HO2 is dominant. The
alkoxy radical yield is very small (∼10%) after the first oxidation path. Therefore, the
condensed reaction for the reaction with NO generates only one LXO2 radical.
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5.3.3 Reaction paths and product merging

The third stage of the reduction process is based on the similarities identified
between different reaction paths with respect to the radical reactivities and the struc-
ture of the stable products formed. When two oxidation paths present similarities,
sensitivity studies are performed to adjust the kinetic rates and the product yields
of the reaction resulting from their merging in the reduced mechanism. The stable
compounds produced in the explicit oxidation paths are lumped according to their
functionalities: Carbonyl, hydroxy, acid, hydroperoxide, nitrate and PAN. The carbon
number and the group contributions for vapour pressure prediction (as parameterized
in Tab. 3.2, page 72) defining their structure are shown in Tab. B.1 in Appendix B.

The most striking example of similar oxidation paths are the two routes leading to
the formation of pinonaldehyde in the α-pinene OH-oxidation mechanism (Fig. 2.2,
page 32). Both routes involve only one peroxy radical, R2O2 and R12O2 respec-
tively. R2O2 being a secondary radical whereas R12O2 is tertiary, their organic nitrate
yields and their permutation reactions differ significantly. Therefore, it is necessary
to adjust the products yields and the kinetic rates of the surrogate (represented as
"OHAPIN2HO2") in both reduced mechanisms. The hydroperoxide and nitrate prod-
ucts generated in both routes have similar volatilities, due to the presence of the
hydroxy functionality. They are represented by OHAPINOOH and OHAPINONO2, re-
spectively.

A second important merging example concerns the minor abstraction route of the
α-pinene OH-oxidation, the path Ib in the ozonolysis and two OH-oxidation routes of
pinonaldehyde (via R19 and R22). The four routes are initiated via a tertiary alkyl per-
oxy radical bearing carbonyl functionality(ies), and generate semi-volatile products
(e.g. APINONO2, APINOOH). The next oxidation step leads to the opening of the
C4 cycle, producing again tertiary peroxy radicals of similar structures (e.g. R20O2,
R23O2). These radicals are lumped and represented as APIN3RO2 in the reduced
mechanism. Further oxidation of the tertiary radical is represented by generic radi-
cals. Eventually these routes produce volatile carbonyls in the detailed mechanism.
Some among them bear several carbonyl functionalities (e.g. Path Ib of the ozonol-
ysis). Methylglyoxal is used to represent these multicarbonyls. A channel of the
pinonaldehyde photolysis (through R4) is also included in this reduced route.

The major OH-oxidation route of pinonaldehyde produces an acyl peroxy radical
(R16O2) showing resemblance with R32O2. This route can therefore be merged with
the route producing APINCO3. The route leading to norpinonaldehyde (ozonolysis
path IIa, and pinonaldehyde+OH) is not modified: R21 is represented by APIN2OO2.



5.4 Results 130

Figure 5.2: Example of a condensed reaction (here for pinonaldehyde+OH) obtained
as a linear combination of the condensed reactions from the reduced mechanisms
for "high NO" and "low NO" conditions.

5.3.4 Optimization for atmospheric conditions

At this development stage, two reduced mechanisms have been created, one for
low NO and one for high NO conditions. From these two mechanisms, one unique
reduced mechanism capable of representing intermediate chemical conditions is de-
veloped. For this purpose, the condensed reactions of the final reduced mechanism
are obtained as linear combinations of the condensed reactions from the reduced
mechanism for high NO and low NO conditions. This is illustrated in Fig. 5.2 with the
example of a pinonaldehyde OH-oxidation route (route already discussed in Fig. 5.1).
For clarity, the pinonaldehyde reaction route used for illustration has not been merged
with other routes according to the procedure described in the previous section.

Depending on the levels of NO, the relative importance of each condensed reac-
tion is determined through the parameter FHigh NO. The optimal combination of the
condensed reactions for the median atmospheric conditions (NO=50 ppt) is obtained
with FHigh NO=0.6.

Next, sensitivity studies performed at low NO concentrations allow to eliminate
negligible permutation reactions. In particular, permutation reactions involving ter-
tiary radicals are very slow and can be removed without any effect on the other com-
pounds.

5.4 Results

Simulations results for atmospheric NO levels of 50 ppt using the detailed and the
reduced mechanisms are shown in Fig. 5.3 and Fig. 5.4. The relative importance of
each oxidant is shown in Fig. 5.3. Under these conditions, OH contributes to about
75% of the total oxidation of α-pinene. The oxidation reaction of α-pinene by NO3 has
been introduced in the model based on the rate proposed by Atkinson et al. (2004),
but this reaction appears negligible under day light and can be ignored. Model simu-
lations using the reduced mechanism reproduce almost perfectly the concentrations



5.4 Results 131

predicted using the detailed mechanism for the inorganic compounds. This agree-
ment is also excellent for NO levels ranging from 10 to 500 ppt (not shown in this
work). As an example of the excellent agreement of the peroxy radicals, the total acyl
peroxy radicals are also shown in Fig. 5.3 (represented as "RO3").

Fig. 5.4, Fig. 5.5 and Fig. 5.6 shows the comparison between the yields of organic
products obtained using both mechanisms for NO levels equal to 50, 10 and 100 ppt,
respectively. The yields are simply calculated as ∆[Product]/∆[α-pinene] in function
of time and are given for the total concentration (gas and particulate phase) and for
the particulate phase (represented by "p"). Pinonaldehyde and acid dimers present
an excellent agreement in all NO conditions since they are represented explicitly in
the reduced mechanism. However, differences are observed for acetone. Acetone is
generated via primary reactions (α-pinene ozonolysis), and via secondary reactions
(oxidation and photolysis of pinonaldehyde). At least five oxidation steps are required
in each of these routes. The representation of the yields generated after so many
steps is more unprecise in the condensed route. Furthermore, most of these routes
involve acyl peroxy radicals. These radicals reacting also with NO2, the subsequent
products yields are dependent on the NO2 concentration. This dependence is not
represented by the condensed reactions, resulting in larger uncertainties. Generally
speaking, any product generated late in the oxidation shows a complex dependence
to the chemical conditions, which is poorly represented by the reduced mechanism.
However, the yields of these products being small, their impact in the atmosphere is
limited. Moreover, in the case of acetone, it should be reminded that the mechanism
used in this work is believed to strongly underestimate its production at low as well
as high NO (Chapter 4). Therefore, a good agreement between the detailed and re-
duced mechanisms is not relevant at this stage for this compound.

A difference of less than 10% is found between the two mechanisms for the total
yields (gas+particulate phase) of nitrates, hydroperoxides and PANs, between 10 and
100 ppt of NO. The total hydroxy nitrates and the total hydroxy hydroperoxides are
also well reproduced by the reduced mechanism. A less good agreement is obtained
for hydroxy PANs at 100 ppt. These products are generated after numerous oxidation
steps and their production involves LXO3 (which generates LXPAN after reaction with
NO2) in the condensed reactions. The concentration of APINPAN being larger and
well reproduced by the reduced mechanism, the total PANs (grouping APINPAN and
LXPAN) are well described from 10 to 100 ppt.

The SOA yield after one hour varies between 3% (when [NO]=50 or 100 ppt) and
4% (when [NO]=10 ppt). The total SOA includes mainly acid dimers, hydroxy pinonic
acid (acid monomers), and hydroxy hydroperoxides. The larger yield in low NO con-
ditions is due to the larger production of hydroperoxides as well as to the increased
importance of ozonolysis in this case. In general, over the studied range of NO level,
the total aerosol concentrations predicted by the model using the detailed and the
reduced mechanism agree to within 10%. Sensitivity tests with only 2 µg/m3 of POA
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(causing a decrease of the SOA concentration, as described by Eq. 3.3, page 64)
have been also performed, which confirm the capacity of the reduced mechanism
to mimic the detailed representation for different atmospheric conditions. Note that
OHAPINONO2 and OHAPINOOH, produced in the OH-oxidation of α-pinene, have
vapour pressures of the same order as APINONO2 and APINOOH, which are mainly
produced from the ozonolysis. The "hydroxy" compounds contribute more to the
aerosol yield because of their higher yield.

Simulations using the reduced mechanism show positive and negative biases for
the "hydroxy" compounds (i.e. hydroxy nitrates, hydroxy PANs and hydroxy hydroper-
oxides) in the aerosol phase at 10 and 100 ppt of NO, respectively, compared to the
simulations using the detailed mechanism. These deviations are due to the impact
of the structure adopted for the generic compounds in the reduced mechanism on
the partitioning. When the chemical conditions change (concentration of NO, frac-
tion of α-pinene oxidized by OH and O3), the structure and the yields of the products
represented by the generic products vary. For example, at NO=100 ppt, simulations
using the detailed mechanism indicate that the hydroxy nitrates family contains more
low-volatility compounds than at 50 ppt because the oxidation routes are longer. The
oxidation reactions of a radical tend to increase its number of chemical functionali-
ties, and contribute also to transform the carbonyl functionalities into (less volatile)
hydroxy functionalities (via hydrogen shifts). An example of this trend is shown in the
reaction route Ia of the ozonolysis (Fig. 2.3, page 33). In the course of the oxidation,
the carbon number of the radicals decreases, which increases the vapour pressure of
the associated products. However, the net result of these two opposite effects in the
NO conditions studied here, is a decrease of the vapour pressure. The structure, and
therefore the vapour pressure, of the generic products being deduced from simula-
tions at conditions NO=50 ppt, less hydroxy nitrates are simulated in the condensed
phase at higher NO concentrations when the reduced mechanism is used.

In typical NO conditions, the peroxy radical reactions with NO and HO2 account
for approximatively 60% and 40% of their total sink, respectively, making the permu-
tation reactions almost negligible. At NO=10 ppt, the importance of the permutation
reactions remains small, representing at most 10% of the total sink of peroxy radicals.
Their minor importance in atmospheric conditions questions the usefulness of their
large number in the reduced mechanism (34 reactions out of 160).

A 20 hour simulation has been also performed to evaluate the behavior of both
mechanisms at longer times (Fig. 5.7) at [NO]=50 ppt. The gas phase remains very
well simulated, whereas deviations between the simulations using the reduced and
the detailed mechanism increase for all chemical families in the aerosol phase after
10 hours, except for the dimer acids which are represented explicitly in the reduced
mechanism. Despite these biases, the SOA concentration is well simulated by the
reduced mechanism after 20 hours (deviation less than 5%).
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5.5 Conclusions

The detailed mechanism of α-pinene oxidation by OH and O3 has been reduced
to a manageable size for global modeling. The molecule-lumping approach of the
oxidation routes has allowed us to reduce the mechanism to 43 species and ca. 160
reactions (including the partitioning reactions). The box model using the reduced
mechanism reproduces very well the total concentrations of the chemical families for
NO ranging between 10 and 100 ppt. The total SOA yield (3-4% after one hour,
about 5% after 20 hours) is well reproduced with the reduced mechanism, although
with significant discrepancies regarding the precise composition of SOA, in particular
at very high or very low NO. The reason is that the yield and the partitioning proper-
ties of the mixture of compounds represented by the generic products of the reduced
mechanism varies with the level of NO.

A possible future improvement in order to obtain a better agreement over a large
range of conditions could be the use of a parameter F High NO expressed as a func-
tion of NO and possibly O3. Moreover, it is possible to create an additional condensed
path dedicated to very high NO conditions since the average oxidation chain becomes
longer in such conditions and generates a large number of primary products. A linear
combination of three condensed paths instead of two would allow a better parame-
terization of the condensed phase.

The mechanism has been significantly reduced and is implementable in the chem-
istry transport models IMAGES for global modeling (Müller and Brasseur, 1995).
More work should be performed to reduce further its size allowing its use in other
chemistry transport models (e.g. by reducing the number of permutation reactions of
peroxy radicals).
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Figure 5.3: Concentrations of inorganic compounds and acyl peroxy radicals (RO3)
in the α-pinene oxidation simulations using the detailed mechanism (black curve) and
the reduced mechanism (red curve) for typical atmospheric conditions, with [NO]=50
ppt. The relative importance of each oxidant is also calculated.



5.5 Conclusions 135

Figure 5.4: Yields of organic compounds in the α-pinene oxidation simulations using
the detailed mechanism (black curve) and the reduced mechanism (red curve) for
typical atmospheric conditions, with [NO]=50 ppt. The notation "(p)" refers to the
particulate phase. In absence of this suffix, the yield is calculated from the total (gas
+ particulate) concentration.
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Figure 5.5: Yields of organic compounds in the α-pinene oxidation simulations using
the detailed mechanism (black curve) and the reduced mechanism (red curve) for
typical atmospheric conditions, with [NO]=10 ppt. The notation "(p)" refers to the
particulate phase. In absence of this suffix, the yield is calculated from the total (gas
+ particulate) concentration.
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Figure 5.6: Yields of organic compounds in the α-pinene oxidation simulations using
the detailed mechanism (black curve) and the reduced mechanism (red curve) for
typical atmospheric conditions, with [NO]=100 ppt. The notation "(p)" refers to the
particulate phase. In absence of this suffix, the yield is calculated from the total (gas
+ particulate) concentration.
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Figure 5.7: Mixing ratios of OH, HO2, SOA, and yields of organic compounds in
a 20-hours simulation of α-pinene oxidation using the detailed mechanism (black
curve) and the reduced mechanism (red curve) for typical atmospheric conditions,
with [NO]=50 ppt. The notation "(p)" refers to the particulate phase. In absence of
this suffix, the yield is calculated over the total (gas + particulate) concentration.



Chapter 6

General conclusions

A mechanism describing the oxidation of α-pinene by OH and O3 and the parti-
tioning of the products between the gas and aerosol phase has been implemented
in a box model for simulations of laboratory experiments. This mechanism of un-
precedented degree of detail is chosen to be as explicit as possible, given the current
knowledge of the individual reaction steps. The gas phase chemical mechanism
is based on the theoretical work of Peeters and co-workers. They estimated the
products and rates of the key reactions controlling the general lines of the mecha-
nism: the reactions of alkoxy radicals, the ring closure reactions of large unsaturated
peroxy radicals and the decomposition reactions of α-hydroxy peroxy radicals. The
classical reactions of peroxy radicals (reactions with NOx, HO2 and other peroxy rad-
icals) have been characterized in this work and a formalism has been proposed and
implemented to represent the effect of their numerous permutation reactions. The
sinks of the stable oxidation products -carbonyls, nitrates, hydroperoxides,etc- have
been determined by a careful review and generalization of experimental photolysis
parameters and by the application of existing Structure Activity Relationships for their
OH-reaction. A general formalism has been also proposed for the oxidation mecha-
nism of the products for which the chemistry is not explicitly known.

The partitioning model is based on the equation of Pankow (1994a,b) which re-
lates the partitioning of the condensable products to their vapour pressures. In order
to provide the best possible estimates of these vapour pressures, we have developed
a prediction method based on group contribution principles which, for the first time
to our knowledge, is applicable to all categories of species found in the oxidation
mechanism of α-pinene. Parameterization is provided for alcohols, acids, carbonyls,
nitrates, peroxy acyl nitrates (PANs) and hydroperoxides. Our method shows a bet-
ter performance than the well-known UNIFAC method (Asher et al., 2002). The un-
certainties of the predicted vapour pressures for the oxidation products are within a
factor 2-3. The least volatile compounds are calculated to be pinic acid (3× 10−6 torr)
and hydroxy pinonic acid (6 × 10−7 torr). Recent calculations indicate that pinic acid
dimerizes to a large extent in laboratory conditions. This process is believed to con-
cern also other multifunctional carboxylic acids. Since dimers contribute to the total
(monomer+dimer) concentrations measured in the laboratory, and are predicted in
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this work to contribute to the formation of SOA, estimating their vapour pressures by
experimental and theoretical means appears to be a necessary task for future studies.

Simulations of laboratory experiments of the OH-oxidation of α-pinene indicate
that the model reproduces well the concentrations of pinonaldehyde and of the chem-
ical families (e.g. nitrates, PANs). The existence of "exotic" reactions pointed out by
the group of Peeters induces a large dependence of the product yields, in particular
acetone and pinonaldehyde, on the concentration of NO. Consequently, the yields
obtained at ppm-levels of NO in the laboratory can not be extrapolated to the atmo-
sphere, where the concentrations of NO are usually lower than 1 ppb. A striking
example is provided by the case of acetone: its yield reaches 10% or more in the
laboratory, for NO≥1 ppm, but falls to zero according to the model calculations for
atmospheric conditions because of the ring closure reaction. It is important to stress
that, to date, theoretical calculations fail to identify formation routes for important con-
stituents of SOA (hydroxy pinonic acid and pinic acid) in the ozonolysis mechanism,
and for acetone in both the ozone and OH-oxidation in low NO conditions. Further
theoretical and experimental studies are required to elucidate these processes.

The total yield of SOA from the oxidation of OH in laboratory conditions is well
simulated by the model. This result provides some validation for the partitioning mod-
ule based on the vapour pressure prediction method developed in this work. The
SOA production generated by the OH oxidation at high NO is relatively small (2-5%
for 300 ppt α-pinene). However, the temporal behavior of the observed SOA cannot
be reproduced by the box model. Sensitivity analyses have been performed, which
show that the discrepancies between data and model for SOA are not related to the
uncertainties of the predicted vapour pressures.

Box model simulations of ozonolysis experiments indicate that the aerosol con-
centration produced from the oxidation by O3 is mainly made of organic acids. Fur-
thermore, under the hypothesis that dimers and adducts have a low volatility, simula-
tions show that the dimerization of multifunctional carboxylic acids play an important
role in the SOA formation. However, our simulations have highlighted two important
issues: first, the SOA yield measurements at different temperatures (290K-320K)
indicate that the temperature dependence of the partitioning is much weaker than
predicted. Secondly, the particle-phase concentration of volatile carbonyl products is
negligible according to our model in contradiction with laboratory and field data. The
temperature dependence adopted for the reactions of dimers and adducts, and for
the vapour pressures of the condensables is of course questionable, but other pro-
cesses favouring the condensation of carbonyl compounds should be considered like
the oligomerization processes. Very recently several groups have identified products
from the oxidation of isoprene in aerosol samples collected in forested areas (Claeys
et al., 2004; Matsunaga et al., 2005). The presence of these products, among which
some have a very high volatility, (e.g. glycoaldehyde, methylglyoxal) in the condensed
phase might be due to these polymerization processes. These new observations con-
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tradict past laboratory experiments which reported a negligible SOA formation from
isoprene. It opens a debate on the suitability of the experimental set ups used to
measure the SOA in laboratory and atmospheric conditions. If oligomerization re-
actions are confirmed to be of significant importance, the SOA production from bio-
genic sources should then be reevaluated by considering isoprene as a possible SOA
precursor. In any case, an important conclusion of our work is that state-of-the-art
model results based on the partitioning theory of Pankow cannot reproduce properly
laboratory data without considering "non traditional" processes (e.g. dimerization,
oligomerization reactions).

Even when considering dimerization, however, our model predicts a much lower
potential for aerosol production for α-pinene than the mechanisms used in current
global models. Box model simulations in typical atmospheric conditions show that
the ozonolysis of α-pinene remains the privileged route for SOA production, through
the production of multifunctional carboxylic acids. However, the oxidation by OH pro-
vides also a small fraction (around 30%) of the SOA concentration, mainly made of
hydroxy hydroperoxides.

An innovative methodology has been developed to reduce in successive steps the
gas phase oxidation/partitioning mechanism to a manageable size for global model-
ing. The reduced mechanism aims at reproducing the impact of α-pinene on inor-
ganic compounds as well as the partitioning of the main chemical families and of the
most important individual products. The reduced mechanism is designed for imple-
mentation in the IMAGES model in order to evaluate the global impact of α-pinene
in the atmosphere. The dimerization of multifunctional carboxylic acids calculated to
be effective in the atmosphere using the box model, will be more precisely evaluated
using the global model.



Appendix A

Structure of α-pinene oxidation
products

143



Appendix B

List of the species and reactions of
the reduced mechanism

145



B List of the species and reactions of the reduced mechanism 146

Table B.1: Lumped and explicit species of the reduced mechanism. The self-reaction
rates of the radicals and the vapour pressures of the products are also given.

Lumped Class kself Radical Class kself

radical notation name notation
OHAPIN2RO2 R2R 4.0E-13 APIN2OO2 R2O 1.0E-11
OHAPIN2HO2 R2H 2.0E-12 LXO2 R2R 4.0E-13
APIN3OO2 R3O 5.0E-14 APINCO3 RO3 1.5E-11
APIN1OO2 R1O 1.5E-11 LXO3 RO3 1.5E-11
Lumped Carbon Functionalities* Vapour pressure
species number at 298K (torr)
OHAPINONO2 10 1 OHs and 1 ONO2s 9.7E-04
OHAPINOOH 10 1 OHs and 1 OOH 5.6E-05
APINONO2 10 2 carb and 1 ONO2s 8.1E-04
APINOOH 10 2 carb and 1 OOH 3.6E-05
APINOH 10 1 carb and 1 OHs 4.5E-03
OHAPINOH 10 1 carb, 1 OHs and 1 OHt 9.2E-05
APINCHO 9 2 carb 2.6E-01
OXYPINALD 10 2 carb and 1 OHt 4.5E-03
APINPAN 10 1 carb and 1 PAN 4.6E-04
LXONO2 9 1 carb, 1 OHs and 1 ONO2s 1.2E-04
LXOOH 9 1 carb, 1 OHs and 1 OOH 4.5E-05
LXOH 9 1 carb, 1 OHs and 1 OHs 5.2E-05
LXCHO 9 1 carb, 1 OHs and 1 carb 1.8E-03
LXPAN 9 1 carb, 1 OHs and 1 PAN 4.5E-05
LXCOOH 9 1 carb, 1 OHs and 1 COOH 2.5E-05
LXCOOOH 9 1 carb, 1 OHs and 1 COOH 2.5E-05
Explicit Structure Vapour pressure
species at 298K (torr)
PINALD Pinonaldehyde 2.4E-03
OXYPINONIC Hydroxy pinonic acid 6.0E-07
PINIC Pinic acid 1.3E-05
PINONIC Pinonic acid 2.8E-04

* Notations refer to the functionalities as defined in Tab. 3.2, page 72: carb: carbonyl,
OH: hydroxy, ONO2: nitrate, PAN: peroxy acyl nitrate, OOH: hydroperoxide, COOH:
carboxylic acid. The suffixes "p","s" and "t" refer to the degree of substitution of the
carbon to which the functionality "OH" or "ONO2" is attached.
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Table B.2: Chemical reactions of the reduced mechanism
and their associated kinetic rates

Reactions Rates*

Gas-phase reactions

APIN + OH → 0.22 OHAPIN2RO2 + 0.68 OHAPIN2HO2 + 0.10 APIN3OO2 1.21(-11)*exp(444/T)
APIN + O3 → 0.144 PINALD + 0.144 H2O2 + 0.396 APIN1OO2

+ 0.132 APIN3OO2 + 0.728 OH + 0.2 APIN2OO2
+ 0.064 PINONIC + 0.032 PINIC + 0.032 OXYPINONIC 1.01(-15)*exp(-732/T)

OHAPIN2RO2 + NO → 1.2 LXO2 + 0.3 LXO3 + NO2 0.79*2.54(-12)*exp(360/T)
OHAPIN2RO2 + NO → OHAPINONO2 0.21*2.54(-12)*exp(360/T)
OHAPIN2RO2 + NO3 → 1.2 LXO2 + 0.3 LXO3 + NO2 2.3E-12
OHAPIN2RO2 + HO2 → OHAPINOOH + O2 2.72(-13)*exp(1250/T)
OHAPIN2RO2 + OHAPIN2HO2 → 0.50 OHAPIN2HO2 + 0.70 OHAPINOH

+ 0.15 APINOH + 0.36 LXO2
+ 0.09 LXO3 + 0.35 OXYPINALD 2.19E-12

OHAPIN2RO2 + OHAPIN2RO2 → 0.72 LXO2 + 0.18 LXO3
+ 0.70 OXYPINALD + 0.70 OHAPINOH 4.00E-13

OHAPIN2RO2 + APIN1OO2 → 0.36 LXO2 + 0.09 LXO3 + 0.60 OXYPINALD
+ 0.35 OHAPINOH + 0.50 APIN1OO
+ 0.25 APINCHO 4.90E-12

OHAPIN2RO2 + CH3CO3 → CH3CO2 + 1.2 LXO2 + 0.3 LXO3 8.27E-12
OHAPIN2RO2 + CH3CO3 → CH3COOH + OXYPINALD 1.73E-12
OHAPIN2RO2 + LXO3 → 1.2 LXO2 + 0.3 LXO3 8.27E-12
OHAPIN2RO2 + LXO3 → OXYPINALD + LXCOOH 1.73E-12
OHAPIN2RO2 + LXO2 → 0.50 APIN1OO + 0.25 APINCHO

+ 0.60 OXYPINALD + 0.36 LXO2
+ 0.09 LXO3 + 0.35 OHAPINOH 8.00E-13

OHAPIN2RO2 + CH3O2 → .40 CH3O + .30 CH2O + .30 CH3OH
+ 0.36 LXO2 + 0.09 LXO3 + 0.25 OHAPINOH
+ 0.25 OXYPINALD 8.00E-13

OHAPIN2HO2 + NO → 0.97 PINALD + 0.97 HO2 + 0.03 LXO2
+ 0.03 CH2O + NO2 0.93*2.54(-12)*exp(360/T)

OHAPIN2HO2 + NO → OHAPINONO2 0.07*2.54(-12)*exp(360/T)
OHAPIN2HO2 + NO3 → 0.97 PINALD + 0.97 HO2 + 0.03 LXO2

+ 0.03 CH2O + NO2 2.3E-12
OHAPIN2HO2 + HO2 → OHAPINOOH + O2 2.90(-13)*exp(1250/T)
OHAPIN2HO2 + OHAPIN2HO2 → 0.776 PINALD + 0.776 HO2 + 0.024 LXO2

+ 0.024 CH2O + 0.60 OHAPINOH + 0.60 APINOH 3.00E-12
OHAPIN2HO2 + LXO3→ 0.97 PINALD + 0.97 HO2 + 0.03 LXO2 + 0.03 CH2O 8.27E-12
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Chemical reactions of the reduced mechanism and kinetic rates
and their associated kinetic rates (continued)

Reactions Rates

OHAPIN2HO2 + LXO3 → APINOH + LXCOOH 1.73E-12
OHAPIN2HO2 + LXO2 → 0.485 PINALD + 0.485 HO2 + 0.015 LXO2

+ 0.015 CH2O + 0.35 OHAPINOH + 0.15 APINOH
+ 0.15 LXOH + 0.35 LXCHO 2.19E-12

OHAPIN2HO2 + CH3O2 → 0.40 CH3O + 0.30 CH2O + 0.30 CH3OH
+ 0.485 PINALD + 0.485 HO2 + 0.015 LXO2
+ 0.015 CH2O + 0.15 APINOH + 0.35 OHAPINOH 2.19E-12

OHAPIN2HO2 + CH3CO3 → CH3CO2 + 0.97 PINALD + 0.97 HO2
+ 0.03 LXO2 + 0.03 CH2O 8.27E-12

OHAPIN2HO2 + CH3CO3 → CH3COOH + APINOH 1.73E-12
OHAPIN2HO2 + APIN1OO2 → 0.485 PINALD + 0.485 HO2 + 0.015 LXO2

+ 0.015 CH2O + 0.15 APINOH + 0.35 OHAPINOH
+ 0.50 APIN1OO + 0.25 APINCHO
+ 0.25 OXYPINALD 1.34E-11

OHAPIN2HO2 + APIN3OO2 → 0.679 PINALD + 0.679 HO2 + 0.021 LXO2
+ 0.021 CH2O + 0.30 OXYPINALD + 0.30 APINOH
+ 0.70 APIN3OO2 7.75E-13

APIN1OO2 + NO → CH2O + APINCO3 + NO2 0.86*2.54(-12)*exp(360/T)
APIN1OO2 + NO → APINONO2 0.14*2.54(-12)*exp(360/T)
APIN1OO2 + NO3 → CH2O + APINCO3 + NO2 2.3E-12
APIN1OO2 + HO2 → APINOOH 2.74(-13)*exp(1250/T)
APIN1OO2 + APIN1OO2 → 1.0 CH2O + APINCO3 + 0.50 APINCHO

+ 0.50 OXYPINALD 1.50E-11
APIN1OO2 + LXO3 → CH2O + APINCO3 8.27E-12
APIN1OO2 + LXO3 → APINCHO + LXCOOH 1.73E-12
APIN1OO2 + LXO2 → 0.50 CH2O + APINCO3 + 0.25 APINCHO

+ 0.25 OXYPINALD + 0.25 LXOH + 0.25 LXCHO 4.90E-12
APIN1OO2 + CH3O2 → .40 CH3O + .30 CH2O + .30 CH3OH + 0.50 CH2O

+ APINCO3 + 0.25 APINCHO + 0.25 OXYPINALD 4.90E-12

APIN1OO2 + CH3CO3 → CH3CO2 + CH2O + APINCO3 8.27E-12
APIN1OO2 + CH3CO3 → APINCHO + CH3COOH 1.73E-12

APINCO3 + NO → APIN3OO2 + NO2 6.70(-12)*exp(340/T)
APINCO3 + NO2 → APINPAN 1.1*10−11*(T/298)−1

APINCO3 + NO3 → APIN3OO2 + NO2 2.3E-12
APINCO3 + HO2 → PINONIC + O3 0.22*5.20(-13)*exp(983/T)
APINCO3 + HO2 → LXCOOOH + O2 0.78*5.20(-13)*exp(983/T)
APINCO3 + CH3O2 → APIN3OO2 + CH3O 8.27E-12
APINCO3 + CH3O2 → PINONIC + CH2O 1.73E-12
APINCO3 + CH3CO3 → CH3CO2 + APIN3OO2 1.70E-11
APINPAN → APINCO3 + NO2 2.80(16)*exp(-13580/T)
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Chemical reactions of the reduced mechanism and kinetic rates
and their associated kinetic rates (continued)

Reactions Rates

APINR3O2 + NO → APINONO2 0.12*2.54(-12)*exp(360/T)
APINR3O2 + NO → 1.0 LXO2 + 0.224 acetone + 0.4 HO2 + 0.456 CH2O

+ 0.224 CH3COCHO + 0.320 OXYPINALD
+ 0.8 LXO3 + 0.12 APINCHO + NO2 0.88*2.54(-12)*exp(360/T)

APINR3O2 + NO3 → 1.0 LXO2 + 0.224 acetone + 0.4 HO2 + 0.456 CH2O
+ 0.224 CH3COCHO + 0.320 OXYPINALD
+ 0.8 LXO3 + 0.12 APINCHO + NO2 2.3E-12

APINR3O2 + HO2 → APINOOH + O2 2.74(-13)*exp(1250/T)

APIN2OO2 + NO → APINCHO + CO + HO2 + NO2 0.73*2.54(-12)*exp(360/T)
APIN2OO2 + NO → APINONO2 0.27*2.54(-12)*exp(360/T)
APIN2OO2 + NO3 → APINCHO + CO + HO2 + NO2 2.3E-12
APIN2OO2 + HO2 → APINOOH + O2 2.74(-13)*exp(1250/T)
APIN2OO2 + LXO2 → 0.50 APINCHO + 0.50 CO + 0.50 HO2

+ 0.25 APINCHO + 0.25 OXYPINALD + 0.25 LXOH
+ 0.25 LXCHO 4.00E-12

APIN2OO2 + LXO3 → APINCHO + CO + HO2 8.27E-12
APIN2OO2 + LXO3 → APINCHO + LXCOOH 1.73E-12
APIN2OO2 + APIN2OO2 → APINCHO + CO + HO2 + 0.50 APINCHO

+ 0.50 OXYPINALD 1.00E-11
APIN2OO2 + APINCO3 → APIN3OO2 + APINCHO + CO + HO2 8.27E-12
APIN2OO2 + APINCO3 → PINONIC + APINCHO 1.73E-12

LXO2 + NO → NO2 0.89*2.54(-12)*exp(360/T)
LXO2 + NO → LXONO2 0.11*2.54(-12)*exp(360/T)
LXO2 + NO3 → NO2 2.3E-12
LXO2 + HO2 → LXOOH 2.72(-13)*exp(1250/T)
LXO2 + LXO2 → 0.50 LXOH + 0.50 LXCHO 2.00E-13
LXO2 + LXO3 → 8.27E-12
LXO2 + LXO3 → LXCHO + LXCOOH 1.73E-12

LXO3 + NO → NO2 6.70(-12)*exp(340/T)
LXO3 + NO2 → LXPAN 1.1*10−11(T/298)−1

LXO3 + NO3 → NO2 2.3E-12
LXO3 + HO2 → LXCOOH + O3 0.22*5.20(-13)*exp(983/T)
LXO3 + HO2 → LXCOOOH + O2 0.78*5.20(-13)*exp(983/T)
LXO3 + LXO3 → 8.5E-12
LXPAN → LXO3 + NO2 2.80(16)*exp(-13580/T)

Photodissociation reactions

OHAPINONO2 + hv → 1.2 LXO2 + 0.3 LXO3 + NO2 J(Nitrates C≥7 )
APINONO2 + hv → 1.2 LXO2 + 0.3 LXO3 + NO2 J(Keto-nitrates C≥7)
APINCHO + hv → 0.33 CH2CHCOCH3 + 1 LXCHO + 0.12 CH3CO3
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Chemical reactions of the reduced mechanism and kinetic rates
and their associated kinetic rates (continued)

Reactions Rates

+ 0.22 HO2 + 0.22 CO + 0.07 LXO3 + 0.35 LXO2 J(PINALD)
APINOOH + hv → OH + 1.2 LXO2 + 0.3 LXO3 J(ROOH)
OHAPINOOH + hv → OH + 1.2 LXO2 + 0.3 LXO3 J(ROOH)
OXYPINALD + hv → 1.2 LXO2 + 0.3 LXO3 J(PINALD)
APINPAN + hv → 0.8 APINCO3 + 0.8 NO2

+ 0.2 APIN3OO2 + 0.2 NO3 J(PAN)
PINALD + hv → APIN2OO2 + CO + HO2 J(PINALD) (R2.40a)
PINALD + hv → 0.5 CH2CHCOCH3 + 1.5 LXCHO J(PINALD)

(R2.40b and R2.40c)
PINALD + hv → APIN3OO2 + CH3CO3 J(PINALD) (R2.40d)
LXPAN + hv → 0.8 NO2 + 0.2 N03 J(PAN)
LXOOH + hv → J(ROOH)
LXCOOOH + hv → J(RCOOOH)
LXCHO + hv → J(PINALD)
LXONO2 + hv → NO2 J(Keto-nitrates C≥7)

OH-oxidation of the primary products

PINALD + OH → APINCO3 + H2O 2.2E-11
PINALD + OH → APIN3OO2 + H2O 5.0E-12
PINALD + OH → APIN2OO2 + H2O 8.0E-12
PINONIC + OH → 1.2 LXO2 + 0.3 LXO3 4.7E-12
PINIC + OH → 1.2 LXO2 + 0.3 LXO3 4.7E-12
OXYPINONIC + OH → 1.2 LXO2 + 0.3 LXO3 4.7E-12
OHAPINONO2 + OH → 1.2 LXO2 + 0.3 LXO3 3.5E-12
APINONO2 + OH → 1.2 LXO2 + 0.3 LXO3 8.0E-12
APINCHO + OH → 0.6 LXO2 + 0.9 LXO3 3.5E-11
APINOH + OH → 1.2 LXO2 + 0.3 LXO3 8.0E-12
OXYPINALD + OH → 0.6 LXO2 + 0.9 LXO3 2.0E-11
OHAPINOH + OH → 1.2 LXO2 + 0.3 LXO3 8.0E-12
APINOOH + OH → 1.2 LXO2 + 0.3 LXO3 8.0E-12
OHAPINOOH + OH → 1.2 LXO2 + 0.3 LXO3 7.2E-12
APINPAN + OH → 1.2 LXO2 + 0.3 LXO3 8.7E-12
LXOOH + OH → 8.0E-12
LXCOOH + OH → 8.0E-12
LXCOOOH + OH → 8.0E-12
LXOH + OH → 8.0E-12
LXCHO + OH → 2.0E-11
LXPAN + OH → 8.00E-12
LXONO2 + OH → 8.00E-12

Dimerization equilibrium

PINONIC + PINONIC → PINONIC_PINONIC kdimer.
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Chemical reactions of the reduced mechanism and kinetic rates
and their associated kinetic rates (continued)

Reactions Rates

PINONIC + PINIC → PINONIC_PINIC kdimer.

PINIC + PINIC → PINIC_PINIC kdimer.

PINONIC_PINONIC → PINONIC + PINONIC kdiss.

PINONIC_PINIC → PINONIC + PINIC kdiss.

PINIC_PINIC → PINIC + PINIC kdiss.

Adsorption reactions

PINONIC_PINONIC + aerosol → 3 aerosol + PINONIC_PINONICp kR3.2

PINONIC_PINIC + aerosol → 3 aerosol + PINONIC_PINICp kR3.2

PINIC_PINIC + aerosol → 3 aerosol + PINIC_PINICp kR3.2

PINONIC + aerosol → 2 aerosol + PINONICp kR3.2

PINIC + aerosol → 2 aerosol + PINICp kR3.2

OHAPINONO2 + aerosol → 2 aerosol + OHAPINONO2p kR3.2

APINONO2 + aerosol → 2 aerosol + APINONO2p kR3.2

OHAPINOH + aerosol → 2 aerosol + OHAPINOHp kR3.2

APINOOH + aerosol → 2 aerosol + APINOOHp kR3.2

OHAPINOOH + aerosol → 2 aerosol + OHAPINOOHp kR3.2

OXYPINONIC + aerosol → 2 aerosol + OXYPINONICp kR3.2

LXONO2C + aerosol → 2 aerosol + LXONO2Cp kR3.2

LXPANC + aerosol → 2 aerosol + LXPANCp kR3.2

LXOOH + aerosol → 2 aerosol + LXOOHp kR3.2

LXCOOH + aerosol → 2 aerosol + LXCOOHp kR3.2

LXCOOOH + aerosol → 2 aerosol + LXCOOOHp kR3.2

LXOH + aerosol → 2 aerosol + LXOHp kR3.2

LXCHO + aerosol → 2 aerosol + LXCHOp kR3.2

Desorption reactions

PINONIC_PINONICp → - 2 aerosol + PINONIC_PINONIC kR3.3

PINONIC_PINICp → - 2 aerosol + PINONIC_PINIC kR3.3

PINIC_PINICp → - 2 aerosol + PINIC_PINIC kR3.3

PINICp → PINIC - aerosol kR3.3

PINONICp → PINONIC - aerosol kR3.3

OHAPINONO2p → OHAPINONO2 - aerosol kR3.3

APINONO2p → APINONO2 - aerosol kR3.3

OHAPINOHp → OHAPINOH - aerosol kR3.3

APINOOHp → APINOOH - aerosol kR3.3

OHAPINOOHp → OHAPINOOH - aerosol kR3.3

OXYPINONICp → OXYPINONIC - aerosol kR3.3

LXONO2C → LXONO2 - aerosol kR3.3

LXPANp → LXPAN - aerosol kR3.3

LXOOHp → LXOOH - aerosol kR3.3

LXCOOHp → LXCOOH - aerosol kR3.3
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Chemical reactions of the reduced mechanism and kinetic rates
and their associated kinetic rates (continued)

Reactions Rates

LXCOOOHp → LXCOOOH - aerosol kR3.3

LXOHp → LXOH - aerosol kR3.3

LXCHOp → LXCHO - aerosol kR3.3

* rate units are cm3 molecule−1 s−1 for bimolecular reactions and s−1 for unimolecular reactions.
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