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Abstract. Kinetic and mechanistic data relevant to the
tropospheric degradation of aromatic volatile organic com-
pounds (VOC) have been used to define a mechanism devel-
opment protocol, which has been used to construct degrada-
tion schemes for 18 aromatic VOC as part of version 3 of
the Master Chemical Mechanism (MCM v3). This is com-
plementary to the treatment of 107 non-aromatic VOC, pre-
sented in a companion paper. The protocol is divided into
a series of subsections describing initiation reactions, the
degradation chemistry to first generation products via a num-
ber of competitive routes, and the further degradation of first
and subsequent generation products. Emphasis is placed on
describing where the treatment differs from that applied to
the non-aromatic VOC. The protocol is based on work avail-
able in the open literature up to the beginning of 2001, and
some other studies known by the authors which were under
review at the time. Photochemical Ozone Creation Potentials
(POCP) have been calculated for the 18 aromatic VOC in
MCM v3 for idealised conditions appropriate to north-west
Europe, using a photochemical trajectory model. The POCP
values provide a measure of the relative ozone forming abili-
ties of the VOC. These show distinct differences from POCP
values calculated previously for the aromatics, using earlier
versions of the MCM, and reasons for these differences are
discussed.

1 Introduction

Aromatic hydrocarbons make a significant contribution to
anthropogenic emissions of volatile organic compounds
(VOC), representing a major component of vehicle exhaust
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and emissions from other combustion processes, and evapo-
rative emissions of petroleum and from industrial processes
and solvent usage (e.g. PORG, 1993; UK NAEI, 2002). It
is well established that the gas phase degradation of VOC
in general plays a central role in the generation of a variety
of secondary pollutants, including ozone and secondary or-
ganic aerosol, SOA (e.g. Jenkin and Clemitshaw, 2000, and
references therein). By virtue of their generally high reac-
tivity and emissions, the oxidation of aromatic hydrocarbons
is believed to make a substantial contribution to the forma-
tion of ozone on local and regional scales (Derwent et al.,
1996; Calvert et al., 2002). In addition, their contribution to
the formation of SOA in urban areas is believed to dominate
(Odum et al., 1997), by virtue of their oxidation to products
of comparatively low volatility in significant yield (Calvert
et al., 2002).

The representation of mechanisms describing the degra-
dation of aromatic hydrocarbons in air quality models has
long been hampered by an incomplete knowledge of the de-
tailed chemistry. As a result, laboratory experimental re-
search in this field has been particularly active in recent years
(e.g. Calvert et al., 2002, and references therein), and under-
standing of certain aspects of the degradation chemistry has
improved. The available information has been used to de-
fine a mechanism development protocol for aromatic VOC,
which is presented in the current paper. The protocol has
been used to construct degradation schemes for 18 aromatic
VOC as part of version 3 of the Master Chemical Mecha-
nism (MCM v3). The treatment of 107 non-aromatic VOC is
described separately in a companion paper (Saunders et al.,
2003).
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2 Master Chemical Mechanism

The MCM is a near-explicit chemical mechanism describ-
ing the detailed gas phase degradation of a series of emitted
VOC, and the resultant generation of ozone and other sec-
ondary pollutants, under conditions appropriate to the plane-
tary boundary layer. The philosophy behind the construction
of the MCM is to use available information on the kinetics
and products of elementary reactions relevant to VOC oxida-
tion to build up a near-explicit representation of the degra-
dation mechanisms, as described in detail for non-aromatic
VOC in the companion paper (Saunders et al., 2003) and pre-
viously by Jenkin et al. (1997). In the absence of definitive
published information on the elementary processes involved
in aromatic degradation, provisional representations of the
degradation of aromatic VOC were included in versions 1
and 2 of the MCM, as discussed further in Sect. 5. MCM v3
is the first version to contain a rigorous, consistent treatment
of the degradation of aromatics at a level of detail compara-
ble with that of other VOC classes (Jenkin et al., 1997; Saun-
ders et al., 2003). The present paper contains a description
of the construction methodology which forms the basis of
the representation available in MCM v3: http://www.chem.
leeds.ac.uk/Atmospheric/MCM/mcmproj.html The method-
ology aims to take into consideration work available in the
open literature up to the beginning of 2001, and some other
studies known by the authors which were under review at the
time.

3 Structure and methodology

The protocol, outlined in Sect. 4, has been developed to al-
low the construction of comprehensive, consistent gas phase
degradation schemes for aromatic VOC in MCM v3. The
broad methodology follows that described in the companion
paper for non-aromatic VOC (Saunders et al., 2003), such
that a given organic compound is degraded into a set of ‘first
generation products’, which are themselves further degraded
within the same general framework. This process is contin-
ued until the chemistry either yields CO2, or until an organic
product or radical is generated for which the subsequent
chemistry is represented elsewhere in MCM v3. However,
the detailed methodology applied to aromatic VOC (particu-
larly for the initial oxidation sequence, and the further degra-
dation of some first generation products) differs considerably
from that described for non-aromatic VOC (Saunders et al.,
2003).

In Sects. 4.1–4.3, the treatment of the initiation reactions
with OH radicals and, where applicable, O3 and NO3 radi-
cals, is described. Photolysis reactions, which are significant
for aromatic aldehydes and a series of products of aromatic
oxidation, are identified in Sect. 4.4. In Sect. 4.5, the degra-
dation chemistry to first generation products via a number of
competitive routes is summarised, and guidelines are estab-

lished to indicate how their relative importance varies with
structure. In Sect. 4.6, the further degradation of first, and
subsequent generation products is discussed. In some cases,
this treatment is based wholly or partially on the rules defined
for the degradation of non-aromatic VOC and their products,
as described in the corresponding protocols (Jenkin et al.,
1997; Saunders et al., 2003). Similarly to the methodology
described in the companion paper (Saunders et al., 2003), the
aromatic protocol is designed to incorporate some strategic
simplification in the degradation schemes generated, because
fully explicit schemes for the C6-C11 compounds treated
would otherwise be impracticably large.

Finally, ‘Photochemical Ozone Creation Potentials’
(POCP) calculated with MCM v3, implemented in a pho-
tochemical trajectory model, are presented in Sect. 5. The
POCP values provide a measure of the relative ozone form-
ing abilities of the 18 aromatic VOC for idealised conditions
appropriate to north-west Europe. The observed trends are
discussed, and the values are compared with those reported
previously as calculated with MCM v1 (Derwent et al., 1998)
and MCM v2 (Jenkin et al., 2000).

4 Protocol for mechanism development

4.1 OH radical initiation reactions

4.1.1 Rates of initiation reactions

Reaction with OH radicals represents the major atmospheric
fate for aromatic hydrocarbons in general. Rate coefficients
for the reactions of OH with a series of aromatic compounds
have been reviewed extensively by Atkinson (1989; 1994)
and very recently by Calvert et al. (2002), with recommen-
dations made in a large number of cases. The recommenda-
tions of Calvert et al. (2002) allow rate coefficients to be as-
signed in all but two cases for the aromatic VOC in MCM v3,
and these were applied accordingly (see Table 1). Where ex-
perimental data are unavailable, methods for estimating rate
coefficients can be applied to aromatic compounds contain-
ing a variety of substituent groups (e.g. Kwok et al., 1995;
Calvert et al., 2002). The available data demonstrate that
methyl and ethyl substituents have almost identical activating
influences on aromatic ring reactivity. Consequently, rate co-
efficients for the two species in MCM v3 for which data are
unavailable (1-ethyl-3,5-dimethylbenzene and 1,3-diethyl-5-
methylbenzene) were taken to be identical to that of the
trimethyl-substituted analogue, 1,3,5-trimethylbenzene.

4.1.2 Initial radical products

For aromatic hydrocarbons, the OH initiated chemistry pro-
ceeds mainly by addition to the aromatic ring to generate
an OH-aromatic adduct. For alkyl-substituted aromatic hy-
drocarbons, a small but significant fraction of the reaction
proceeds by H-atom abstraction from the alkyl side chain.
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Table 1. Rate coefficients for the reactions of OH and NO3 with aromatic VOC used in MCM v3

VOC 1012k(OH) 1016k(NO3)

cm3 molecule-1 s−1 cm3 molecule−1 s−1

benzene 2.33 exp(−193/T)a –
toluene 1.81 exp(338/T)a –
ethylbenzene 7.0a 1.2a,d

o-xylene 13.6a 4.1a

m-xylene 23.1a 2.6a

p-xylene 14.3a 5a

propylbenzene 5.8a 1.4a,d

i-propylbenzene 6.3a 1.4a,d

1,2,3,-trimethylbenzene 32.7a 19a

1,2,4,-trimethylbenzene 32.5a 18a

1,3,5,-trimethylbenzene 56.7a 8.8a

o-ethyltoluene 11.9a 7.1a,c

m-ethyltoluene 18.6a 4.5a,c

p-ethyltoluene 11.8a 8.6e

1-ethyl-3,5-dimethylbenzene 56.7a,b 15a,c

1,3-diethyl-5-methylbenzene 56.7a,b 26a,c

styrene 58.0a 15 000a

benzaldehyde 12.9a 24a

Notes
a Based on recommendation of Calvert et al. (2002);b Assumed equivalent to 1,3,5-trimethylbenzene (see text);c Ethyl substituent is
assumed to activate the reactivity by a factor of 1.72 compared with a methyl group, based on a comparison of the reactivity of p-ethyltoluene
and p-xylene. Rate coefficients for ethylbenzene, o-ethyltoluene, m-ethyltoluene, 3,5-dimethylethylbenzene and 1,3-diethylmethylbenzene
thus inferred from data for toluene, o-xylene, m-xylene and 1,3,5-trimethylbenzene (Calvert et al., 2002);d Propyl substituents are assumed
to activate the reactivity by a factor of 2.0 compared with a methyl group, based on a comparison of the reactivity of p-i-propyltoluene
and toluene. Rate coefficients for propylbenzene and i-propylbenzene thus inferred from data for toluene (Calvert et al., 2002);e Based on
relative rate data of Bolzacchini et al. (1999) as reported by Calvert et al. (2002).

Where the relative importance of abstraction and addition
has been defined by laboratory kinetic or product investiga-
tions (e.g. as summarised by Atkinson, 1994, and Calvert et
al., 2002) the data are used accordingly. In a small number
of cases where information is unavailable, the relative im-
portance was assumed to be equivalent to that of the closest
analogue for which information is available. Because ab-
straction from the alkyl side chain is minor (≤ 10%) in all
cases considered, the subsequent chemistry is simplified by
using a single representative radical in each case. Depend-
ing on the symmetry of the aromatic hydrocarbon, there can
be up to six distinct addition points for the OH group, al-
though available information indicates that the favourability
of attack positions relative to an existing substitution varies
considerably in the general orderortho- > para- > ipso- >

meta- (e.g. Andino et al., 1996). Furthermore, each resul-
tant OH-aromatic adduct (i.e. a hydroxycyclohexadienyl rad-
ical, with alkyl substitutions where appropriate) is resonance-
stabilised, such that subsequent reaction (e.g. with O2) can
potentially take place at up to three positions. Consequently,
even for comparatively simple aromatics, substantial com-
plexity in the representation of the chemistry is possible in

the initial reaction step. As described further in Sect. 4.5,
the subsequent chemistry is propagated by the reactions of
two representative hydroxy-aromatic adducts in each case.
For the reactions of OH with styrene and benzaldehyde, ad-
dition of OH to the aromatic ring is minor (e.g. Atkinson,
1994; Calvert et al., 2002). In the case of styrene, attack is
assumed to occur exclusively by addition to the vinyl sub-
stituent group, with formation of a single representative OH
adduct. In the case of benzaldehyde, the mechanism pro-
ceeds by exclusive abstraction of the aldhehydic hydrogen,
to generate the benzoyl radical.

4.2 O3 initiation reactions

As discussed previously (Jenkin et al., 1997; Saunders et
al., 2003), O3 initiated degradation chemistry is included for
those VOC for which both the following relations apply:

k(O3 + VOC) > 10−8k(OH + VOC)

k(O3 + VOC) > 10−19 cm3 molecule−1 s−1

On this basis, only the reaction of styrene with O3 is suf-
ficiently rapid to be considered for the aromatic VOC in

www.atmos-chem-phys.org/acp/3/181/ Atmos. Chem. Phys., 3, 181–193, 2003
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Fig. 1. Partial schematic representation of the OH-initiated oxida-
tion of p-xylene to first generation products, as treated in MCM v3.
The chemistry shown assumes that RO2 radicals (with the excep-
tion of that formed initially from 1,2 addition of OH and O2) react
exclusively with NO. The first generation products are shown in
boxes, and the associated percentage yields are appropriate to these
conditions.

MCM v3. The assigned rate coefficient is based on the
recommendation of Calvert et al. (2002). The subsequent
scheme development follows the methodology described in
the previous protocols (Jenkin et al., 1997; Saunders et al.,
2003), with the major aromatic product, benzaldehyde, de-
graded as described elsewhere in the present paper.

4.3 NO3 radical initiation reactions

As discussed previously (Jenkin et al., 1997; Saunders et al.,
2003), NO3 initiated degradation chemistry is included for
those VOC for which both the following relations apply:

k(NO3 + VOC) > 10−5 k(OH + VOC)

k(NO3 + VOC) > 10−16 cm3 molecule−1 s−1

NO3 initiated degradation is therefore considered for all the
aromatic VOC in MCM v3, with the exception of benzene

and toluene which are excluded on the basis of the second
criterion. Reaction with NO3 potentially makes a significant
contribution to the removal of styrene, but is a minor sink in
the majority of cases.

4.3.1 Rates of initiation reactions

Rate coefficients for the reactions of NO3 with a series of
aromatic compounds have been reviewed by Atkinson (1991,
1994), Wayne et al. (1991) and very recently by Calvert et
al. (2002). The review of Calvert et al. (2002) makes recom-
mendations, or presents data, which can be applied in 9 of
the 16 cases for which NO3 initiated chemistry is treated. In
the other cases, rate coefficients are estimated on the basis of
the available data, as indicated in Table 1.

4.3.2 Initial radical products

The reactions of NO3 with alkyl-substituted aromatic hydro-
carbons proceed via net abstraction of hydrogen from the
alkyl group (e.g. Calvert et al., 2002). These reactions are
assumed to yield the same initial radical generated from the
OH abstraction reaction (Sect. 4.1.2). The reaction with ben-
zaldehyde proceeds via abstraction of the aldehydic H-atom,
leading to the production of the benzoyl radical. The attack
of NO3 on styrene is assumed to proceed by exclusive ad-
dition to the vinyl substituent, leading to the formation of a
nitrooxy-substituted radical.

4.4 Initiation by photolysis

Initiation by photolysis is considered for benzaldehyde, and
also for many other complex carbonyl compounds, hydroper-
oxides and organic nitrates which are generated as degrada-
tion products of the complete series of aromatic VOC. As
described previously (Jenkin et al., 1997; Saunders et al.,
2003), the methodology used in the MCM involves assign-
ing photolysis parameters to a core number of reactions for
which absorption cross section and quantum yield data are
available. Some of these parameters are also used to de-
fine the photolysis rates of a much larger number of related
species, for which the required information is not available.
With the exception of the unsaturated dicarbonyl products
discussed below in Sect. 4.6.3, the existing methodology
(Saunders et al., 2003) is applied to the aromatic systems in
MCM v3.

4.5 Mechanisms to first generation products

The dominant reaction under tropospheric conditions for all
the organic radicals generated from the initiation reactions
described above is assumed to be with oxygen, leading ini-
tially to the formation of a variety of peroxy radicals, RO2:

R + O2(+M) → RO2(+M) (1)

Atmos. Chem. Phys., 3, 181–193, 2003 www.atmos-chem-phys.org/acp/3/181/
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Table 2. Relative branching ratios assigned to OH-initiated oxidation routes to first generation productsa

Hydrocarbon H 1,4 OH 1,2 OH addition
abstraction addition b

Phenolic Peroxide-bicyclic Epoxy-oxyc

benzened – 0.10 0.25 0.33 0.33
toluene 0.10 0.10 0.25 0.33 0.22
ethylbenzenee 0.07 0.10 0.26 0.34 0.23
o-xylene 0.05 0.10 0.16 0.55 0.14
m-xylene 0.04 0.10 0.17 0.50 0.19
p-xylene 0.10 0.10 0.16 0.43 0.21
propylbenzenee 0.07 0.10 0.26 0.34 0.23
i-propylbenzenee 0.07 0.10 0.26 0.34 0.23
1,2,3,-trimethylbenzene 0.06 0.10 0.03 0.70 0.11
1,2,4,-trimethylbenzene 0.06 0.10 0.03 0.61 0.20
1,3,5,-trimethylbenzene 0.03 0.10 0.04 0.79 0.04
o-ethyltoluenef 0.05 0.10 0.16 0.55 0.14
m-ethyltoluenef 0.04 0.10 0.17 0.50 0.19
p-ethyltoluenef 0.10 0.10 0.16 0.43 0.21
1-ethyl-3,5-dimethylbenzeneg 0.03 0.10 0.04 0.79 0.04
1,3-diethyl-5-methylbenzeneg 0.03 0.10 0.04 0.79 0.04

Notes
a Ratios assigned where possible on the basis of reported product yields of hydroxyarenes, aromatic aldehydes andα-dicarbonyls in NOx-
present systems as summarised by Calvert et al. (2002).b 1,4 addition assumed to be 10% in all systems (see text);c Epoxy-oxy route
generally assigned balance of flux;d Phenol yield based on reported data. Balance of flux divided equally between peroxide-bicyclic and
epoxy-oxy routes;e ratios of 1,2 addition routes based on those for toluene;f based on data for corresponding xylene;g based on data for
1,3,5-trimethylbenzene.

The distribution of these radicals from the OH-initiated
chemistry, as represented in MCM v3, is shown in Table 2
for benzene and the aromatic hydrocarbons with alkyl sub-
stituents. As indicated in Sect. 4.1.2, the yields of those gen-
erated from hydrogen atom abstraction from the alkyl groups
are consistently≤ 10%. The sequential addition of OH and
O2 to the aromatic ring is assumed to generate two types
of hydroxycyclohexadienyl peroxy radical (with alkyl sub-
stituents, where appropriate) in each case, to represent ‘1,2’
and ‘1,4’ addition. The latter are significantly less stable (ow-
ing to the loss of conjugation), but are included to provide a
minor route to para-quinone products, which have been ob-
served in some systems (e.g. Seuwen and Warneck, 1996;
Berndt et al., 1999; Smith et al., 1999). These are therefore
assigned a low probability of 10% in each case, with those
formed from 1,2 addition being the dominant peroxy radical
generated in each of the systems.

The main features of the subsequent mechanisms leading
to first generation products are shown schematically in Fig. 1,
using p-xylene as an example. The details of these mecha-
nisms are described in the following paragraphs.

4.5.1 RO2 radicals from H-abstraction

The minor RO2 radicals generated from H abstraction from
alkyl substituents are assumed to react as conventional RO2
radicals, and are therefore treated as described by in the com-
panion paper (Saunders et al., 2003), such that reactions with
NO, NO3, HO2 and RO2 radicals in general are treated. The
terminating channels of these reactions generate a variety of
nitrate, hydroperoxide, carbonyl and alcohol products. The
propagating channels, most significantly the major channel
of the reaction with NO, yield the corresponding oxy radi-
cals (RO):

RO2 + NO → RO+ NO2 (2)

The sole fate of the RO radicals is reaction with O2, lead-
ing to the well-established formation of an aromatic aldehyde
and HO2 (Calvert et al., 2002), e.g. p-tolualdehyde in the
case of p-xylene (see Fig. 1). For aromatics containing alkyl
groups which are not identical (e.g. 1,2,4-trimethylbenzene),
a single RO2 radical is used to represent all such radicals
formed following H atom abstraction, and the aromatic alde-
hyde product is therefore also used as a single representative.

www.atmos-chem-phys.org/acp/3/181/ Atmos. Chem. Phys., 3, 181–193, 2003
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4.5.2 RO2 radicals from 1,4 addition of OH and O2

On the basis of studies of allyl and substituted-allyl per-
oxy radicals (e.g. Jenkin et al., 1993, 1998), the minor
1,4-hydroxycyclohexadienyl type RO2 radicals are also as-
sumed to react as conventional RO2 radicals, and are there-
fore treated as described by Saunders et al. (2003). The
subsequently-formed RO radicals are assumed to react ex-
clusively with O2, by analogy with the alloxy radical (Jenkin
et al., 1993). As shown in Fig. 1 for p-xylene, this generates
HO2 and a cyclic hydroxycarbonyldiene product.

4.5.3 RO2 radicals from 1,2 addition of OH and O2

Published information is consistent with the major RO2 rad-
icals formed from 1,2 addition of OH and O2 undergoing
rapid unimolecular rearrangements (e.g. Lay et al., 1996;
Ghigo and Tonachini, 1999; Bohn and Zetzsch, 1999; Bohn,
2001), such that the conventional reactions of RO2 radicals
cannot compete under most tropospheric conditions. On the
basis of available product information (e.g. Calvert et al.,
2002), three generic reaction channels are assigned to the
1,2-hydroxycyclohexadienyl type RO2 radicals in MCM v3:

(i) Isomerisation and decomposition to form a hydrox-
yarene and HO2 (denoted the ‘phenolic’ route in Table
2 and Fig. 1): This route is used to describe the forma-
tion of the well-established hydroxyarene products such
as phenol from benzene, and the cresol isomers from
toluene (Calvert et al., 2002). In each case, a single rep-
resentative hydroxyarene product is generated (e.g. o-
cresol is used to represent the three isomers). It is noted
that these products may alternatively be generated from
the initial OH adduct by a direct reaction with O2 (e.g.
Lay et al., 1996; Ghigo and Tonachini, 1998). However,
the overall chemistry of these representations is indis-
tinguishable, such that the representation employed is
consistent with either mechanism.

(ii) Ring closure to form a peroxide bridge (denoted the
‘peroxide-bicyclic’ route in Table 2 and Fig. 1): This
route, based on that proposed by Atkinson et al. (1980),
is used to describe the formation of the well-established
α-dicarbonyl products, such as glyoxal and methylgly-
oxal, as first generation products. Reported informa-
tion indicates thatα-dicarbonyl products are generated
from the oxidation of all simple mono-aromatics stud-
ied to date (Calvert et al., 2002), and the observations of
Bethel et al. (2000) and Volkamer et al. (2001) are con-
sistent with their prompt formation as first generation
products.

As shown for p-xylene in Fig. 1, the chemistry in each
system is propagated by a single series of radicals. Ad-
dition of O2 leads to the formation of a complex bicyclic
RO2 radical, which is assumed to undergo the conven-
tional reactions with NO, NO3, HO2 and RO2 radicals

in general (Saunders et al., 2003), and the corresponding
formation of minor nitrate, hydroperoxide, carbonyl and
alcohol products. The subsequently-formed RO radi-
cal decomposes by a ring-opening mechanism to form
HO2, anα-dicarbonyl product and a further co-product
(e.g. see Atkinson et al., 1980; Smith et al., 1999;
Calvert et al., 2002). On the basis of reported prod-
uct data, the co-product is either anα, β-unsaturated-
γ -dicarbonyl (e.g. butenedial; 4-oxo-2-pentenal), or a
corresponding cyclic furanone product where formation
is possible (Smith et al., 1999). Although the product
channels strictly available for the representative bicyclic
RO radical are limited, the RO radical in a given system
is assigned several decomposition channels to allow for-
mation of all possibleα-dicarbonyl products and combi-
nations of co-product which could be formed from iso-
meric forms of the radical. The relative yields assigned
to theα-dicarbonyls, following RO radical decomposi-
tion in the various aromatic systems, are summarised in
Table 3, based on consensus yields from reported data
(Bethel et al., 2000; Calvert et al., 2002). Thus, in the
case of p-xylene, for example (Fig. 1), routes to the
formation of either glyoxal or methylglyoxal are rep-
resented, in the ratio 0.64/0.36. The sole organic co-
product for glyoxal is 3-hexene-2,5-dione (since the po-
sitioning of the methyl groups precludes formation of a
corresponding C6 furanone product), whereas the over-
all formation of methylglyoxal is divided into two equal
routes forming 2-methylbutenedial and a C5 furanone
as co-products.

(iii) Isomerisation to form an cyclic epoxy-oxy radical (de-
noted the ‘epoxy-oxy’ route in Table 2 and Fig. 1): As
shown in Fig. 1, the epoxy-oxy intermediate may be
formed from the further rearrangement of the peroxide-
bicyclic intermediate discussed above. This route is
based on the qualitative observations of Yu and Jeffries
(1997) and Kwok et al. (1997), and is included to rep-
resent the balance of the OH-initiated chemistry not ac-
counted for by the routes discussed above. Consistent
with the rules presented previously (Jenkin et al., 1997;
Saunders et al., 2003) for oxy radicals containing aβ-
hydroxy group, the epoxy-oxy radical undergoes ring-
opening, followed by reaction with O2 to generate HO2
and a representative epoxydicarbonylene product.

4.5.4 Branching ratios

As indicated above, the relative importance of the various re-
action channels presented in Tables 2 and 3 is based, where
possible, on consensus yields for the aromatic aldehyde, hy-
droxyarene andα-dicarbonyl products (e.g. as summarised
by Calvert et al., 2002). It should be noted that, even for
these well-established products, there is considerable varia-
tion in the reported yields, and that even for the most stud-
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Table 3. Relative yields ofα-dicarbonyl products assigned to aromatic systemsa

HC(O)CHO RC(O)CHOb RC(O)C(O)Rb

benzenec 1.00 – –
alkylbenzene 0.50 0.50 –
o-dialkylbenzene 0.16 0.49 0.35
m-dialkybenzene 0.22 0.78 –
p-dialkylbenzene 0.64 0.36 –
1,2,3-trialkylbenzene 0.10 0.26 0.64
1,2,4-trialkylbenzene 0.12 0.71 0.17
1,3,5-trialkylbenzenec – 1.00 –

Notes
a Ratios assigned on the basis of reported relative product yields of glyoxal, methylglyoxal and biacetyl from toluene, xylenes and trimethyl-
benzenes as summarised by Calvert et al. (2002);b For aromatics containing combinations of different alkyl groups, contribution is subdi-
vided pro rata;c Only oneα-dicarbonyl possible by definition.

ied systems, only ca. 50% of the aromatic loss has been ac-
counted for by observed products. In particular, the reported
yields of theα-dicarbonyl co-products (α, β-unsaturated-
γ -dicarbonyls and furanones) tend to be significantly lower
than those of theα-dicarbonyls themselves, indicating that
knowledge of the detailed chemistry of the initial oxidation
step is still incomplete. Nevertheless, the methodology de-
scribed above is believed to provide an adequate representa-
tion of current understanding.

4.5.5 RO2 radicals from styrene and benzaldehyde

The reactions of the RO2 radicals generated from the OH
and NO3 initiated degradation of styrene, and the subsequent
chemistry to first generation products, are represented by
the methodology described in detail previously (Saunders et
al., 2003). The chemistry applicable to the further degrada-
tion of benzaldehyde (and other aromatic aldehydes gener-
ated as products of aromatic oxidation) is presented below in
Sect. 4.6.2.

4.6 Reactions of degradation products

The degradation of aromatic VOC by the reactions sum-
marised in the preceding subsections leads to a wide vari-
ety of first generation oxygenated products of varying com-
plexity, which are themselves further degraded in the MCM.
Broadly speaking, the products may be divided into two
groups: (i) those which retain the aromatic ring, and (ii) those
which are formed following ring opening processes. Many
of those in the second category are degraded in MCM v3 by
the methodology described for non-aromatic VOC (Jenkin et
al., 1997; Saunders et al., 2003), as indeed are the majority of
subsequent generation products. The present section is there-
fore limited to a description of those products for which the
previous protocols are not fully applied.

4.6.1 Hydroxyarenes

The degradation of the hydroxyarenes is initiated by reac-
tions with OH and NO3. Rate coefficients have been rec-
ommended for the reactions of OH with phenol, cresol iso-
mers, dimethylphenol isomers and selected trimethylphenol
isomers (Calvert et al., 2002), and these values are applied
accordingly. In the limited number of cases where kinet-
ics information is unavailable, the assigned rate coefficient is
based on that for the closest analogue for which information
is available. Rate coefficients for the reactions of NO3 with
phenol and the cresol isomers have also been recommended
(Calvert et al., 2002). For the larger hydroxyarenes, the rate
coefficient for the closest cresol analogue is applied.

Reported information is consistent with the reactions pro-
ceeding via an addition mechanism, with subsequent partial
elimination of phenoxy radicals (alkyl substituted where ap-
propriate) and H2O or HNO3 (e.g. Atkinson, 1994). Kinet-
ics studies of phenoxy radicals indicate that reactions with
NO, NO2 and O3 are likely to be competitive under ambient
conditions (Platz et al., 1998; Berho et al., 1998; Tao and
Lee, 1999). However, in MCM v3, a given phenoxy-type
radical is generally assumed to react exclusively with NO2
to generate a representative 1-hydroxy-2-nitroarene (e.g. 2-
nitrophenol from the reaction of the phenoxy radical itself):

C6H5O + NO2 → HOC6H4NO2 (3)

This is justified because the reaction with NO is reversible
on a comparatively short timescale (ca. 1 min: Berho et al.,
1998), and the reaction with O3 is likely to regenerate phe-
noxy radicals, predominantly as part of the following null
cycle:

C6H5O + O3 → C6H5O2 + O2 (4)

C6H5O2 + NO → C6H5O + NO2 (5)
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NO2 + hν(+O2) → NO + O3 (6)

The yield of the phenoxy-type radicals from the initiation
reactions is therefore based on the yields of the hydroxyni-
troarene products reported by Atkinson et al. (1992) for OH
and NO3-initiated oxidation of phenol and the cresol iso-
mers. For the larger hydroxyarenes, the yields are assumed
to be the same as for the closest cresol analogue. In the spe-
cific cases of the 2,4,6-trialkyl substituted phenoxy-type rad-
icals generated in the 1,3,5-trimethylbenzene, 1-ethyl-3,5-
dimethylbenzene and 1,3-diethyl-5-methylbenzene systems,
reaction with NO2 to form 1-hydroxy-2-nitroarene products
is precluded by the presence of the adjacent alkyl groups.
In these cases, the phenoxy-type radicals are assumed to re-
generate the corresponding hydroxyarene by a slow reaction
with HO2.

In the absence of reported mechanistic information, the
balance of the reaction (i.e. not forming phenoxy-type
radicals) in each case is assumed to follow a mechanism
analogous to the peroxide-bicyclic route described above,
with product channels limited to the formation of oneα-
dicarbonyl product and a corresponding hydroxyl- or nitro-
oxy-substitutedα, β-unsaturated-γ -dicarbonyl co-product.
These products are degraded by the general methodology de-
scribed by Saunders et al. (2003).

The hydroxynitroarenes are further degraded by reaction
with OH, with the kinetics of the reactions involving nitro-
phenol and nitrocresols based on the data summarised by
Atkinson (1994). For other hydroxynitroarenes, the rate
coefficient is assumed to be equivalent to that of the clos-
est nitrocresol analogue. In the absence of mechanistic in-
formation, the degradation mechanisms are simplified such
that ring-opening occurs to generate products already present
in MCM v3. These mechanisms are broadly based on the
peroxide-bicyclic route described above.

4.6.2 Aromatic aldehydes

In addition to removal by photolysis (see Sect. 4.4), the
degradation of the aromatic aldehydes is initiated by reac-
tions with OH and NO3. Rate coefficients have been rec-
ommended for the reactions of OH with benzaldehyde and
dimethylbenzaldehyde isomers (Calvert et al., 2002), and
these values are applied accordingly. In other cases, rate
coefficients are estimated using the structure-activity rela-
tionship (SAR) method of Kwok and Atkinson (1995) and
Atkinson (2000). Kinetic data are available for the reaction
of NO3 with benzaldehyde (Calvert et al., 2002). For other
aromatic aldehydes, a generic rate coefficient for reactions
of NO3 with aldehydes is applied in MCM v3, the value of
which is close to that reported for benzaldehyde (Jenkin et
al., 1997; Saunders et al., 2003).

On the basis of reported studies for benzaldehyde (e.g.
Noziere et al., 1994; Caralp et al., 1999; Calvert et al., 2002),
the reactions are assumed to lead to overall abstraction of the

aldehydic hydrogen atom, followed by addition of O2, lead-
ing to the production of aromatic acyl peroxy radicals,8-
C(O)O2 (where8 is a phenyl or an alkyl-substituted phenyl
group):

8-CHO+ OH(+O2) → 8-C(O)O2 + H2O (7)

8-CHO+ NO3(+O2) → 8-C(O)O2 + HNO3 (8)

The8-C(O)O2 radicals are treated as described previously
for conventional acyl peroxy radicals (Jenkin et al., 1997;
Saunders et al., 2003), undergoing reactions with NO, NO2,
NO3, HO2 and RO2 radicals in general. This is fully con-
sistent with reported information on the reactions of benzoyl
peroxy radicals, formed from benzaldehyde (e.g. Lightfoot
et al., 1992; Noziere et al., 1994; Caralp et al., 1999). Simi-
larly, the subsequently-formed aromatic acyl-oxy radicals are
assumed to decompose to yield CO2 and phenyl type radi-
cals (Caralp et al., 1999), followed by addition of O2 to yield
phenyl peroxy radicals, F-O2:

8-C(O)O(+O2) → 8-O2 + CO2 (9)

The8-O2 radicals also undergo a conventional set of reac-
tions (Saunders et al., 2003), with the resultant phenoxy type
radicals reacting exclusively with NO2 to form nitrophenol
products as described in the previous section.

4.6.3 α, β-unsaturated-γ -dicarbonyls

The degradation of theα, β-unsaturated-γ -dicarbonyls is ini-
tiated by reaction with OH, O3 and NO3, and by photoly-
sis. Rate coefficients have been determined for the reactions
of OH with butenedial, 4-oxo-2-pentenal and 3-hexene-2,5-
dione (Tuazon et al., 1985; Bierbach et al., 1994; Calvert et
al., 2002), and these values are applied accordingly. In other
cases, rate coefficients are estimated using the method de-
scribed previously for unsaturated carbonyls (Jenkin et al.,
1997), with this methodology also being used to infer the
relative importance of addition to the double bond and ab-
straction of H from the aldehyde group (where applicable).

The mechanism following OH addition to the double bond
follows the standard non-aromatic chemistry described by
Jenkin et al. (1997) and Saunders et al. (2003). The chem-
istry following abstraction of H from the aldehyde group
also largely follows the conventional methodology, but with
incorporation of an additional route to generate a furan-
dione product in appropriate cases, as has been observed in
laboratory studies of the oxidation ofα, β-unsaturated-γ -
dicarbonyls (Bierbach et al., 1994), and also as products of
aromatic hydrocarbon oxidation (e.g. Forstner et al., 1997).
This is achieved by inclusion of a cyclisation reaction for the
intermediate acyl-oxy radicals, which is assumed to compete
equally with the standard decomposition reaction, e.g.:
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Table 4. Generic rate coefficients used for the reactions of O3 with
α, β-unsaturated-γ -dicarbonyls in MCM v3

generic k(298) b Comment
α, β-unsaturated-γ -dicarbonyla

RC(O)CH=CHCHO 2.0 c
RC(O)C(R′)=CHCHO 5.0 c
RC(O)C(R′)=C(R′)CHO 14.0 c
R′C(O)CH=CHC(O)R′ 5.0 d
R′C(O)C(R′)=CHC(O)R′ 12.5 e
R′C(O)C(R′)=C(R′)C(O)R′ 35.0 e

Notes
a R = H or alkyl, R’ = alkyl ; b Units 10−18 cm3 molecule−1 s−1;
c Based on method of Jenkin et al. (1997). Rate coefficient is mean
of those calculated for R = H and R = alkyl;d Mean of reported
measurements for cis- and trans-3-hexene-2,5-dione (Tuazon et al.,
1985);e Estimated relative to mean of reported measurements for
cis- and trans-3-hexene-2,5-dione (Tuazon et al., 1985), assuming
activating influence of additional R’ groups based on method of
Jenkin et al. (1997).

HC(O)CH=CHC(O)O → HC(O)CH=CH+ CO2 (10a)

(10b)

(11)

Reported information on the kinetics of the reactions ofα,
β-unsaturated-γ -dicarbonyls with O3 is limited to one study
of the reaction with 3-hexene-2,5-dione isomers (Tuazon et
al., 1985; Calvert et al., 2002). Rate coefficients for a series
of generic species were therefore estimated on the basis of
that study, and the estimation methodology described previ-
ously (Jenkin et al., 1997). The resultant parameters (shown
in Table 4) are also consistent with the estimates of Bierbach
et al. (1994). The mechanism following initiation by reaction
with O3 follows the methodology described in detail previ-
ously (Jenkin et al., 1997).

There have been no studies of the reactions of NO3 with
α, β-unsaturated-γ -dicarbonyls, although kinetics informa-
tion is available for the reactions of NO3 with the C4 α,
β-unsaturated aldehydes, crotonaldehyde and methacrolein
(Atkinson et al., 1988; Kwok et al., 1996). Comparison of
the rate coefficients of these reactions with those available
for C4 aldehydes (see summary in Table 1 of Saunders et al.,
2003) suggest that the reactivity of the unsaturated aldehy-
des is approximately a factor of two lower than that of the
corresponding saturated aldehyde. This rule (in conjunction
with the substantial database on NO3 + aldehyde reactions)

was used, therefore, to infer rate coefficients for the reac-
tions of NO3 with α, β-unsaturated-γ -dicarbonyls contain-
ing aldehyde groups. In these cases, reaction was assumed
to occur exclusively at the aldehyde group(s). Support for
this assumption is provided by the observed low reactivity of
NO3 radicals with theα, β-unsaturated ketone, methylvinyl
ketone (Calvert et al., 2000), suggesting that addition to a
double bond adjacent to a carbonyl group is unfavoured. Ac-
cordingly,α, β-unsaturated-γ -diketones (e.g. 3-hexene-2,5-
dione) were assumed not to react with NO3.

Chamber studies have demonstrated that the photolyis of
α, β-unsaturated-γ -dicarbonyls is particularly rapid (Bier-
bach et al., 1994), and may represent the dominant atmo-
spheric sink (Volkamer et al., 2001). The generic rate co-
efficients applied to the photolysis reactions of aldehydes
and ketones (Saunders et al., 2003) are therefore inappro-
priate. On the basis of the observations for a series ofα,
β-unsaturated-γ -dicarbonyls (Bierbach et al., 1994), generic
photolysis rates of 5.0 × 10−2 JNO2 were applied to species
containing aldehyde groups, and 2.8 × 10−2 JNO2 to α, β-
unsaturated-γ -diketones. These rates are approximately 40%
of the observed decay rates, and are used to represent the sum
of the radical forming channels alone, e.g.

RC(O)CH=CHCHO→ RC(O)CH=CHC(O) + H (12a)

→ RC(O)CH=CH+ HCO (12b)

→ RCO+ HC(O)CH=CH (12c)

with each channel assigned an equivalent fraction of the total.

4.6.4 Epoxydicarbonylenes

As indicated above (Sect. 4.5.3) the epoxy-oxy route lead-
ing to the generation of representative epoxydicarbonylene
products was included to account for the balance of the OH-
initiated reaction of the aromatic hydrocarbons not accounted
for by the other routes. Although such epoxy products have
been detected (Yu and Jeffries, 1997), their yields have not
been quantified and there is little information on their degra-
dation chemistry. Because of their multifunctional structure,
initiation reactions with OH, O3, NO3 and direct photolysis
are treated in MCM v3. For OH initiation, an estimate of the
overall rate coefficient is made using structure activity rela-
tionships (Kwok and Atkinson 1995; Atkinson, 2000). For
the reactions with NO3 and O3, and for photolysis, estimates
of the rates are made by analogy with theα, β-unsaturated-γ -
dicarbonyls, as these are the most structurally similar com-
pounds in the mechanism. The initial distribution of radi-
cals, the subsequent chemistry and the further degradation of
products follows the methodology described in the previous
protocols (Jenkin et al. 1997; Saunders et al., 2003).
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Fig. 2. Comparison of POCP values calculated for aromatic VOC
using MCM v3, and those reported previously using MCM v1 (Der-
went et al., 1998) and MCM v2 (Jenkin et al., 2000).

5 Photochemical Ozone Creation Potentials (POCP)

The Photochemical Ozone Creation Potential (POCP) con-
cept was initially developed to describe the relative abilities
of organic compounds to generate ozone on a regional scale
over north-west Europe (Derwent and Jenkin, 1991), and the
MCM has previously been applied to calculation of POCP
values (e.g. Derwent et al., 1998). As described in detail
in the companion paper (Saunders et al., 2003), POCP val-
ues are calculated from the impact of small changes in the
emissions of individual VOC on simulated ozone formation,
using a Photochemical Trajectory Model (PTM) operating
on an idealised multi-day trajectory over north-west Europe.
POCP values are defined relative to a value of 100 for ethene,
and represent the quantity of ozone formed from unit mass
emission of a given VOC, relative to that from emission of
an identical mass of ethene.

POCP values were calculated for all 124 non-methane
VOC using MCM v3. The results for the 106 non-aromatic
VOC are presented and discussed in the companion paper
(Saunders et al., 2003). The POCP values calculated for the
18 aromatic VOC are presented in Table 5, and are compared
with those calculated with MCM v1 (Derwent et al., 1998)
and MCM v2 (Jenkin et al., 2000) in Fig. 2. Unlike the sit-
uation for the majority of non-aromatic VOC discussed in
the companion paper (Saunders et al., 2003), there are dis-
tinct differences between the POCP values reported previ-
ously for the aromatics, and those calculated with MCM v3.
This arises because of the substantial mechanistic differences
between the mechanisms.

The MCM v1 schemes are generally the most efficient at
generating ozone, and the MCM v2 schemes the least effi-
cient. As indicated in Sect. 2, these versions included provi-
sional representations of the degradation of aromatic VOC.
In MCM v1, the degradation chemistry essentially followed

the ring opening route proposed by Atkinson et al. (1980) (re-
ferred to above as the ‘peroxide-bicyclic’ mechanism), with
one set ofα-dicarbonyl andα, β-unsaturated-γ -dicarbonyl
products formed in each case. The degradation of the lat-
ter products was also highly simplified. Sensitivity studies
have shown that this route is particularly efficient at gener-
ating ozone (Jenkin et al., 2000), owing to a combination
of two NO-to-NO2 conversions occurring in the initial ox-
idation step, and the prompt formation of species (e.g.α-
dicarbonyls) which can photolyse efficiently to generate rad-
icals, thereby promoting ozone formation from VOC in gen-
eral. In MCM v2, more detailed schemes were developed to
explore a proposed degradation route involving the formation
of ‘aromatic oxide/oxepin’ intermediates (Klotz et al., 1997,
1998). As shown in Fig. 2, these schemes are much less ef-
ficient at generating ozone. This is partly because only one
NO-to-NO2 conversion occurs in the initial oxidation step,
and because the yield of species which can photolyse effi-
ciently to generate radicals is lower, and their formation is
delayed to the third oxidation step.

With the exception of the least reactive aromatic hydro-
carbon, benzene (POCP≈ 20), the POCP values calculated
with MCM v3 lie consistently lower than those calculated
with MCM v1 by between 10 and 30%, and greater than
those calculated with MCM v2 to varying degrees. The
monoalkyl-substituted aromatic hydrocarbons are calculated
to have comparatively low POCP values (in the range 35–
53), whereas those for the dialkyl- and trialkyl species are
significantly higher, lying in the ranges 69–84 and 101–
113, respectively. The latter two sets of species therefore
have POCP values comparable with those calculated for
the alkenes (Saunders et al., 2003), making them among
the most potent ozone generators. As discussed previously
(Derwent et al., 1998; Jenkin and Hayman, 1999), the ob-
served trend in POCP values results from a combination of
kinetic and structural factors. For the less reactive VOC,
the POCP scale broadly correlates with that of OH reac-
tivity (see Table 1), with the impacts of structural differ-
ences superimposed on the trend. For the more reactive
VOC (with k(OH) � 10−11 cm3 molecule−1 s−1) further in-
creases in reactivity have little effect on POCP, but the in-
fluences of structural differences are more apparent. For
example, 1,3-5-trimethylbenzene has a significantly higher
OH reactivity than the other trimethylbenzenes, but it has
the lowest POCP value. This arises because the other iso-
mers (particularly 1,2,3-trimethylbenzene) generate biacetyl,
CH3C(O)C(O)CH3, in significant yield (see Table 3). Ow-
ing to its low reactivity with OH radicals, biacetyl is almost
exclusively photolysed to generate radicals. Its formation
therefore has a greater impact on ozone generation than that
of the otherα-dicarbonyls, for which removal by OH reac-
tion is competitive. The influence of biacetyl formation is
also apparent from a comparison of the POCP values for the
xylene isomers.

Despite their high reactivity, the POCP values calculated
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Table 5. Photochemical Ozone Creation Potentials (POCP) calculated for 18 aromatic VOC in MCM v3a

VOC POCP VOC POCP

ethene (reference VOC) 100.0
benzene 20.3 1,2,4,-trimethylbenzene 113.0
toluene 51.0 1,3,5,-trimethylbenzene 106.2
ethylbenzene 52.5 o-ethyltoluene 69.4
o-xylene 84.1 m-ethyltoluene 74.0
m-xylene 85.6 p-ethyltoluene 73.2
p-xylene 77.5 1-ethyl-3,5-dimethylbenzene 106.4
propylbenzene 42.7 1,3-diethyl-5-methylbenzene 101.0
i-propylbenzene 35.3 styrene 14.5
1,2,3,-trimethylbenzene 108.2 benzaldehyde −10.4

Notes
a POCP values are quoted to one decimal place, not as an indication of inherent precision, but to facilitate comparisons. The precision in an
individual POCP value is estimated to be±2 POCP units.

for styrene and benzaldehyde are the lowest of all the aro-
matic VOC, in agreement with previous studies (Derwent et
al., 1996, 1998). As indicated in Sect. 4.6.2, the degradation
of benzaldehyde leads to the formation of nitrophenol in high
yield. Nitrophenol is a comparatively unreactive reservoir
for both free radicals and NOX , and its formation therefore
inhibits ozone formation, as reflected in the negative POCP
value. The low POCP value for styrene arises because of its
partial degradation to benzaldehyde.

6 Conclusions

The mechanism construction protocol described above in
Sect. 4 has allowed consistent degradation schemes to be de-
fined for 18 aromatic compounds as part of MCM v3. The
methodology is based on reported information, and aims to
take account of work which was in the public domain at
the beginning of 2001. Although there are still clearly gaps
and uncertainties in the understanding of aromatic degrada-
tion chemistry, this methodology is believed to provide a
sound basis for ongoing mechanism development work, as
described by Wagner et al. (2003).

Particular areas where understanding is lacking have been
discussed in detail by Calvert et al. (2002). These include
uncertainties in the mechanisms of the initial oxidation se-
quence(s) to first generation products, and limitations in the
available information on the subsequent chemistry of many
of the classes of product known to be generated. The degra-
dation chemistry of first and subsequent generation prod-
ucts is believed to be particularly important in accounting for
secondary radical generation and removal of NOX in cham-
ber experiments (Wagner et al., 2003). This is therefore a
main focus of ongoing work, facilitated by the constant emer-
gence of new relevant data (e.g. Volkamer, 2002; Olariu et
al., 2002; EXACT, 2002). In addition, a representation of

gas-aerosol partitioning of the oxidised products of aromatic
degradation is being developed to assist interpretation of the
formation of secondary organic aerosol observed in aromatic
systems (e.g. Odum et al., 1997; Forstner et al., 1997; EX-
ACT, 2002).
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