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Abstract. Organic compounds emitted in the atmosphere arel  Introduction
oxidized in complex reaction sequences that produce a myr-

iad of intermediates. Although the cumulative importance OfVoIatiIe organic compounds (VOCs) emitted in the atmo-

these organic intermediates is widely acknowledged, there s . .
. - . . : . Sphere are oxidized in complex reaction sequences that pro-
is still a critical lack of information concerning the detailed

composition of the highly functionalized secondary organicsfjuce a myriad of intermediates. The intermediates are typ-

in the gas and condensed phases. The evaluation of their i ically organic radicals involved in radical oxidation chains
pacts on pollution episodes, climate, and the tropospheric oxPeroxy, Oxy and Crlgge.e radma]s) and oxygenated sec-
e : : . . ondary (i.e. produced in situ) species such as alcohols, alde-
idizing capacity requires modelling tools that track the iden- ) . . :

tity and reactivity of organic carbon in the various phaseshydes' ketones, nitrates, peroxides, carboxylic acids and
down to the ultimate oxidation products, CO andCE8ow- peracids (e.gAtkinson 2000. These intermediates play a

ever, a fully detailed representation of the atmospheric transl—( ey role in the chemistry of the troposphere. For example,

. . . these organic intermediates are directly involved in the pro-
formations of organic compounds involves a very large num- . . .

: ] : ; uction of tropospheric ozone and in the [H@H + HO,)
ber of intermediate species, far in excess of the number thagnd NG (NO -+ NO,) budgets on regional and global scales
can be reasonably written manually. This paper describe(iZ 2 g g 9

(1) the development of a data processing tool to generat e.g. Seinfeld and Pandisl998 Finlayson-Pitts and Pitts

- L . 00Q and references therein). Furthermore, many secondary
the explicit gas-phase oxidation schemes of acyclic hydrocar- : ; . . .
ST . .organic species are multifunctional with low vapour pres-
bons and their oxidation products under tropospheric condi- . :
. ) sure. These semi-volatile compounds lead to the produc-
tions and (2) the protocol used to select the reaction prod-. : .
“tion of secondary organic aerosol (SOA) by nucleation and/or
ucts and the rate constants. Results are presented usin : e
ndensation on pre-existing aerosols (€2gnkow et al.

the fully explicit oxidation schemes generated for two testZOOl_ Hoffmann et al, 1997 Odum et al, 19097 Bowman

species: n-heptane and isoprene. Comparisons with We"ét al, 1997 and/or polymerisationKalberer et al, 2004

established mechanisms were performed to evaluate thesreolocka et al, 2004. The SOA components can contribute
generated schemes. Some preliminary results describing tt}e ! X P

: . L 0 the absorption and scattering of solar radiatidacob-
gradual change of organic carbon during the oxidation of a . :
: son 1999, as well as affect the hygroscopic behaviour of
given parent compound are presented.

particles Saxena et al.1995 and therefore their ability to

act as cloud condensation nuclei by changes in surface ten-
sion (Facchini et al. 1999 2000 or growth rates of cloud
droplets Lohmann et a].2004 Shantz et a).2003. Most
secondary VOCs are water soluble, i.e. associated with high
Correspondence td3. Aumont Henry’s law coefficients. A significant fraction of secondary
(aumont@lisa.univ-paris12.fr) organics thus dissolves in the aqueous droplets during cloud
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Parent (primary) 19t qeneration 2" generation of more explicit hydrocarbon oxidation mechanisms, such
Speges i pgroducts products as the NCAR Master Mechanisnviadronich and Calvert
1990 Aumont et al, 2000 with over 5000 reactions to rep-

VOC+oxidant — | VOC+oxidant —»|VOC+oxidant| r =1
chemistry sl chemistry sl chemistry | | ! resent the oxidation of about 20 emitted non-methane hy-
i i . drocarbon, the SAPRC-99 mechanisms which describes the
OH 103 g OH 103 g OH 103 v oxidation of about 400 emitted VO @rter 2000, and the
NOs | hv . NOs | hv . NOsfhv ) University of Leeds’ Master Chemical Mechanism (MCM)
v e v 2 v o with over 13000 reactions to describe the oxidation of about
Pirr?:;’qi(gsﬂ || Pifﬁ;‘%i(gfy’@ || Pif:fi’qus?) E E 100 emitted VOC Jenkin et al.1997, 2003 Saunders et al.
€ ¢ e 'y 1997, 2003_[). But even these Iarge mechanisms_n_eglect
S no|NOs S nolNos S nolNO3 i co many reaction pathways by assuming that they individually
o RO2 o RO2 0 ROz make only a minor contribution, though it remains unclear
ks ! g ] ks ! ' whether their cumulative contributions could be important.
Akoxy R0) B2 | [Akoxy Ro) F22! | [Alkoxy RO) } - The fully explicit representation of hydrocarbon oxidation,

chemistry chemistry chemistry from the initial compounds to the final product g®@equires
a very large number of chemical reactions and intermediate
Fig. 1. Simplified representation of the reaction sequences involvedspecies, far in excess of the number that can be reasonably
in the tropospheric VOC oxidation. written manually. Nevertheless, several potential benefits
from the availability of such full mechanisms can be identi-
fied. Knowledge of the precise chemical identity of interme-
events. This dissolved organic matter directly or indirectly diates enables the calculation of their atmospheric lifetimes
interacts with the aqueous chemistry of radical, non metaland thus of their contribution to the gas phase reactivity of
and metal ion and oxidant pools (efausf 1994 Ervens  aging air masses (e.g. H@nd NQ budgets). Their vapour
et al, 2003. Organic chemistry inside clouds may therefore pressure and solubility can also be calculated and used to
modify the chemical budget of both aqueous and gas phasesetermine their partitioning to condensed phases, ultimately
For example, some organics can have an inhibiting effect orproviding better estimates of the optical and microphysical
aqueous Fe-catalyzed'Soxidation (olf et al, 2000, and  properties of aerosols and clouds. Moreover, a fully explicit
agueous VOC oxidation can have a significant impact on themechanism can serve as a benchmark for the systematic de-
tropospheric ozone budget (Monod et al., 1999). Organiovelopment and testing of simplified chemical mechanism for
oxidation inside clouds may also be an additional source ofyse in three-dimensional models where computer resources
SOA, after the evaporation of the cloud dropldédtafido and  are limited. Finally, an explicit modelling approach offers in-
Turpin, 2000. Clearly, these and other processes involv- creased opportunities for comparison with atmospheric mea-
ing organic intermediates may have significant effects on atsurements, particularly in view of recent advances in tech-
mospheric reactivity, composition, and radiative budgets omiques for detecting many specific organic compounds.
wide-ranging geographic scales. However, the magnitude of Here, we describe a “self generating approach” to de-
these effects remains poorly understood, due largely to a crityelop fully explicit gas-phase oxidation schemes of organic
ical lack of information Concerning the detailed Composition Compounds under genera| tropospheric conditions. This ap-
of the highly functionalized secondary organics in the 9aSproach was codified in a computer program, hereafter re-
and condensed phases. ferred as the “generator” of the chemical schemes. The gen-
Three-dimensional chemistry-transport models (e.g. thoserator and the protocol used to select the reactions and the
used for studying pollution episodes, regional and global ox-rate constants are similar to the approaches described by
idants, and climate) typically represent organic chemistryJenkin et al (1997 and Saunders et a(20033. The gen-
with highly simplified mechanisms that include the initial re- erator and the protocol are presented in Settmnd 3, re-
actions of a few hydrocarbons and only a very limited subsetspectively. Sectiod presents some tests performed to eval-
of surrogate or lumped species to represent the intermediuate the performance of the generated scheme by compari-
ates (e.gGery et al, 1989 Stockwell et al, 1990 1997, Bey  son with existing mechanisms. Finally, some preliminary re-
etal, 2001 Brasseur et al1998 Poisson et al2000. These  sults showing the major chemical characteristics of organic
simplifications are frequently adequate to represent the neaarbon during the oxidation of a given parent compound are
field gas phase reactivity (e.g. ozone formation in the vicinity presented (Seck).
of emission sources), but fall short of providing the chemi-
cal speciation necessary for a detailed understanding of the
gas phase composition of aging air parcels, and of the contri2 The generator
butions that organic intermediates make to the composition
and properties of aerosols and clouds. In the past decad&he construction of the chemical schemes generator is based
major advances have been made towards the development identifying all the reactions for a given primary (i.e.
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new reaction products added to the stack

[voc.| -~ T .- [voca]voci]

Radical ?

no yes

* C-H? RO2 ? ﬁ

OH reaction Peroxy alkyl chemistry
RH+OH — RO2 RO2+NO — RO+NO2
>C=C<+OH—>>C(OH)C(02)< RO2+NO —> RONO2

A

RO2+NO3 —> RO+NO2+02
RO2+HO2 —> ROOH+O2

O3 reaction
[— >C=C<? RO2+RO2 — t
— >C=C<+0O3 — >C=0+Criegee >C=C<? 2 2 products
Criegee  —» products+OH
RCO3 ? —$
Peroxy acyl chemistry
NO3 reaction [

RCO3+NO —* R-+CO2+NO2
RCO3+NO2 —> RC(O)(OONO2)
RCO3+NO3 —* R-+CO2+NO2+02
RCO3+HO2 —* RC(O)(OOH)+02
RCO3+HO2 —> RC(O)(OH)+03

RCHO+NO3 —> RC(0)(00)
>C=C<+NO3 —» >C(OH)C(O2)< [ -CHO?

Photolysis <
RCHO+hv — R: +HC-O RCO3+R0O» —* products
RONO2+hy —» RO- + NO2 >C=07?
ROOH+hy —» RO- + OH l«— -ONO2? R

?
-OOH? o }

Alcoxy chemistry

C(0)(OONO2)?
{ >CH(O) + 0y —» >C=0 +HO>
Thermal decomposition >CH-C2-C(0r)< —> >C(:)-C2-C(OH)<
RCO(OONO2)—» RCO(O0)+NO2 >C(0)-R — >C=0+R-

Treat next species in the stack

Fig. 2. Flow diagram of the generator.

emitted) species as well as for every intermediate up to CO — Alkoxy radical reaction with @, unimolecular decom-

or CO, production. Atmospheric oxidation of organic com- position (i.e. C-C bond breaking) or isomerization.
pounds can be represented by a limited number of reaction  These reactions either lead to a stable secondary and/or
types, repeated many times up to full oxidation of the given to a new peroxy radical.

parent compound. With a few exceptions, these steps can

summarized as follow (see Fit): b'Fhe redundancy in these reaction sequences is the basis of

the generator.

o ) _ _ _ The general philosophy followed to develop the genera-

— The initiation of the radical organic chains by reaction . ig similar to the methods recently describedggunders
with QH’ NGs, Os or via .bond breaking after the ab- o 5 (20033. The generator can be viewed as a computer
sorption of a photon. This first step generally leads t0 ;o2 m that mimics the steps by which chemists might de-
the formation of an organic peroxy radical (RO velop chemical schemes (i.e. writing the list of the reactions

involved in the oxidation of a given species and their asso-

— Peroxy radical reactions with NO, NONOg, HO; or ciated rate constants). These steps are illustrated?rigd
with others RQ radicals. These reactions either lead to can be summarized as follow. First the generator analyses
a stable (i.e. a non radical) secondary organic species athe chemical structure of the molecule to identify the reactive
to an organic alkoxy radical (RO). sites and determine all reaction pathways. For each identified
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Molecular

structure Bond matrix Group vector
(l) 11234 ]
1[0 200 1| CdH2
AN 22 0 1 1 2| cd
3]0 100 3| CHO
@l 4]0 1 00 4| CH3

Fig. 3. Description of molecular structures in the generator: the methacrolein example.

reaction, the generator then “searches” into a database of lab- — Maintenance: updating chemical scheme can be a very
oratory measurements of reaction rate constants and/or prod-  tedious task. This is particularly true when the scheme
ucts to see if they may already be available. If not (as it is must be updated as a result of a change in a struc-
usually the case for the oxidation intermediates), an estima-  ture/activity relationship. Updating the generator code
tion of the rate constant and reaction products is made based is relatively straightforward and the new mechanism is
on structure/activity relationships (see S&below). The easily re-generated.

full reaction (reactants, products, stoichiometric coefficients,

rate constant, and its temperature dependence) is then writtef€ generator can therefore be viewed as an expert system,
in a file and the products, if new, are added to a “stack” for@ssimilating physico-chemical data from laboratory experi-
further reactions. These steps are repeated as long as spec/B§nts (e.g. rate constants, vapor pressure, products yields)
are present in the stack. The process stops when the sta@hd estimating all the missing information. Itis a very natural
is empty, which occurs when the full oxidation scheme haslink between fundamental laboratory studies and the chemi-
been written. cal models.

The molecular structure of the species needs to be known The current version of the generator treats the chem-
by the generator to select the appropriate set of reactiondstry of every species (including C, H, O, N atoms) ex-
This molecular structure is described using a matrix and &€pt cyclic molecules.  This includes alkanes (linear or
vector (see Fig3). The bond matrix provides the carbon branched), alkenes (conjugated or not), ethers, esters, al-
skeleton of the molecule (each carbon is identified by ancohols, carbonyls, nitrates, peroxyacylnitrates, carboxylic
index; a bond between thith and jth carbon is marked acids, peracid, hydroperoxides, alkyl radicals, peroxy radi-
with non-zero values in the ( j) cell of the bond matrix). ~ cals and alkoxy radicals. The chemistry of cyclic molecules
The group vector holds the information about the functionalis currently read in a file (up to ring-opening) and corre-
groups borne by each carbon. To avoid duplications, care i§Ponding mechanisms are added to the generator output file
taken that each molecule (and its corresponding bond matrixSe€ Sect3.10below). The generator's code has been fully
and group vector) is written in a unique way based on theWwritten in Fortran 77.
longest carbon chain and a pre-defined priority order for the Despite the fairly limited number of reaction types imple-
functional groups. mented in the generator, the total number of species gener-

The chemical schemes written by the generator are no@ted to describe the full oxidation of a given parent com-
conceptually different than those that could be written man-pound can be extremely large. Figufeshows the total
ually given enough time. However, several important advan-number of species generated (hereafter densgdor the
tages of the generator code should be noted: n-alkanes series as a function of the number of carbons in

- . . the parent compoundN, grows from a few hundreds for
— Its speed: explicit chemical schemes usually contain P P s 9

. o ropane to about 2.5 million species for octane. The increase
thousands of reactions and handwriting such scheme . .
) S . ollows an exponential law, with a growth factor of about 5.6
requires months of work. In fact, fully explicit chemical

1:§Jr each carbon added.
schemes are extremely large (see examples below) an . L
. . . The chemistry codified in the generator can only lead to
the self-generating approach is probably the only realis-_ . . . - ;
. e a limited number of functionalities. For the n-alkane series,
tic approach to develop such fully explicit schemes. . . .
possible groups for each carbon are: non-substituted alkyl,
— Accuracy: itis almostimpossible to write large schemesketone (or aldehyde), alcohol, hydroperoxide, nitrate, per-
without introducing “errors” (for example in setting the oxy radical and alkoxy radical. Four additional groups must
rate constants or simply typographical errors in namingbe considered for the carbons at a terminal position viz.: car-
the species). boxylic acid, peracid, peroxy acyl nitrate and peroxy acyl.

Atmos. Chem. Phys., 5, 2497517, 2005 www.atmos-chem-phys.org/acp/5/2497/
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Fig. 4. Number of species created by the generator for the n-alkand 19 5- Number of species (open symbols) and reactions (grey sym-

series without a threshold for selecting reactions (cross) and witHPC!S) created by the generator for various series (using a 5% thresh-
a 5% branching threshold (circle). The line shows the maximum©!d for selecting reactions).

number of distinct species that can be produced for the n-alkane
series by permuting all the possible functional groups codified in

6 5

the generator. ’aE?3X10 T T T T T 1 T T 7310

£ _

<

3
Furthermore, we did not identify chemical pathways leading ;m:zxmﬁ 2x10°
to a carbon bearing more than one functionality. Thus for g
the n-alkane series, 11 and 7 distinct group substitutions can &

be identified for the terminal and internal carbon positions, © 4, 46
respectively. Figurel shows the total number of “distinct” 8
species that can be produced by permuting all the possible 3
groups. For fairly large molecules (i.e>@), the total num-

ber of distinct species (denotél below) can be very well
approximated by:

1x 105

number of species (stack)

N¢
N
[e)]
oo
>

generation

"1 2 i Fig. 6. Number of species generated as a function of the generation
Q~ Z 5(11) (N, (1) depth (circle, left scale) and species in the generator’s stack (cross,

i=2 right scale) for n-octane.
wherenr is the total number of carbons in the parent com-
pound, the% factor corrects approximately for symmetries,
and the sum over takes into account the possible scissionsthan 5% in the removal of a given species are ignored. We
of C-C bonds. The exponential growth 8%, as a function  finally note that the number of the generated reactions is typi-
of the chain length can thus be explained by the exponentia¢ally 10 times the number of species, i.e. reaching 25 million
increase of2. The exponential growth factor of 5.6 found for the full oxidation of octane. Various tests were performed
for the n-alkane series is however somewhat lower than théo reduce the number of species and reactions in the chemical
growth factor of~7 predicted by Eq.1). Some group dis- scheme for 3-D applications. These tests are described in a
tributions can indeed not be produced, due for example tcompanion papeiSzopa et a).2005.
C—C bond scission before reaching them. Note however The number of generations (i.e. of successive non radical
that for n-octane the total number of species produced by théntermediates, see Fid) required to fully oxidize a given
generator still represents about 30% of all the possible funcparent compound was found to be slightly larger than the
tional group permutations (see Fi). Similar results were number of carbons in the parent compound. The main fac-
found for other series (e.g. i-alkanes, 1-alkenes): the key factor controlling this behaviour is that, on average, at least one
tor determining the number of species and reactions genemgeneration is required per carbon to oxidize it frert@H,—
ated is always the total number of carbon atoms in the parto —CO-. Figure6 shows the number of species generated
ent molecule (see Fich). Additional tests were performed for a given generation depth as well as the species remain-
to evaluate the sensitivity d¥, to a given constrain for the ing in the stack (i.e. species for which removal reactions still
activation of a particular reaction. Figuéeshows thaiV, re- have to be written) for the n-octane case. The S-shaped and
mains extremely large even if reactions contributing for lessGaussian profiles shown Fi§were also found for the other

www.atmos-chem-phys.org/acp/5/2497/ Atmos. Chem. Phys., 5, 28372005
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species. These profiles can qualitatively be explained as fol
low. Each species in the generatiofeads to the production
of a given number of species in the generation 1 after
reactions. For the first generations, these reaction products
are mainly new species for which chemistry must be written.
The total number of species as well as the number of species
in the stack thus grows exponentially. However, a given re-
action product can usually be produced by several distinct
reaction pathways and must obviously be treated only once.
Hence, after few generations, most reaction products are al-
ready treated in the scheme (i.e. other pathways already led to

the same products) and the species is not added to the stack.

The number of species in the stack starts to decrease, as well
as the growth rate of the total number of generated species.
As stated above, the chemical pathways involved in the full
oxidation of every generated species are described when the
stack is empty.

3 Protocol description for the development of the or-
ganic schemes

Explicit chemical schemes would obviously be a faithful rep-
resentation of oxidation mechanism occurring in the atmo-
sphere if all reactions were known with a high accuracy.
From the above section, it is clear that the number of species
involved in such schemes far exceeds that for which direct
measurements are available. Reaction pathways and rate
constants must therefore be estimated for most species on the
basis of their molecular structures. Numerous experimental
data are currently available in the literature concerning the
VOC oxidation. Compilations, data evaluations and recom-
mendations for use in models are regularly provided by the
NASA and IUPAC panels (e.d>eMore et al. 1997 Atkin-

son et al, 1999 or in review papers (e.gAtkinson, 1994
Atkinson and Arey 2003 Orlando et al. 2003 Mellouki

et al, 2003 Calvert et al.2000. Reasonable estimates can
be made by analogy to these known reactions, with the aid
of several structure/activity relationships (SARs). The main
feature of the generator described above is to codify the var-
ious estimation methods to produce consistent and compre-
hensive oxidation schemes on a systematic basis. We em-

B. Aumont et al.: Modelling the evolution of organic carbon

Table 1. List of the organic radicals at steady state and their associ-
ated reaction products.

Reaction

O addition

CH3(+) + O — CH3(00,)
—CHa(-) + O — —CH»(00)
>CH(-) + O — > CH(OO,)
>C(-)— + O —» > C(O0)—
—C()(0) + 02 - —C(0)(00)
>C=C(-)— + O - > C=C(00.)—

Decomposition
HC()O (+05) - CO+ HO»
CHo(-)(OH) (+02) - HOo + HCHO
CH(-)(OOH) — OH + HCHO
CH2(-)(ONOy) — NO2 + HCHO
RCH(-)(OOH) - RCHO+ OH
RCH(-)(OH) (+05) - RCHO+ HO»
RCH(-)(ONOy) - RCHO+ NO»
RRC(-)(OOH) - RCOR + OH
RR'C(-)(OH) (+0,) — RCOR + HO,
RR'C(-)(ONOy) — RCOR + NO,
C()(O)(OH) - OH+ CO
C(-)(0)(O0OH) — HO, + CO
C(-)(O)(ONOy) — NO3 + CO
C(-)(O)(OONGy) — NOy + CO+ Oy
(0-)CO(OH) — CO, + OH
(0-)C(O)(O0OH) — HO» + COy
(O-)C(O)(ONOy) — NO3 + COy
(O-)C(O)(OONGy) — NO2 + COy + Oy
(O)C(O)H (+02) — HOy + COy
>C=C(00)— - >C(0-)—CO—
>C=C(0.)— - >C()—-CO-
R—-CO(0O) - COy + R:
HC(0)(O:) (+02) — COy + HOy
R-0-C(0)(00) (+02) — R(OO) + CO; + Oz
R—CO-C()(0O) - R—-C(-)O+ CO
—C()(OH)(0OO) (+02) — HOz + —C(0)(00,)
—C(-)(OOH)(00) — OH + —C(0)(00")
—C(-)(ONO»)(00) — NO, + —CO(00")

phasize that the accuracy of the generated explicit schemes The protocol used in this study is very similar to the ap-
is linked directly to the accuracy of SAR predictions. Most proaches already described fnkin et al(1997), Saunders
rate constants are typically estimated with at least a factoet al. (20038 and Carter(2000 for the purpose of system-

2 of uncertainty and some reaction pathways are highly hy-atic development of organic schemes. Here we present only
pothetical due to the lack of experimental data. Given these brief overview of the protocol as implemented in the gen-
uncertainties, explicit organic schemes must rather be vieweérator. A more detailed discussion concerning the rules used
as useful exploratory tools reflecting the current understandto set the chemical pathways as well as the SAR selected
ing of VOC oxidation than a new more precise representatiorto estimate their associated rate constants can be found in
of it. Note, however, that whenever the products and kinet-Laval-Szopa(2003, based on data published before 2003.
ics of a specific reaction are known directly from laboratory Inorganic and @ organic chemistry (i.e. methane oxidation)
measurements, the generator gives priority to these experis out of the frame of the protocol presented here. Direct
mental data rather than attempting to recalculate them froomeasurements are in fact available for these species and es-
SARs. timates are not necessary. Rate constants for the inorganic

Atmos. Chem. Phys., 5, 2497517, 2005 www.atmos-chem-phys.org/acp/5/2497/
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Table 2. Generic rate constants and branching ratios for alkéi@s reactions.

Structures kadd Branching ratio Reference compound Notes
moleculel cm3s~1
alkenes
CHy=CH— 1.4x10°14 1.0 1-butene a,b
CHy=CH< 3.3x10713 1.0 i-butene a,b
—CH=CH- 3.7x10713 0.5 2-butene a,b,c
—CH=C< 9.4x1012 1.0 2-methyl-2-butene ., b
>C=C< 5.7x10711 0.5 2,3-dimethyl-2-butene a, b
dienes
CH,=CH—CH=CH- 1.5x10712 1.0 pentadiene a, f g
—CH=CH-CH=CH- 1.6x10"11 0.5 2,4-hexadiene a,e f,g
unsaturated carbonyls
CH,=C(R)CO— 1.4x10715 1.0 methacrolein b, h
—CH=CHCO- 85x10715 0.5 crotonaldehyde b, h
>~CH=CHCO- 2.1x10713 1.0 b, i
—CH=C(R)CO— 1.2x10°13 1.0 b, j
>CH=C(R)CO— 7.7x10713 0.5 b, k

4 rate constants fromtkinson (1997; ¢ branching ratio for N@ addition at the less substituted carbbmyverage value of cis- and trans-2-

butene¢ also used for-C=CH—CH=CH- and>C=CH—CH=CHx structures/ if the diene is alkyl substitued or disubstitued in position 2

or 3, the rate constant is multiplied by a factor 6.8 and 21, respectively, based on the isoprene/butadiene and 2,3-dimethyl-butadiene/butanien
rate constant ratios; branching ratio for N@ addition at the less substituted terminal carbon (i.e. position 1 or 4). In the resulting allylic
structure, the radical center is located on the most substituted cdﬂrme text for references of the rate constahtsgte constant for
crotonaldehyde multiplied by theCH=C< /—CH=CH- rate constant ratid: average rate for crotonaldehyde and methacrolein multiplied

by the—CH=C< /CH,=CH< and>C=C—/—C=C- rate constant ratios, respectivelyaverage rate for crotonaldehyde and methacrolein
multiplied by the—CH=C< /CHy=CH< and>C=C—/—C=C- rate constant ratio, respectively.

reactions are based on NASA and IUPAC recommenda-<al (R) first produced by the reaction with OH is directly re-
tions (Sander et al.200Q Atkinson et al, 1997 as well placed by the peroxy radical (R its only significant reac-
as on the recent recommendationsTobe (2001) for the  tion product under tropospheric conditions. Organic radical
NO; + OH—HNOg3 reaction. Methane oxidation is based on moieties for which the steady state approximation has been
the IUPAC recommendationskinson et al, 1999 and the  systematically applied are listed in the TalleThe only ex-
recommendations dfyndall et al.(2001) for the methyl per-  ception to the list presented in the Talils the HCO-CO(-)

oxy reactions. In the following subsections, we first presentradical which was experimentally found to react both by de-
the management of radical species within the generator, thenomposition and @reaction. We used the yields provided
reactions associated with non-radical organic species (i.e. rady Orlando and Tyndal2001) for this radical. Note that the
actions with OH, NQ@, Oz, thermal decomposition and pho- reactions listed in the Tablefor peroxy and alkoxy radicals
tolysis) and finally reactions associated with the organic rad-supersede the rules described in the Se&&and 3.8 for
icals (i.e. the peroxy, alkoxy and Criegee radicals). The parthese types of radicals.

ticular case of cyclic molecules is presented last.

3.2 VOC+ OH reactions
3.1 Radical check in the generator

Rate constants for H atom abstraction are estimated us-
To decrease the number of species as well as the stiffness afig the SAR of Kwok and Atkinson (1999, in which
the set of ordinary differential equations that must ultimately we added a group contribution for the hydroperoxide moi-
be solved, the steady state approximation is used for highlety (—OOH). Based on the IUPAC recommendations
reactive species having a unique significant reaction pathwayor CH3—OOH (Atkinson et al., 1999), an activation fac-
Such species are not considered in the chemical scheme btdr of 14 at 298K was set for H abstraction to a car-
are directly replaced by their reaction products. For exam-bon bearing the—OOH functionality and the rate con-
ple, the OH reaction with a paraffin carbon (RH) is written stant for H abstraction of the-OOH moiety was set to
as RH+ OH(+02)— R0, + H,0, in which the alkyl radi-  1.9x10 12exp(190/ 7') molecule  cm®s~1. OH additions
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Table 3. Generic rate constants and branching ratios for alkeae#@ctions.

Structures Rate constant Branching ratio Notes
moleculel c3 s~
alkenes
CHy=CH- 1.0x10°17 0.5/0.5 a,b
CHy=C< 1.2x10°17 0.65/0.35 a,b
—CH=CH- 1.1x10°16 0.5/0.5 a,b
—CH=C< 35x10716 0.7/0.3 a,b
>C=C< 1.1x10715 0.5/0.5 c.b
dienes
—CH=CH-CH=CH, 35x10717 0.25 for each carbon d, e, f
>C=CH-CH=CH, 3.9x10°17 0.25 for each carbon d, e, f, g
—C=CH-CH=CH- ; >C=CH-CH=CH- 3.4x10°16 0.25 for each carbon #,e, f
>C=CH-CH=C< 3.1x10715 0.25 for each carbon i, e, f
unsaturated carbonyls
C=C-CHO 29x10°19 0.9/01 il
C=C-CO- 5.4x1018 0.95/0.05 k1
HCO-C=C-CHO 16x1018 0.5/0.5 m, e
HCO-C=C-CO-R 48x10718 0.5/0.5 m, e
R—CO-C=C-CO-R 36x10°18 0.5/0.5 m, e

4 Rate constants frorGarter(2000, average values at 300 K for various species having the appropriate stréichreeching ratio from
Carter(2000. If not equal, the most substituted criegee radical is formed with the highest yigdte constant for 2,3-dimethyl-2-butene,
Atkinson (1997); ¢ average rate constant for (E) and (Z) 1,3 pentadi@tiinson (1997); ¢ no experimental data available for branching
ratio. An equal probability is set to each pathwdyrate constant is enhanced by a factor 2 for each alkyl substitution at position 2 or 3
of the diene structure. Enhancement factor based on the isoprene/butadiene and 2,3-dimethyl-butadiene/isoprene rate cohstdat ratio.
constant for 1,3 pentadiene enhanced by the rate constant ratio isobutene/ptapemepnstant for 2,4 hexadiertkinson (1997); / rate
constant for 2,5-dimethyl-2,4-hexadieh@win et al.(2007); J rate constant for acrolein, see tektrate constant for methyl vinyl ketone,
see text! rate constant enhanced by a factor of 3.9 and 6.0 for each H substitution by an alkyl gtoop fnof the carbony! group, see
text;™ based on the rate constants provided_hyet al. (1999.

to >C=C< bonds are estimated using the SAR of Peetersabstraction on conjugated dicarbonyls are estimated using
et al. (1997), except for alkenes having conjugated carbonythe method ofCarter(2000), leading to a rate of 8x 1016
groups. For these unsaturated carbonyls, the SARwdk  and 24x10 ®moleculelcm®s~! for CHO—CHO and

and Atkinson(1995 was used. We used a branching ratio RCO-CHO, respectively. According tétkinson (1991,

of 0.2 and 0.8 for OH addition to the carbondarandg po- NOj3 reaction with acrolein (CkECH—CHO) mainly oc-
sition relative to the carbonyl group, respectively, based oncurs by H-abstraction at the aldehyde group. The rate con-
the yields provided byfuazon and Atkinsor§1989 1990 stant for H-abstraction is- C=C—CHO structures was set to
for methacrolein and methyl-vinyl-ketone. For 1,4 and 1,6 2.5x10 > molecule*cm®s~1, based on the rate constant
unsaturated dicarbonyls, branching ratio for OH addition toprovided byCabanas et a{2001) for the acroleir-NOg3 re-
each olefin carbon was set with an equal probability. action.

Reaction rates for Ngaddition to non-conjugated alkenes
are evaluated using the method Jefnkin et al(1997) and
Carter(2000. The generic constants as well as the branch-
Two VOC + NOg reaction types are considered: H abstrac-ing ratio used in this study are summarized in TaBle
tion from aldehydes and N¢addition to alkenes. This method was extended to conjugated alkenes (see Ta-

Experimental data, including rate constants, are avail-ble 2). For conjugated unsaturated carbonyls, reaction rates
able for aldehydes of low molecular weight. The rate for are available at room temperature for (1) methyl vinyl ke-
the butanal+N@ reaction was used as generic rate for un-tone: k=1.2x 1016 (Rudich et al. 1996, (2) methacrolein:
known RCHO+ NOjs reactions. The rate constant was set k=3.9x10-1° (average value of the rate constants provided
to 1.22x10 ¥ molecule* cm®s1, based on the data pro- by Chew et al.1998 Kwok et al, 1996, and (3) crotonalde-
vided by D’Anna et al.(2001). The rate constants for H- hyde: k=1.1x10 *molecule* cm®s! (average value of

3.3 VOC+ NOj3 reactions
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the rate constants provided Babanas et gl2001, Atkin- relative to the carbonyl were taken into account using an en-
son 1994). Using a typical nocturnal N©concentration hancement factor of 3.9 and 6.0, respectively, based on the
of 10° molecule cnm®, the lifetime of methyl vinyl ketone rate constant ratio of methacrolein and crotonaldehyde with
with respect to N@ reaction is estimated to be of about respect to acrolein. Rate constants provided_hy et al.

100 days, i.e. well above the corresponding lifetime due to(1999 were used as generic values for 1,4 unsaturated dicar-
OH removal &10h). We therefore did not considered the bonyls (see Tabl@). Os reactions with 1,6 di-unsaturated
NO3 addition to CH=CH—CO- structures. Note that this dicarbonyls are of the order of 1&°moleculelcm3s1

very slow reaction rate is in agreement with the expected miKlotz et al. (19995. Using a typical @ concentration of
nor contribution of N@ addition to the C=C bond pointed 10 molecule cn13, the lifetime for 1,6 diunsaturated dicar-
above for acrolein. Furthermore, assuming that H atom abbonyls with respect to @reaction is estimated to be about
straction from the—CHO group contributes.3x1071° to 107 days, i.e. well above the corresponding lifetime due to
the total rate constant (see above), the rate for; N@G- OH removal &10h). The reaction of @with 1,6 diunsatu-
dition to C=C bond can be estimated to4%10-1° and rated dicarbonyls was therefore not considered.
8.5x10 > moleculetcm®s™! for methacrolein and cro-

tonaldehyde, respectively. These rate constants were (1) d8-5 VOC photolysis

rectly used as generic constants for £S&(R)—CO- and ) ) )
R—CH=CH—CO- structures, and (2) combined with the Photolytic reactions are considered for 3 types of chro-

generic constants for Naddition to simple alkenes to mop_hores: carbonyl, hydroperoxide, and_ nitrate. The cross
evaluate N@ addition rates for more substituted structures, S€Ctions and quantum yields of 54 species are tabulated in
Rules used for this last evaluation are given in Tablgsi- e generator (see list iaval-Szopa2003. Some of these
nally, no data are available to our knowledge concerning thephOt_OIySIS parameters are used to _dlrectly assign the pho-
reaction rates of N@reaction with 1,4 unsaturated dicar- tolytic frequencies to a given chemical structure. The ref-
bonyls. The data listed TabRsuggest however that the sub- S€Nce compounds used to assign rate constants to structures
stitution of an alkyl group with a carbonyl group typically are given in the Tgblé. For mult|fur_lct|onal species, each
decreases the rate constant by 2 orders of magnitude. F&nromophore leading to photolysis is treated independently,
1,4 unsaturated dicarbonyl, we therefore scaled by a factor ofXCEPt conjugated carbonyls.

2 . . .
10~ the generic constant provided in Tgﬁl&)runsaturated 3.6 Thermal decomposition
carbonyls. Although crude, the evaluation suggests very low
rate constants for the Noeaction with 1,4 unsaturated di- Thermal decomposition is only considered for PAN
carbonyl and these reactions should not be a significant 10Sfxe  species: R@E)OONO,— RC(0)(00.) + NO,.
process under tropospheric conditions. Rate constant recommended Biyndall et al. (2001
for CH3C(O)OONG;, is used for all G compounds.
For longer carbon chain (G), the rate constant

set to the high pressure Ilimit recommended

i
Rate constant estimations for the reaction of non-conjugate ; }
Atk . (2 f H NO,:
alkenes with @ are based on the method a&nkin et al. %12 Oillr:)sigzxp(eilggoé ???nole?:rmgclch?\gé?l)oo (0}

(1997 and Carter (2000. Generic constants as well as

the branching ratios for carbonyl and Criegee radical for-3.7  peroxy radical reactions

mation at both side of the-C=C< bond are given in the

Table 3. This method was extended to conjugated dienesThe following reactions of organic peroxy radicals with NO,
(see Table3). Evaluations for unsaturated carbonyl were NO3, HO, and other R@ are considered in the generator:
based on the following rate constants at room temperature

3.4 VOC+ Osreactions

(in molecule* cm®s~1 units): R(OO.) + NO — R(O:) + NO, (R1)
— R(ONO) (R2)

— methyl vinyl ketonek=5.4x 1018 (Neeb et al.199§ R(OO) 4+ NO3z — R(O-) +NO2z + Oz (R4)
R(00.) + HO, — R(OOH) + O, (R5)

— methacroleink=1.1x 1018 (Atkinson 1994 R(OO) + HO, — R(OH) + O3 (R6)
— crotonaldehyde: k=1.7x 108 (Grosjean and Gros- R(00) +R(00) — R(O) +R(0) + 02 (R7)
jean 1999 — R(=0) + R(OH) + O, (R8)

— R(OH) + R(=0) + O, (R9)

Rates for acrolein and methyl vinyl ketone were used as
generic constants for unsaturated aldehydes and ketones, ridote that the ReactiorR@) is only considered for alkyl per-
spectively. Contribution of alkyl groups lmandg positions  oxy radicals while ReactiondR@) and R6) are considered
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Table 4. Reference compounds used to assign photolysis parameters to various chemical structures.

Structures and reactions Reference compound References Notes

aldehydes (né1 atom on theC in y position)

—CH,CHO — —CHa(-) + HC(-)O propanal Atkinson et al.(1999
>CHCHO — >CH(-) + HC(-)O i-butyraldehyde Martinez et al(1992 a
=C-CHO — >C()— + HC(-)O t-pentanal Zhu et al.(1999
aldehydesHKl atom available on the C ip position)
—CHZCHOb — —CHa() + HC()O n-pentanal Zhu et al.(1999 c,d,e
— CH3CHO+ alkene Moortgat et al. (1999)
=CCHO — >C(-)— + HC(-)O t-pentanal Zhu et al.(1999 c,d,e
— >CHCHO + alkene Moortgat et al(1999
« hydroxy aldehyde
>C(OH)CHO — > C(OH)(-) + HC(-)O glycolaldehyde Bacher et al(2002)
ketone (ndd atom on theC in y position)
—CH,COCH,— — —CHCO(:) + —CHa(") 3-pentanone Martinez et al(1992 f. e
—CH,COCH< " — —CH,CO(-)+ >CH(") i
~CHCOCH< — >CHCQO(-)+ >CH(-) 2,4-dimethyl,3-pentanone Yujing and Mellouki,(2000
ketone H atom available on th€ in y position)
—CH,COCH— — —CHoCO(-) + —CHa(+) 3-pentanone Martinez et al(1992 k
— CH3COCH,— + alkene
—CH,COCH< " — —CH,CO(-)+ >CH() ki
— CH3COCH< +alkene
~CHCOCH< | — >CHCQO(-)+ >CH(") 2,4-dimethyl,3-pentanone Yujing and Mellouki,(2000
— —CH,COCHk< +alkene

« hydroxy ketone

RCO-C(OH)< — RC(-)O+ >C(-)(OH) hydroxy acetone Orlando et al(1999
a—dicarbonyl
R—COCHO — R—C(-)O+ HC(-)O methyl glyoxal Calvert et al(2000 l
— RCHO+ CO
— RH+2CO
RCOCOR — 2R-C(-)O biacetyl Plum et al.(1983 m
RCOQO)(OH) — RCHO+ COp pyruvic acid Moortgat et al(1999
unsaturated carbonyls
>C=C(R)CHO — >C=C(-)R+ HC(-)O methacrolein Raber and Moortgqt1995 n,o
— >CHC(:)R+ CO
— >C=C(R)—C()O+ H(")
>C=C(R)ICO-R — >C=C()R+R'C(-)O methyl vinyl ketone Raber and Moortgqt1995 p
— >C=C(R)—R' + CO
unsaturated dicarbonyls
HCOC(R)=C(R)CHO butenedial Bierbach et al(1994)
— furanone
RCOQR)=C(R)CHO 4-oxo-2-pentenal Bierbach et al(1994) q

— — 5-methyl-furanone
— — maleic anhydride+H) + R(-)

for acyl peroxy radicals only. We first briefly present below using the SAR ofCarter (2000, and depend on the per-

the rate constant selected for alkyl peroxy radicals, then foroxy class, the presence of polar functional groups (e.qg.

acyl peroxy radicals. hydroxyl, carbonyl, nitrate) and the length of the car-
Rate constants for alkyl peroxy reactions with NO were bon chain.  The reaction rate recommended Atkin-

set to 27x10 12exp(360/T) molecule L cm®s™1, based son et al. (1999 for the GHsOz + NOg reaction (i.e.

on Atkinson (1997 recommendations.  Yields for or- 2.5x107'?molecule’* cm®s™!) was used as a generic con-

ganic nitrate and alkoxy radical formation are estimatedstant for the R@+ NOg reactions. Rate constants for the
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Table 4. Continued.

Structures and reactions Reference compound  References Notes

unsaturated dicarbonyls (continued)

RCOQR)=C(R)CHO 3-hexene-2,5-dione  Bierbach et al(1994 q
— — RCOQR)=C(R)C(-)O + H(-)
— — maleic anhydride+H) + R(-)

—COCR)=C(R)C(R)=C(R)CHO hexadienedial Klotz et al.(1995 1999 ¢
— — —COC(R)=C(R)C(R)=C(-)(R) + HC(-)O
— — —COC(R)=C(R)C(R)=C(R)C(-)O + H(")

hydroperoxide
R(OOH) — R(O) + HO- methyl hydroperoxide Atkinson et al.(1999
nitrate
—CH3(ONO») — —CHa() + NOy 1-pentylnitrate Zhu and Kellis(1997)
>CH(ONOy) — >CH(:) + NO» 2-butylInitrate Atkinson et al.(1999
>C(ONOy)— — >C()— +NOy t-butylnitrate Roberts and Fajg1989
R—C(0)(OONGy) — R—C(0)(0O0O) + NO» peroxy acetyl nitrate  Atkinson et al.(1999

4 quantum yields are frorbesai et al(1986); ? this structure was also used for di substituted aldehydes an¢aebon? quantum yields of
the radical channel are froZhu et al.(1999, quantum yield for the Norrish type Il reaction are frédoortgat et al (1999 for n-pentanal;

4 enols &<C=C(OH)—) produced by the Norrish type Il reaction pathways are assumed to rearrange to the carbonylGotrqO—); ¢

the more labile H is used to perform the Norrish Il reaction if distinct H are available op taebon;/ dissociation occurs at the weakest
CO-C bond. Bond energies are estimated using the Benson meéBeaddn 1976); 8 total quantum yield based on 2-butanone values from
Raber and Moortg&(1999; h this reaction is also used ferCH,—CO—C= structures’ average value of 3-pentanone and 2,4-dimethyl-
3-pentanone! this reaction is also used forCH—CO—C= and=C—CO-C= structures* branching ratios for the molecular and radical
channel set to 0.7 and 0.3, respectively. These ratios are based on an absolute quantum yield of 0.1 estGaaEd2000 for methyl
isopropyl ketone! quantum yields fronioch and Moortgaf1998 andRaber and MoortggtL995; ” Quantum yield fronCarter(2000; *
guantum yield fronMagneron et al(1999; ¢ the carbene radical is expected to adgdt®form a criegee like radicaf, quantum yield from
Carter(1996; 4 both channels are set with an equal probability.

RO, + HO reactions are evaluated using the SARBofyd Rates for CHC(0O)(0O0.) reaction with NO, HGQ, NO3

et al. (2003 and depend on the chain length. For these re-and RQ were used as generic constants for the corre-
actions, the temperature dependencies of the rate constanéponding acyl peroxy radical reactions. Rate constants
show that Arrhenius activation energy factors are in the rangavere set to (1) 8x10 2exp270/T) for the reaction

of 1000-1500K (Lesclaux, 1997). We therefore used an avwith NO (Tyndall et al, 2001, (2) 50x1012 for the
erage activation energy factor of 1250 K and modified thereaction with NQ (Canosa-Mas et al.1996 and (3)
SAR of Boyd et al. (2003) accordingly. The counter species1.4x10 13 exp(925/T') molecule™t cm?s~1 for the reaction
method ofMadronich and CalvetL990 was used to param- with HO, (Tomas et a].2001). A branching ratio of 0.8 and
eterize the R@+RO; reactions. However, whilMadronich 0.2 was set for the ReactionR%) and R6), respectively,
and Calvert(1990 treated the counter species analogouslybased orfomas et al(2001). The CHC(O)(00.) + NO2

to all other species (i.e. solved by the integration of differ- reaction is in the fall off regime. The rate constants recom-
ential equations), here we simply compute counter concenmended bylyndall et al.(2001) for this reaction was directly
trations at each time step by summing the concentrations ofised for the corresponding reactions of $§pecies and the
the various peroxy radicals. Ten reactivity classes of B@  high pressure rate constant was assigned for€pecies, ac-
considered in the generator, based on the reviekestlaux  cording to the recommendationsAtkinson (1994.

(1997. These classes are given in the Tabkes well as their

corresponding kinetic parameters for the self-reactions (i.e3.8 Alkoxy radical reactions

the reaction between 2 peroxy belonging to the same class).

Rate constant for cross-reaction (i.e. the reaction betweeAlkoxy radicals undergo three reaction types under tropo-
2 peroxy belonging to distinct classes) are evaluated as bgpheric conditions, namely reaction withp,(beta scission
Madronich and Calvert1990. The only exception is for the ~decomposition and 1,5-H-shift isomerization:

cross reactions of acyl and alkyl peroxy radicals, for which

the rate constant was set td% 10~ molecule ! cmds1, >CH(O:) + 02 — >C(=0) + HO; (R10)
independently of the alkyl peroxy clas¥ilienave et al, >C(0-)—R - >C(=0) + R(") (R11)
1998. >CH—(C)»—C(O) < - >C()—(C)2—C(OH)<  (R12)
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Table 5. Rate constants at 298 K, Arrhenius parameters and radical channel branching fatipgroxy radical self reactions.

Peroxy class k (298 K) A E/R o notes
molecule Lcm3s™1  molecule ecmds—1 K
CH3z0, 35x10713 95x10°14 -390 037 b
peroxy acyl

RC(0)(00) 1.4x10°11 2.5x10712 -500 10 b
primary alkyl peroxy

linear chain DPx10713 5.6x10~14 -500 06 a

branched chain of carbon 12x 1012 7.8x10°15 —1500 05 «

O or N substitution orx or 8 carbon 40x10712 7.1x10714 —1200 0.6 a

secondary alkyl peroxy

CH3CH(OO-)CHg 1.1x10715 1.7x10712 2200 0.6 a

C. 3 peroxy 63x10-14 1.0x10710 2200 0.6

O or N substitution o or 8 carbon 6% 1013 8.4x10°15 -1300 0.3 a,d
tertiary alkyl peroxy

unsubstitued peroxy Bx10717 41x10711 4200 1.0 a,e

O or N substitution orx or 8 carbon 50x 1015 3.0x10713 1220 10 aq,f

4 Kinetic and mechanistic parameters friuesclaux(1997; ¢ kinetic and mechanistic parameters frdgmndall et al.(2001); ¢ rate constant
based orBoyd et al.(1999 for the reaction of gH;10> and GgH»10, and using the activation energy and the branching ratio for i-
propyl peroxy radical. based on kinetic and mechanistic parameters fos@H{OH)CH(OO-)CHg; ¢ based on kinetic and mechanistic
parameters fofCH3)3C(00.); f based on kinetic and mechanistic parameters fos@QEH3) (OH)C(OO0-)(CH3)CHs.

Table 6. Arrhenius parameters for alkoxy radical reactions (adapted from Carter, 2000).

Structures and reactions Ad Ea (kcal mol’l) Notes
Reaction withO,

—CHy(O-) + O» - —CHO+ HO> 6.0x10"14 6.96+ 0.183x A,H b, c

>CH(0") + Op — >CO+ HO, 1.5x10"14 6.96+ 0.183x A, H d

1,5 H-shift isomerization

CHz—Cyx—C—C(0-)< — CHy(-)—Cx—C—C(OH)< 2.4x1011 8.49+ 3.72x In(Fy) d, e

Y —CHp—Cx—C—C(0-)< — Y —CH(:)—Cx—C—C(OH)< 1.6x10M1 6.33+4 3.72x In(Fx Fy) d, e

Y —CH(Z)—Cx—C—C(0-)< — Y—C(-)(Z)—Cx—C—C(OH)<  8.0x10'0 551+ 372xIn(FxFyFz) d, e

CHO—Cy—C—C(0-)< — C(-)O—Cyx—C—C(OH)< 8.0x 1010 5.75+ 3.72x In(Fy) d, e

decomposition
>C(0)—R - >CO+R(") 2.4x10M Eaa + 0.44x A H c f
ester rearrangement
RC(0)—0O—CH(O-)—R — RC(0)(OH) + RC(-)O 8.0x1010 10.23+ 0.35x A, H c

@ A parameters are given in the [molecwlem — s] unit system? Eq is set to a minimum of 0.4 kcal mot if the expression leads to lower
values;¢ the heats of reaction are evaluated in the generator using the group contribuiensain(1976 for formation heats estimation,
with additional groups taken iBarter(2000 andLaval-Szopg2003; ¢ F; factors are the neighbouring group activation parameters used
for H abstraction by OH at 298 K in the SAR Kfvok and Atkinson(1995; ¢ Activation energy for isomerization involvingO—, —CO—

or —O—CO-— groups in the cyclic transition state are increased by an additional 3.5 kcalmblthe Eaa parameter is a function of the
leaving group. Numerical values for the various groups can be fou@aiiter(2000.

Absolute rate constants for alkoxy radical reactions are venjesser thamv10~° s) and their concentrations do not directly
sparse and most data available concern branching ratios onlgontribute to the organic carbon or radical budgets to any sig-
Note that alkoxy radicals are very reactive species (lifetimenificant extent. The branching ratio is therefore the critical
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Table 7. Branching ratios for the reactions of excited Criegee radi- Table 8. Representative f££secondary organics contributing to the

cals (adapted fror@arter(2000.

organic budget during heptane oxidation.

Structures and reactions Yields Notes 1 functional group
HCH(-)(00") a CH3CH,CHCH2CH(ONO,)CH,CH3

— HCH(-(00) (stab.) 0.37 CH3CH,CHCH,COCH,CHg

— HC(-)O + OH 0.12 CH3CH2CH2CH2CH(QOH)CH20H3

— COy + Ho 0.13 2 functional group

— CO+ H0 0.38 CH3CHCOCHCHyCOCH;

External Criegee radicals CH3CH(OH)CH>CH,COCH,CH3

CH3CH(-)(00") a CH3CHCOCH,CHpCH(ONO,)CH3

—» CHaCH()(00,) (stab.) 034 CH3CH,CH(OH)CH,CH,CH(ONO2)CHg

— CHs(-) + CO+ OH 0.52 3 functional group

— CHz +CO, 0.14 CH3CH2COCH,CH(ONO,)CH(OH)CH3
RC. oCH(-)(00") a,b CH2(OH)CH,CH,COCH,COCHg

— CH3CH(-)(O0O)(stab.) 1-Y CH3CH(OH)COCH,COCH,CH3

— R(-) + CO+ OH Y CH3CH;COCHONO,)CH,COCH

R—CO—-CH(-)(00")
— R-C(-)(00)—-CHO
> C=C(R)—CH()(00O)

4 functional group

CHy(OH)COCH,COCH,COCH;
CH3COCH,COCH,CH(ONG,)CHy(OH)

— > C=C(R)—CH(-)(00") (stab) ~ 0.75 CHy(OH)CH,CH(ONO,)COCH,COCH;

— > C=CH(R) + CO, 0.25 CH3COCH,CH(ONO,)CH(OH)CH(ONO,)CH3
Internal Criegee radicals
> CH-C(-)(00)—R c,d
— > C()—C(0O)—R+ OH 1

tached to the biradicals (e.§aulson et al.1999 Calvert

a . - . et al, 2000, (2) on the chemical origins of the biradical
External stabilized biradicals are assumed to be converted |ntcEh lead to diff f o .
the corresponding carboxylic aciéf; branching ratio for the OH Qt may ead to di ergnt ranges 9 excitation energies or
channel decreases with the chain length. Yields are set to 0.46, 0.36ai0 in the syn or anti configuration (e.genske et al.
0.24, 0.16, 0.08 and 0.0 for,CCs, Cy, Cs, Cg and C.7 biradical, ~ 2000h Kroll et al., 2003. Numerous studies have been de-
respectively, based dPaulson et al(1999; ¢ if the 2 substituents ~ voted these last 10 years to quantify the evolution of Criegee
on the biradical have abstractable H, branching ratio is set to theadicals, especially with respect to OH radical production
rate constant ratio of the corresponding H abstraction with Oif{; (e.g. Orzechowska and PaulsoB002 Siese et aj.200%;
no abstractable H is available, then branching ratio is set to 0.9/0.1 ewin et al, 2001 Fenske et a]2000a Rickard et al. 1999
for stabilization by collision and decomposition to 2R+ COy, Paulson et aJ.1999 Calvert et al. 2000 and references
respectively. therein). However, large uncertainties still remain concern-
ing the branching ratios and, to our knowledge, no param-
eterization is available concerning the formation and evolu-
parameters that must accurately be evaluated for the devetion of Criegee radicals that takes into account the detailed
opment of atmospheric chemical schemes. Structure/activityhemical identity of the groups bonded to the biradicals or
relationships for alkoxy reactions were recently developedthe syn/anti ratios. Fixed branching ratios are assigned in the
by Carter(2000 for the purpose of chemical scheme genera-generator for external (i.e-CH(-)(O0.) structures) and in-
tions and provide a consistent set of rules for branching ratiqernal (i.e.>C(.)(00.) structures) biradicals, based on the

evaluations. The expressions recommende@dnyer(2000  SAR of Carter(2000. These branching ratios are summa-
were implemented in the generator and systematically usegdzed in the Tabld.

to evaluate the rate constants associated to the alkoxy reac-
tions. These expressions are summarized in the Table 3.10 Cyclic molecules

3.9 Criegee radical reactions As mentioned above, the chemistry of cyclic molecules is
not currently implemented in the generator. The chemical
Energy rich Criegee biradicals (i.e.C(-)(O0O.) structures) schemes of several cyclic compounds (e.g. terpenes and aro-
are produced by the £3-alkene reactions. These excited bi- matic compounds) were written manually up to the forma-
radicals can either be stabilized by collision or undergo vari-tion of ring opening products. Full oxidation of these non-
ous unimolecular decompositions, leading to the productiorcyclic reaction products is then handled by the generator.
of radicals (in particular OH) or “stable” species. Branch- The chemical scheme for cyclic compounds is based on the

ing ratios depend (1) on the identity of the substituents at-SAPRC-99 mechanisnCarter 2000.
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Fig. 7. Mechanism comparison for n-heptane oxidation. Solid line: generator scheme; dashed lines: MCM-v3 scheme; dotted lines:
SAPRC99 scheme. The shaded area corresponfti2®86 deviation around the mixing ratio simulated with the generator scheme. The
SAPRC99 mechanism does not include methyl glyoxal for heptane.

4 Evaluation of the chemical schemes conditions using the TUV modeMadronich and Flocke
1998. These frequencies were assigned to the corresponding
To evaluate the schemes written by the generator, some comeactions according to the recommended rules for each mech-
parisons were made with well-established chemical mechaanism. Furthermore, the same set of inorganic reactions was
nisms: (1) the SAPRC99 scheme develope&hyter(2000 implemented in each scheme, so that differences could only
which has been developed and validated using experimentale ascribed to the various organic schemes. Time integra-
smog chamber data and (2) the master chemical mechanistion was performed using the two-step solver developed by
(MCM-v3.1) developed at the University of LeedBaunders  Verwer(1994; Verwer et al.(1996. This solver is based on

et al, 2003k Jenkin et al. 2003 which is to our knowl-  the implicit second order two-step backward differentiation
edge the most detailed scheme available in the literatureformula (BDF) which is solved approximately using Gauss-
Both mechanisms treat the chemistry induced by a giverSeidel iteration. Initial mixing ratios are respectively set to
VOC specifically and are therefore especially suitable to testL0, 20 and 40 ppb for NQ the VOC under consideration and
the chemical schemes provided by the generator. All theozone. With these conditions, the chemistry is characterized
schemes were implemented in the same box model and thiy a NQ; saturated regime in the first day but a Nidnited
simulations were carried out with identical conditions. Pho- regime on the last two days.

tolysis frequencies were computed for mid-latitude equinox

Atmos. Chem. Phys., 5, 2497517, 2005 www.atmos-chem-phys.org/acp/5/2497/
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Fig. 8. Mechanism comparison for isoprene oxidation. Solid line: generator scheme; dashed lines: MCM-v3 scheme; dotted lines: SAPRC99
scheme. The shaded area corresponds20% deviation around the mixing ratio simulated with the generator scheme.

Figures7 and8 show the concentration profiles simulated point is highlighted in the Figst and8 for methyl glyoxal:
for n-heptane and isoprene, respectively. The comparisonthe agreement with MCM-v3.1 is worse than a factor 2; no
of the profiles simulated with SAPRC99, MCM-v3.1 and source of methyl glyoxal is considered for n-heptane oxi-
the generator scheme show a fairly good agreement. Fodation in SAPRC99. Nevertheless, some secondary species
most of the tested species, mixing ratio simulated with theproduced with large yields like formaldehyde show a surpris-
generator scheme match within 20% those obtained withingly good agreement between the 3 mechanisms, at least for
the SAPRC99 and MCM-v3.1 schemes. In particular, anthe conditions tested here.
excellent agreement between the generator scheme and theAdditional tests were performed to evaluate the chemical
SAPRC99 scheme was obtained in the case of n-heptane oxchemes provided by the generator. These tests are presented
idation for the Q/NOx/HOx species (see Fidgl). On the in a companion papeSgopa et a).2005. All the tests per-
other hand, the generator scheme was found to best matdarmed so far did not highlight any problem or major error on
the MCM-v3.1 for the simulation using isoprene as a pre-the generator’s code. Furthermore, no significant numerical
cursor. In that case, both mechanisms agree within few perbias was found by the time integration of the very large num-
cents for the @NOx/HOx species (see Fi@). As expected,  ber of species and reactions generated (e.g. for heptane, we
the largest discrepancies were found for secondary organigolved the chemistry of abouté 10° species and.&x 10°
species produced after many successive oxidation steps. Thigactions).
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150 (l U LI L L L L O L Speciation of the primary carbon (i.e. heptane), secondary
a) . . . . .
S — organic carbon, and inorganic carbon (i.e. €&0,) is

total simulated carbon shown as a function of time in Fi@a. For the conditions

used here, more than 90% of heptane is predicted to be re-

moved after 5 days. However, only 20-30% of the carbon
available was found to be oxidized into CO or £6éx that

time. Most of the carbon lies in the secondary organic frac-
tion, which is the dominant fraction after 1.5 simulated days.

Figure9b shows the distribution of secondary organic species

as a function of the chain length. The secondary organic frac-

tion is shown to be dominated by species holding 7 carbon
atoms, i.e. of the same size as the parent compound. The or-
ganic carbon included in to Cg species grow with time,

but this fraction remains lower than the €action even af-

ter 5 days of simulated oxidation (see F&fp). FigureSc

gives additional insight into the distribution of secondary C

and shows how these species are distributed as a function of

the number of functional groups borne by the molecules. Or-
ganics appear to have typically 2 or more functional groups.

Henry’'s law coefficients for many organic compounds were

recently summarized byandef1999. Available data shows

that the Henry’s law coefficient for most difunctional species
typically lies in 1¢—10° M atm~1 range (or higher when the
number of functions is greater than 2). For a typical liquid
water content ofL.=10"%gm2 in clouds, species in that
range can be classified as moderately to very solubée (
infeld and Pandis1998, i.e. dissolving from significantly

to almost totally in cloud droplets at thermodynamical equi-

librium. These results thus strongly suggest that a signifi-

cant fraction of the secondary organic carbon would dissolve
into water droplets during cloud events. Furthermore, a non-
negligible fraction of G organics is found to bear at least

| 4 functions | 4 functional groups (see Fi§c). Vapor pressure estimates

0 1 2 3 4 5 using theMyrdal and Yalkowsky(1997) group contribution
time(day) method lead to extremely low vapor pressure for these kinds
of species, typically in the range of 1#to 10~ atm. These

Fig. 9. Evolution of carbonaceous species during the oxidation of compounds may thus be candidate compounds for the forma-

n-heptane. Pandh): distribution of the carbon. Pangb): distri- tion of Secondary Organic Aerosols (SOA).

bution of secondary organic carbon for various chain lengths. Panel The distribution of the different organic moieties is shown

(c): distribu;ion of secondary fcorganics as a function of the num- as a function of time in the Figl0. The results are

ber of functional groups borne by the molecules. expressed as a functional group per organic carbon ratio

(Ror/c)- About 30% of the organic carbon is found to

be substituted after 5 days (see Fif)). The dominant

functionality is the ketone group (Ro-,;c=5-15%), with

a significant contribution of the alcohol and nitrate groups

Some very preliminary simulations were performed to exam-(RroH/c~Rronozc~2-4%). As previously stated, oxida-
ine the oxidation pathways of a given VOC. We present hergion during the first day occurs in a NGaturated regime
some results obtained for the case of n-heptane with a paii-€- the RQ + NO is the dominant reaction for peroxy rad-
ticular focus on the gradual change of organic compounddcals). The hydroperoxide, peracid and carboxylic acid moi-
during oxidation. To our knowledge, such simulations are®ties were found to be negligible during the first day, in
the first using a fully detailed oxidation scheme. Simula- 2greement with the chemistry expected for a\@turated
tion conditions are identical to those described in the previ-fégime. These moieties appear to be significant only after

ous section, except that simulation is run over 5 days. the second day, when the N@mited regime is reached. Fi-
nally, the carboxylic acid moiety was found to be one of the

major groups after 5 days. This is a particularly interesting

100 secondary organics ]

mixing ratio (ppbC)

mixing ratio (ppbC)

secondary C;
organics

2 functions

1 function

mixing ratio (ppbC)

3 functions

5 Example of organic budgets during gas phase oxida-
tion
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and impact of organic carbon during its atmospheric oxida-
tion. However, the myriad of intermediates involved pre-
clude any attempt to describe the numerous physical and
chemical transformations manually. Data processing tools
are required to (1) assimilate the various experimental data
provided by laboratory studies (2) codify the various esti-
mation methods, and (3) generate consistent, comprehensive

Fig. 10. Evolution of the organic functionalities to carbon ratio
(Ror/c) during the oxidation of n-heptane.

outcome since the carboxylic acid functional group is highly = "™ . .
water-soluble and decreases to a large extent the vapor pregquatlon schem.es oq a systematic basis. .
sure of the species. Carboxylic acids were measured to e showed in this study that a self generating ap-
be a major functional group in organic aerosols (&gm- proach can be used to generate explicit gas-phase oxidation
pere and Kawamurd 994 and have been suggested as key SChemes. o _
compounds for organic aerosol nucleation, especially in the A Very promising application of the generator is the mod-
diacidic form Hoffmann et al, 1998. Some representative elling of secondary organic aerosol formation. Current mod-
C; secondary organics predicted during heptane oxidatiorg!s describing SOA for_mation are devgloped on an empirical
are reported in the Tab® The contribution of the species aPpProach, based on yields measured in smog chambers (e.g.
to each group listed in the TabBawas predicted to be above Odum etal.1997 Hoffmann et al. 1997 Schell et al.200])
a few percents. and justify the development of exploratory models describ-
The nitrogen budget during the n-heptane oxidation isiN9 'in. detail the various processes leading to SOA formation
shown in the Figl1. About 30% of the initial N@ load was  (Griffin et al, 2002 2003 Pun et al. 2002 Jenkin 2004.
found to be held as organic nitrate during the first day (i.e. in1"€ main difficulties lie in describing the sources and sinks
the NQ, saturated regime). As expected, secondary organgf the myriad pf voc th_at may contribute to SOA and their
ics are shown to be potentially key contributors to the longthermodynamic equilibrium with the condensed phases. The
range transport of nitrogen oxides (if not removed by dry or 9énerator is clearly a powerful tool to study SOA formation
wet deposition when included in multifunctional species).  PY its ability to explicitly describe the chemical dynamics of
Although very preliminary, these results are very promis- (€ various precursors.
ing and show the benefit of explicit schemes for modeling Furthermore, organic chemistry inside cloud droplets
the evolution of organic compound during oxidation. These'aises many questions, e.g. its role in thg/kIDy budget,
results also highlight the potential of the self generating ap_the formation of organic acids and organic aerosols after the

proach for the development of multiphase organic chemicafvaporation of the cloud droplets, and the atmospheric re-
schemes. moval of organic matter. Answering these kind of ques-

tions by a modelling approach clearly requires the develop-

ment of chemical schemes describing the organic oxidation
6 Conclusions in the aqueous phase. Currently, laboratory studies dealing

with the oxidation in atmospheric aqueous phases are receiv-
The development of explicit chemical schemes is a necesing increasing interest and the available kinetic database for
sary step to test our current understanding of the evolutiorthese processes is becoming substantial. Extension of the self

www.atmos-chem-phys.org/acp/5/2497/ Atmos. Chem. Phys., 5, 28372005
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generating approach to model multiphase system would pro- oxy radicals: an experimental investigation, Int. J. Chem. Kinet.,

vide a valuable exploratory tool to assess the role of clouds 31, 37-46, 1999.

in the evolution of organic compounds. Boyd, A. A,, Flaud, P. M., Daugey, N., and Lesclaux, R.: Rate

constant for RO2+HO2 reactions measured under a large excess
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