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Abstract. This paper presents a state-of-the-art gas-phasé& Introduction
mechanism for the degradation @fpinene by OH and its
validation by box model simulations of laboratory measure- The emissions of nonmethane organic compounds (NMOCs)
ments. Itis based on the near-explicit mechanisms for the oxreleased by the vegetation into the atmosphere are sub-
idation of «-pinene and pinonaldehyde by OH proposed by stantial, on the order of 1150 Tg carbon~yrworldwide
Peeters and co-workers. The extensive set-pinene pho-  (Guenther et a.1993. The species emitted, including iso-
tooxidation experiments performed in presence as well as iPrene, monoterpenes, sesquiterpenes, and oxygenated hydro-
absence of NO byloziere et al (19993 is used to test the ~carbons Konig et al, 1995 Kesselmeier et 31.1997) are
mechanism. The comparison of the calculated vs measure@ostly unsaturated, and they are therefore highly reactive to-
concentrations as a function of time shows that the levels ofvards ozone, OH and Nfradicals. Their lifetimes under
OH, NO, NGO and light are well reproduced in the model. tropospheric conditions are calculated to range from a few
Noting the large scatter in the experimental results as welminutes to a few hoursAgkinson 2000. Their oxidation
as the difficulty to retrieve true product yields from concen- in the atmosphere has multiple impacts in both the gas and
trations data, a methodology is proposed for comparing thederosol phases, in particular on the budget of tropospheric
model and the data. The model succeeds in reproducing thezone, on the oxidizing capacity of the atmosphere and on
average apparent yields of pinonaldehyde, acetone, total nihe production of organic aerosol®CC, 200J). Since these
trates and total PANs in the experiments performed in presbiogenic emissions are controlled by temperature and light,
ence of NO. In absence of NO, pinonaldehyde is fairly well they can be expected to change, and most probably to in-
reproduced, but acetone is largely underestimated. crease, in the future as a result of climate chafgedgpean
The dependence of the product yields on the concentratiofommission2003.
of NO anda-pinene is investigated, with a special attention ~Monoterpenes are important constituents of biogenic
on the influence of the multiple competitions of reactions af-NMOC emissions. Although they account for 10-15% of
fecting the peroxy radicals in the mechanism. We show thathe total biogenic NMOCs emissions worldwidéuenther
the main oxidation channels differ largely according to pho- et al, 2000, they are still comparable in magnitude to the to-
tochemical conditions. E.g. the pinonaldehyde yield is es-tal anthropogenic NMOC emissions. Their atmospheric oxi-
timated to be about 10% in the remote atmosphere and ugation is an important source of acetodadob et a).2002),
to 60% in very polluted areas. We stress the need for adwhich has been shown to be an important actor in upper tro-
ditional theoretical/laboratory work to unravel the chemistry pospheric chemistry (e.g. Mler and Brasseur, 1999).
of the primary products as well as the ozonolysis and nitrate- Furthermore, their degradation yields low volatility com-
initiated oxidation ofx-pinene. pounds which readily form organic secondary aerosols
(SOA). Recent estimates of the global aerosol production
from biogenic precursors (mostly terpenes) are in the range
2.5-79 Tgyr?! (Kanakidou et a].200Q Griffin et al,, 1999
Tsigaridis and Kanakidqu2003. This production might be
influenced by human activities, e.g. through the impact of an-
thropogenic emissions on the levels of the terpene oxidants,
Correspondence tavl. Capouet or on the organic aerosol concentration (e.g. Kanakidou et
(manu.capouet@aeronomie.be) al., 2000).

© 2004 Author(s). This work is licensed under a Creative Commons License.
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Amongst the monoterpeneas;pinene is observed to have Note that aerosol formation is neglected in this study. Sev-
the highest emission rates and to be the most abundant (e.gral groups (Hatakeyama et al., 1991; N99; Bonn and Moort-
Rinne et al., 2000). Several experimental studies have invesgat, 2002) reported aerosol measurements frorathimene
tigated the formation of gas-phase products from its oxida-oxidation by OH. The role of gas-particle partitioning for the
tion by OH. The yield of pinonaldehyde has been estimatedeast volatile compounds (i.e. hydroxy nitrates, peroxy acyl
to range from 28 to 87% in presence of N@r¢y et al, nitrates) will be discussed in Sect. 3.3. It cannot be ruled out
1990 Hatakeyama et gl1991; Hakola et al. 1994 Noziere  that keto-aldehydes (e.g. pinonaldehyde) could partition to
et al, 1999a Wisthaler et al.200]) and between 3 and 37% the aerosol phase in some conditions, in spite of their higher
in absence of NOHatakeyama et al1991; Noziere et al.  volatility (Hallquist et al, 1997, for example, by hydration
19993. The experimental yields of acetone range from 4 toor polymerization in presence of an acid catalyst. However,
11% in presence of NOAschmann et al.1998 Fantechi given the lack of evidence for such processes irutipnene
1999 Noziere et al. 1999a Orlando et al.200Q Larsen et  oxidation experiments discussed here, their role will be ig-
al., 2001, Wisthaler et al.2001; Librando et al. 2003 and nored.
has been estimated to about 15% in absence of Ns2iere
et al, 19993. Vanhees et al200]) reported pinonaldehyde
and acetone yields of 82% and 6% respectively, at 100 torr2 Model description
The large discrepancies between these various studies may
be related to differences in the measurement techniques, id.1 Outline ofx-pinene mechanism
the way the yields are estimated from concentrations, and in
the photochemical conditions in the reactor. As for all alkenes, OH reacts with-pinene either by H-

Whereas the chemistry of simple hydrocarbons is rela-abstraction or by addition to the double bond, forming alkyl
tively well understoodAtkinson 1994 2000, the degrada- radicals (R) which, upon reaction with,Oproduce peroxy
tion of large NMOCs is more difficult, due to the large num- radicals of general formula ROThese peroxy radicals react
ber of reactions involved and to the scarceness of direct labwith NO, HO, and other R@radicals, generating a plethora
oratory investigations of these reactiodenkin et al(1997  of stable products (organic nitrates, alcohols, acids...) as
described the development of a near-explicit chemical mechwell as alkoxy radicals (RO) which generally dissociate or
anism (Master Chemical Mechanism, MCM) describing the isomerise to produce stable products or/and alkyl radicals.
detailed gas-phase degradation of a series of NMOCs. Itghese radicals react with,Oensuring the propagation of the
construction is based on relatively simple rules describing theoxidation chain. Due to the complex structure of the alkoxy
kinetics and products of the numerous reactions for which noadicals generated in the oxidation of terpenes, they can un-
direct laboratory measurement is available. However, manydergo many different chemical transformations: 1,5-H shift,
reactions in the chemistry of terpenes cannot be elucidated,7-H shift, ring closure, H-abstraction by,Cand decom-
using simple rules deduced from well-known reactions of position. The rates of these reactions lie in a broad range
simple and smaller compounds. Instead, theoretical analybetween 1s* to 10t s71.
sis has proven to be essential to investigate the reactions in- The extensive theoretical kinetic study of the degradation
volved in the oxidation mechanism of large hydrocarbons. Inof both ¢-pinene and its main primary product, pinonalde-
this respect, Peeters and co-workers have recently performealyde, by OH conducted by Peeters and co-workers are based
a thorough theoretical analysis of the OH-initiated oxidationon quantitative structure-activity relationships (SARs) and
of a-pinene and pinonaldehyde, its main generation producpbn DFT (density functional theory) calculations of barrier
(Peeters et gl2001; Fantechi et a).2002 Vereecken and heights, in combination with statistical rate theories (Tran-
Peeters2004. They have shown that the competition be- sition state theory and RRKM theory). Figureand2 sum-
tween different reactions for several alkoxy and peroxy radi-marize the main first steps in the oxidationeepinene and
cals leads to an unusual dependence of the product yields gpinonaldehyde, respectively. For a detailed description of the
chemical conditions. theoretical determination of the fates and rates of the oxy rad-

In this study, a state-of-the-art mechanism for the oxida-icals, we refer to the here above cited publications.
tion of «-pinene by OH is presented, based on these recent The main routes of the-pinene degradation are the OH
studies. This mechanism is implemented in a box model anchddition channel (via 2 paths:oRind R in Fig. 1) and an
tested against the extensive set of laboratory measuremenk-abstraction channel (viagR accounting for 88% and 9%,
performed by Noz&re and co-workers. These measurementsespectively. Minor H-abstraction channels (3%) are not con-
include the time profiles of precursor and product concentrasidered explicitly in our mechanism and are assumed to fol-
tions for a total of 30 experiments performed in various con-low the same chemistry as the main abstraction channel. It
ditions. The experimental results are summarizedamiere  can be seen in Fidl that several peroxy radicals produced
et al. (19993. Further reference of this paper will be abbre- by the oxidation ofr-pinene can react in quite unusual ways,
viated as N99. like e.g. the decomposition reaction @fhydroxyalkyl per-

oxy radicals (e.g. B2, R130,) described byPeeters et al.

Atmos. Chem. Phys., 4, 2288311, 2004 www.atmos-chem-phys.org/acp/4/2285/
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Fig. 1. Main paths of thex-pinene oxidation by OH.
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(2001) and by Hermans et al. (2004and the ring closure
reactions of large unsaturated peroxy radicals (e.gO2R
(Vereecken and Peete)04). These reactions can compete
with the NO-reaction, affecting the yields of pinonaldehyde,
acetone, and the semi-volatile aerosol precursors.
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RC(O)O2 and NQ. The forward reaction rate and equi-
librium constant for CHC(O)O, are based on the recom-
mendation ofTyndall et al.(2001). Due to the lack of ad-
ditional kinetic dataAtkinson (2000 recommended to set
the rate of the forward reaction of higher peroxy acyl radi-

The gas-phase chemistry implemented in the model usedals to the high-pressure limit of the Troe expression for the

for the present study is discussed in more detail in S@c2s.

CH3C(O)O2+NOs, reaction.

to2.4. The determination of the photolytic channels and rates

are presented in Se@.5. Inorganic chemistry is based on
Atkinson et al.(2003.

2.2 Reactions of peroxy radicals RO
2.2.1 Reactions of ROwith NO

The reaction of a R@radical with NO leads to the for-
mation of either an alkoxy radical (RO) or an alkyl nitrate
(RONG):

RO, + NO — RONG;,
— RO+ NO;.

(R1a)
(R1b)

The rate coefficients for C#D,, CoHs0,, CH3C(O)O»
and GHsC(O)O, from the recommendations oftkin-
son et al.(2003 are used for all peroxy radicals (RD
and acyl peroxy radicals (RO)O2) of the same carbon
number. For higher (&) peroxy radicals, the expres-
sion 254x10-12exp(360/T) cm?® molecule 1s~1 proposed
by Saunders et a{2003 is used. The rate for £H5C(0)O2
+ NO, 67x10 2exp(340/T) cm® molecule's™1, is as-
signed to higher (Cp) acyl peroxy radicals. The ratio
kria/krip for reactions involving CHO,, CyHsO, and
CH3C(O)O, does not exceed 3%rlyndall et al, 2001 .

2.2.3 Reactions of ROwith NO3

The reaction of peroxy radicals with NO
RO, + NO3 — RO+ NO» (R3)

is treated as irbaunders et al2003, except that the rate
of the reaction involving gHsO2 and higher peroxy radi-
cals is setto Bx 1012 cm® molecule ! s~ (Atkinson et al,
2003.

2.2.4 Reactions of Rowith HO,

The reaction of the CgD, radical with HGQ proceeds
through two channels:

CH302 + HO, — CH300H+ Oy (R4a)

— CH20 + H20 + 0. (R4b)
Tyndall et al.(2001) recommended a room temperature rate
coefficient of 52x10~2cm® molecule s1 for the overall
reaction. The relative importance of the &b branching
channel is given by the temperature-dependent equation de-
fined byElrod et al.(2002):
kraa/ krap = €xp(6.21 — 1160/T). Q)

At 298K, the hydroperoxide channel is the main pathway
with kg4a/kra=0.91. Experimental evidence indicates that

The organic nitrate-forming channel is therefore neglectedye reaction of most alkyl peroxy radicals with HProceeds

for C<> peroxy and all acyl peroxy radicals. The organic ni-

exclusively via the hydroperoxide pathwaitkinson et al,

trates yield for other alkyl peroxy radicals is calculated using 2003:

the expression orey et al.(2001).
2.2.2 Reactions of ROwith NO,

The reaction of R@ radicals with NG forms peroxy ni-
trates:

RO; + NO2 + M = RO;NO; + M. (R2)
The Reaction R2) involving peroxy radicals is negligi-
ble in the lower atmosphere as well as in laboratory reac

tors (Atkinson et al, 2003. However RCQO), radicals re-
act with NQ to form stable peroxy acyl nitrates (abbrevi-
ated as PANSs) of general formula RQO,NO,. The main

loss mechanism of PANs is thermal decomposition back toRC(O)O2 + HO, — RC(O)OOH + O,

lHermans, I., Nguyen, T. L., Jacobs, P. A., and Peeters, J.: Ki
netics and dynamics af-hydroxy-alkylperoxyl radicals in atmo-
spheric chemistry and in the aerobic oxidation of alcohols and ke
tones, to be submitted to J. Phys. Chem. A., 2004.

www.atmos-chem-phys.org/acp/4/2285/

RO, + HO, — ROOH+ O,. (R5)

The rates reported for ., CyHsO, and
CH3C(O)CH20, are used for all ¢ C, and G per-
oxy radicals respectively. The R®HO, rates for G3
alkyl peroxy radicals are based on the parameterization of
Saunders et a(2003

The available data for the reaction @E{O)O,+HO> in-
dicate a reaction rate of\tkinson et al, 2003 Tyndall et al,
2001):

kRs,acyl = 5.2x 10" exp(983/T). 2)
Two channels are considered:

(R6a)

— RC(O)OH + Os. (R6b)

The ratiokgrea/ kre=0.785 at ambient temperature recom-
-mended byAtkinson et al.(2003 for CH3C(0)O; is used
for all acyl peroxy radicals.

Atmos. Chem. Phys., 4, 23852004
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Table 1.

Branching ratios assigned to the cross reactions of aTable 2.

M. Capouet et ala-pinene oxidation by OH

RO, classes and self-reaction rate constantgfkat

given RG with other peroxy radicals depending on their respective 298 K.

structure: primary (prim.), secondary (sec.), cyclic (cycl.) and acyl.

For a primary/secondary radicaRO,

+ prim*/sec.— 0.50 RO+ 0.25 R_4O + 0.25 ROH a
+cycl. - 0.3 RO+ 0.35 R_j4O + 0.35 ROH e
+tert. —» 0.7 RO+ 0.3 R_H{O b
+acyl— 0.86 RO+ 0.14 R_HO c
For a tertiary radical RO,
+ prim./sec./cycl— 0.7 RO+ 0.3 ROH b
+ tert. - RO d
+acyl—- RO d
For an acyl radicalRC(O)O»
+ prim./sec./cycl— 0.86 RG0O)O+ 0.14 RQO)OH c
+ tert. -~ RC(0)O d
+ acyl—- RC(O)O d

For a cyclic radicalRO,
+ prim./sec./cycl— 0.3 RO+ 0.35 R_yO+ 0.35 ROH ¢
+tert. -~ 0.7 RO+ 0.3 R_{4O
+acyl— 0.86 RO+ 0.14 R_4O

* Read “+ prim.” as “RQ + primary RO,”. ¢ For the cross re-
actions of primary and secondary R@adicals,Atkinson (1994
suggested a constant ratio of480% for the oxy-forming route at
298K from the few available data of self-reaction¥.No experi-
mental data. Value assumed. Based on the measurementirie
and Moortgai(1992) for the reaction of CHO, with CH3C(0)O»
at 298K. 9 Only one reaction path can occur Based on the
measurement of the self-reactionsce€gH110, made byRowley
etal.(1992.

2.2.5 Permutation reactions of RO
The permutation reactions of a given R@adical include

its self-reaction and the cross reactions of this;R@h the
other peroxy radicalsHjnlayson-Pitts and Pitt2000:

RO, + RO, - RO+ RO+ 0, (R7a)
— R_HO+ ROH+ Oy (R7b)
— ROH+ R ;0 + Os. (R7¢)

The self-reaction of a given RQadical, i.e. RQ+RO,, un-

dergoes the same paths. The relative importance of thesedicals in laboratory conditions.

RO, class Class deli
notation  (cnimolec 1s~1)
Alky! primary  RI1R 40x10712
seconday  R2R Bx10713
tertiary  R3R 10x10-16
B-hydroxy primary  R1H Hx10-12
secondary  R2H Bx10712
tertiary ~ R3H 50x 10~ 14
a-hydroxy/ g-carbonyl/
multifunctional primary  R1M Bx10711
secondary  R2M Dx10711
tertiary ~ R3M 10x10~13
acyl peroxy RO3 Bx1011

Because of the large number of R@adicals generated
in the mechanism, the explicit representation of their per-
mutation reactions would be too demanding in terms of im-
plementation and computational time. A parameterization
is required, of the type proposed Madronich and Calvert
(1990 andJenkin et al(1997). Following the same approach
as in these studies, the R€adicals are grouped into classes
according to their structure. Each class is characterized by
a self-reaction rate (Tabl®). The permutation reactions of
an explicit RGQ are represented by the reactions of this com-
pound with pseudo-species representing the different classes.
The concentration of a pseudo-species is equal to the sum of
the explicit peroxy radicals concentrations in the correspond-
ing class. Whenever a particular peroxy radical is produced
or destroyed in the mechanism, the pseudo-species represent-
ing its class is also produced or destroyed. The rate constant
of the reaction between a given R@nd a class is estimated
as twice the geometric average of the self-reaction rate con-
stants Keiro,) and kelficlass:

k7 = 2x (kself(ROZ) stelf(class))l/z- (3)

An important exception to this rule is the case of the reactions
of acyl peroxy radicals with other RQas discussed further
below. The classes are defined according to the substitutions
and chemical functionalities (hydroxy, carbonyl, or allyl), if
any, ina or 8 position.

Since the photooxidation ok-pinene produces mostly
C-7 peroxy radicals, the cross reactions involve mostly large
In the atmosphere, the

paths depends on the structure of the two radicals reactingeactions of largex-pinene radicals with smaller radicals

with each other. Tablé reports the fraction of alkoxy radi-
cals (RO), carbonyls (R4O) and alcohols (ROH) generated as well.

from the permutation reactions of a given Readical. As

(e.g. CHO, and radicals from isoprene) might be important
However, since our current focus is mainly on
laboratory conditions, we limit our classification to large

shown by this table, the degree of substitution and the pres{C.7) radicals. The literature data for the self-reaction rates
ence of a cycle inx are found to influence the branching of peroxy radicals are reported in Tat8e Based on these

ratios.

Atmos. Chem. Phys., 4, 2288311, 2004

values, the self-reaction rates adopted for each class are
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Table 3. Self-reaction ratesk{ef) of RO, radicals measured at 298 K.

RO, Kself Ref. RO, Kself Ref.
Primary alkyl/allyl (R1R) Secondary hydroxy (R2H)

CH30, 3.7(=13* a  CH3CH(OH)CH(O2)CH3 6.9(—13) f
CoH507 6.6(-14) a c—CgH10(OH)O2 1.6(-12) j,k
n—C3H70, 39(-13 a

n—CgH1102 3.9(-13 e Tertiary hydroxy (R3H)

C(CH3)3CH>0 1.2(-12) a C(CH3)2(0OH)C(CH3)20- 40(-15 f
CHy=CHCH,O» 6.9(-13) b  C(CH3)20,CH,OH 15(-14) j
CH>(OH)CH=CHCH,O, 28(-12) ¢  c¢c—CgHg(CH3)2(OH)O2 20(-14 4,1
CHo(OH)C(CH3)=C(CH3)CH20>  3.9(—12) c

Primary a-hydroxyé-carbonyl/

Secondary alkyl (R2R) multifunctional (R1M)

i—CgH702 1.1(-15 a CH>(OH)O2 6.2(-12) a

¢c—CgHgO» 45(—-14 a  CH3C(O)CHy0O, 83(-12) a

c—CgH1102 4.2(—14) a

sec-C5H1100 3.3(—14) e Secondary-hydroxyk-carbonyl/

sec-Cq1gH2102 9.4(-14) e multifunctional (R2M)

sec-C12H2507 14(—-13) e  CHy(OH)CH(O2)CH=CH, 57(-12) ¢

Tertiary alkyl (R3R) Tertiary-hydroxyk-carbonyl/

(CH3)3COy 3.3(-17) a multifunctional (R3M)
CH>(OH)C(CH3)(02)C(CH3)=CHy 6.9(—14) ¢

Primary hydroxy (R1H)

CHo(OH)CH,0 2.3(-12 f  Acyl peroxy radicals (RO3)

(CH3)2C(OH)CH,0- 48(—-12 g CH3C(O)Oo 16(-11) &
(CH3)2CHC(O)Oo 14(-1Y
(CH3)3CC(0)0O7 14(-1YH

* Notation is 37(~13) = 3.7x10~ 13 “Lightfoot et al.(1992 ® Boyd et al.(19963 ¢ Jenkin et al(1998 ¢ Boyd et al.(1999 /Boyd
et al.(1997 ¢ Boyd et al.(1996H " Atkinson et al.(2003 { Tomas and Lesclau@2000 / Boyd et al.(2003 ¥ 2-hydroxycyclohexyl
peroxy radical 2-hydroxy-1,2-dimethylcyclohexyl peroxy radical

discussed below. The notations used here for the differendf the carbon number. Based on this relationship, and as-

classes are as in Takte suming that this rate is somewhat higher due to the numerous
allyl and substituted secondary radicals present in the mech-
Alkyl peroxy radicalsR1R R2R R3R) anism, a keif of 4.0x10 13cm®molec st is chosen for

the R2R class.

Experimental data exist for primary alkyl radicals (R1R) Few data exist for the alkyl tertiary radicals (R3R).
of different structures. Lightfoot et aI_. (1992 and Bqu Lightfoot et al. (1992 reported a very low value
et.al.(1999. measured the self-reaction rate of the linear of ke for (CHz)3CO,. We assume a value of
primary radicals up tm-CsH1102. However, the presence 1.0x10-26cm-2molec s to represent the R3R class.

of a double bond or a substitution fhin a primary radical
appears to increase itgdg as e.g. for €CHz)3CHO, and
CH2(OH)C(CH3)=C(CH3)CH20> (Jenkin et al.1998. The
radicals generated in our mechanism are usually substitute
Therefore we assume that the structure of the neo—pent;j'

radical (QCHs)sCH20;) is representative of the primary , g_py oy functionality on the peroxy radical increases

plerolxy (;gdl::a_ls In our mol_dehlil Sm_::he th@gkfor nor;)—lmear tsignificantly the self-reaction rate. On the basis of these
tahw r‘i Ica stllncre?s?s;lglcr)izvvlnﬁcarlonlnuiner,ﬂ:ve se experimental values, thegd¢ of primary radicals (R1H
RleRS?;Ia_giac lon rate to.ex cnrmolec =S = 10rthe  o1ass) is extrapolated to .®<10-2cm~3molec st

for R1H radicals generated by the-pinene oxida-
Boyd et al.(1999 parameterized the self-reaction rates of tion.  Following the same approach, the self-reaction
linear secondary alkyl peroxy radicals (R2R) as a functionrates of g-hydroxy secondary (R2H) and tertiary (R3H)

B-hydroxy peroxy radicalsR1H, R2H,R3H)

he measurements performed by Lesclaux and coworkers
Boyd et al, 1996h 1997, 2003 show that the presence of
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radicals are set to .8x1012cm3molecls! and
5.0x10“cm—3molecs1, respectively. Boyd et al.

M. Capouet et ala-pinene oxidation by OH

of 101%s~1, and their effective stabilization rates were found
to lie in the range 18-10-1s~1. These results are in agree-

(2003 measured the cross reaction rate between a R2Hnent with the available experimental data. For the much

and a R3HC7 radical. Using Eq. ) with our esti-

larger radicals involved in the oxidation efpinene, prompt

mated self-reaction rates, we calculate a cross reactiomlecomposition and stabilization rates should be more com-
rate in fair agreement with their experimental data of petitive. Using RRKM-ME, we estimate the ratigde/Krsp

6.2x10 B cm3molecls 1.

a-hydroxygB-carbonyl/multifunctional radicals

(R1M, R2M, R3M)

peroxy

Measurements of self-reaction rates ferhydroxy and

to be about 10/90 and 25/75 in the cases @5@' and
R30," (Fig. 1), respectively . The probable error on these ra-
tios is a factor of 2.5. The stabilizedhydroxyalkyl peroxy
radical RCHOH)O, can either decompose or be oxidized
via the traditional reactions with NO, HGand RQ radicals

as described in Sec.2 In presence of NO, two reactions

B-carbonyl substituted primary alkyl peroxy radicals show compete with each other:

high rate values Lightfoot et al, 1992. A value of
1.5x10 1 cm® molec s~ is chosen for this class (R1M).

In absence of more measurement data, we consider thiEzCH(OH)02 +NO — RCH(OH)O + NO;.

rate as an overall upper limit for the peroxy radicaigik

RCH(OH)O, — RCHO+ HO, (R9)

(R10)
The«-hydroxyalkoxy radical produced in the reactid®il()

and compounds containing more than one functionalitydecomposes, producing HCOOH (ofGRO)OH in the case

among hydroxy, carbonyl and allyl substitutions anor
in B8 are also included in this class.
surements oflenkin et al.(1999, rates of 10x10-11

and 10x10¥cm—3molecls! are used for the cor-

of the decomposition of the tertiary ROH)OoR'T):

Based on the mea-

RCH(OH)O — R 4+ HCOOH (R11)

The rate of the thermal decomposition Reacti&tb)(is

responding secondary (R2M) and tertiary (R3M) classesstrongly dependent on the degree of substitution of the

respectively.
Acyl peroxy radicalsRO3

Experimental evidence indicates that the cross
tion rates of acyl peroxy radicals (RO3) with all the

other peroxy radicals are of the same order of magni-

tude (1-1.2%10 cm®molects™) (Villenave and
Lesclaux 1998 Atkinson et al, 2003. A value of
1x10 2 cmPmolects™! is adopted for these reactions.

alpha-hydroxy peroxy radical. Hermans et al. (26043-
timated the decomposition rates of HO&Dp (primary),
CH3CH(OH)O; (secondary) and €©Hz3)2(OH)O; (tertiary)
to 20151, 27105t and 293003! at 300K, respectively.

reacThese results are in good agreement with the available exper-

imental data, although the measured decomposition rate of
CH3CH(OH)O, is somewhat lower (18704 at 298 K) than

the theoretical estimate by Hermans et al. (2804n the
case of R3O, and RO, the fairly strong H-bond that can
result between the hydroxyl-H and the carbonyl-O should

The rate of the pseudo-reaction between an acyl peroxy radslow down the decomposition somewhat, but as this bond

ical and the RO3 class is set tok 1011 cm3 molecs1,

is entropically disfavored, this should reduce the thermal de-

based on the measurement of the self-reaction rate constanbmposition rate kg by only a factor of 1.5. For ROo,

of (CHz)3CC(0)O2 (Tomas and Lesclay000).

2.3 “Exotic” peroxy radical reactions in the oxidation of
a-pinene

we adopt the experimental value of 1878 dor secondary
radicals, but reduced by a factor of 1.5, i.egk1250 sl

For RsO2, given the absence of experimental data for the ter-
tiary case, we adopt the estimate by Hermans et al. (3004)
again reduced for the hydroxyl-to-aldehyde hydrogen bond-

As described in Peeters et al. (2001), the reaction of "’\ng setting ko to 19x10*s~ at 298 K. Since HCOOH is

large secondary (or tertiaryy-hydroxyalkyl radical with
O, produces an activated peroxy radical RCHH)O," (or
R'C(OH)O,R"). The activated peroxy radical can either sta-
bilize collisionally or decompose thermally in competing re-
actions. In the case of RGBH)O,:

RCH(OH)O," — RCHO+ HO;
RCH(OH)O," — RCH(OH)Os.

(R8a)
(R8b)

Using a detailled RRKM-Master Equation (ME) analysis
based on high-level G2M quantum chemical data.
mans et al., (2004) estimated the prompt decomposi-
tion rates for the nascent chemically activated HQOW,
CH3CH(OH)O," and QCHz)»(OH)O," to be on the order

Atmos. Chem. Phys., 4, 2288311, 2004

mainly produced from Reaction (11) in our mechanism, the
laboratory measurement of the formic acid yield®stando
etal.(2000 (7% yield for [NO]=2—22x 10 moleculg'cm?)
partly validates the rates adopted here fgsg® " and R 30..

The yield estimated from our mechanism ranges frog%o

at 2 ppm to 16% at 20 ppm NO. The statistical average over
the 2—-20 ppm range is’10%, i.e. reasonably close to the
measurement. ReactioR10 involving R;30, competes
with (R9) for NO >>100 ppb. Because of the faster decompo-

Her-sition rate of ROy, its reaction with NO becomes effective

for NO >5 ppm. Under these conditions, the overall product
yields in thex-pinene oxidation are dependent on the con-
centration of NO. In particular, the yields of pinonaldehyde

www.atmos-chem-phys.org/acp/4/2285/
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and acetone are determined by the fate of the radicg@»R generic peroxy radicals among the different classes are de-
and R30- (Fig. 1). fined by the stoichiometric coefficienss. It is assumed to
Vereecken and Peete(@004 demonstrated the impor- be similar to the distribution of the different peroxy radicals
tance of ring-closure reactions of unsaturated oxy and perelasses present in the explicit mechanism. The sum afthe
oxy radicals formed in the atmospheric oxidation of biogenic of the different classes i is equal to unity. Based on a sim-
NMOCs. They showed in particular that the radical(dR ple count of the number of peroxy radicals in each class in
formed in thea-pinene oxidation mechanism undergoes athe«-pinene+OH mechanism, the “RxH” and “RxM” (x=1,2
ring closure reaction with a rate of2.5s 1. The primary  or 3) classes are found to be dominant. The distribution is
production of acetone generated subsequent to the competimgarameterized as followsrxr=0.06,arxH=0.1, arxm=0.1,
reactions of ROz is therefore also dependent on the level of arp3=0.2.
NO. It should be noted that the chemistry following the ring These LXO2 radicals react with NO, H@nd the other
closure remains so far unknown. A discussion of the influ-RO; radicals, producing stable products and smallef7{C
ence of these specific reactions on the yield of pinonaldehydgeneric peroxy radicals SXO2:
and acetone is given in Seét6. "
LXO2; +NO — NO, + Z a; SXO2 (R13a)
i=1

The OH-oxidation rates of the first generation products in the LX0O2; +NO — LXONO, (R13b)
degradation o&-pinene can be estimated using the structure- LX02; +HO2 — LXOOH + O (R14)
reactivity approach (SAR) proposed Byvok et al. (1995. “

The estimated rates for the compounds present in the mecha-X02% +R02 — a Z“f SXO32 + b LXOH + ¢ LXCHO.
nism range from ¥10~12to 7x10cm3molec s 1 ac- i= s
cording to the structure of the compound considered. The (R15)
estimation of their photolysis rate is described in the nextThe SXO2 radicals react in the same manner and terminate
section. There are no published degradation mechanism fahe propagation chain:

these compounds, to the exception of pinonaldehyde. A de-

2.4 Chemistry of the primary products

tailed investigation of such degradation mechanisms wouldSX02 +NO — NO; (R16a)
be beyond the scope of the present study. A simplified rep-SX02 +NO — SXONG; (R16b)
resentation is therefore adopted. Our aim is to represent thesx02 +HO, — SXOOH+ O, (R17)
main impact of the oxidation of primary products, i.e. the SX02 +R0O, — b SXOH+ ¢ SXCHO, (R18)

generation of a chain of peroxy radicals reactions which,

in high NO conditions, contribute to NO to NQconver-  The coefficients:, b andc in (R15 and R18) depend on the
sion and to nitrate production. We assume here that thestructure of the radicals LXQ2nd SXOZ2 (see Tabld).
unknown chemistry of primary products proceeds in ways The C.7 primary products are treated as theirZG-oun-
similar to the explicit mechanism. Based on this similar- terparts:

ity assumption, we estimate to about 4 the average number

n
of successive peroxy radical reactions necessary to generate_; products+ OH — A Z“f SX02. (R19)
a stable compound from the oxidation of a typicab (@ i=1

Ci0) product in high NQ conditions, about half of which Th - .
g X e coefficients. ande; in Eq. R19 are assumed to be the
are G.7 peroxy radical reactions. Due to the marked depen-Same as in EqR12).

dence of the nitrate yu_ald on the size of th_e heroxy radicals in The subsequent reactions of radicals for which the chem-
IR 02+N§ reactions, |td|_s fc;und udsefu:jt(f) d'St't?]gu'Sh db?_tweefn istry is still speculative are also treated following ER1¢)
arge (G.7) peroxy radicals produced from the oxi ation of (R19 according to the carbon number of the radical con-
primary products, noted LX02, and smaller{f} radicals, sidered. For example, in the case of thg Radical (Fig.1),

noted SXO2. i
. s we write:
Based on these observations, the oxidation of rod-
ucts is represented as a unique reaction producing generiﬁ = zi“‘ LXO2; (R20)
peroxy radicals: 1 = v
n
C-7 productt OH — A Y " a; LX02;, (R12) 2.5 Photolysis

i=1
. . . ) i Photochemistry in most NMOC photooxidation experiments
LXO2; is a generic peroxy radical G of classi, as defined is initiated by the photodissociation of an OH precursor,

in Table2. x represents the assumed average number of OXhich is either HOy:
idation steps necessary to obtain a radical of carbon number z
lower than 7 and is taken equal to 2. The distribution of theH,O2 + Av — 20H, (R21)

www.atmos-chem-phys.org/acp/4/2285/ Atmos. Chem. Phys., 4, 23852004
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Fig. 3. Actinic fluxes of the TUV and TL-05 lamps used in
N99. A solar spectrum (ground level, standard atmosphere, zenith
angle=48) is also shown for comparison (solid line).
X
or CHzONO: i
CH3ONO+ hv — CHzO + NO (R22) ol v v L S
CH30 + Oy — CH20 + HO, (R23) 200 250 wovelefg& (om) 350 400
NO + HO> — NOy + OH. (R24)

. . _ Fig. 4. Pinonaldehyde absorption cross sections fraafiquist et
In the N99 experiments, 4D; is photolysed by TUV mer al. (1997 (solid line). The value at 253.7 nm (cross) is estimated in

cury lamps emitting short-wave ultraviolet radiation with a this study.
concentrated radiation peak at 253.7 nm. In the second case,
TL-05 mercury lamps (Philipsymax=360 nm) are used. The
lamp spectra are shown in Figas well as the solar spectrum ) _ _
at ground level. The intensity of the lamps reported in the©bservations of 6Oz and CHONO in the N99 experiments:
figure are those estimated for the N99 experiments. Because

the TL-05 lamps radiate mostly in the 300480 nm range,J(H202) = 1'0X1073sfl4 L

they are often considered more appropriate to represent sola{CHBONO) = 9.1x107"s ™~

radiation in real tropospheric conditions. The experiments _

performed using TL-05 and TUV lamps will hereafter be re- These values are corrected for minor effects due to

ferred as “visible” and “UV” experiments, respectively. secondary reactions influencing @BNO and BO,. The
The photodissociation coefficient (J-value) for a given derivation of o is straightforward, because the photolytic
photolytic process is calculated as parameters for both precursors are well known.
Equation 4) has been used to derive J-values for inorganic
Ji = / T (A)x0i(A) X ¢;(A)xdAr 4) compounds as well as for the carbonyls, organic nitrates, per-
A

oxy acyl nitrates and hydroperoxides produced in the pho-
where is the wavelength/ (1) is the average actinic flux in  tooxidation ofa-pinene. The photolysis of alcohols and car-
the reactorg; (1) andg; (1) are the absorption cross section boxylic acids are not considered, since they are expected to
and the photolysis quantum vyield of the spediesespec- be slow. The photodissociation processes for which the ab-
tively. The actinic flux/ (1) is not directly measured, but it sorption cross sections and the quantum yields are known
can be related to measurable quantities by writing, from laboratory studies are listed in TadleThe correspond-

ing J-values were calculated for both the UV and visible ex-
1) = Iox f(A) () periments in N99. In addition, the J-values estimated for typ-
where £ (1) is either the TUV or TL-05 normalized lamp ical tropospheric conditions using the TUV photolysis calcu-
spectrum, andy is a scaling factor adjusted so that J(3) lation modgl ofMadronich and Flock¢€1998 are also shown
or J(CHONO) calculated using Eq4) matches the ob- for comparison.
served decay rate of 4@, or CH3ONO in the reactor. The The photolysis parameters for other compounds which
following average photolysis rates are deduced from thehave not been directly investigated in the laboratory have
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Table 4. Photolysis reactions for which the photodissociation parametersr¢ss sectiong=quantum yield) are known from laboratory
investigations, and estimated J-values in the N99 reactors and in typical tropospheric conditions (ground level, standard atmosphere, zenitt
angle=48).

Je™hH  Ie™hH  IeTh

Reactions TuvV TL-05  Tropos. Notes
O3 +hv — 0lD) + O, 16(—1)* 4.0(-6) 1.7(-5 ab
O3+hv— 0+ 0y 22(-1) 97(-6) 14(-5 ab
NOz + hv — NO, + O 0. 40(-4) 17(-1) cd
NO3 + hv = NO + O, 0. 0. 22(-2) cd
NOy +hv — NO+O 37(-4) 92(-3) 82(-3 ¢
NoOg + hv — NOz +NO + O 32(-3) 0. 41(-10) ¢
N2Os + hv — NO3 + NO» 1.3(-3) 16(-5 28(-5 ¢
H,05 + hv — OH + OH 10(-3) 27(-6) 51(-6) c
HONO+ hv — OH+ NO 22(-3) 18(-3) 14(-3) ¢
HNO3 + hv — OH + NO, 30(-4) 13(-7) 41-7) ¢
HNO,4 + hv — HO, + NO, 33(-3) 12(-6) 28(-6) c.e
HNO,4 + hv — OH+ NO3 23(-3) 86(-7) 19(-6) c.e
CH,0 + hv — CO+ 2HO,» 20(-5 9.7(-6) 28(-5 ¢
CH,0 + hv — Hy 4+ CO 27(-5) 30(-5 38(-5 ¢
CH3CHO+ hv — CH30, + HO, 4+ CO 55(—-5) 7.7(-7) 32(-6) ¢
CH3CHO+ hv — CH, + CO 14(—4) 0. 30(-11) ¢
CH3zOOH + hy — CHzO + OH 53(—4) 25(—6) 41(-6) ¢
CHOCHO+ hv — 0.09CHO + 1.6CO+ 0.6H, + 0.31HO; + 0.310H  71(-5 15(-5 6.9(-5 ¢
CH3COCH; + hv — CH3CO;3 + CH30, 4.4(—4) 94(-8 36(-7) f
CH3COGH5 + hv — CH3CO + CoHs5 51(—4) 14(-7) 58(-7) c¢g
CHyOHCHO+ hv — CH30H + CO 27(-4) 0. 2.8(-11) c¢ch
CH,OHCHO+ hv — CHy0 + 20H+ CO 13(-4) 39(-7) 17(-6) ch
CH3C(O)CHO+ hv — CH3CO3 4+ CO+ HO, 44(—4) 39(-4) 65—4) c
CHy=CHC(O)CH3 + hv — CHp=CHCO;3 + CH30, 0.8(-5) 0.4(—6) 0.7(—6) cii
CH,=CHC(O)CHs + hv — CHy=CHCHz + CO 25(-5 12(-6) 20(—6) i
CHp=CHC(O)CHj3 + hv — CH3CO3 + CH,0 + CO 08(-5) 0.4(-6) 0.7(—6) c,i
CHy=C(CH3)CHO + hv — 0.5CH;=C(CHg) + 0.5HCO

+0.5CH;=CH(CHg) + 0.5CO 24(—6) 21(-5) 21(-5 i
CH,=CHCHO+ hv — 0.5CH,=CH + 0.5HCO

+0.5CHy=CH, + 0.5CO 48(-7) 1.9(—6) 2.0(—6) ]
CH3ONO, + hv — CH30 + NO, 52(—4) 18(-7) 58(-7) k
CH3C(O)CHONO, + hv — CH3C(0)CH,0 + NO» 21(-3) 85(-6) 25(-5) Im
CH3zONO+ hv — CH30 + NO 53(-5) 9.1(—4) 12(-3) n
CH3C(0)0NO, + hv — CH3C(0)O, + NO, 1.3(-3) 1.9(-7) 41-7) ¢
CH3C(0)02NO, + hv — CHzC(0)O 4+ NO3 03(-3) 04(-7) 10-7) ¢

* Notation is 16(—1)=1.6x10"1 ¢ Sander et ak2000 ? Molina and Molina(1999 ¢ Atkinson et al(2003 ¢ Johnston et a{1996

¢ Knight et al.(1900 / Gierczak et al(1998 andWarneck(2001) & quantum yield assumed equal to the wavelength-dependent
quantum yields of acetone multiplied by a factor 1.2, in order to match the averaged yield measRedzebet al(1995 / assumed
equal to the wavelength-dependent quantum yields of @D for the different photodissociation paths, adjusted to match the averaged
yield reported byBacher et al(2001)  Raber et al(1995 / Gardner et al(1987) * Talukdar et al(2001) ! Barnes et al(1993 ™
assumed equal to on@ Hippler et al.(1992

been estimated based on assumed simple relationships b2:5.1 Pinonaldehyde

tween the photolytic parameters of compounds of similar

structures. Tabl®& summarizes the reactions and rates for_l_he absorption cross sections of pinonaldehvde have been
the species of interest in this study. The reference species on drt)) llquist et al (1997 beFt)ween 275)r:md 345 nm
which the estimations are based are also indicated in the tjr_neasure ylallq :

ble. Pinonaldehyde and organic nitrates are important speci |F|g. 4. Be_nng a keto-aldehyde, it can be ex_pectgd _to photol-
cases and will be discussed in the next sections. yse following both aldehydic and ketone dissociation chan-

nels. In the first case, by analogy with other aldehydes like

www.atmos-chem-phys.org/acp/4/2285/ Atmos. Chem. Phys., 4, 23852004
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Table 5. Photolysis reactions for the species and classes considered in this work, and estimated rates in the N99 reactors and in typical

tropospheric conditions (ground level, standard atmosphere, zenith angje=45

Reaction N TN ) Jsh Reference
TUV TL-05  Troposphere species
PINALD + hv — Ry7+ CHO 24(-5) 2.2(-6) 6.9(—6) see text
PINALD + hv — 0.5CHy=CHC(O)CH3 + 0.5C(CH3)»,=CHCH,CHO 33(-5) 3.0(—6) 0.9(-5) see text
PINALD + hv — 0.5CHy=CHCH,CHO + 0.5CH3C(O)CH=C(CH3)> 3.3(—-5) 3.0(—6) 0.9(-5) see text
PINALD + hv — R4 + CH3CO 24(—=4)  9.4(=T7) 3.4(—6) see text
Keto-aldehydes C7 + hv — products HMA(—4) 3.9(—-9) 6.5(—4) Methyl glyoxal
Keto-aldehydes €7 + hv — products B(—4) 9.2(-6) 2.9(-5) PINALD
Aldehydes+hv — products &(-5) 5.4(-6) 1.5(-5) Pentanal
di-aldehydest-hv — products 71(-5) 15(-5) 6.9(—5) Glyoxal
RC(O)R’ + hv — RC(0)O, 51(—4) 1.4(-7) 5.8(—7) MEK
ROOH+ hv — products B(—4) 2.5(—6) 4.1(—6) CH30OO0H
Unsaturated ketoneshv — products M(-5) 1.9(-6) 3.4(—6) MVK
Unsaturated aldehydeshy — products 24(—6) 2.1(-5) 2.1(-5) MACR
Nitrates C.7 + hv - RO+ NO» 9.0(—4) 1.3(—6) 4.5(—6) see text
Nitrates G.7 + hv — RO+ NO, 13(-3) 27(-6) 1.1(-5) see text
Keto-nitrates C7 + hv — RO+ NO» 2.7(-3) 1.3(-5 3.6(—5) see text
Keto-nitrates G7 + hv — RO+ NO; 4.0(—3) 2.5(-5) 6.3(—5) see text
RC(0)O2NO7 + hv — RC(0)0O5 + NOy 13(-3) 19(-7) 4.1(-7) PAN
RC(0)O2NO7 + hv — RC(0)O + NO3 0.3(=3) 0.4(-7 1.0(-7) PAN

n-pentanal Tadic et al, 20013 andn-hexanal Tadic et al, by the lamp spectrum and the absorption cross sections)

20018, intramolecular rearrangements and fragmentationsvere measured to be 0.32, 0.34, 0.38 and 0.31 at 700 Torr

into free radicals take place. One radical chanf253 for C4—C; alkanals. They all show a similar dependence

(Norrish-Type 1) and two molecular channelR258 and  on total pressure. It should be noted however, asai

(R259 (Norrish-Type II) can be considered (PINALD stands et al. (1986 and Atkinson et al.(2003 reported substan-

for pinonaldehyde): tially higher quantum yields for propanal and isobutanal.
Based on these studies, we calculate average quantum yields

PINALD + hv — CHO+ Riz (R253) ot 0.70 and 0.66 for these two species, respectively (aver-

PINALD + hv — CH2=CHC(O)CHjz + ages weighted by their respective absorption cross sections
CH3C(CH3)=CHCH,CHO (R25b)  (Atkinson et al, 2003 and by the spectrum of the lamp used

PINALD + hv — CH3C(O)CH=C(CHg)CHs + in Tadic et al.). The origins of this difference are un(?Iear.
CHy=CHCH,CHO. (R25¢) We assume here that the averaged quantum yield of n-

hexanal (0.38) can be used for the aldehydic channels of
The molecular channels are assumed to proceed through twpinonaldehyde, with probabilities of 27% and 73% for the
energetically favored symmetric cleavages of the strainedNorrish-Type | and Il, respectively. These yields are as-
four-membered ring. In absence of experimental data, thesumed to be essentially independent on wavelength. The
two resulting molecular channels are assumed to have thwavelength-dependent quantum yields of methyl ethyl ke-
same probability. tone (MEK) is used for the ketone photodissociation chan-

The ketone dissociation channel can be assumed to proiel. Below 290 nm, the quantum yields are scaled down so
ceed by cleavage of the GBO—R bond of pinonaldehyde, that the total quantum yield does not exceed 1.

based on the example of methyl ethyl ketoAtk{nson et al, The estimated pinonaldehyde quantum vyields are shown
2003: in Table6. It can be seen that the ketone dissociation chan-
PINALD + hv — R4 + CH3CO. (R25d) nel is expected to be dominant in the UV experiments, while

the aldehydic channels are expected to prevail in the visible
Tadic et al. (2001a, b, 2002) measured the relative impor€Xxperiments.

tance of the different photolysis channels of aldehydes. Their By using the cross sections ¢fallquist et al. (1997
experiments between 275 and 380 nm showed that the contriwnith the quantum yields and the lamp spectrum in Eg. (
bution of the molecular channel increases slowly with chaindescribed above, a rate of2x106s1 is calculated for
length: 70% fom-pentanal, 73% fon-hexanal and 80% for the visible experiments, i.e. less than the measurement
n-heptanal. The average quantum yields (averages weighte(h.5x10°s~1) based on a blank pinonaldehyde experiment
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Table 6. Estimated pinonaldehyde photolysis quantum yie{fis. Table 7. Photolysis rates of several alkyl nitrates under the UV and
¢ and¢3 represent the aldehyde Norrish I, Norrish Il and ketone visible conditions in N99.
photolysis pathways, respectively.

Species I I
wavelength/nm ¢1  ¢2  $3  Proral Tuv TL-05

250 0.07 0.20 0.72 1.0 n-alkyl nitrates
280 009 023 068 1.0 CH30ONOY? 5.2x10~4 1.8x1077
290 0.10 028 052 0.9 CH3CHyONOy? 6.2x10~4 3.1x10°7
300 0.10 028 0.26 0.64 n—C3H70ONO? 6.9x107%  4.6x10°/
310 010 028 010 048 n—C4HgONO,* 7.4x107% 4.4x10°7
330 0.10 0.28 0.02 0.40 i—CH3CH(ONO,)CH3® 79x1074  6.3x10°7
340 010 028 001 039 CHaCHoCH(ONO)CHg®  9.0x1074  1.2x10°6

keto-nitrates

CH3C(O)CH2(ONOy)? 2.1x10°3 8.5x10°6

conducted in the absence of @BINO by N99. Such a dis- CHzCHyC(O)CHo(ONO,)?  3.0x1073 43x10°6
crepancy between the experimental and theoretical J-values CHzCH(ONO,)C(O)CHs?  2.7x10°3 1.2x10°°
cannot t?e attributed to uncertainties in the p.lnonaldehyde References for the absorption cross secti@nitkinson et al.
photolysis parameters. Indeed, even the maximum theoret- (2003. © Bames et al(1993

ical quantum vyield (unity) would result in a J-value lower

than the measured value. In any case, both experimental and

theoretical values are very low, making pinonaldehyde pho'nitrooxy-z-butanone. The photolysis rate of 3-nitrooxy-2-

tolysi§ qlmost negli.gible in the visible e.xperiments. butanone (CHCH(ONO,)C(O)CHs) is assumed to be rep-
_Asimilar estimation of the J-value using E4) (Snotpos-  regentative for the G; keto-nitrates. The photodissociation
sible for the UV experiments, because fche cross sections argyias for G 7 alkyl and keto-nitrates compounds are obtained
unknown at or around the lamp emission peak (25’3'1 NM)py logarithmic extrapolation. Because of the presence of
Therefore, the measured photolytic rate 08:310™"s™ the carbonyl chromophore in the keto-nitrates, the photolytic
reported in N99 for the UV experiments is used in our ¢jaayage of the RCOCH(ONO,)R bond is another possible
model.'Combmmg this valuel with the. TUV lamp spectrum, athway for these compounds, in particular in the UV exper-
we estimate the cross section of pinonaldehyde to abougnents. However, the rupture of the-O; bond probably
2.8x10-?°cn? at 253.7 nm (Fig4). dominates. Due to the lack of data, aldehyde-nitrates are as-
sume to photolyse in the same fashion as keto-nitrates.

2.5.2  Alkyl nitrates

The absorption cross sections of organic alkyl nitrates are;  Results: Mechanism testing and validation with labo-
based on the recommendationg\dkinson et al(2003. The ratory studies

quantum yield is assumed equal to 1 throughout the visible

and UV spectrum. The only channel considered is: 3.1 Description of the box model and experiments
RONG, + v = RO+ NO. (R26) The full mechanism (about 1500 reactions) described in the
The calculated photodissociation rates of several organic niprevious section has been implemented in a box model. In
trates investigated in the laboratory are listed in Tahle addition, the losses of the stable products on the walls of the
The rates are seen to increase with the number of carbongeactor were also taken into account based on the loss rate of
They are also higher when a ketone functionality is presentpinonaldehyde measured in N993%10°s1). The same

The increase of a¢alkyl nitrates) with carbon number obeys rate is applied to all stable products. The box model solves
roughly a logarithmic law. The rate depends also on the pothe continuity equations for the600 chemical species in-
sition of the nitrate group, as illustrated by the differencesvolved in this mechanism. The solver used in this study
between isopropyl nitrate { CH3CH(ONO,)CHj3), 2-butyl uses an embedded Rosenbrock scheme of ordésider and
nitrate (CHCH>,CH(ONGO,)CH3) and their n-alkyl counter- Wanner 1990. The FORTRAN code is generated by a pre-
parts. We group the numerous nitrates generated imethe processor KPPOamian-lordache et al1995 which reads
pinene photooxidation into 4 families: .@ alkyl nitrates, text files listing the chemical equations and the species in-
C>7 alkyl nitrates, C7 keto-nitrates and &; keto-nitrates.  volved in the mechanism.

The rate of 2-butyl nitrate is adopted for the £alkyl ni- N99 performedx-pinene+OH experiments with and with-
trates. Barnes et al(1993 reported absorption cross sec- out NO. In presence of NO, 9 experiments were conducted
tions of a-nitrooxy acetone, 1-nitrooxy-2-butanone and 3- under UV light and 11 experiments under visible light with
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Table 8. Experimental vs modelled yields of products for the photooxidation of alpha-pinene by OH, expressed as percentages of
pinene reacted. The numbers given in the table are averages taken over all experiments in each category/(lNgigONOy/visible,
NOx-free). The standard deviations around these means are also given.

. High NO/UV High NOx/Visible NOy Free/UV
a-pinene+OH Model  Exp. Model  Exp. Model Exp
Primary yield ) 56+1 (70+12) 55+1 (66+18Y 26.4+0.4 (3AT7)Y
Pinonaldehyde Loss by h (L) 4+1 0. 1.A#0.5
Loss by OH () 9+1 8+2 4.3+0.7
Apparent yield I_’a,,,,) 44+3 4448 4742  45t9 20.4£0.6 241
Primary yield 11.30.5 (118) 11.0£0.2 (87N 0.3740.05 (6.44+2)"
Secondary yield¥sec) 3.1+0.9 1.4:0.2 0.13t0.05
Acetone Loss by h 1.6+0.7 0. 0.
Loss by OH 0. 0. 0.
Apparent yield 12.20.7 125 11.2£0.1  24+14 0.47:0.05 110
Primary yield 12.60.4 (23:9) 0.5+0.5 (8.%1.2¥
Secondary prod. 92 2.0+0.5
Formaldehyde Loss byvh 0.3+0.2 0.
Loss by OH 1.60.2 0.2£0.1
Apparent yield 224 56+25 2.6£05 A3
Primary yield 14.3#0.4 (26¥ 14505 (1A5)¢
Secondary yield 2205 2.6t0.5
> Nitrates Loss by h 541 0.
Loss by OH 1.20.3 1.9-0.5
Apparent Yield 32 13 16.3:0.5 1948
Loss by b 2+1 0.
> PANs Loss by OH 0.230.07 0.15:0.10
Apparent Yield 52 542 7+2 6412
. High NOx/UV High NOx/Visible
Pinonaldehyde+OH Model Exp. Model Exp.
Primary yield 10 (12y 9.0+0.0 (20t6)
Acetone Loss by h? 2 0.
Loss by OH 0 0.
Apparent yield 20 19 9.6:0.1 35k2
Primary yield 29 (157}
d
Formaldehyde LOSSbyM 1
Loss by OH 2
Apparent yield 51 167
Loss by h¥ 0.3 0.
YPANSs Loss by O4 2.2 1.8+0.2
Apparent Yiel 6.0 75 11.#0.6 10.4:0.7

4 As reported by N99? yields calculated for a conversion from 60 to 90 % and with respect to the measured concentration of alpha-
pinene ¢ excluding the production from pinonaldehyde photoly$isncluding the production from pinonaldehyde photolysis, and
calculated using Ecff.

H>02 and CHONO as radical precursor, respectively. A appearance number in Tabled-ginene+OH in presence of
few pinonaldehyde+OH experiments were also carried outNO: Experiments 1 to 21), Table 3 (in absence of NO: Ex-
in presence of NO. A selection of experiments presentingperiments 22 to 31) and Table 4 (pinonaldehyde+OH: Exper-
typical features will be discussed in this study. In the follow- iments 32 to 37) in N99.

ing discussion, the experiments are numbered following their
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Fig. 5. Measured (diamonds) vs simulated (curves) concentrations as a function of time for several experimaquitené oxidation in
visible conditions in the presence of NO(a) Experiments 12 and 4b) Experiments 5 and 10 from N99. Two curves are shown for each
experiment in the modellelPANs: The lowest curve represents the sum of PAN @RPAN as calculated by the model and the upper
curve is the sum of all PAN2{PANSs).

The time concentrations of the chemical compounds in3.2 Methodology for comparison
the reactor were measured with a Fourier transform in-
frared (FTIR) spectrometer. The species measured includg simple way to validate the mechanism is to compare the
a-pinene, the OH precursor, pinonaldehyde, acetone andimary product yields deduced from the mechanism with

formaldehyde. In addition, organic nitrates, acyl peroxy ni- he corresponding yields estimated from the laboratory data.
trates (PANs), NO and Nfwere also estimated in some ex- owever, the derivation of primary yields from laboratory

periments. For a detailed description of the experiments, Wejata is particularly difficult due to the product losses and to
refer to N99. the existence of secondary productions. The effect of these
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Fig. 6. Measured (diamonds) vs simulated (curves) concentrations as a function of time for several experimguitené oxidation in

UV conditions in the presence of NO(a) Experiments 20 and &p) Experiments 3 and 17 from N99. Two curves are shown for each
experiment in the modelledPANs: The lowest curve represents the sum of PAN @RPAN as calculated by the model and the upper
curve is the sum of all PANS{PANS).

processes can be minimized by using the concentrations meavhere

sured in the early stages of the experiment, and by using the N REACTANT(O REACTANT
fact that the true primary yield can be approximated as YappX, =X/ O1-1 0D

@)

) Yapp(X, 1) is the apparent yield of the product X at time
Y (X)=lim Yapp(X. 1) (6)  and [X()] and [REACTANT()] represent the concentration
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Fig. 7. Measured (diamonds) vs simulated (curves) concentrations as a function of time for several experim@iniené oxidation in UV
conditions in the absence of NO(a) Experiments 24 and 2%) Experiments 30 and 25 from N99.

of X and the reactantpfpinene or pinonaldehyde) attime  conversion are rejected to moderate the influence of product
[REACTANT(0)] is the initial concentration of the reactant. losses and secondary productions. These processes are taken
However, it is easy to see that even small errors on the coninto account in the model, but to a much lesser degree of de-
centrations can lead to large errors on the yields. Also, anytail than the pathways leading to the primary products. For
delay between the time when [REACTANT(0)] is measured example, the experimental average apparent yield of a prod-
and the actual start of the experiment can have large effectsict X is calculated as:
For larger: values, the relative errors on [¥[ and on the nyobsy
difference [REACTANT(0)]-[REACTANT{)] become less Yobs(x)zzzﬂ Yapp(X. 1)
important, but the photochemical sink and the secondary *° n
production play a larger role, which is difficult to quantify.
Therefore, instead of comparing “true” yields, it is more
meaningful for the purpose of mechanism validation to com-
pare the observed concentrationsfX{vith concentrations
calculated using a “box” model.

: 8

wheren is the number of samplings between 10% and 60%

a-pinene converted. The corresponding model apparent

yield (Yan;gd(x» is deduced in a similar way using the mod-

elled values of X at the same measurement timedNote

that the apparent yields deduced from both the model and the
In order to quantify the model/data biases in a systematicobservation are calculated using thginene concentrations

way, we average the apparent yields deduced at measuremeinom the model.

timest; comprised between 10% to 60% @fpinene con- The comparison between experimental and simulated ap-

version, i.e. a time interval of typically about 10 min. Data parent yields is meaningful only if the model is able to re-

before 10% ofx-pinene conversion are discarded in order produce properly the observed variationeepinene. This

to minimize the relative errors oAJAPIN(¢)] and on the s indeed the case for most experiments. The mean bias be-

product concentrations, whereas data after 60%-pinene  tween the modelled and measureginene concentrations
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Fig. 8. Measured (diamonds) vs simulated (curves) concentrations as a function of time for an experiment of pinonaldehyde oxidation in UV
(experiment 33, blue lines), and in visible conditions (experiment 35, red lines) in the presencg fstbMMN99.

is below 10% for more than 70% of the experiments. Exper-the production from the photolysis and readjusting the yield
iments showing a mean bias higher than 10% are discardetb the actual A(PINALD)] that has reacted with OH. In the
from our analysis. On average, the valid experiments show &isible conditions, the photolysis of pinonaldehyde is weak,
mean bias that does not exceed 5%. and no correction is needed.

Secondary productions of a compound %) may re- Only two pinonaldehyde+OH experiments were per-
sult from the photooxidation of other primary products, e.g. formed in UV conditions. The model fails to reproduce the
pinonaldehyde. The losses)(of X occur via oxidation by  degradation of pinonaldehyde- 10% deviation) for one of
OH, photolysis and, of least importance, by loss on the wallsthem. In the visible, the pinonaldehyde decay rate is well
L(X) andYsedX) are averaged over thesampling times of  caught by the model for the three experiments reported. On
X in the same fashion as in EqB)( The values ofY (X) average, the mean bias between the modelled and measured
reported in this study are the theoretical yields obtained fol-pinonaldehyde concentrations is about 5%. Results are re-
lowing Eqg. ©6). In principle, the yield of X can vary in the ported in Table8 and shown in Fig8.
course of an experiment, because it is a function of the con-
ditions ([NOJ, [NO;], [HO3]...) which influence the fate of 3.3 «-pinene comparison results
peroxy radicals. In practice, however, these conditions do not
vary dramatically in the N99 experiments an¢X) isalmost ~ 3.3.1 «-pinene and OH-precursors

constant during an experiment. Therefore, if the samplings

of X are made in the early experimental times, we obtain theAS €xplained previously, the intensity of the lamps in the
following relation: model are adjusted on the measured decay rates of the OH-

_ - - precursors. These rates are found to be essentially constant,
Y(X) % Yapp(X) + L(X)—YsedX). ©) demonstrating the stability of the lamps. The degradation of
The yieldsY, as well as the average apparent yieldgp(X), a-pinene is well simulated in the UV conditions in presence
the lossed. (X) and secondary productiofgedX) are sum-  as well as in absence of NO, indicating that the processes
marized in Table8. They are all expressed as molar yields, determining the concentration of OH are generally well rep-
i.e. as percentages of-pinene converted. The yields re- resented by the model. In the visible conditions, the large
ported by N99 are also shown. The variability in the mod- production of formaldehyde generated through the degrada-
elled values are due to 1/differences in the initial conditionstion of CH3ONO (Eq.R22) as well as the concentration of
of NO and 2/differences in the sampling times. The time NO are well reproduced. This indicates that the photoly-
concentrations calculated by the model are compared witlsis of CHSONO is correctly estimated and so is the primary
the measured concentrations in Fgqvisible, in presence of  production of OH (through EdqR24) in the reactor for these
NO), Fig. 6 (UV, in presence of NO) and Fig. (UV, NO- conditions. However, discrepancies appear at longer experi-
free). mental times between the modelled and measurpthene

The same methodology was used for the pinonaldehydelegradation rates for about half the experiments simulated in
experiments. However, the strong photolysis of pinonalde-the visible conditions. Examples of this behaviour are seen
hyde in the UV experiments contributes to the product con-in experiments 4 and 5 in Fig. The bias is small<10%)
centrations. ThereforB(X) has to be corrected by retrieving in the first stage of the experiment (before 60%xgbinene
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conversion) and it does not influence the estimation of the3.3.3 Acetone

primary product yields. The discrepancy at later times seems

to be independent on the initial concentrations or on the evo-The calculated primary yield of acetone for a mean initial
lution of the photochemical conditions in the course of the concentration of NO of 3 ppm is 11%, in good agreement

experiment (e.g. abrupt decrease of the NO level). with N99. The sink of acetone is small: oxidation by OH is
negligible, and photolysis plays at most a minor role. The
3.3.2 Pinonaldehyde secondary production of acetone originates from the pho-

tooxidation of pinonaldehyde. It is more important in the ex-

The pinonaldehyde concentrations are very well reproducegheriments using the UV lamp due to the higher photodissoci-
by the model in presence (Figs.and6) as well as in ab-  ation rate of pinonaldehyde under these conditions. Consid-
sence (Fig.7) of NO, in particular in the first stage of the ering the large dispersion in the data, the model reproduces
experiments £60% «-pinene conversion). This is reflected quite well the time evolution of acetone.
by the excellent agreement obtained regarding the apparent An important disagreement exists for acetone in the exper-
yields of pinonaldehyde, as defined by E8). (see Table3).  iments without NQ. The data show a significant production
In presence of NO, the yield of pinonaldehyde (i.e. the yield of acetone £10% vyield) through primary or/and secondary
corrected for its different losses) is calculated to be 55.5%reactions in these conditions, whereas the model simulates
for an initial concentration of NO of 3 ppm. The strong pho- g production close to zero. As explained in S&8, the
tolysis of pinonaldehyde in the UV conditions explains the ring closure reaction of {0, outruns the channel leading
lower apparent yields in the UV compared to the visible con-to the production of acetone in presence of NO. Due to the
ditions, where photolysis plays a negligible role (TaBJe  |ack of measurements in the early stages of the experiments,
In both series of experiments, the reaction of pinonaldehydehe acetone yields (Tab® are calculated using concentra-
with OH represents 8-9% of the reacteginene. As much  tion data fora-pinene conversions from 60 to 90%. The ob-
as 10-25% of the pinonaldehyde produced when 60% of served production of acetone in IN¥@ee conditions might
pinene has reacted is photooxidized in this interval. In thehave primary as well as secondary origins. In a sensitivity
later stages of the experiments, when the oxidation of theest, turning off the ring closure reactions in the model (thus
primary products plays a more important role in the reac-freeing the path to f results in only 3.5% acetone. This
tor, pinonaldehyde is overestimated by the model in abouiow production is due to the tertiary structure of the peroxy
half the visible experiments. The reason for this discrepancyadical RO, which favours the reaction with HOagainst
might be the oversimplified treatment of the oxidation mech-the permutation reactions. In the event that ring closure is
anism of the primary products. dominant, we estimate the highest possible (primary) acetone

In absence of NQ pinonaldehyde is produced exclusively yield to 6%, which is the value obtained by hypothesizing
from cross reactions of peroxy radicals. About 10% amongthat acetone is produced immediately upon decomposition of
the 26% pinonaldehyde yield come from reactions of® RgO (generated from reactions ofRvith O, and then with
(see Figl). The self-reaction rate of this tertiary radical ex- other peroxy radicals). Secondary productions are therefore
plains that it reacts for about 50% with HOthereby con-  required in order to account for the high observed yield. This
tributing to about 8% among the total 30% of peroxides gen-is also suggested by the concentration-time profiles in7Fig.
erated in the system. The remaining 50% of the® rad-  since acetone is seen to increase even after complete oxida-
icals react mainly with acyl peroxy radicals, then with,O tion of «-pinene.
producing R30,. The fast decomposition ofi130, outruns
its reaction with HQ and other R@s, producing pinonalde- 3.3.4 Formaldehyde
hyde. The other channel leading to pinonaldehyde (16%)
proceeds via the secondary radicald2. The high self- The model cannot reproduce the large formaldehyde concen-
reaction rate allows $O, to react for 90% via the permu- trations measured in the UV experiments. However, the mea-
tation reactions. Among them, the reaction {3 withthe  sured production of formaldehyde appears to be constant in
B-hydroxy secondary radicals (actually mainly composed oftime (experiments 3 and 17 in Fig) and independent on
R20y) is the preferred pathway-@40%). The other permu- the photochemical regime (experiments 25 and 30 in Big.
tation reactions contribute equally-$-10%) at the excep- suggesting a desorption of this compound from the walls.
tion of the cross reactions with the alkyl tertiary radicals R3R This effect is not seen in the visible conditions because of the
which are negligible. large amount of formaldehyde generated by the photolysis of

N99 reported yield estimates about 10% higher than re-<CH30ONO (experiment 4 in Figh). The modelled primary
ported here. Considering the difficulty to retrieve true prod-yield is 12.6% at high NQ concentrations. The main pro-
uct yields from the measured concentrations and the largeluction pathways proceed through the reactions of the radi-
uncertainties in the reaction rates of large peroxy/alkoxy or-cals RO, and R 30, with NO. Secondary productions orig-
ganic radicals in the mechanism, these estimates are in fairljnate from the photooxidation of pinonaldehyde (6%) and
good agreement with our model. from other sources (3%). Yield values are not reported for
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Fig. 9. Modelled concentrations when the chemistry of the generic radicals LXO2 and SXO2 (se2.8estomitted (red lines), and
comparison with the standard case (blue lines). Effects in presence and absengearEN€presented by experiments VIS12 and UV26,
respectively.

the visible experiments, since methyl nitrite photolysis gen-CHzO, which is produced by ReactioR22):
erates large quantities of formaldehyde. The formaldehyde

yield is very low in the NQ-free experiments. This is due CH30 +02 — CH0 + HO2 (R27)
to the fast decomposition of the radicals®@ and R3O, CH30 +NO + M — CH3zONO (R28)
to pinonaldehyde, outrunning the formation of formaldehyde CH30 +NO, + M — CH3ONO.. (R29)

through these radicals. The other channel (\a@aRd R'O5) ) o
leads to R for which we have no explicit mechanism. There- Reactions R28) and R29 are negligible at standard pres-

fore we can assume that, as for acetone, formaldehyde is urfuré but they compete with ReactioRZ/) at low oxygen

derestimated in the model in absence of NO. pressure, resulting in GONO reformation and in a large
production of methyl nitrate. Experiment 4, 5 and 10 pro-
3.3.5 Nitrates duce 15, 20 and 50% of GJDNO;, respectively, whereas the

yield of CH3ONOs is only 3% in experiment 12. In Fig$,
The total concentration of organic nitrates (mainly made of6, 8, and in TableB, “XNitrates” represents the total nitrates
C-7 compounds) generated by thepinene oxidation were excluding CHONO;.
guantified by N99 on the basis of the integrated cross sec- N99 as well aHatakeyama et a(1991) reported molar
tions (int) of 2-hydroxypinane-3-nitrate and 3-oxopinane-2- aerosol yields on the order of 20% ferl ppm ofx-pinene,
nitrate in the range 1635-1700cm The first compound  whereas a maximum yield of 5% for 500 pppinene are de-
represents 20% of the total amount of nitrates produced acduced from the experiments performedBynn and Moort-
cording to the mechanism, whereas the latter is not pro-gat (2003. The contribution of hydroxy nitrates to these
duced. However, the great majority of the nitrates generatedneasured yields is likely to be substantial. According to the
in thea-pinene mechanism have a structure comparable to 2theory developed bBowman et al(1997), the gas/particle
hydroxypinane-3-nitrate (presence of a cycle, presence of apartitioning ratios is related to the vapour pressure of the
alcohol function, and similar number of carbons), so that wecompound considered. The vapour pressures of small al-
can consider plausible that they absorb in a similar fashiorcohols and diols are usually similar to the vapour pressures
as 2-hydroxypinane-3-nitrate and 3-oxopinane-2-nitrate.  of nitrates and dinitrates of corresponding structuriele,

The model reproduces quite well the observed apparen2001). On the basis of the relationships defined Mgkar
yields for both actinic conditions. The nitrates were quanti- (2001) between the vapour pressure and the carbon number
fied in only one experiment in the UV series. In that case,for alcohols and nitrates, we can expect the hydroxy nitrates
the data at longer times show a sharp increase of the nitratespecies of higher carbon number produced in the oxidation
concentration that could not be reproduced by the model. of a-pinene by OH to have a vapour pressure of the order

The experiments in the visible were performed at differ- of 10~°torr (to be compared with the vapour pressure of
ent pressures of O Experiments 5 and 10 #o,=10mbar,  pinonaldehyde: Bx 10—2torr (Hallquist et al, 1997). N99
experiment 4 atPo,=26mbar and experiment 12 at suggested that both gas-phase and condensed organic nitrates
Po,=200 mbar. Varying the pressure o$ @ffects the decay contribute to the absorption band, therefore the influence of
rate of CHONO. This is due to the main reactions involving the partitioning is not visible in the measurements.
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3.3.6 PANs 3.5 Sensitivity studies

Measurements of peroxy acetyl nitrate (PAN) anrginonyl We evaluate the sensitivity of the model results to three
peroxy nitrate ¢-PPAN) were carried out for almost all sources of uncertainties. The first and probably most impor-
UV experiments.«-PPAN is the main PAN analogue pro- tant of all is the incompleteness of the mechanism. As dis-
duced in the pinonaldehyde oxidation by ORagtechi et cussed in Sec®.4, the reactions of many primary products
al., 2002. These measurements should be considered wittfand radicals are treated in a crude way in the model. In order
caution, since many other PAN analogues are produced io assess the impact of these reactions, the standard model
the mechanism, which can be expected to have very similaresults are compared with simulations where the reactions
IR spectra Koziere and Barngsl998. For example, PAN  of the generic peroxy radicals LXO2 and SXO2 (EB4.3a
analogues (e.g. benzoylperoxy nitrate and peroxy methacryto R18) are switched off. Figur® shows typical simula-
loyl nitrate) show a peak within 1 cnt of PAN in the main  tion results in presence and in absence of NO. When NO
band of their spectra (at 1741 ch). It follows that the spec-  is present, the influence of the generic peroxy radicals on the
troscopic measurements of PAN andPPAN in N99 ex-  concentrations (and therefore on the primary products yields)
periments cover all PAN analogues similar to PAN and s negligible in the first stage of the experiment, because the
PPAN in the reactor. Therefore, we make the assumptiorconversion of NO to N@ are due to radicals generated in
that the sum of the measured concentrations of PANoand the first reactions in the oxidation afpinene. Later on, the
PPAN should be close to the sum of all PANs in the systemchemistry of the primary products becomes more important.
(ZPANSs). Figures and6 display also the sum of PAN and Whena-pinene is almost entirely oxidized, the NO to NO
a-PPAN (lower curve) as calculated by the model for illustra- conversion is largely supported by the chemistry of LXO2
tion purposes (the upper curve representiBANs). Ingen-  and SXO2. This is noticeable on the total PANs concentra-
eral, the model agrees well with the measurements in bottions, which are lowered by about 35% when this chemistry
UV and visible conditions. is omitted.

In absence of vapour pressures data for PANs, the vapour In absence of NO, the pinonaldehyde yield is significantly
pressures of (hydroxy-)PANs can be assumed to be similareduced (to 17 %) when the chemistry of the generic radi-
to the vapour pressures of (hydroxy-)nitrates. Therefore, wecals is switched off. This is due to the fact that the ring clo-
can expect hydroxy-PANs (representing about 30% of the to-sure of RO, promoted by the absence of NO produces large
tal PANs) to partition also to the aerosol phase. The partition@mounts of LXO2 in the first steps of the oxidation process.
ing of these semi-volatile compounds is expected to have dhese radicals contribute largely to the cross reactions pro-

influence on the yields of the gas-phase PANSs. ducing pinonaldehyde.
Although the use of generic radicals allows to simulate
3.4 Pinonaldehyde+OH comparison results NO to NGO, conversions and permutation reactions missing

in our mechanism, it should be considered with caution, es-
It is more difficult to draw precise conclusions regarding the pecially in NQ,-free conditions. The values of and the
pinonaldehyde+OH experiments, due to the small number ofy; in Egs. R12), (R15 and R19 are indeed based on the
experiments. The experiment in the UV indicates an acehigh-NO assumption. However, this method appears to be
tone apparent yield around 20% (Tal@lend Fig.8) which  valid for the simulations presented in this study. For ex-
is well reproduced by the model. In the UV conditions, 30% ample, the simulated concentrations of total PANs as well
of the pinonaldehyde present in the reactor photolyse whileas pinonaldehyde in absence of NO (both largely dependent
8% are lost by adsorption on the walls, leaving only 62% re-on the chemistry of the generic radicals) reproduce well the
acting with OH. This explains the large amount of acetonemeasurements. The other products are not much influenced
produced in the experiment, whereas the primary yield fromby this chemistry: e.g. the total peroxide yield in N®ee
pinonaldehyde+OH only is actually twice lower. Photoly- conditions goes down by only 5% (from the standard case of
sis of pinonaldehyde is assumed to occur mainly around the0%) and the total organic nitrate yield decreases only from
ketone function in the UV. The bond breaking promotes the1l4% to 12% in the experiments in presence ofyNO
R4 radical (see Fig2) leading to acetone. The model cal-  Performing the same sensitivity test in the simulations of
culates that photolysis yields as much as 50% of acetone itypical atmospheric conditions (see S&6), it is found that
these conditions. The apparent yield as well as the primarythe chemistry of the generic radicals has little influence on
yield of acetone are in good agreement with the estimationghe primary yields of pinonaldehyde and acetone. Our rep-
of N99 for the UV conditions. The modelled apparent yield resentation of the missing chemistry in the mechanism can
of acetone is lower in the experiments conducted under visitherefore be considered as reasonably accurate for predicting
ble light because photolysis is negligible in these conditions.the product concentrations in the first stages of the oxidation
However the data show the opposite with a twice higher yieldof a-pinene.
in the visible experiments. The causes of these differences In another sensitivity test, the uncertainties related to the
are unclear. rates of the reactions of inorganic and smalk§¥ com-
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More et al. (1997 and Sander et al.(2000 are used (red
lines) instead of the corresponding rates froikinson et
al. (2003 (standard case, blue lines).
ing k(pinald+ OH)=5x10"11cm=3 molec 1 s~ are also shown
(green lines).

The results us-
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larger discrepancy than when the IUPAC set is used (2%).
These changes remain reasonably small.

The rate of 3Bx 10~ cm® molec 1 s~1 proposed byran-
techi et al.(2002 is used in the model for the reaction of
pinonaldehyde with OH. This value based on theoretical cal-
culations is in fair agreement with the two most recent ex-
perimental values of 45610~ cm® molec 1 s~1 (Alvarado
et al, 1998 Noziere et al. 1999h. Setting the rate to the
higher limit of 5x 10~ cm® molec ! s~1 in the model leads
to a slightly better match with the data for pinonaldehyde in
visible conditions (Fig10). However in the UV conditions,
pinonaldehyde is underestimated, with a calculated apparent
yield of 41%.

3.6 Influence of the photochemical conditions on the mod-

elled product yields

The yield of pinonaldehyde is controlled by reactions of per-
oxy radicals: the reactions with NO, with HCGand with

the other peroxy radicals in the case of the radical®R
and R 20»; and the reaction with NO and the decomposition
reaction in the case of the-hydroxyalkyl peroxy radicals:
R30,, Rgo; R130>, ngoz (Fig. 1). Consequently, as ex-
plained in Sect2.3 the yield depends on the photochemical
conditions. Figurell represents the yield of pinonaldehyde
as a function of NO and-pinene. The solid blue line is the
yield generated by the model with an initial concentration
of a-pinene of 400 ppb (%103 cm®molecule’d), typical of

the N99 experiments (standard case). In the chemical regime
(A) (a “low NOy" regime), the cross reactions of the peroxy
radicals are dominant over the reactions with NO and the de-
composition ReactionR8g and R9) are the only reactions

of the «-hydroxyalkyl peroxy radicals. The pinonaldehyde
yield is limited by the alkoxy channel ratio in the permuta-
tion reactions of RO, and R20,. The regime (B) is char-
acterized by a transition where the NO-reaction gbRand

pounds have been investigated. For that purpose, the ratgg,,0, compete with the permutation reactions. This transi-

proposed byAtkinson et al.(2003 (IUPAC) for these reac-
tions are replaced by those proposed®More et al(1997)

and Sander et al(2000 (JPL). This substitution affects the

levels of OH and, therefore, the oxidation ratesspinene.

As seen in Fig10, this rate is slightly higher when the JPL
setis used. This difference is mainly due to two reactions:

OH+OH+M — HxO, + M (R30)
and,
OH+NO+ M — HONO+ M. (R31)

Atkinson et al. (2003 report rates of 26x10°12 and
9.71x10 2cmPmolec!s~! for Reactions R30 and
R31, respectively, wherea®eMore et al. (1997 gives
different rates for both reactions, 5908012 and
7.39x10 2cmPmolec s, respectively.

tion takes place at higher NO levels when the concentration
of a-pinene is augmented, as shown by the dotted blue line
in Fig. 11 calculated using a higherpinene level. The high-
est yield (61%) is reached when the NO-reaction is the only
reaction for the radicals 0, and R 202, and is still negli-
gible compared to decomposition of thehydroxyalkyl per-

oxy radicals R9) (regime C). For NG-100 ppb (regime D)
kr10 becomes effective and reduces the production of pinon-
aldehyde. However the reaction of the tertiary radicsgDR
with NO plays only a minor role for NO concentrations be-
low 10 ppm.

Other a-pinene+OH experiments were performed with
NO levels similar to those used in N9®tatakeyama et al.
(199)) derived a yield of 78.5% (value adjusted by N99),
whereasWisthaler et al(2001) deduced a yield of 349%.

When the A few experiments were made at higher concentrations of

JPL set is used in the visible simulations, the modelledNO. Arey et al.(1990 andHakola et al(1994), with about
apparent yield of pinonaldehyde is overestimated by 5%, al0 ppm of NO derived yields of 285% and 2%5% respec-

Atmos. Chem. Phys., 4, 2288311, 2004
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Fig. 12. Primary yields of total hydroperoxide (black curve) and
2 o0.af i total nitrate (blue curve) as a function of the NO volume mixing
3:) ratio (VMR) in atmospheric conditions, witlxfpinene]=500 pptv.
5 o.12f 1
g
o.10f ? ] concentrations of [NO] range from several ppt to several
0.08 hundreds of ppt. It follows that the-hydroxyalkyl peroxy

radicals R and R 3 decompose entirely to pinonaldehyde.

0.06F ] The influence of the reaction with NO (EB10 remains re-

L L L stricted to laboratory conditions when [N®]100 ppb. The

L S other usual reactions of peroxy radicals compete with each
other in the atmosphere. In particular, we can expecg,HO

Fio. 11 Vields of i ldehvd ) and ‘ CHz0,, and the peroxy radicals produced by the oxidation
9. 22 1elds of pinohalgenyde (upper p"?“?e) and acetone ¢ isoprene and the other NMOC:s to play a significant role.
(lower panel) as a function of the NO volume mixing ratio (VMR). . .
The blue curves correspond to laboratory conditions, wéth [ The c.iependen.c.e of t.he pinonaldehyde V,'e'?' on the pho-
pinene]=400 ppb (solid lines) owfpinene]=20 ppm (dotted lines). tochemical conditions in the atmosphere is illustrated by
The black curves correspond to atmospheric conditions, with [ the black curves in Figll They represent the yield
pinene]=100 pptv ord-pinene]=500 pptv (dash dotted lines). calculated with the box model in relatively typical atmo-
spheric conditions, with [Ck]=1.7 ppm, [CO]=300ppb (a
higher than usual mixing ratio in order to represent the ef-
tively. These results are in fair agreement with the mod-fect of other NMOCSs), [@]=30 ppb, T=298 K, relative hu-
elled yield considering the uncertainty on the ratggakkzsp midity=50%, and §-pinene]=100 ppt (solid line) or 500 ppt
and kgo. They tend to confirm the predicted decrease of(dash dotted line). The photolysis rates are those reported
the pinonaldehyde yield for NO concentrations higher thanin Tables4 and 5. In these conditions, [OH] and [H]

100 ppb. are calculated to range between 4 and16® and 3 and
The yield of acetone is also dependent of NO. For4x10® molecules cm?, respectively.
NO<1 ppb, the ring closure reaction of radicals@3 out- The pinonaldehyde yield varies significantly with the level

runs the other reactions and the acetone production pathwayf NO from about 10% (N®5 ppt), in clean conditions to
proceeding through the reaction of® with NO or RG more than 50% for N@200 ppt. This variation results al-
is negligible. The ring closure products being not explic- most exclusively from a competition between NO- andHO
itly known, it is unfortunately not possible to provide theo- reactions of the peroxy radicals. The permutation reactions
retical estimates of the acetone yield at low N@gime A bring only a minor contribution to pinonaldehyde produc-
and B). In regime (C) (N@100 ppb), the ring closure reac- tion. Thea-pinene concentration has therefore little influ-
tion becomes negligible and the acetone yield is estimate@nce on the product distribution. Note that the chemical in-
to be about 10%. In regime (D), the channel promoted byteractions with other NMOCs and in particular the biogenic
R30,+NO brings an additional contribution to the primary compounds are not taken into account in these calculations.
yield of acetone which reaches 17% for 100 ppm of NO.  The photooxidation of isoprene, the most abundant biogenic
In the atmosphere, the abundances-ginene and NO are  NMOC (Guenther et al.1995, generates peroxy radicals
usually much lower than in the reactor. Typical atmosphericbearing alcoholic and allyl functionalitie®éulson and Se-
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infeld, 1992. Half of them have self-reaction rates typical of initiated oxidation otx-pinene) can be assessed to a good de-

the R1H or R2M class (see Tal#g We can expect the cross gree of confidence. Since a rigorous evaluation of every pos-

reactions between these radicals and those fregmene to  sible oxidation step is not possible in a realistic time frame,

occur in the canopy and to offer an additional channel to thefocus should be given to the main oxidation pathways and

production of pinonaldehyde. to the formation of critical compounds, e.g., acetone or SOA
The dependence of the total primary nitrate and hydroper{recursors.

oxide yields with NO has also been calculated for typical . . .
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