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Absiraci—Kmetic and mechanistic data refevant 10 the tropospheric oxsdation of wolatile organic com-
piands (VOCs) are used to define a seebes of rubes for 1the construction of detaibed degradation schemes fof
ase im numerical models. These rules are meended 1o apply to the treatment of & wide range of nom-aromatic
bydrocarbons and oxygenaved and chlormated VOCs, and are currently being wsed 1o provide an
up-to-date mechandam describing the degradation of & range of VOOs, and the producthon of secomdary
axidants, for use in a model of the boundary layer over Europe. The schemes comsiructed usang ths
protoc are applicable, however, bo a wide range of ambient conditions, and may be employed i models of
urban, roral of remdie tropospheric envirpnments, of Tor the gmalation of secondary pollutant formation
for & range of NO o VOO emission scenarios, These schemes are believed 1o be pariicularly appropriate
for comparalive assessments of the formation of caldants, such &8 arose, from the degradatson of arganic
compoumds. The protocol is divided inte a series of sabsections dealing with initiation reactions, the
reactions of the radical ifermediates and the fwrther degrndation of fird and sobsequent gemeration
proddiocts. The present work deaws heavily on previous reviews amd evaluations of dafa relevant 1o
troposphenc chemistry. 'When: necessary, however, existing recommendations are adapied, of new rules an:
defimed, ta reflect recent improvemends i the databese, particularly with regard Lo the ireatment of perooxy
radical (RO ) reactions lor which there have been major advances, even since comparatively receni reviews.
The present proedocol aims 1o take mto consideration work available in 1be open literature up 1o the end of
1994, apd soene lorther stodies known by (ke auihors, which were under review al that time. A majar
disadvantage of explicit chemical mechanizms & the very large numiber of reactions polentially generated, i
a series of rubes is rigorously applisd. The prodocol 2ims to limid tke namber of reactions in a degradation
scheme by applying a degres of strabegic simplification, whilst maintaining the essendial features of the
clemistry. Thess simplifbeation measores ane described, and their isfloence s demonsirated and discussed.
The resultant mechanisms are belseved to provide a switable starting poind for the generation of reducsd
chemical mecharisms. Copyright 1) AEA Techmology. Published by Elsevier Science Lid
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L. INTRODLCTIO

It is well established that the degradation of volatils
organic compounds (VOCs) in the troposphers leads
to the production of a range of secondary pollatants
which may have a harmful impact on homan health
and on the environment [Leighton, 1961 Finlayson-
Pitts and Pitts, 1986, Wayne, 1991} The complste
gas-phase oxidation of ¥YOCs into carbon dioxide and
water ocours predominantly (but not exclusively) by
sunlight-initiated mechanisms, and prodwces carbon
monoxide and a wvariety of inlermediaic oxidised

Bl

ofganic products, some pitrogen-containing, which
may have detrrmental henlth effects, for examples ps
carcinogens or mutagens (PORG, 19%93). Further-
more, certain oxidised organic producis, particularly
ihose produced (Fom larges oF mode complex Vs,
are sulficiently mvolanle to promeoie aeroso] forma-
tinn and gromh (e.g, Finlayson-Pitts and Pitts, 1986
Cirosgenn andd Seinfeld, 198% Pandis o ol 1992), OF
particular importancs, however, is the generation of
ozong a8 & by-product of VOO oxidation in the pres-
ence of nifrogen oxides: czone 5 known (o have
adverse effecis on health, vegetation and materials, it
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is o greenhouse gas, and it promotes the oxidation of
trace gases both directly, and as a free radical precur-
aof (eg. WO, 1986, PORG, 1993; TPOCC, 1995).

The relative contributions of ¥OCs to the forma-
tion of specific secondary pollutants vary from one
compound o another by virtee of differences in reac-
tivity and siructure, since these factors influence the
rate of oxidation and the precise oxidation pathway
{Le. the degradation mechanism) Some published
studies which have ranked ¥OCs by their ability to
generate ozone have therefore involved the use of
trajectory models of the planciary boundary layer,
incorporating detailed chemical schemes describing
the degradation of the rangs of crganic compounds
considered (Derwent and Jenkin, 1991, Anderszon-
Skold e al, 1992 Derwent et al, 1996) The produe-
tiom of certain oxidised organic products i ofien even
more semsitive to the sirecture of the parent com-
pound, and therefore the ability of a chemical scheeme
to represent accurately the production of secondary
pollutants depends strongly on the assumptions mads
in defining the scherme,

In recent years, the availability of kinetic and mech-
anistic data relevant to the oxidation of ¥OCs has
increased significantly, and vanoos aspecis of ihe
tropospheric chemisiry of argamc compounds have
been reviewed extensively (eg. Atkinson, 1990, 1994;
Roberts, 1990 Wayne er al, 1991; Lightfoot et al,
1992k In this paper, the available information s used
to define a series of rules which can be used to con-
struct detailed degradation schemes for a range of
organic compounds, for vse in numerical models,
These rules are intended to apply to the freatment
of many hydrocarbons and oxygenated and chlorin-
ated ¥VOCs, with the nomble exception of aromate
species, for which there are still major uncertainties
in our understanding of the detailed chemistry. The
compounds which are currently being addressed ws-
ing this protocal {listed in the Appendiz) were taken
mainly from the UK. speciated emissions inventories
{PORG, 1993; Rudd, 1993) The osiginal objective of
thiz work was the provision of an up-to-date mecha-
nism which could be used 1o describe the degradation
of & range of VOCs and the production of
secondary photochemical pollatanis in the boundary
layer over the UK. and continental Europe, and
a preliminary vergion of the mechanism has recently
bieen assembbed (Jenkin er al, 19961 The present work
draws heawly on previows reviews and evaluations, in
particular the numerous, excellent publications af Al-
kinson and co-workers (g Carter and Atkimson,
1985; Atkinson, 1990, 1991, 1994; Atkinson and
Carter, 1991 Whers necessary, existing recommenda-
thions &re adapied, of new rules ame defined, to reflect
recent improvements in the database, particulasly
with regard 1o the treatment of peroxy radical (BO;)
reactions for which there have been major advances,
even since the comparatively noeent neviews of Light-
feot et al. (1992} and Wallington et of, (1992}, The
present protoecol aims to take into consideration work

avpilabde in the open literatore up 1o the end of 1994,
and some further studies known by the authoss, which
were uncder revdew al that time,

The mapoer disadvaniags of explicit chemical mech-
anisms & the very large number of reaciions poten-
vally generated, if a serles of reles is fgorously
applied. A practical protocol for mechanism develop-
ment must therefore aim to limit the number of reac-
tions in & degradation scheme, whilst maintaining the
essential features of the chemistry and minimising
significant & priori assumptions. In the present work,
a degree of strategic simplification is applied which
substantially reduces the total pomber of reactions
describing the degradation of a given YOO, This is
illustrated wsing the OH-initated degradation of
isoprens 1o first generation products as an example.

L STRUCTURE AND METHODOLOGY

The protocol, owtlined in Section 3, is designed o
allow the construction of comprehansive and consis-
tent degrndation schemes for a range of VIOCs, It is
divided into ten subsections In Ssctions 3.01-3.3, the
initiation reactions of OH radicals with organic com-
pounds are considesed, and gusdelines are established
to indicate for which compounds O and MO initiated
chemisiry 15 also bkely to be mmporiane, and should
also be treated, Photolyss reactions, which are signifi-
cant for some classes of WOCs, are identified in Section
34 and photolysis rates are assipned o a series of
genenic reactions. In Sections 3,5-39, the reactions of
the reactive intermediates {organic madicals, peroxy
radicals, Cricgee hiradicals, oxy radicals and chiorine
atoms) penerated as a resul of the minaipon chemisiry
are identified, and variowns genenc parameters and cri-
ferin are summarised. In Section 3.10, the further
degradaiion of frst, and subseguent generation prod-
ucts 15 discussed

As an example, the degradation chemistry of botans
defined by the protecol is displayved schemarically in
Fug 1. Thes dlustrates some of the types of reaction of
the peroxy (RO:) and oxy (ROY) radical inermedianes
which are conaidered, and also a range of carbonyd,
hydroperoxide, carboxylic acd, percarboxylic ackdl, ni-
trate and peroxy nitrate products which are generated.
The chemisiry along a given degradation pathway is
developed ontil butane is broken down ineo GO, OO or
an orgamc product (o7 rdicall which is treated indepen-
dently. Thus, in the present case, the fimst generation
curbonyl products, butanone (CH OO Ha) and n-
butanal (#-CyHCHO), are degraded no further, as they
are primary smitied compounds which are trewted inde-
pendenily (see the Appendix). In contrast, the hydroxy
aldetyyde, HOCHCHCH, CHO, is further degraded
wia a second generation product, HOCH ,CHCHO,
hefore vielding COy and the radicals, HCO and
HOCHyCH 05, which are fonmed lrom the degrada-
trai ol HCHO and CyH,, reapectively, and therefore
treited in the schemes for those compounds,
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Fig 1. Schematic representation of the degradation of butane, shawlng most of the chemisiry which makes
up the mechamism for ikis compound.

The robes defined below are also designed to lead
W some strategic simplificaton in the degradation
schemes generated. This is generally achieved in three
WHYSE!

{i} The number of product channels resulting from
the attack of OH on many VOCs is limited by dis-
regarding those of low probability (s2e Section 3.1).

(i) The many “permutation reactions” of a given
peroxy radical are represenied by a single para-
meterised reaction (see Section 3.6.5)

fiil} The degradation chemistry of the products s
significantly simplified in many cases, particularly for
the “side prodwects™ such as organic nitraies, peroxy
nitrates, hydroperoxides. percarboxylic acids, car-
boxyvlic acds and aloohols, since thess are usnally
comparatively minor (see Section 3100

The effect of (i) and (i) in significantly reducing
the number of reactions is illustrated in Section 4,
where 2 scheme describing the OH-initiated degrada-
tion of isoprene to first generation products, construs-
ted wsing the present prodocol, i@ compared with &
recently published scheme which does not incorporate
these aimplifications (Jenkin and Hayman, 1995). The
mifluence of (lii} becomes apparent i, for example, the
twa [minosd hydroperozide products (CHLOH,-
CHpCH OO anad CHCHIOOH PCH : CH ) formeed
from the degradation of butane (Fig. I} are con-
sidered. The reaction of each of these prodocts with

H has five possible reaction channets, with the suh-
seguent producton of a range of peroxy redicals and
very minor comphes oxygenated products, which
themsslves nesd to be depraded. This is clearly dispro-
portionately complex compared with the degradation
of the parent VO, which only has two channels,
Consequentiy, the OFl-initiated breskdown of each
hydroperoxide s described by two reactions which
are designed 1o propagate HO, and to produce oxy-
genated products afrendy consadersd (see Fig. | and
Section 3.10.4). This, and similar assumptions applied
1 the other minor prodects indicated above, leads o
a huge reduction m the total number of reactions
genernted in a given scheme. However. the essential
features of the chemisiry are believed to be retained,
simce the eliminated reactions make only o very minaor
overall eontribaulion.

3. PROTOHOH. FOR MECHAMISM DFEYELCEPATENT

Y1 OH radical inlvlation rescrions

A1 Rares of initfation reacrions. Rate coefficients
for the reactions of OH with the arganic compounds
have been reviewed extensively by Atkinson {1959,
1534}, with recommendations mads in o large number
of cases. These recommendations are used unless
superseded by more recent evaluations. If recent
laboratory determinations are available which are
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likely to influence, or form the basis of, future recom-
mendations, these are also 1aken into sccoant. Where
na experimental dota exist, rake coefficiznts appropri-
ate o MEK are estimated by the strocture-activity
relationship (SAR)] method devised by Aikinson
(1957}, and recently updated By Kwok and Atkinson
(1995}, for alkanes, carbonyls, aleohols, sthers and
chlorinated hydrocarbons, and the methoed of Pesters
er al, (19%04) for alkenes and dicnes.

3LLE Imiticl radical praducts. Where the relative
importance of product channsls for the reaction of
OH with & given YOO has been determined by labor-
atory investigation, the data are wsed accordingly,
This information is generally available in the kinetics
evaluations. In the majority of cases, such data are not
avatlable, however, and the inital distnibetion of rad-
ical products is estimated from partial rate cofficients
calowlated using the SAR method (Atkmson, 1987,
Peeters er al., 1954L

In some cases, the chemistry is simplified by limit-
ing the number of product channelks. As a general rule,
anly a masimum of four product channels s con-
sdered. For comparatively smaoll molecules for which
=4 product channzls exist, they may all be treated. If
a channel represents < 3% of the reaction, however, i1
is disregarded, and the remaining channels scaled
proportionaiely fo maintain the same overall rate
coeffclent. Where more than four channels exist, sim-
plification 15 achieved as follows:

(al For relavvely small molecules |05, minor
channels collectively representing up to 10% of the
reaction are disregarded, and the importance of the
remaining channels scaled proportionately 1o main-
tiin the overall rate coefficient,

{b) For larger molecules, it is uswal for mamy
“minor” product chanpels o exist. In these cases
radical products possessing similarities in their sub-
sequent degradation chemistry are represented by
a single radical species (2.g. secondary alkyl radicals
formed from long-chain hydrocarbons, for whech the
alkoxy madicals formed subsequently all have |, 5
isomerisation as their dominant fatel.

12, Oy imitimvion reaclions
Cryeimitiated degradation chemistry is included for
those WiOCs for which both the following relations
apply:
kO, = VOO = 107 %%(0H = VOO
E(Dy & YOO = 107 cm? molecule 57

These relations were formulated on the basis that
typical ambient concentrations of OH and O, in the
boundary layer are 10® and 10'% molsculzcom ™ ®, re-
spectively. Thus, the first criteron applies when the
removal rate by reaction with Oy exceeds 1% of the
removal rate by reaction with OH, and ihe second
when Lhe Ifetime of the YOO with respect 1o peaction
with £, s less than 107 (L. ca. 100 d) Oy-dnitinted
degradation is expected to be imporiant only for

alkenes, diepes anmd some unsalurated oxygenated
proxliscts,

121, Rares of indvlation reacrions. Rate coctficients
for the reactions of Oy with alkenes, dienes have been
reviewed by Atkinson and Carter {19584) and recenthy
by Atkinson (1992}, with recommendations made in
many cases. These recommendations ane used unless
supersaded by more recent evaluations. IF recent la-
boralory determinations are available which are like-
Iy to influence, or form the basis of, foture recommen-
dations, thess are also taken inte acoount, Where no
experimental data exist for monoalkenss, an appro-
priate generic rate coeffickent defined by analogy s
used, as indicated in Table 1.

122, Imitial products. The reaction mechanisms
follow the pensral pattern described by Atkinson
(1994), with addition of azone o the double bond
teading mitinlly to the formation of an energy-rich
ozomide. In the present work, this ozonide is assumsd
1o decompose equally by the two possible channels,
each forming a carbonyl compound and an energy-
rich “Crieges™ iradical:

Oy + RR'C=CR*R' = RCIOR! + [RECIOOIRS "
(la)

—~REC{OIR? + [RC{OOIR']*
L]

In the case of the unsymmetric diens, isoprene (the
only such compound considered in the present work),
addivion of ozone 1o the less substituted double bonsd
i5 assumed to be favoured relative to the more sob-
stituted double bond by a factor of 1.5, which is in
accordance with the results of receni studies (Gros-
Jean a al, 1993a; Aschmann and Atkinson, [994)

X3, MWLy rpdical imiffation reactions

MOy-initiated degradation chemistry is included
for those VIOCs for which both the following relations
apply:

E(NO, + VOC) = 107 *K{OH + VOC)
E(NOy + VOO = 1071 e modecule ~'s7F,

Tabhle I. Generic rate coefficients used for the reactions of

Oy with alkenes
Jepenc alkene K[Z9EF Comment
CH,=CHE 1.0 ]
CH,=CRE* 1.3 c
CHRE=CHR' 161 d
CHE=CR"R? 400 2
CER'=CR*R* 100 r

* Units 1077 cm® modecude™ ' 57 12 ¥ the mean of recoms-
merdled walues for propene, |-baotene, l-pentene and 1-
hexene {Atkinson, 19941 * the mean of recommended values
for methyl propens and G-pinene (Atkinson, 1994 ¢ the
mean of recommended values for cds- and rans-2-batene
(Atkinson, 1594) ° based on Z-methyl 2-batene (Atkinson,
1994 " based on 2,3-dimethyl 3-butene (Atkinson, 1994).
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These relations were formulated on the basis that
typical boundury laver concentritions of OH and
MO, are 107 and 107 moleculeem ™2, respectively.
Thus, the first cnterion applees when the removal rate
by reaction with MO exceeds 1% of the removal rate
by reaction with OH, and the sscond when the lLife-
time of the VO with respect to reaction with WOy s
less than 107 % fie ca, 100 d). NO -initiated degrada-
tion is therefore believed to be important for alkenes,
diznes, aldehydes and ethers (also for some aromatics,
although not considered in the present protocoll

3.3.1. Rares of iitiation reactions. Rate coefficents
for the reactions of MO, with organic compounds
hiave been reviewed by Atkinson (1991, 19%4) and by
Wayne e al. [1991), The reviews of Atkinson also
make recommendations in many casss, These recom-
mendations are wsed, unless superseded by more re-
cent evaluptions, If recent laboratory determinalions
are available which are likely to influence, or fotm the
basis af, futwre recommendations, these are also taken
kg aeeount.

The reactions of MOy with aldzhydes for which no
experimental data exist are all assumed (o proceed ot
a rate equal 1o the reaction involving acetaldehvde
irate cocffickent recommendsd by Atkinson, 1991,
15994):

Ny + RCHO -« HNO, + RCO (jed]
ky o= 144 10 Hexpi — 1862/ T,

The kinetics of the reactions of N0, with dimethy
ather, diethyl ether, di-n-propyl ether and methy] r-
butyl ether have been studied by Langer and Ljong-
sirom {19941, and the reported rate coefficients are
used accordingly. Partial rate coefficients for methyl,
ethyl, mpropyl and -butyl groups of 0,13, 1.80, 333
and 0.31 (in units of 107" cm® molecule ™5™ ) may
be inferred from these data, and wers used for these
groups and related hydroxy substituted groups in the
cthers and glycol ethers conssdersd in the present
work. I the absence of experimental data, the partial
rate coeflicient for the n-bulyl group is assumed equ-
valent to that for the n-propyl group.

Rate cocfficients for the reactions of MOy with
mionoalkenes increase dromatically with alkyl substi-
tution [Atkinson, 1991, 1994, Wayne of al, 1991}
Table 2 lists a serics of genetic rate coefficients, which

Tabde 2. Generic rate coeficents used for ke reactions of
MWy, with alkenes

Generic alkene el Reference alkene
CHy=CHR 1.2 CHy=CHC;Hg
CH,=CRR! 150 CH;=C(CH )y
CHE=CHERE' 70 CHyCH=CHCH;
CHR=CRER: W00 CH,CH=C{CH,),
CRRI=CRERY T000 (CH, ) C=CICH b

* Unpts 107" cm® modecube™ ' 57" race coefficients taken
[raimn Adkisson |1954E).

were eflimaled by analogy. These are used in the
absence of available experimental data.

132 Initial radical products. The reactions of
WDy, with akizhydes arz pssumed to procesd via ab-
straction of the aldehydic H-atom, leading to the
produectioa of acyl radicals, a8 shown in reaction {20
The resctions with ethers and glyeol ethers are also
assumed to resoli in H atom abstraction, although
there are insufficient data to assign the distribution of
the initial radical products with any certainty, In the
present study, therefore, the relative attack rates at the
two organse groups are determined from the partial
rate goeficients inferred abowve. With the excspiion of
the r-butyl group, abstraction s pssumed to ocour
exclusively at the carbon atom adjacent to the cuygen
linkage.

The attack of MOy on alkenes is assomed 10 pro-
ced by an addition mechanism, leading to the forma-
won of F-nitro-oxy alkyl radicals, which is consistent
with available product studes (eg Shepson et al,
1985, Barnes er al, 1990 Hjorth er al, 199%0) In the
presenl work, the addition of NOy 1o alkenes of
generic formulae CH,=CHR, CH,=CRR' and
CHR=CR'E" is asumed to occur on the less alkyl
substijuted carhon 65 80 and 63% of the time, respec-
tively, Thus, in the case of CH.=CHE:

MO, + CHy=CHR — CH,[ONOJCHR (65%)(3a)
~ CHLCHIONOLIR (35%).03h)

For unsymmetric alkenes of generic formuls
CHR=CHR' or CRR' =CR*R?, N0, is assumed 1o
add equally at bath sies

O the bpsis of the data of Skow e al (19%2), the
addition of MO, to 1,3-butadiene is assumed to oogur
only at the ferminal carbon atoms, and in the case of
isoprens, entirely at the terminal carbon adjacent o
the methyl substitution.

14, Initiation by photelysis

Photolysis reactions are considered for simple
carbonyl compounds, such as aldehydes and ketones
which are both emitted into the troposphers andd
formed as degradation products, and also for many
ather complex carbony] compounds, hydroperoxides
andd organmic nitrates which are generated as degrada-
tion products. Certain classes of carbonyl compound
{eg carboxylic ackds and esters) do not absork signifi-
cantly at wavelengths above 290 am (Calvert and
Pitts, 1966), and photolysis reactions are therefore not
considered for these species.

Relevany species for which available absorphion
cries-section and quantum yield data allow the deter-
mination of photolysis parameters are given in
Tabbe 3. Photolysis rates as & function of solar zenith
angle were determined from these data using a two
sipcam isolropee scattering model as described pre-
wiously (Hough, 1988), for clear sky conditions &t an
aliitude of 1.5 km, The results are plotted in Fig. 2 for
aeetaldehyde and acstone. In each cass, variation of
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Fig. L (@) Calculated photolysis rates of aceialdetyyde and

apetone as & fupctbon of solar zeninh angle (clear sky, 0.5 km

altitode; see bexll (==«) varation of phoolyss rabes with

solar zemith angle defined by parameterisation given i
Table 3.

photolysis rate with solar zenith angle can be de-
seribed well by an expression of the following lorm,

4 = Heos )™ exp{ — nsecy) (i}

by vplimising e values of the tiree paraneiers, [
m atd m. The resulis of this procedure afe shown in
Fig I for acetaldzhvde and acetone, and the opti-
mased parametess for all the species constdered are
also given in Table 3. In some cass, the parameters
determined for these photolysis reactions are also
wsed to describe the rates and products of photolyss
of a series of related compounds for which the re-
quired mformation i not availabbe, eg w-C,H,CHO
for straight-chain aldehydes. These peneric reactions
and the adopted photolyss rates are piven in Tablc 4.

15 Rescriors of organic radicals

The large majority of organic radicals (R) resct
rapidly and exclusively with oxygen under tropo-
spleric conditlons, 1o form stabilised peroxy radicals,
H.Dz:

B+ Oyl +M) = RO( +M] (4}

This is assumed in all cases axcept fof thoss shown
below, where decomposition of either the organic
radical itself, or the intermediate peroxy radical is
believed to oocur, leading to the overall chemistry
shown, under tropospheric conditions;

Specific caves:
HCO + 0} = OO0 + HODy (5}
HC(OIC0{ 40;) = CO + C0 + HO;  (60%) (6a)
— HOOMCION0 401 (6
HOCH=CH{ +0,) - (CHO), + OH  64%) (7a)

= HUL + HOOOH (346%). ( Tb)
General coses
a-hydroxy radicals:
BOIOHIRE + Oy — ROIDR" & HO, %)
vinyl-type radicals:
RR'C=CR" + Oy = RC(OWR" + R"C[O} (%)
w-carbonyl acyl radicals:
RCIOPCO +00) = CO + OO0 + ROy, (10§

The terminal addition of OH or MO, to the con
Jugated dienss conssdered in the present work (13-
butadiens and isoprens) leads 1o the production of
hydroxy or niteo-oxy substiied organic radicals
containing an allyl resonance. Consequently, the ad-
chiizon of Cr; i these easee can lead 1o the production
of twi posaible peroay radicals. In the hydroxy sub-
stituted cases, the peroxy radical i5 assumed to be
produced at the more substituted site with 75% prob-
abality, since this assumption has been shown to lead
to & reaconable description of the observed products
of the CH-nitated degradation of isoprene (Jenkin
and Hayman, 19950 In the pitro-oxy subsisooied
cases, the formation of the peroxy radical exclusively
a1 the other terminal carbon (e 1,4 addition) is as-
gumed for eopeene, whereas 14 additson and 1,7
addition are assumed to compete equally for 1,3-bu-
taciene. These assumplions are based on the data of
Skov er al. [19%I)

6. Reactions of peroxy radical irrermiediares

There ars several reactions of the peroxy radicals
(R, which are treated, namely the reactions with
PICH, PIOA;, MOYy, HUY; and with itself and other peroxy
radicals (R'05).

161, The recctiors of ROY, with MO, Whers ap-
plicable, the kinetic data applied to these reactions are
the recommendations made by Lightfoot e al. {1992),
and the mose recent sefles of measurements made by
Sehested et al. {1993) and Langer et al. {1994, 19951 In
all cases other than CH,0;, only a value at 208K is
available, and the temperature dependence is assumed
equivalent to that for the reaction of CHyOyp with
MOE/R = — 180K} Where no experimental data
are avatlable, generic rate coeffickents are defined by
the expression

kig = 4.1 2 10~ P pxp 180, T ) i)

which is the groduct of the rats coelficeul rsvonunme-
ded by Lightfoot er gl {1992) for the reaction of
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Table 4. Cenerivc photdysiz rescimm sud adupEol posesions

Phodal s
Reactlon parameter

Abdehydes
RCH,CHOQ —« HCO « RCH, g
BEECHCHO - HOO + RCHR 4y
ERERCCHD —= HOD + RCR'RT i
BRRC=0R"}CHO —+ RRC=CR" + HCO Ay

—+RRC=CIR" )00 + H I
Ketones
RLICE — RLOUY 4 K 4"
RODOR1=CRE"R™ — ROO + RC=CRR™ Ju
aedicarbompls
ROIOHCHO — BOO 4 HOO e
ROIDMOMOE — ROO + BCD Lo
W pdroperosites and percarhoxyiic el
ROOH — RO < OH Jis
(lrgemic AfiFaEs
RCH,ONOy — RCHO + Wiy gy
RR'CHONO, = RR'CHO 4 MOy T
RR R COMND, — RE RSO0 4 Ny o
ROOMCR' R OMNO, = ROIMCR'R™D + WO, Jun

— ROy & BCICHR” & NDy Jie

"Where there B oa Choice of orgaae radical eliminated, icrtiary is fa-
wauned over stcondary over primary, and within these catepories, larger

over smaller.

Tahle 5 Generic rale coglfbeients for reactions of RO rad-
eals with MLY Ky, =4, = 10 "FexpllERT 1}

Oirganic group r
€, amd C; (except chlorirmped)® 1.0
T lm = X expept m',|l!-|:I:||]r:-:l'.irl.a.l:li'|t eapl—OLITin — 1
oy and Oy je-chisrinaied P
iy and C {fi-chlarinatsd)® 1.
C,im = X afchlorinated) 1.0
Ayl .7

* Based om data for CHpOr, HOCH O, CoH0y and
MO CHa 0, (Lightfeor of al. 19935 Yhosed on data
presented i Fig 3 fsee ieaif “ based on dal:.a for CHCHO,,
CF 00y, CFC, 0 amd CCLD; (summarised by Sehested
of al, 1995 fhapsd an data fer CFCOLOH,O; and
CTFCICH 0, diammarised by Sehested o al, 1993) " as-
suimed unity in the absence ol available datar ' based on data
Fae CHLOWOD, (Lightfood of of  1007)

CH.0; with ™00, and an efficiency factor, £ The
valwss of f representative of different classes of per-
oxy radical are given in Table 5. These were assigned
on the basis of available room emperature daca for
the range of reactsons of RO, with MO (Lightfoot e
al., 1997 Sehested of al, 1993 Langer er al. 1994,
1993), For example, the most extensive set of data for
alkyl and S-oxygenated radicals (shown in Fig. 3
indicates a progressive decrsase i reactivity as the
size of the organic group becomes barger, which 1
reasonahly well descrnibed by valoes of = expd =017
w i — 10}, where v is the carbon number, for =0,
peroxy radicals. Consequently, corresponding values
of far: applicd vo all alkyl, § oxygenoted and remate-
Iy substituted peroxy redicals containing three or

Pl

-prlnrrql-:ub ]

kWY

arpE

Carbeen mumber § &

Fig % Room temperature kinetic dala for resclias of &lkvl

and f-hydrony alkyl pesoxy radicals with HOY; (open sym-

bolsh and MO jclosed symbols) as a functes of carbon

nigmber. Lings are recommended expressions for these 1yvpes
af reacisen given in Seclon 1.6

mare carhan atoms. These vilues of fare also used for
the reactions of the f-nitro-oxy peroxy radicals For-
med from the addition of NG; 1o alkenes.

The Mllowing 1wo channsls are consudersd lor e
reactions o ROy with MO

RO, 4+ MO = RO + MO, {11a)
— R0, (11k)

The pssigned branching ratios for (he nitrate-forming
channels, kyyefkyp 4 Eypae) are based on experi-
mental mespurements, where possible (Carter and
Atkinson, 198% Lightfoot & al, 1992).
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Where data are not available, ratios for other pri-
mary, secondary and tertiary alkyl peroxy radicals
are calculated using the expression recommended ori-
ginally by Carter and Atkinson (198%9) and sub-
segquently by Atkingon (1990, 19941 On the basis of
available data For perosy radicals formed from
propens, methyl propens and cis-2-butene (Shepaon
et al, 198% Lighifood e al, 1992 Muthuramu e al,
19493, ratbos for f-hydroxy ROy, for which expeni-
mental dota are not available, are mken 1o be 0.3 of
the values for the corresponding unsubstituied alkyl
R},

With the sxecsption of A-hydeoxy RO radicals,
branching ratios for other RO, posssssing lunctional
groups remede from the peroxy radical centre are
also caloulated wsng the expression of Carter and
Atkinson (1989 for alkyl perony radicals of the
sarme carbon number. Ratios for -hydroxy RO e
formed following 1,5 somerisation reactions of oxy
radicals a5 described below) have long been suspected
to be somewhat lower than for the unsubstituted
counterparts (Carter and Atkinson, 1983 Carter,
1995), and nitrate formation has oflen been assumed
not to occur in these cases. However, dhydroxy alkyl
nitrates have recently been detected as products of the
oxidhntion of hexane [El:'rE'.rha.l.‘d. el al., 19951 The tenta-
tive yields in that study, and the recently observed
cham formaton of MO dunng the oxidation of
a series of O~ alkanes (Hoffmann er al, 1995) may
be interpreted in terms of the formation of the organic
nitrate being ca. 40% as efficient for d-hydroxy RO
compared with the corresponding alkyl peroxy rad-
icals {ie, the same carbon skeboton), and this is as-
sumed in the pressnt work,

For acyl and s-carbonyl RO, radicals, the ratio is
taken as zero, on the basis of observations for
CHCOW: apd CHCOOPCH O (Laghtloot e al,
19921, For simplicity, and in the abssnce of definitive
product data, the ratios for the f-nitro-oxy peroxy
radecals are assamed (o be 2ero,

O the basiz of data presented by Lightfoot e al.
{1952, walves of ko 0k g, + &yl for the Cg allyl-
type peroxy radicals derived from the OH-initiated
oxidation of isoprene are all taken to be 000 Ratios
for the similar C, peroxy radicals formed from 13-
butadiene are assurmed to be OGS, on the basis of the
relative ratios caloulated for C, and O, alky] peroxy
radicals (Caner and Atkinson, 198%),

The degradation of the organic nitrates (RCMNO;)
formed from channel (11h) s treated in & simplified
manner, a5 deseribed in Section 30002 below,

A2 The reactions of ROy with WOy These reac-
1ons are only constdersd for acyl peroxy radicals, for
which the product peroxy niirates (BROONO) ane
comparatively stable, and for the mest abundant per-
oxy radical, CHyOy

ROy + MOy M) s ROOMNCY | M)

L —12

Rate parameters for the forwand and reverse reactiong
invidwing CH3(0; and CH,C{ORD; are taken as thoss
recommended by Lightfoot et el (1992] In the ab-
semee of rate data for the forward reaction (12} for
other acyl peroxy radicals, the rates are assumed
equivalznt to that for CHCI0M0 ;. Limited available
information on the thermal decomposition rafes of
CaHCIOI00NO,, w-CHO000M0,. L He-
CIONODOND,  and PO H,OO00MNO,  indicate
values of k_y ; ca. 110, 77, 60 and 30%, respectively, of
that fer CTHCIOCHOMNO, at 298 K and atmospheric
pressure (Lightfoor er o, 1992, Grosjean er al,
1%0da, bl and thess values are weed accordingly. Far
other 2oyl peroxy nitrates, the decomposition apes
are assumed equivabent (o that for CHyCIOMONO,,

The degradation ol the paroxy nitrates is treated moa
simplified manner, as described in Section 3,103 below,

16.3, The reactions of ROy with KO, On the
hasis of availuble information {Lightfoot e al, 1992,
Biggs ¢t al, 1994, 1995, Daele ef ai. 1993), thess
reaclions are assumed to procesd via a single channel,
a5 follows:

RO + NO, — RO + NO,. (13)

Recent data provide a mean valoe of k=11
#1072 gm® molecule™ s~ for the reaction invaly-
g CH 4Oy (Biges er af, 1994; Diaele er al, 1995), and
a value of 25 = 107" con® modecule ™' 57" for ibe re-
aetion imvelving O, H 04 (Biggs er al, 1995, which ia
also assigned to the reactions of RO, with MO, in
gencral.

A64. The reactipns of ROy witk HOs The kinevc
data applied to those resctions for which experi-
mental data are available, are given in Table & In
cases for which only a value ai H8 K has been meas-
ured, the temperaiure dependence 5 assumed o be
E/R = —1I50K, on the basis of observed temper-
apure dependences for this wype of reaction. Where
no experimental data are available, generic rate co-
efficients are defined by analogy. For acyl peroxy
radicals and s-chlorinated peroxy radicals, the rate
cpefficients are assumed equivalent to those for
CH OO0 anad CHLCI0 s, respectively. In all olher
cases, the rate coefficients are given by the expression

gy = 30w 107 "Paxpl 1250/ T 1 — exp] =0 34r}]
[iii)

where n 1 the carbon number. This expression was
defined on the hasis of available room temperature
data for the range of reactions of alkyl and B-hydroxy
Ry radicals with HOy (Lightfoot oo al, 1992, Rowley
et al, 199 DeMors et al, 1%94; Jenkin and Hayman,
1995 Boyd er al., 19946), as shown in Fig 3.

The fpllowing channels are considersd for the reac-
trons of RO with HOg:

RO, + HO, - ROOH + 0, 148}
—~ROH + 0, {14k}
<Ry +H0+ 0, (14



M. E. JEMEIM ¢ al,

Table & Beported rate coatficients for reactions of RO, radicals wiith [10; used in the

present work
Porony radicol i a0 Kl BB 10704 Casusent
Alkyl
CH 3, 54 — 4 d
'C;H,'D; T — P T.A [
meCaHy Oy 14.4 — 1380 14 [
ol HLY, 176 137 2 d
c-CgH 0 1.2 — 1250 26 i
B-Hpdrogy
HICCH O 4, 11.3 1230 203 gh
(CH OO HECH 0 14.2 — 165 0% 1
CH,CHIOHCHIOCH, 150 —1250 126 £i
TCH g b O H PO KT H 3 200k — 1250 LXi}| Ed
a-Larhonyd
CHOCINCH O G — 1250 1.36 ek
Aeyd
CHCHN0y 14.1 — 1040 43 d
Chlorimaled
CH.CIO, 52 BN B3 |

“lnits, am?molecale” 's "' "value calculated from reporied Aschenius paras
meters, and mod necessarily the 288 B value quoted in reference; © units, K; 4 recom-
mended by Lightfoon & al {1992); " recomanesded by Debdore et al. (19941 ' Rawley e
al, [194ZF * "A~ calculatsd from asswmed &K and reparied k{29 K *mean ol
Murrells &0 al (19911 and Jenkin and Hayman (1995F ' Boyd e el {19%); 1 Jenkin and
Hayman {1995); * Bradeer of ol (1993 "Calome ef al (1934)

For the majonty of peroxy radicals, the reaction 1s
asmumed 1o procesd excluavely by chanmel {14a),
which is consistent with published data (Lightfoat e
al, 199% Wallington e al, 1992). For acyl peroxy
radicals (RCION0,), branching ratios kg bk, =071
and kygp'kyq = 029 are assumed, on the basis of 1he
available data for CHRO{OPD; and CHLOORD,
(Lighifoon e al 19920 In the case of peroxy radicaks
d'gnt.ﬂl formula Rm—l;ﬂ;, tﬂ'ﬂ.l'ﬂ:h.l.l:l; THLOS k“.lll'“,
= (b and kjo k. =04 are assigned on the basis of
data reponed for HOOCH ;O (Burrows ef af, 1985)
and CHLOCH O (Wallinglon e al, 1993),

The degradation of the hydroperosides (ROOH],
percarboxyhc acds (ROOH, R = acyll, carboxylic
aculs (ROH, R = acyl) and esters (K -y, B = alkoxy
alkyl) formed from these neactions is reatod o g sim-
plified manner, as described below in Sections 3,101
and 310431006

165, The permutation reactions of ROy, The “per-
mutation” reactions of a given RO, radical ars its
sell~icactioen (15, apd (03 Cross-peactions (16) with
other peroxy radicals, R0y, for which a number of
product chanpels may ooour

RO + ROy — RO & RO 4 Oy (15a)
Ryl + ROH + 0y (15h)
R, 4+ ROy, — B & RO 4 O (hba)
—+R_y0 + R'OH + Oy

—FHF_H[.J + ROH +D].

L

{16e)

In vigw of the large number of KO radicals gener-
ated in a detailed chemical mechaniam, it is unrealistic
toy represant these reactions exphicitly, and the wse of
A simplified parametcrisation is cssential, as discussed
previously by Madronich and Calvert (1990 In the
present work, a very simplifisd approach s adoped in
which each peroxy radical is assumed to react with all
other peroxy radicals (e the peroxy radical “pool”) at
a single, collective rate. This is achieved by defining
a paramcter “RO2" which is the sum of the concentra-
tions of all peroxy radicals, excloding HO;, The ool
lective rate of all the permutation reactions of & par-
ticular peroxy rachicel (RO,) 5 then represented by
a pseudo-unimolecular reaction, which has an as-

signed rate coefficeent equal Lo k, SR

Ri); = ROY (1 7a)
= B gl {17k}
— ROH. (17c)

Cach reactiomn las up to three product channeals, the
branching ratios of which depend on the structure of
the radical, as shown in Table 7. The assigned valees
ol ks for varous classes of peroxy radical {given in
Tahle 8) alse depend on the structure of the organic
grougs, and ore based on trends of reactivity of peroxy
radical self-reactions, The parameters are twice the
geometric mean of an estimated self-reaction rate co-
efficient, k, 5, for that class of peroxy radical and the
sell-reaction rate coefficient for CHLO; (ie it is as-
sumed that CHOh s the majos feaction pariner)
Accordingly, the representation of the reaction for
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CH0; itself reduces to its sell-resction with recoms-
mended rate coefficient and branching ratios, when it
iz the dominant radieal. The rate coeffictents for alkyl
peroxy radicals are also taken to apply to remotely
substituted (Le. not & o f) oxygen- and chlonne-
containing radicals, radicals confaining unsaturated
linkages, and f-nitro-oxy peroxy radicals

If not already considered, the degradation of the
aleohols (ROH), carboxylic acids (ROH, R = acyl)
and carbonyl compounds (R-40) formed from the

Table 7. Branching ratics assigned 1o parameberised perms
taiien reactions of RO, (see text)

Branching
Class of radical Reaction ratsn
CHyr = CHi O — CH O LBk 1)
- HCHD (335
= CH,0OH 0355
Primary and
secondary RO, R, == RO 04
- H gl 0.2
—= ROH 0.2
Tertary amd acyl ROy:" Rld; —= RO 07
- ROH 03

* Branching ratics gquivakent to hose for the sell-reaction
al CHyO; at 9B K (Lightfeot er o, 1992k * Branching
ralios based on he mean of the valwes Tor the sell-reacibons
afl  CyHsO,, 0 HADy,  meal H Oy, oCgH Oy,
CH, =CHCH (08, HOCHOH, 0L, CH,OCH O,
CHyC{OPCH 0 and CHCHCHpO; (Lsghtfioo e af, 1992
Barmes et af., 1992 Tenkin ef @l 19933, b; Bodier & al, 19973);
©agsumed valws,

permulation reactions is treated in a samplified man-
mer, a5 described 1o Sections 310, 30006 and 3.10.7
bebow.

1.7, Reactions of Criegee biradicals

171, The reactionz of the excited Criegee biradi-
calz, The energy-rich Criegee biradicaks, [ROOORT ™,
formed from the reactions of ozone with alkenes and
dienes (Section 3.2) are either collsionally stabilised,
or decompase 1o yield a range of radical and molecu-
lar produsts (g Atkinson and Aschmann, 1993; At-
kinson, 1994; Grospean er al, 199%4c). [t appears, how-
wwer, that the relative imporiance of the availlable
reactions for a given energy-rich biradical may be
dependent on the system in which it 5 generated
(Atkinson, 19%4), and this is intringic 1o the approach
adopted in the presant work, Three possible {ates of
the excited Cricgee biradicals are considered, 1he rela-
tive importance of which is governed by the degres of
alkyl substitution wm the parent alkens, rather than by
the identity of the biradical ifself;

(i} Collisional stabilisation to produce a stabilised
Criegee biradical:

[RCOOMRT* | +M) — ROIOOIR +M). (18}

{it} Decomposition o generats OH radicals by one of
the Eallowing lwo reactions;
[RCHOOT™ - R + OO + OH (19)

[RE'CHCIOOIR"]* — RE'COIOIR" + OH. (20)

Table & Sell-reaction rate coefficients [k, s | and rate coefficients assignsd 1o the parameterised permuiation
reactiong of ROk (k1) B described im the rexi

B kst k4 Comment
Frimary peroxy radicals

CH; B 10 " eapdlT) LA2s 107 " exp416 T} d
C;H; G.6 = 107 3= 107" d
Adkyl [ Ty T 012 Gl 1012 de
Alkyl [z Cyff I.2= 101 13001 4.1
Contalning = or § O or €1 LT= 107 L= 107 B
Secondary peroay radicals

CHCHICH, LL=10" 1 did= 101+ d
Akl = TP A= 10 Ew it d,h
Containing & ar i 0 or C A g LEE S i i
Containing allyl and S-hydrony Ld=qn-t* L= qn~te i
Terriary peraxy radicals

Alkyie ENLES [ 6.7= 007" d k
Comtaimdng = or O or Cl 57=10 ' QXm0 1
Containing allyl and S-hydroxy L.7< 0" 378 i m
Acpl peroxy radicals 1.7 = 104 Efwin-t d

“ky+ for alkyl peroxy radicals also applied 1o some ather cases ises texi]; * seli-reaction rave coefficienis ar
208 K, exespe for CHL O %k, = 300 B, o o besed on values of by . secommended by Lightfas)

grar.n;lﬁi];*hnmdunn-ﬂ,]-lfﬂg:'hu;d om meo-CsH

i 101_: thaged an CH;CIEI;. CCI_.U: JOWCH  CH 0

and HOUCHCH O (Lightfoot s al, 1992, Catoire e @l, 1994; Jenkin and Hayman, 1995 *based on
ol Hg 0y s o H D hasid om CHCHIOHMCHIOGCH 3 (Fenkin and Hayman, 1995k / based on the
&+ estimate for CHy = CHICH ; ’CHIOMCHpOH {fenkin and Hayman, 1995); ® based on 0-C,HyOry; " based
an (CH)OOHICIOKCH ), (Jenkm  and Hayman, 1995 "based or the &), estimaie for
HOCH, CHICH N0, CH={H,, {Jenkin amd Haymar, 1995
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Tuble % Probabiliises asigeod o reaciioms of excived Cricgee biradicals fommed (mom
a ranpe af alkenes (see Section 3.7.1}

Siabellsatbom

CFH farmation”

Ol

Parent alkene ireaction (181)  {reaciions (1%) or (200)  (reactions (21) or (220
CHy=CH; 0.3 oz L]
CHx=UHK 04! kL 40
CHR=CHR' 018" 057 015
CH—~CRE" LD Q82 000
CHR=CR'R? a11F (LE® 0
CRRE'=CR*R* LT 1.0H} G
1. -Butadiens 04 (L0 s
lsoqrine nrr 0y nEl

= Based o (he estimation metsod of Alkinson dnd Aschmann (1993) " see seciion
170 frecommended by Adkinson {1994 dhased on the data af Hatakeyama er al.
{1944 far propens ard Paolzon and Seinfeld {192 for t-ocene; * hased on daia for
cis= und rrans-2-taiene (Mikl er al, 1977, Hatakeyama er al., 1964) " based on daia for
methyl propens [Hatakeyama, 1984 "assumed 1o be | 0H yieldg, b asomed equiva-
Jeat te CH,=CHR; ' weiphted mean of 006 and 04 of the values lor CH;=CHR and

CH;={TRE v iespeclively

(iii] Decomposition not generating OH radieals
[CHCH]* — OO + HyD

[ROODRT™ = B + COy + R (50%)

— 0y + R-R O (50%).

{21}
(22a)
(22h)

Tahble 9 shows the relative importance assigned to
reactions in categories {1-(iii} for excited biradicals
formed from a range of alkene structures. For unsym-
mmeiniv alkenes, Hiese poobaldlitess ae assqgeed eguiv-
alently to botly the exciied Cricgee biradicals gener-
ated. The probability of stabilised birndical formation
vi reaction (18] i3 based emaialy on the data som-
marised by Atkinson {1994) The relutive importance
of OH formation where experimental data arc un-
available follows the estimation method onilined by
Adkinson and Aschmann (1993) with a miner adjust-
meat to preclade yizlds greater than unity, Where the
biracical contams an @-H atom, OH lormation is
assumed to oocur by reaction {19 In other casc, the
“hydraperoxide” mechaniam (reaction |20)), frst pos-
tulated by Niki er al, (1987}, is adopted, Any removal
not @xplained by the stalbsation and OH lormation
routes is assumed to proceed by reaction (23] for ail
birndicals with the exception of [CHOHO] ", for
which reaction (21] is the assumed fate. These asumip-
tong are broadly based on the suggested major reac-
tion rowies for [CHzORO]® and [CHOHOO] ™ as
aummarised by Atkinson (1994 Thus, for the reac-
tan of ozone with RCH—CHy, the above rules lead
to the following product distribaution:

Oy + RCH—CH,
= QS0 HCHD + 050 RCHO + 056 C0
+ 020005 + 0LI0RH + 0.2 H;0
+ 0I2CH 00 + 012 RCHOOD + 036 0H
+ DR HO, + 08RO,

37,2, The reactions of the stabilised Criegee biradi-
cals. The stabilised Cricges hiradicals, formed from
the reactions of Chy with alkenes, are assumesd to react
with S0, OO, KOy, MO; and H; O as shown below,
Rate cosllicients were saipgned to these reactien: on
the basis of reported rate coefbicients and relative rate
coefflcients for the reactions invelving CHp OO0, as
summarised by Atkinson (1994) and Atkinson and
L|-:'|-_l,l|':| |'IE|EH] {units of rate coefficeents, emi? mokecus
le by~ by

RCJOOIR = S0, - ROOIR' + S0,

Ky = T 1O 123
ROIOOIR + CO — ROIOIR + CO,,

bp = 1.2 10712 {24}
ROICHNR' & N0 — ROICHR' 4 N,

kss = L0 1014 125)
RUILHR & MUy = RCIOIR + NO,,

e L [k {26
ROICOOIR + H,0 — ROOIR = H,0,,

kaa, = 6 10718 (27}

For barachicals mu!a.in'ing H atoms = 10 the radical
cenire, an additional channel for the reaction with
HyD s included, beading 1o the formation of car-
boxylic acis:

RCHOO 4 Ha 0 = ROCYCOH + HL O,
kgay = 1010717 {27h)

The values of these mte coefficients are extremely
upcertain (Atkinson, 1994, However, the dominant
late of the stabilised biradicals under fropospheric
conditions is beleved to be the reaction with water
wapeur, which i consistent with the rate coedficienis
assigned above,
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If mot already considered, the degradation of the
product carboxylic acids and carbonyl compounds
formed from these reactions is treated, as described
below n Sections 10,1 and 3,106

A&, Reacrionz of oxy radical inrermediares

The behaviour of the oxy radicals, RO, under con-
ditions relevant to the present work, 15 dominated by
thres modes of reaction, namely reaction with O,
thermal decomposition and lsomensation by a 1.5
H atom shift:

RCHIOIR' + O, - ROOIR 4+ HO;
RR'C{OR” {decomposition) — RCIOIR + R”

(28}
(2%)
RO (1,5 momerisation) — S-hydroxy alkyl radical.

(M)

Available experimental information has been re-
viewed extensively by Atkinson and co-workers (At-
kimeoan, 1994, Atkinson and Carter, 1991), although
new data are constantly emerging. Where the be-
bavioar of a given RO radical has besn defined by
experiment, the results are applied accordingly. In the
absence of such data, the fates of the oxy radicals are
defined by the criteria listed below, Where more than
one reaciion is possible, those calculated to account
for < 1% ol the removal of 2 given RO radical are
distegarded

Carter and Atkinson {1985) defined a series of rules
which provide an excellent basis for defining
the behaviour of alkexy radicals derived from alkanes
in general, which have since been updated by Atkin-
sob (19590, 19941 These rules are applicd in the preseat
work o unsubstituted and remotely substiluted al-
koxy radicals, and oxy radicals containing un-
saturated carbon—carbon bonds.

For oxy radicals containing certain funciional
groups, the following rules are adopted on the bass of
reported studies, CHLCIOMD has been shown o de-
compose rapidly and exclusively (Kenley and Traylor,
1975, Weaver er al, 1973), and analogows routes are
assumied for other acyl oxy radicals, yielding OO, and
an organic radical:

RO < B <+ 05, [31)

Radicals containing an s-carbonyl group are assumoed
i decompose exclosively to yield an acyl radical and
& carbonyl compound, on the basis of the data of
Jenkin er al, (1993c) and Bridier er al. (1993} for
CH,CIOMCH 0, and the data of Cox er al. (1981} for
CHOONCHIOM H,, e

RCHCHOIOR — RCHO + RO,

With the exception of HOOCH ;OH 0, f-lypdroxy al-
koay radscals are assumed 1o decompose axclusively
to vield 2 carbony] compound and an x-hydroxy alkyl
radical, as discussed by Atkinson (1990), ..

RCHIOICHIOHIR = RCHO + R'CHOH (33

{32)

For HOCHCH,O, reaction with ©; ond thermal
decompogation have been shown 1o be in competition
at room temperature (MNiki & al, 1981F

HOCH,CHO — HCHO 4+ CH,OH
HOCHCH O 4 O = HOCHCHO + HO,

34
135

The rate of reaction (35) iz assumed to be equivalent
i that for the reaction of CzH O with O (Atkinson,
1994y The room temperature rate of reaction (34) i3
determimed from the relative rate of reactions {34} and
(351 Miki er al, 1981), with the temperature depend-
ence defined asmuming that the pre-exponential facior
15 equivalznt to that fer C,H O decomposition (Bats,
19871

Secondary amnd tertiary z-alkoxy alkoxy radicals
formed from ether oxidation are assumed to decom-
pose cxclusively by elimination of an alky] radical 1o
yield an ester, on the basis of the data of Wallingion
and Japar (1921}, e.g.

ROCH{ONR' - ROCHD 4 R [36)

In the terbary radicals, where there 15 a choice of
organic radical that can be eliminated, the ejection of
a tertiary radical 8 favoursd over secondary over
primary, and within these calegorses, larger over
smaller. The corresponding H atom gjection from
alkoxy methony radicals may be important (Fenkin e
al, 1993k, but these racdicals are assumed Lo feacl
with {3, to yield H(}; and a formate ester, as the
ultimate products of these processes are indistinguizh-
able, The similar oxy radwals formed lrom ester oxi-
dation are sssumed 10 decompose by O-0F bond
breaking, with subseguent decomposition of the acyl
oxy radical {reaction (310} as this leads 1w the forma-
than ol carbon dionide:

ROMOPOOENERY — B + OO0, + ROUNE, (37)

O the basis of the resulls of Catoire e al., {1994),
mano z=chlore oxy radicals which contain x-hydro-
gen atoms are assumed to react with Og and di
a-ghloro ony radicals and these not possessing a-hy-

drogen aloms are assumed Lo form & carbonyl com-
pound by ejection of a C1 atom:

RCHIONC] + Oy — ROMOWCL + HO,
RECOMC] = ROIONR" 4+ CL

(18]
(349

For pnmary and secondary [J-nitro-oxy alkoxy
radicals, formed from the MO,-initiated degradation
of alkenes and dienes, both the resciion with O and
thermal decompositicon arg belisved to ocour {Barnes
et al,, 1990; Hjorth ef al, 1990; Wayne er af., 1991), 2.5

RCHONOCHIOR + Oy
— RCH(ONOC[0R + HO, 0]

RUH{CONC CHIOR = RCHO 4+ RICHO 4 NOy,
(41}
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For primary and secondary radicals, the rate of
reaction (40 is assumed to be eguivalent to those for
sumple alkoxy radicals as discussed above. For oxy
madicals formed from termingal alkenss (both primary
and secondary, the decomposition reaction (41) ig
assumed to be a minor channel, accounting lor only
ca. 15% of the overall fate. It is therefore assigned
& corresponding value of ky, = T0x= 10771, This is
based on the observed low yields of HCHO in such
systems {Barnes of al, 1990 Hjorth ef al, 1990), For
secondary oxy radicals formed from internal alkenes,
reactions (40) and (41} are believed o be of similar
mmporiance, and the nssigned decomposition rate is
correspondingly higher, kg = 40x 10fs™1 If the
radical i tertiary, then exclusive thermal decompos:-
tion by a channel analogous (o reaction (41) & as-
sumed. The Gy unsaturated d-nitro-oxy alkoxy rad-
cals formed from the addition of MOy (o conjugated
dienes {im the present work, 1gopreng and 1.3-bu-
tadiene) are assumed to react eaclusively with Oy,
forming «f unsaturated y-nitro-oxy aldehydes and

Oy

If not already considered, the degradation of the
carbonyl compoumds formed from thess reactions is
treated, as described below in Section 31000,

19, Remoral of chlerine atoms

The degradation of chlorinated organics leads uiti-
maiely to the release of Cl atoms (e.g. reaction (37}
which will be pressnt in very low abundance, U1 may
react with ozone, but also reacts very rapidly with
st organic compounds. On the basis of available
rate data (Atkinson and Aschimann, 1983 Walllngion
et al, 1988 Atkinson er of, 1992 Aschmann and
Atkinson. 1995 Hooshiyar and Miki, 1993) and meas-
ured concentrations of ozone and arganic compounds
owver rural England (PORG, 1593), it 15 apparent tha
remaval by reactions with organic species is by far the
dominant fate for Cl atoms, being at least an order of
magnitiede mare rapid than the reaction with orone.
Furthermore, the predominant chemastry following
the reaction with ozone regenerates C1 as part of the
wall-known "null cycle” (eg see Wavne & al, 1995

Cl+ 0y - CHO 4+ Oy (42)
CHY 4 N0 = T+ WO (431
MOy + e — MO + O [44)
O 4 Ol #M) = Oy( +M) {430

In the present work, therefore, C1 is assumed 1o be
resoved by reactions with all the alkanes in the
chermical scheme, since Uews tend 1o be less reactive
towards OH and are therefore generally present at
higher concentrations than many other orgamics:

Cl + RH - HCl + R. [445)

Rawe cosfficients have besn measured for up w
e alkanes (Atkinson and Aschmann, 1985 Wall-
ington ef al, 198%; Atkinson and Aschmann, 1995

Hooshiyar and Miki, 1995). The available data are i
very good agreement, with values of k,q available for
most of the alkanes considered in the present work,
Alkinson and Aschmann (1995} and Hooshiyar amd
Miki (1995} Bave ako developed struciurs-achivity
relationships allowing the estimation of rate coeffi-
cienis in the absence of experimental data, and the
calculation of product radical distributions from the
reactions of Cl atoms with alkanes in general. The
dertved pgrowp rate coefficients and neighbouring
group parameters from the two studies are almost
wlentical, In the present study, the parameters recom-
mended by Atkinson and Aschmanm {1%35) are wsed,
on the basis that they were derived from the analysis
of a larger number of alkanes,

L1 Reactions of degradation products

The degradation of VOOs by the reactions sume-
marised in the preceding subsections leads 1o & wide
range of “first generation”™ oxygenated products of
varving complexity, which are themselves further de-
graded. These products are a variety of carbonyl com-
pounds, organic nitrates [ROMNO,), peroxy nitrates
(ROOMNO; ) hydroperoxides (ROOH), percarboxylic
acids (RCIOOOH)Y, carboxylic aads (ROCOWCH),
aleohols (ROH), and, in some cases, multifunctional
compounds containing two or mone of these fonction-
alitics, Some of the prodect cafbonyls, carbozylic
icids and aleohels bave significant tropospheric emis-
sions and are necessarily treated as primary YOCs by
the procedures outlined in Sections 3.1-39 The rigor-
ous Lresteent of the other products would also re-
guire thess procedures o be applied. However, as
indicated in Section 2, this would lead to chemical
schemes of unrealistic complexity, sinee the degrada-
it of minor products i3 often far puore complex thas
the degradation of the parent WOC,

In order to limit the complexity of the degradation
schemes constructed by the present protocol, the fur-
ther degradation of first and subsequent generation
producis is simplified in comparison with the parent
WiOCs The carbony] compounds formed from the
MO, catalysed chemistry (Le. resulting from the reac-
tions of R}, with MO are the major prodects under
most conditions and are thus degraded following the
abowe procedure, but with some degree of simplifica-
tion as described below, The organic niirates, peroxy
nitrates, hydroperoxides, percarboxylic acids, car-
boxylie acids and aleohols are regarded as minor
products, and the chermistry of their degradation &
therefore significantly simplified, This simplified
chemistry is designed to give the correct lifetimes of
the products, to maintain the carbon and nitrogen
balance and to represent radical propagation and
termination processes adequately. It should be noted,
hiowever, that some of the reactions ars unbalanced in
terms of hydrogen and oxvgen, wsually because the
production of O or HyO has not been included in the
representation of the sieplified of composite reaction.
Some further simplification in the treatment of peroxy
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radicals formed from minor degradation products is
ilso apphied, as described in Section 300010,

L0 Carbonyl compounds, The degradation of
these compounds lollows the general rules outlined in
Sections 3.1-39, Some simplfication 15 achieved,
however, by limiting the number of product channels
which result from the attack of OH. The possible
reaction channels and their relative importance are
first defined, wsually by SAK methods (Atkinson,
1987 as indicated in Section 3.1, For minor carbonyl
compounds formed solely from the reactions of RO,
with HO: or from the peroxy radical permotation
renctione, only the major reaction channel = con-
sidered, with its rate scaled to account for total reac-
fion rate assigned to the overall reaction. For the
wsually more sgnificant carbonyl products formed
from the MO, catalysed chemistry, the overall impor-
tance of cach channel, in terms of the degradation of
the parent compound, s estimated as follows, The
fractional conversion (W) of the parent compounsd
into the carbonyl product under MO, -rich conditions
15 calewlated [disregarding nitrate formation). Any
channel for which Wi, < 005 jwhere fi. is the
fractional contribution of a given OH + carbonyl re-
action channel caloulated using the 3AR method) is
disregarded, and the remaining channels) are scaled
proportionately to account for the tolal reaction rate
assigned to that overall reaction. IT % for a given
carbonyl product 13 less than (0%, only the major
degradation route 15 included, once ngaim scaled to
account for the total reaction rate.

‘This procedore may be illusirated with the cxample
of butane, the d:gr.a.dalmn schermie for which 15 shown
schematically in Fig. 1. The minor degradation chan-
gl (which accounts for 14.7% of the reaction) leads
o the production of woe carbonyl products, a-
CaHLCHO 24% ) and HOCH CHCHCHO (T6%),
-3 H-CHO is a primary emitied compound (see the
Appendiz) and therefore  treated  Dndependently.
HOCHCH2CHCHOY is not an emitted compound,
and has to be degruded m the butane schems. The
value of W for this compound s 0112
(=0 147T =076k It has lve possible CH-imitianed
degradation channels of calculated fractional contri-
bution faie:

Irl'al I'I'r?;ﬁ.l.
OH + HOCH,CH,CH,CHOY +04)

—~HOCH,CH,CH,C{ON0,  (d7s) 0601 0.077
—+ HOCH,CH,CHIOICHO (478 0027 0.003
— HOCH,CHIOCH,CHO  (47¢) 0158 0.018

- OHCOCHCH,CHO + HO, (47d) 00122 uoid
= OCH,CHCH,CHO (dTe) DLO0] LK)

Since the product ¥k is only greater than Q.05 for
channel (47a), the further degradation of this product
i5 assumed o proceed by this channel alone, wath iis

rate scaled to account Tor the overall rate caleulated
by the SAR method.

The SAR method of Atkinson (1987) & applicable
to the majority of carbonyl products formed from the
degradation of the species given in the Appendix, the
faAof excEplions Being the unsaterated carbonyis
formed from soprene and 13-bautadiene. These are
acrolein, methacrolein, methyl vinyl ketone and sev-
cral 2. ff unsaturated ¢ hydroxy aldehydes and ketones.
Experimental data and recormmensded rate coefficiznts
are iavailable for the reactions of OH with acrolein,
methacrolein, methyl winyl ketone and the relaed
compound, crotonaldehyde (Atkingon, 1959), and
these data are used to mfer rate cosfficients and rad-
bcal product distributions for all the related com-
pounds, 06 the basis of these dava, it is clear thai the
carbonyl group reduces the reactivity of the adjacent
double bond towards OH. In the case of acrolein, the
reaction is assumed to occur entirely by abstraction
of the aldehydic H atom, and the associted rate
coeflicent (2.0 107" cm® molecule ™57 Atkin-
gon, 1989 s aleo asaigned 1o aldehydic H abstraction
in methacrolein, orotonaldehyde and the =8 on-
safurated 7 hydroay aldehydes. The recommended
rate cocfficients for methacrolein and crotonaldelyde
then imply an OH addition rate coefficient 1o the
double bond which is ca. 25% of those recommended
by Atkinson (1994) for the corresponding allenes,
2-methyl propene and 2-butene {cis- and frans-), re-
spectively, Similarly, the recommended rate cocfhi-
cient for methyl vinyl ketone at 288 K (Atkinson,
1989}, compared with that for 1-botene (Atkingon,
19445, suggesis that the O addition mate to o,f an-
suturated ketones is ca, 60% of that of the cornes-
poeding alkene. Consequently. these factors and cate
coefficients for the cosresponding alkene (calculated
using the method of Peeters ef all, 1994) are used to
determine the OH addition rates fo «f unsatorated
1 hydroxy abdehvdes and kerones. On the basss of data
for allyl alechol and propene (Atkinson, 198%, 1994),
a hydroxy group is assumed to have no influence on
the OH addition rate 1o an adjacent double bond,

1102 Orgaric nirates (ROMN:), The degrvda-
tiom of organic nitrates may be initiated by reaction
with OH, or photolysis. There is a significant body of
kinetic data available for reactions of OH wath alkyl
nitrates (Atkinson, 1989, 1984), Whers data are not
available, the 5AR method is applied 1o determine the
owerall rate coefficient (Seciion 3,1}, but in the absence
of product stuches and as a scheme simplification
measure, the chemistry is represented in each case by
A singhe, peneric product channel which regenerajes
MO, bul remaves HO,:

primary and secondary nitrates:

RCHIOMO R + OH — RCIOWIR + MOy (48}

fertiary nitrates:
RRRCOMO; + OH — B _y0 + R'OR" + N0,
(4%
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In the cose of tertiary nitrates, B_y0 is & carbonyl
product, which i3 assumed to be derived from the
la:rgu.l O AN ETT COmtainmg an :q-h].u:lmm ko,

Crganic nitrafes possessing f-hydroxy groups may
be gencrated from the reactions of f-hydroxy peroxy
radicals with MO, of as alcohals (ROH) from the
NOy-imitiated oxidation of alkenes, Tertiary nitrates
pencrated by the former are treated analogowsly 1o
the following example:

RCH{OH)CIONG, R + OH
—~RCHO + R'CIOJR" + NO,. 500

The phetelyss of all organic nitrates, other than those
possessing J-hydroxy functionalities, 5 assumed fo
procesd by the reactions glven in Table 4, with the
appropriale photolyas parameter as shown, §-Hy-
droxy nitrates jor S-nitre-oxy aleohols) are assumed
10 be stable with respect 1o photolysis, on the basis of
the significantly blus-shifted UV absorption spectrum
reparted for fenitro-oy ethanol (Robers and Fajer,
1989).

Where an organic nitrate alse contains 4 remaote
carbonyl functionality, the inclusion of an additional
photolyais pathway s also considered (3ee Section
3.10.9),

3103 Peroxy mitrates (ROWOMNCY,). The major re-
moval process for these specics at low altiiudes is
thermal decomposition {Section 3.3.2), For the larger
acyl peroxy mitrates in particular, kowever, removal
by renction with OH may make a minor contribuiion,
and s also incleded. In the complete aheence of mech-
amistic mformation, this i (notonally) assomed to
enhance the thermal decomposition rate, i.e

OH + R'OIOIQOND, — RICION0, 4 N0, (51)

This reaction 1a strictly meorrect, since the release of
Ml (an odd electron species) should not be accom-
panied by the formation of an organic radical. How-
ever, the reaction 15 believed 1o be broadly sccepiable
[rvm the purim ol yiew ﬁfh}uudar_l,' |.a|3.~:r 1.n:|-'p|,:|,:|.];:-1'|.:rj|.:
chemistry, since it is only 8 minor fate for the peroxy
nitratca, Literature rate cocfficlents are only available
for e reactions of OH with CHC{Op0OMNO, (Al-
kinson et @l 1992) and CH; = CIHCH OO OCM Oy
[Grogjean er ail, 19%93b), and are consistent with reac-
tioin &t the organic groups. In the case of
CHOO00ONG,, the mate cocfficient is in good
agresment with the rate coefficient calculated using
the SAR methed, and the total reaction rate for other
acyl peroxy nitrates is therefore also calculated wsing
the SAR method,

3104, Hpdroperoxides (ROOH) The degradation
ol hydroperoxides may be mitiated by reaction with
OH, or photolysis, The reactions with OH are as-
sumed to procesd by two channels, representing at-
tack at the peroxide and organic groups, respectively:

ROOH + OH — RO, + H,0
~+R_wOOH + H,0.

i51a)
{50k}

For simpleity, the attack on the organic group is
asmumed 1o be exclusively adjacent to the —-COH
group, with the species B _ 400H decomposing rap-
wdly to form a carbonyl compound, B 0, and OH,
as 15 the case for CH;OOH:

CH:OOH = HCHO 4+ OH, (52)

The rate of reaction (518) ks assumed to be the same
us that for the analogous channel of the reaction of
OH with CH,OO0H (Atkinson er al,, 1992)

OH + CH,00H — CH,0, + H,0,

Eype = 193 10~ exp(190/T ) {53a)
—-CH,00H + H,0.
ksap = L0= 10" "exp190/T). {53B)

The rate of reaction (33b) at 298K, 1.9= 107 Y em?
malecule " '™, indicates a significani activaiing in-
Auence af the ~CHIH group on the reactivity of the
CHy group, which is consistent with a neighbourning
group activation of ~13. This factor was therefore
used 1o calewlate the overall rate of reaction [51b) for
hydroperoxides in general, using the SAR method.
For tertiary hydroperoxides, reaction (1) cannot be
represented as described above owing to the absence
of hydrogen atoms @ to the “0O0H group. In these
cases, therefore, the calculated overall rate of reaction
by both channels is represenied by channel (31a)
alone,

The photolysis of all hydroperoxides is assumed 1o
procesd as shown in Table 4, with the photolyais
parameter equivalent to that for CH O40H, Where an
organic hydroperoxide also contains a carbonyl func-
tionality, the inclusion of an additional photolysis
pathway is conswdersd (soe Section 2.10,9) Similarly to
the fenitro-oxy aleohols discussed m Section 31002,
the f-nitro-oxy hvdroperoxides, formed from NO,-
initiated schemes, are assumed to have po “pitrae”
photolysls chanmel.

AWLE Percarboxylic acids (RCOWOOH), Formed
from the reactions of acyl peroxy radicals with HO,,
percarboxyhe acids are assumed o be degraded m
a similar way 1o the simple hydroperoxides, by the
following reactions:

RCIOMWIOH + OH — ROOK0, + H;0  (54)
ROCIOMIOH 4 hy = ROIOND + OH. (59)

The overall rate of reaction of OH with RCIOWCOH
at 298 K is determined by the SAR method, with the
abstraction of the peroxide H assumed to occur at the
sAMmE rate a8 reaction (33a). The total rate coefficient is
assigned 1o reaction (3401

The photolysis of all percarboxylic acds is assumed
o proceed by reaction (351 (s also Table 4) with
the photolyss parameter equivalent to that for
CHL OO, Where a percarboxylic acid also contiins
an additional cerbony] functionality, the inclusion of
an additional photolyvsiz pathway s considered (ses
Section 3.10.9).
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L1006, Carboxylic acids (RCYOWIH)L Simple car-
boxylic acids are degraded by reaction with OH rad-
icals only. The total rate coefficient (measured or
calcalated) for the reaction with OH is assigned 1o the
following single product chanpel:

ROIOWOH + OH — ROOI0 + H,0. (56)

Although photolysia i unimportant for the simple
acids, the inclusion of a photolysis pathway is con-
sidered for carboxylic acids containing an additional
carbonyl functionality (see Section 3.4).

007, Alcohels (ROHL Simple aleobhols are de-
graded by reaction wath OH redicals only. The total
rate coefficient (measured or calculated) for the reac-
tion with OH is assigned to a single product channel,
as follows. For primary and sscondary aleohaols:

RECHOH + OH — BROOR + HO,.  (5T7)
For tertiary aleohols:
ROH + OH — RO + H20. {58)

Where an aleohol also contains A remofe carbonyl
functionality, the inclusion of a photolysis pathway is
lso conssderad {see Section 340 .

3008 The reactions of (y and MNOY, with wn-
arturmred degradirion products. Many of the degrada-
non products of dienes (in the present work, 1,3-bu.
tadiene and isoprens) contain an unsaturated linkage
and thersfore potentially react with O and NO,.
These reactions are considered only for the major
carbonyl degradation products, which i the presen
waork are acrolzin, methacrolzin, methyl vinyl ketone
atd some o f unsaturated aldehydes and ketones.

Rate coefficients for the reactions of O, with ac
rolein, methagrolein and methy] vinyl ketone have
been recommended by Atkinson {19%94) and those for
the = unsaturated aldehydes are 1aken as 6% of the
values for the alkene of the same degres of subsiiio-
tiom, as given in Table 1. This is based on a compari-
son hetween the recommended values for the reac-
1rons involving acrolein and methacrobein, and thos:
fior the corresponding alkenes, propene and 2-methy|
propens. The available rate coefficients for methyl
vinyl ketone and 3-pentenc-2-one (Groene and Atkin-
sof, 1994) are co, 50 and 20%, respectively, of
the corresponding rate coeffickents for 1-botens and
E-butene [ciz- and frans-} (Atkinson, 1994), sugpesting
that an adjacent ketone proup does sol redece the
reactivity of a double bond to O to the same extent
a5 an adpcent aldehyde group, Thus, the rate coeffi-
cients for o ff unsaturated ketones are assumed 1o be
15% of the values for the corresponding alkene (Table
1), The degradation mechanism follows the rules de-
scnbed in Sections 3.2 and 3.7

The rate coeflicients for the reactions of Ny with
acrolein and the related compound, crotonaldehyde,
bave been measured {Atkinson, 192911 By comparison
with the reaction of MO, with acetaldehyde, the data
are consistent with exclusive aldehydic H atom ab-

straction in acrolein, and predominant akdehydic
H atom abstraction in crotonaldelyde, The measunsd
ratz coeffivient for acrobzin is used in the present work,
and those for methacrobein and the =f unsatorated
aldebydes are taken 10 be aguivalent 1o that for the
reaction involving m.::la.ld.:h:rd.: (Fection 3310 with
the reaction assumed to procesd entirely by abstrac-
tion of the aldehydic H atom. Since these data imply
a significant deactivating influence of an adjacem
carbonyl group on the rete of reaction of WO, at
A double bond, the rate coctficients for the reactions of
methyl wviayl keione and other eff unsatorated
ketones with MO}, are sssumed to be at least five
orders of magnitwds lower than the rate coefficient for
their reactions with OH, and the reactions are therne-
Tore exchuded on the basis of the relation given in
Section 1.3,

1105 The photelpds of  mewltifenctional
pownds. Bome degradation products contain mors
than one functionality for which photolysis may oc-
cur, and therefore pogsibbe competing photolysis reac-
tioms. In order lo decle which photolysis rowtes
should be represented for a multifunctional com-
pound. the variows photolysis routes are first asaigned
and thewr rates estimated (for @ solar zenith angle of
5"} on the basis of the reactions and parameters given
in Tables 3 and 4. The compound is asumed to e
photolysed by the major photolysis route, and any
other routes for which the estimated rate is = 20% of
the major route. Thus, for 8 compound containing
a primary aldelyyde groap (J;, = 657 = 107%™ ") andd
a ketone group (F, = 102 = 107 %571}, only the al-
dzhyde photolyvsiz pathway iz asomed to oocur.
A primary mitrate (J, = 4392 1077578 which also
contins a remote ketone group, however, is assumed
to phodolyse by both the associated pathways, as
given in Table 4.

L1 Regerions of peroxy radicals formed from
mirar products, Peroxy radicals {RO;) lormed solely
from the degradation of cemain minor prodocts,
which are themselves only formed from reactions of
RO with HUdy or peroxy radical permotation reac-
tions, are assumed to undergo a simplified series of
reactions. These are similar 1o those outlined in Sec-
tion 36 in that the conskbered reaction pariners are
B, MO, MO, HO, and other peroxy radicals, bot
the number of produect chanmels s reduced, and the
reACtion 'pm-d.l.ll.'ts are removed by simplthed reace
Lickns.

The reactions with MO are assumed not to produce
organic nitrates, irmespective of the size or nature of
ihe wrganic group, The renctions with HO; (renction
(141 and the permutation reactions (reaction (171 are
assumed to procesd exclusively via the major chan-
neels | 14a) and (17a), respectively. The reactions of OH
with the produoct hydroperoxides and percarboxylic
acids are assumed to regenerate the peroxy radicals
exclusively by reactions (51a) and (54}, with the tofal
rate eoeflicient calculated as described above in Sec-
tons 2104 and 31005

CfE=
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i, CHSCUSSI0M

The rules presented above are designed as guide-
lines for the generation of detailed chemical degrada-
tion schemes which give a comprehensive description
of the chemestry of VOOs undear troposphenc cond:i-
tions. The resultant schemes incorporate differences i
reactivity and a series of possible initiation reactions
for the YOO and oxidised organic prodscts, i addi-
tion to taking sccount of the influence of strectural
differences on the rates and producia of the reactions
of the reactive radical intermediates with a range of
key species. Conssguently, schemes generated using
ilis protocol are belicved to be particularly appropri-
ate for comparative assesaments of the formation of
oxidants {e.g ozone) from the degradation of organic
compolinds

These schemes aim 10 reflect recent advances in the
awailability of kinetic and mechanistic data relevant to
the tropospheric degradation of VOO, However, if is
recogmised that thers are stll uncerfainties in some
aspects of YOO degradation, particularly concerning
racdical amd MO, sinks, which can influence predic-
fons of ozone formation. Future work will therefore
concentrate on the validation of chemical mechanisms
conairucied using this protocol: this will be achieved
both by comparison of product simulations with en-
vironmenial chamber data, and by incorporaiion of
the chemical mechanisms into suitable troposphernic
models (&g a5 described by Derwent of al, 1996),
allowing comparison of modal predictions with atmo-
spheric elservational data.

Although the rules presented above lead 1o the
generation of detailed degradation schemes, they

Table 10. Meochanism describing the OH-initiated oaidalion of Bopréne o ficd penéralion
produocts at 2538 K*

Reaction

Rate cosfficient = hranching rabic®
fem " molecale ™ 1)

{mitiation

OH + soprene |+ O3] — R1i;
0OH + isoprene {+ Oy} — R20;
OH 4 soprene (- Og) = RI0,
OH + soprens |+ O) = RED,

Peraxy rodical permatagion ragctlons
RElDy - REIC

— RIS

=5
R0, = R

— R IMIH
R&Q, — RS0

-+ R150H

— 45
Ry — B&CH

—+ R4A60H

— 56

Peraxy radical reastion: with HO,
RIO; + HO, - RIOOH + D,
BEIDy + H; — R20O0H + ﬂl
RS0 + HO, — RSOOH + O
R&0y, + HOy — RAOOH + Oy
[HO o HOp = H,04 + Oy

Peroxy radical reactions with NOC
RICk, 4 PO - RICH + MOy
— RIONO,
B20 + MO — BP0 + Ny
— RI0MNOy
R0, & MO = B30 + MO,
= BRI,
Ry, 4+ MO = R&0 + N,
— RHOND,
(HAr; = Mh = {3H % h—ﬂz

ey radical reactions (assumed instantaneous)

RIC) fisoum, 0 ) — C35 + HO,
R20 (degnmp. 0y ) — MVE + HCHO + HO,

FSCH (raom, (Chg ) — O3 4 HIO

R0 [decomp 0,y ) — MACE + HCHO + HO,

1A 1 0 D
LAV = 10 M- 4%
L0 = 107 2 p0gs
1L o 00 10 255

130 00 56l - RO
LA 10 ¥ 20- B2
130 107 12020 RO
600 107 720,70 ROT
160 107 4030 RO2
L0 107 15 s - RO
LA 1 - 00 RO2
130 107 12 020- RiO2
1t 10 2 mE0- B2
Lo 1 - 020 RO
DAt R0 20- ROKE

LEd= 10"
L6 108
LW i
[EE RS
T4 1070

RO 0708
R [ VN 1]
A0 w107 050
TR 107 010
&0 070
&0 = 107000
AR0 = 07080
AEDx 10712000
B 107 1)

* Specics nomnenclatare afer Jemkin and Hayman {1995} Key ta species identity given in Fig. 4.

ET =208 K: P = | alm.
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incofporate a depres of sirategic simplification
designed o lmit the total number of reactions in
a given scheme. As outlined in Section 2, this s par-
nally achieved by disregarding minor channels resubt-
ing from the attack of OH on some VOCs, and also by
paramcierising the “permutation reactions” of the
peroxy radical intermediates. As an illusiration, the
mechansm descnbing the OH-imtated degradation
of woprene to first generation products, written
using the present protocol (shown in Table 105, has
Becin wisd o caleulate the }'il.-jdx af the products,
baoth in the presence of high N0, concentrations

and in the absence of MO, lor comparison with
product  yields obtained in  laboratory  stodies
(Gu er al, T985 Afkinson ef af, 1989; Tuazon and
Afkinson, 1990; Becker of al., 1984}, The experimental
resulis, and the resulis of the calculations, are
summarised in Table 1. Also presented are the yields
calculated recently by Jenkin and Hayman (1993),
using a detaibed chemical mechanism contaiming 4
reactions with 83 product channels, which was
shown 1o give a reasonable description of the ob-
served produect yields both in the presence and
ahsemce of MO,

R1Cs R10CH R150H CEA R10
OH OH OH OH O
R20,  R200H  R230M R20
Ol
HO oo o HO
RAOOH
HO
R400OH R480H
O

8 ?gs gﬁi_chggi 3
2 fndl 10

SR Eoet/ICor e

Fig. 4. Idenificavion chart fof 1he species in the chemical mechanism in Takie 14,
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Table 1. Reported and caleulated molar product vickis from the GH-imitiated oxidation of

isoprene
M, presen MY, absent
% % % e Yo Yo
Product® b c d [ < d
HCHO 6T+T ed4 6vE 3243 =3 (I IT4)
MVE G+3 @R My I5+2 =17 (Ix7 117
MACE E43 (232 233 1T43 ~22 (154 117
- Methy] furan 4+ (42 - 15103 (3 -
Orghiiee falrales 14+35 (13 1N {00 0L
Hydroperozides oo 0 ~ 48 [424 403
Alcohals i LI [ T6& 104
Carbanyls A4S (a4 A 1ELT (185 220
Hypdroperoxides?
RICOH { il { 1% LE)
RHMOH (L] L {304 316
R3O0OH i -} { 0% =1
RLCH { -} [ 0% -1
REACOH (00 0 {21 1.5)
REOOH A 04p [ 43 4.5}
Alorly®
REL50OH (D 0.0y { L5 4.3}
RIZOH [ D 0.0y ~ 5 {12 55
HASOH {0l 1.1 2 {10 455
Carhonyds?
cspt (w1 U R
33 [ -} {03 -1
Ci4 { bl -1 {0E& -1
=ty (134 145 {24 1)
L4 [RELE1 L] {27 A5

"MYK =methyl vinyl ketope, MACE =

methacrolemn, carbenyls = carbonyl species

ather than MVEK. MACE and HCHO. " Yields quoted by Paulson ef @l [1992) on the basis of
thezir resulis, arad those of Gua er ol (1585), Atkinsan er af. (193%) and Toazoen and Atkinson
(19000 * Yields cabonlated using ibe detabled mechaniam of Jenkin and Hayman (1995) (e
rent).  Yieks calculated nsing the mechanism based o cufrent protocel (36 Table 10p * Daia
of Becker e al. (1993, 1994). "Data of Muiyoshi o al. (1594), *Species nomenclature after
Jenkin and Hayman (1995, Sze Fig. 4 for species ientity. * These species have been detectad,

it nat quantified (Kwok ¢ af,, 19951

The mechanism of Jenkin and Hayman {1995) de-
scribesd the formation of six peroay radicals from the
addition of OH to isoprene, and treated the permuta-
tion reactions of the peroxy radicals explicitly, with
rate coefficients based on trends of reactiviny of less
complex peroxy radicals possessing similar structral
features. The assignment of structure-dependent rate
coefficients to these reactions was found to be crucial
in explaining the relative yields of the products in the
absence of MO, in particulnr the difference m the
refative yield of methyl vinyl ketone (MVE) and
methacrobein (MACR) compared with that obsesved
jand calculated) i the presence of NO,. However, this
chemistry made a large contribution to the size of the
mechanism, requiring 21 renctions with 51 prodoct
channels. In comparison, the present mechanism is
consderably reduced i 2ize, possesaing only 17 reac-
ticoms with 31 product chanmels i iotal. The reduction
5 achieved by neglecting iwo of the six peroxy rad-
icals, which together only represent about 9,5% of the
initial radica] yield (Section 31}, and a5 a resull of the
parameterised representation of the permutation re-

actions {Section 3.6.5), which only requires four renc-
tans with 11 product chanisels, As shown in Table 11,
the yields of the producis caleulated wing the preseni
scheme compare well with those calcolated with the
mare complex scheme of Jenkin and Hayman (1995
and are also in reasonable agreement with the resolis
of laboratory studies. The only notable difference in
the yields calculated using the two mechanisms is the
absence of the experimentally observed minor prod-
uct, -methyl furpn, which 15 pl'vm.lul:l:d. i the mecha-
nism of Jenkin and Hayman (1995} from the chemistry
of the two minor peroxy radicals sliminated from the
presend mechanism.

It should also be noted that the effect of the para-
meterisation of the peroxy rpdical permutation reac-
tions is a strong function of the number of perosy
radicals in the schems (ss¢ also Madronich and
Calvert, 19%0). In 8 scheme involving s peroxy rad-
icals, the explicit representation requires $ufn + 1)
reactions, whereas e parameterised represcnlation is
only n reactions. Thus, i the scheme describing the
degradation of the Vs given in the Appendis,
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which involves approximately 500 peroxy radicals,
ihe parameterised representation of about 500 reac-
tions is clearly a colosal (and essential) reduciion on
ihe approximately 12,500 reactions necessiry for an
explicit repressntation.

It is cl=ar that, sven with the simplification
measures described above, the degradation schemes
generated using the protocol are very comphes. Con-
sequently, a full mechanlsm treating & large number of
YOz (eg as shown in the Appendix) may only
generally be used in chemical box models, or in mod-
els with a comparatively economical representation of
meteorolopy and transport. Since the mechanisms are
designed to be applicable to 8 wide range of ambient
conditions, hawever, there is considerable scope for
mechanism reduction for models of specific trope-
spheric environments requiring & mors sophisticated
representation of transport processes. Thos, the de-
tiailed mechanisms generated by the protocol de-
senibed above provide a suitable starting point for the
geoeration of reduced chemical mechanisma, whers
the reductions are achieved by a rigorous procedure
using objective methods, rather than by making sig-
nificant a priori assumptions.
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APPEMNDUIG VOLATILE ORGANIC COMPOLMDE FOR WHICH DEGRADATION BCHEMES HAVE BEEM WRITTEN LUSIMNG
THE FRESENT PREOTOOL (see Section 1)

ARommes

Methans

Enlsane

Prapana

Eulan: (n-hatans)

Z-Methyl propame (-bulang)
Pendane (n-peniane)
2:Methyl butare {i-pentans)

LI-Dimethyl bunape
Li-Dimethyl butane
Cyelahaxans
Hepians {m-beptans
2-Methy] hexane
LMfethy]l hexame
Ciciane (n-peiane)
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2.2-Dimethy] propane (aeo-pentane)
Hexane (n-hexane)
2-Methyl pentane
3-Methyl pesitane

Alkenes

Ethene (ethylene)
Propene (propylens)
Methyl propene (batylene)
| -Burene
ciz=2-Bulene
erams--HBusene
l-Penlens
clg-2-Pemiene
Dialkensa

I 3=Butadiens
Alkynes

Ethyme (aceiylene)

Aldehydis

Methanal (formabdehyda)
Ethanal {acetaldehyde)
Propanal (proplomaldabvda)

Ketones

I-Propanone (acctone]

Z-Hutanene [methy] ethyl Kelome)
2-Peniamone

3-Penlanone

A<hferhyl 2-batanone metbyl Fpropyl koo

Alcahols and glycols

Methanol

Eihanal

1-Propanal {i-propanol)
2-Prapanal (i-propanol)
1-Baitanaol {A-butpmol)

2-Butanal {sec-butancd) 1
X:Methyl 1-propanol (i-butanaol)
2-Methyl 2-propana (t-butanal)
Y-Pentanal

Ethers amd glycal sthers
Dimgthyl etber

Driethyl ether
Di-i-propyl sther
Methyl i-buryl sther
Ethyl r-haty] ether

Esters

Medhyl methanoate (methyl farmate)
Mlethyl efhanoate (methyl acetate)
Erhy] cibhaansmis {eihiy]l acstate)
n-Props ethancsle {n-propyl scedate)
Oirganic anidy

Methameic skl (formic ackd)
Ethanaic actd (acetic a3d)

Chiara- and hpdrochlorecarbons
Chioromethane (methyl chiloride)
Drichlaramethane (methylene chlondep
Trichlaromsthans (chlorofomm)
1,1,1-Trichloroethane (methyl chisroform)

M. E. JEMEIM ar al

o (n-nomsane)
Drecane {A-decams)
Hemdecane (n-undecane)
Daadecaren-dodecane)

rrang- - Pemiens
2-Methyl 1-burene
d-Methyl 1-butene
2-Methyl 2-butene
| - Hemene
ris-2-Hexene
trans=2-Hexene

2 Methyl 1, 3-butadiens (iscpeerse)

Buianal (butyrabdehydep
Meachyl prapanal (i<heyraldehyde)
Pentamsl (ualeraldehyde)

I-Hexanons:
J-HeExariHme

ZaMethy] 4-pentanone [methyd -butyl Eetane)
3 3-Dvmethyl 2-butanone (methyl t-haty]l ketone)
Cyclboleexancie

I-Medhyl 1-bsiancl

2-Methyl 2-bulanol (r-amyl alcobol)

I-Methyl 1-batanod (i-amyl alechol)

I-Methyl 2-batanal

Cydlohexanal

A-Hydroxy 4-methy] Z-pentanone [discetone alcohal)
Eikane 1,2-dial {ethylems glycal)

Fropane 1,2-ciol {progylens glycol)

2-Methoxy ethanal

1-Methoxy 2-propanol (methoxypropenolf
LEithoxy ethanol

2-Buteay ethano] (butyl glycel)

lButoxy Z-propaniol

i-Propyl ethanpate (a-propyl ac:tale)
w-Butyl elhapoate (A-baty] acetate)
sec-Batyl cthancale {sce-Buiyl acetate)
i-Butyl eibanoate (-butyl aceinte]

Propanoic acid (propionic &d)

Trichloroetheme

Tetrachbaroeibene (perchloroethene)
rin=1, 2-Ieehlorneihens

rrans- 1, 2-Dichlorosibene



