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Abstract
An extended version of the Master Chemical Mechmani8.1 has been used to
develop a reactivity scale for the conditions appede to California, United States of
America using a photochemical trajectory model. fdativity values, termed
Photochemical Ozone Creation Potentials (POCPs® heen compared with the
Maximum Incremental Reactivity (MIRs) determinedesthere with the Statewide
Air Pollution Research Center (SAPRC-07) chemicathanism. The comparison of
POCPs and MIRs has been completed for 121 organipaunds representing the
alkanes, alkenes, aldehydes, ketones, aromatiggenates and halocarbon classes.
Both mechanisms have constructed a consistent@retent description of reactivity
within each class of organics. The extended MCMé®d SAPRC-07 mechanisms
appear to have represented the available bodyd#ratanding concerning the
atmospheric oxidation of organic compounds withdoleclass in a consistent and

guantitative manner.

1. Introduction

It is well recognised that each of the hundredfid@sands of organic compounds
reacts in the sunlit atmosphere, in the presenoé@roigen oxides (N¢) to produce
different amounts of ozone (Bowman and Seinfel®4)90rganic compounds may

be classed as reactive if they produce copious ate@i ozone quickly and



unreactive if they react so slowly as to produceimal amounts. By distinguishing
between more reactive and less reactive organi@oands, it may be possible to
develop control regulations and strategies thdtde€rease ozone more efficiently
than if all organic compounds are tackled withastidction. A reactivity scale is an
ordered list of the ozone productivities of a numifeorganic compounds determined
under comparable conditions that can be usedgettaontrol regulations on the
more reactive organic compounds. Dimitriades (199®9) describes how reactivity
issues have been important in the formulation ditjgs within the United Sates of

America on the control of organic emissions for &@nbozone reduction.

Different organic compounds show different reatitaé because they react differently
in the atmosphere. Dimitraides (1996) describessiges that control the ozone-
forming potential of different organic compoundschE organic compound reacts
with hydroxyl (OH) radicals at a different rate.eflbompetition between the different
organic compounds for OH is controlled, in partthy rate coefficients,dg, for

their reactions with OH. Thegk reactivity of an organic compound is an intrinsic
property of that compound and can be measureckitatioratory. It can be used to
define a reactivity scale, which on a mass emitsis, would be a set o§K/MWt'
values for each compound where M\tthe molar mass of that compound, i. This is

the koy reactivity scale.

Ozone productivity, however, is not just a questibthe speed at which the organic
compound reacts, its kinetic reactivity. It is atsquestion of the mechanism by
which it reacts, its mechanistic reactivity (Caded Atkinson, 1989). Information on

kinetic and mechanistic reactivity is usually prese in the form of an atmospheric



chemical mechanism. Reactivity scales are genefaiadatmospheric chemical
mechanisms using simulations of ozone formatioreutypical ambient conditions
and are ordered lists of the ozone productivities mumber of organic compounds,
determined under identical conditions (Carter, H)9&hey are therefore compact
and concise ways of compiling and summarising l&gdies of understanding of the

mechanisms of atmospheric chemical reactions.

In this study, a near-explicit chemical mechanisedal on the Master Chemical
Mechanism (MCM) (Jenkin et al., 1997) has been ts@dmpile a reactivity scale
for conditions appropriate to the State of Califartunited States of America. This
reactivity scale, the Photochemical Ozone Cred®otential (POCP) scale, (Derwent
et al., 2001) has then been compared with the Maxirincremental Reactivity
(MIR) scale, determined elsewhere (Carter, 2008) tie Statewide Air Pollution
Research Center (SAPRC-07) mechanism. The aimsttimparison is to learn
about the similarities and differences betweerMi@ and SAPRC-07 chemical
mechanisms. This comparison is inevitably parimathat it focuses only on ozone
productivity. There will be many differences in aiébetween these two particular
atmospheric chemical mechanisms that will havie ldt no impact on ozone

productivity which this study will not, howeverluminate.

In the sections that follow, we begin with a dgstton of the Photochemical
Trajectory Model (PTM) and the MCM that drives\We then describe how the
POCP reactivity scale has been generated froning@snbient conditions
appropriate to the California situation. The PO@R BIIR reactivity assignments for

121 organic compounds are then taken on a clas$alsg-basis and the similarities



and differences are discussed in terms of the maichanistic features. It has been
important to resolve whether any of the differenfoesd represent real mechanistic

differences of policy significance.

2. Determination of a POCP Reactivity Scale foriGalia Conditions

2.1 Photochemical Trajectory Model PTM

The PTM model describes the chemical developmethiirmwan air parcel that follows
an air mass trajectory, forwards in time, reaclangrrival point within a California
air basin at the end of a single day’s photocheyn(gerwent et al., 1996: Derwent et
al., 2001). The rate of change of the concentraifspecies,cin molecule crii s*
was described by a series of differential equatairtee form in equation (1) below:
dg/dt= R — Lc —Via/h + B/h - (g—h).1/h. dh/dt (1)

where Ris the instantaneous production of species i fpi@tochemistry, {c; is the
instantaneous loss rate from photochemistrys the species dependent dry
deposition velocity, h, the time-dependent boundiaygr depth, his the aloft
concentration of the species andie local areal emission rate of the pollutant

sources in molecule chs?.

2.2 Master Chemical Mechanism

The production, Fand loss, Ici terms in equation (1) above, were representedjusin

the Master Chemical Mechanism (MCM), a near-expticemical mechanism



describing the detailed degradation of a large rexrabemitted organic compounds and
the resultant generation of ozone and other secppdtutants under conditions
appropriate to the atmospheric boundary layer.vEnsion used in the present study is
an extended version of the MCMv3.1 which treatsdiagradation of methane and 176
organic compounds (Derwent et al., 2007). The basshanism used, MCMv3.1 can be
accessed vis the University of Leeds website:
http://www.chem.leeds.ac.uk/Atmospheric/MCM/ mcnjgrion|

and was developed using published mechanism dawelaipprotocols (Jenkin et al.,
2003; Saunders et al., 2003; Bloss et al., 200%% Base mechanism included 136
primary organic compounds and a further 9 orgaaimmounds which are included in
the MCMv3.1 as degradation products. Those orgamigpounds whose atmospheric
emissions were negligible under European conditibased on the detailed speciated
inventory of Passant (2002), were removed frombtme mechanism. They were
replaced with a number of additional organic conmasuwhose degradation
mechanisms were constructed using methods bastéasa applied within the
Common Reactive Intermediates mechanism (Jenkih,e2008). The full extended

mechanism contains 12,871 reactions and involvEsi4;hemical species.

The photolysis reactions of the photochemicallyikabpecies were calculated from
their absorption cross-sections and quantum yiatd dsing a two-stream multiple
scattering approach (Hough, 1988). The time-ofehg-dependence of the photolysis
rates was described by calculating the instantaesolar zenith angle, z, and using
expressions of the form in equation (2) to estintlagephotolysis rate, J, for a
particular photochemical process:

J = 1. (cos Z) exp(-n secZ) 2



The coefficients, I, m, n were calculated for epoicess by fitting J values to
appropriate function of Z and can be accessecheidJniversity of Leeds website

(http://www.chem.leeds.ac.uk/Atmospheric/MCM/ mcojgrtml).

2.3 Ambient conditions and model input data

Reactivities depend of the nature and chemicalgitas of the organic compounds.
However, they are not geophysical constants angdsignificantly with ambient
environmental conditions. These ambient conditimenge been carefully specified so
that the resulting reactivities are appropriatthtoconditions found in air basins in

the State of California.

The PTM model was set up using indicative ambientdions from a database of 39
simplified model scenarios designed to represeom@Zormation in 39 areas of the
United States of America in the 1980s (BauguesQ)JL99f these environmental
scenarios, five have been chosen and implementid IRTM. These scenarios
include: “averaged conditions” AVGEPA, “Los AngelésOSCA1, “Sacramento”
SACCAL1, “San Diego” SDOCAL, “San Francisco” SFOCAhe database provided
information describing:

» the location of the given air basin, its latituael dongitude

» the time of year of the scenario

» the diurnal behaviour of the atmospheric boundayei depth, the air

temperature, the water vapour content
» the time-dependent emissions of the organic com®udQ, carbon

monoxide, isoprene andpinene



 initial concentrations of total organic compound§)y, methane, carbon
monoxide, isoprene andpinene
» aloft concentrations of total organic compound®nez methane and carbon

monoxide.

Each model simulation was run from 0600z until ZB80he speciation of the initial
concentrations of the organic compounds, theitt @lmfhcentrations and the time-
dependent emissions were held constant betwedndbenarios and were taken from
Carter (1994b). The time-dependent Ngnissions were scaled with factors that were
time-independent but varied between each scerEm®scale factors were increased
in steps to obtain the Maximum Incremental RedgtiiMIR) conditions as described

by Carter (1994a).

2.4 Determination of POCPs

To quantify the contributions made to photochem@zane formation by each

organic compound, a series of model sensitivityeexpents was performed. In each
sensitivity experiment, the instantaneous emissfane organic species at each point
along the trajectory path was increased in turmalfarganic compound emissions
were increased by 40% relative to the base casechice of the increase in the
emissions was completely arbitrary and had no pdalignificance. It was a
compromise between the requirement to producetssthisin were above the noise
level in the model with the least reactive spebigisnot too large as to take the model
out of its linear response range. The ozone incnéfoe ethylene in the “averaged

conditions” scenario was 3.9 ppb above a baseaas® mixing ratio of 195 ppb.



The single day trajectory model was then reruntitvis, once for each organic
species and the ozone mixing ratios at the enldeofrajectory were noted for each
sensitivity experiment. No other model parametezsarchanged in the sensitivity

experiments from their values in the base caserampat.

The ozone mixing ratios at the end of the trajgctoithe sensitivity experiments
varied considerably between the different experismiand were generally higher than
in the base case model experiment. The incremirttaase in organic compound
emissions thus led to an incremental increasegm#one mixing ratios at the
endpoint of the trajectory which varied with thgamic species. This variability was
taken as a measure of the propensity for photoatamzone formation from each
organic species. A Photochemical Ozone Creatioarfdiat POCP index (Derwent et

al., 1996) was then calculated for each VOC spegiesing the formula:

@ - Qbase case

@hylene - Q%base case

where Qpase caséefers to the ozone mixing ratio at the end oftthgectory in the base
case, @ with an additional emission of th8 $pecies and Quyiencrefers to that with
the same mass of ethylene. The organic speciekerthwas used as a bench-mark
for the POCP scale because its chemical degradadittmvays are well-defined,
because of its low molecular mass and becauseitef the most important ozone-

forming species (Derwent et al., 1998).

Table 1 contains a summary of the POCP determmatitade under North American

conditions using the extended MCMv3.1. Each ertigns the mean and standard



deviations of the POCPs for the five environmesta&narios. The standard deviation
is given merely as an indication of the uncertaintthe POCP resulting from the
choice of background environmental conditionss ihe@t a measure of overall
uncertainty and does not reflect the uncertaintigee PTM, MCM and the input data
used to drive them. Annex A contains a summaryefreactivity assignments in the
POCP and MIR scales for those organic compoundsatkacommon to the extended
MCMv3.1 and SAPRC-07 mechanisms. Basic informalias also been tabulated for
each of the 121 organic compounds from which therkactivity scale values have

been compiled.

3. Comparison of Reactivity Scales

3.1 Comparison of the reactivities for the alkanes

POCPs and MIRs increase with increasing carbon eumtihin the alkane class,
from G, to a maximum at £on both scales, see Figure 1. Reactivities thetinde

from G to Go. Reactivity estimates using thgkscale increase steadily with carbon
number from @to C,. Reactivities using thegk scale follow the POCP and MIR
scales initially from @to G but do not show the decline in reactivity abowddtind

in the latter scales. Figure 1 illustrates theeddhce between kinetic and mechanistic
reactivity. The increasing reactivity of the alkamweth carbon number from,@o Gs
follows on directly from the increasing reactivitgth OH radicals in the parent
organic compound. This is straightforwardly desedilby all three scales. However,
for Cs and higher, the steady increase in OH reactivigmns) by the ky scale has

been offset by markedly decreasing mechanistidikgigcas shown by the POCP and



MIR scales. The alkanes aboveexhibit a change in their primary degradation
pathway which markedly inhibits photochemical ozéoenation despite increasing
OH reactivity. This change in degradation pathwaxplves alkoxy radical
isomerisation through a six-membered transitiotestdnich is favoured for £and
higher alkoxy radicals and not favoured for smati@hbon chain lengths. This alkoxy
radical isomerisation leads to the formation ofdoyxgl-substituted peroxy radicals
which exhibit a reduced propensity to drive ozasrenfation compared with
unsubstituted peroxy radicals. This reduced prapebhecomes more marked with
increasing carbon number reflecting the increakingnation of hydroxyl-substituted
alkyl nitrates. All these detailed mechanistic teas have been captured

guantitatively in both the POCP and MIR scalesrmitin the k4 scale.

Figure 2 presents a scatter plot of the POCPs dRt$ fibr the alkane class. Error
bars have been provided for the POCPs based atahédard deviations for the five
scenarios as given in Table 1. Error bars for thedvhave been assumed arbitrarily
to be + 30% merely to provide an indication of kkancertainty range. The aim of
the figure is to show how well both reactivity ssahgree within this class of organic
compounds. Also shown is an orthogonal regresanan tepresenting the fit between

the two sets of reactivity assignments. The stitdigh has the equation:

MIR = 0.0558 + 0.006 POCP + 0.04 % 0.11%=R0.84.

The scatter plot shows that there is a large degfreenformity between the two

scales. It is concluded that both the extended M&WMwand the SAPRC-07

mechanisms have processed the available literkite¢ic and mechanistic data to
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produce the same structural variation in alkanetigty with carbon number within

the likely uncertainty ranges.

3.2 Comparison of the reactivities for the alkenes

Both scales agree that the alkenes as a classarggat the most reactive of all the
classes of organic compounds evaluated. Becaugatbdighly reactive, kinetic
reactivity is so high that almost all the alkenes@nsumed completely by OH
radicals close to their points of emission. Theapensity to form ozone is thus
largely controlled by their mechanistic reactivéti@hich differ markedly between the

members of the alkene class.

Figure 3 illustrates the influence of kinetic andamnanistic reactivities by plotting out
the POCPs and MIRs against their reactivities erkgly scale. Neither the POCPs
nor the MIRs increase monotonically with increadiag reactivity. This shows the
dominant influence of mechanistic reactivity congehwith kinetic reactivity.
Interestingly, apart from a scaling factor, the F8@nd MIRs follow each other
closely, showing a similar pattern of behaviourhwgimilar deviations from a simple

monotonic relationship withdg reactivity.

Figure 4 presents a scatter plot of the POCPs dRs Kbr the alkene class. Again,
error bars have been provided for the POCPs basé#tkedive scenarios and taken
from Table 1 whilst those of the MIR scale haveuassd an arbitrary + 30%. Also
shown is an orthogonal regression line throughéletivity assignments, with the

equation:

11



MIR = 0.075 +0.017 POCP —0.55 + 2.%,-R0.50

There is a high degree of conformity between th€P@nd MIR reactivity
assignments. It is concluded that both the exteie¥v3.1 and the SAPR-07
chemical mechanisms have been able to characgsmgar mechanistic reactivities

for the members of the alkene class.

However, not all of the reactivity assignments igufre 4 lie close to the orthogonal
regression. Even with the large error bars assigmédth the two reactivity scales,
the points representingpinene -pinene, limonene, methacrolein and isoprene
appear well removed from the line. It would apptbat the POCPs for these
compounds have been overestimated by between ab@% factor of two or that the
MIRs have been underestimated by similar factansh&liscrepancies are larger than

the likely uncertainties and warrant further invgsstion.

In previous studies with the MCM, Pinto et al., 3D discussed the quantum yield
data used for methacrolein and recommended thatstieuld be updated.
Accordingly, we have scaled these quantum yield8.bg and found that this
decreased the POCP for methacrolein by about ##etealues reported in Tables 1
and A.1. Pinho et al., (2005) reported an imporédfgtct on the MCM simulations
from updating these quantum yields but this haseen realised in these ambient

simulations.

The discrepancies noted for isoprene between ti@&P&hd MIR scales are worthy

of comment in view of the favourable comparisonsit between the MCMv3.0 and

SAPRC-99 mechanisms in the chamber experimentstezpby Pinho et al., (2005).
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It is possible that there have been more recemggsain the mechanisms that have

caused them to diverge.

Degradation mechanisms for complex organic compssundh as-pinene -pinene
and limonene are currently incomplete and lackdétailed understanding that is
required for their representation in chemical meddras. As discussed by Pinho et
al., (2007), the degradation chemistry of suchdagd complex organic compounds
includes a large number of sequential and parstiégls of which only those of the
first generation reaction products have been cheniaed in any detail. The
divergence of the reactivity estimates betweeretended MCMv3.1 and SAPRC-
07 reflects differing treatments of this secondargmistry. In this respect, chamber
experiments specifically targeting known degradapooducts would provide
additional information to help develop and evaluatedetailed formulation of their

atmospheric degradation.

3.3 Comparison of the reactivities for the aldelsyded ketones

Methyl glyoxal is found to be the most highly reéaetorganic compound in this class
on both scales. Both scales agree also that acesttime least reactive. The position of
acetone as the least reactive ketone on both tRedvitt POCP scale is noteworthy in
view of the exclusion of acetone as a reactive @rgeompound by the US EPA

(1994).

There is a general increase in POCP and MIR rapctiith increasing ky reactivity

and this is reflected in an exactly analogous maimthe two scales as shown in

13



Figure 5. The high reactivity of methyl glyoxal fadiin the POCP and MIR scales is,
however, not apparent in the/kscale. This is because the origin of the high
reactivity of methyl glyoxal arises from its phoisgbciation to radicals rather than its

degradation by OH.

Generally speaking, the reactivity assignments niadee POCP and MIR scales
follow each other closely as shown in Figure 6 sThieans that the representations of
the mechanistic reactivities of the aldehydes atdres in the MCM and SAPRC
chemical mechanisms agree closely. Also showngdnrgi6 is an orthogonal
regression line through the reactivity assignmarftieh has an equation of the form:
MIR =0.095 +0.019 POCP + 0.38 + 1.34° =R0.70

It is concluded that both the extended MCMv3.1 @r@dSAPRC-07 chemical
mechanisms have been able to characterise thevigastof the majority of the

aldehydes and ketones in a consistent quantitatareer.

There is, however, one reactivity assignment, fibvagjlyoxal, which is well removed
from the generally close fit as demonstrated withdrthogonal regression line.
Either the POCP appears to be underestimated hyt alfactor of 2.5 or the MIR is
similarly overestimated. One of the major oxidatynducts of glyoxal in the
extended MCMv3.1 mechanism is glypan, HCOGRNO,, formed by the reaction of
NO, with HCOCOQ. Experimental studies cast doubt on the existehglypan
(Orlando and Tyndall, 2001) and this aspect ofattmeospheric chemistry of glyoxal
will be updated during the preparation of the nexsion of the MCM. Updating the
glyoxal oxidation mechanism caused a 25% increasieel POCP to the values

reported in Tables 1 and A.1. This has not beengmto resolve the discrepancies
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between the POCP and MIR values. Further workdeefiore required to improve the

representation of the atmospheric chemistry of xgyan chemical mechanisms.

3.4 Comparison of the reactivities for the aroosti

It is well recognised that the chemical mechanide®cribing the OH reaction and
subsequent degradation of the aromatic compourdisemce their role in ozone
formation, are not well understood. This is corittaghe situation for the alkanes,
alkenes, aldehydes and ketones that have beenlfeesof sections 3.1 to 3.3 above.
As a consequence of this lack of understanding,atticipated that this will be
reflected in different representations of aromekiemistry within the extended
MCMv3.1 and SAPRC-07 chemical mechanisms. Thegerdiit representations may

well lead to differences in reactivities generdtgdhe two mechanisms.

Table 1 summarises the POCPs determined hered@rtmatics as a class. POCPs
range from -119 + 166 for phenol up to 188 + 491#,3,5-tetramethylbenzene. This
is the widest range found for any class of organimpounds studied. Considering the
sub-set of alkylbenzenes, then POCPs range fo fot-the unreactive benzene to
188 + 49 for the tetra-substituted alkylbenzeng agdin, this is a considerable range
in reactivity. The POCPs differ markedly dependamgthe pattern of alkyl

substitution on the aromatic ring. Multi-alkyl stibstions appear to increase
reactivity versus mono-alkyl substitution for trerse carbon number. So, for

example, ethylbenzene is much less reactive cordpeith the xylenes.
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The POCPs and MIRs for the alkylbenzenes followstdrae overall pattern, with
benzene the least reactive and the tri- and teédtyhbenzenes being the most highly
reactive. POCPs and MIRs thus increase with inargdsy reactivity as is
demonstrated in Figure 7. However, for three arasabenzaldehyde, o-cresol and
styrene, marked deviations from thegykreactivities are found in both their POCP
and MIR reactivities. For these species, mechanistctivity controls overall

reactivity and not kinetic reactivity.

A scatter plot of the MIRs and POCPs for the ararsas shown in Figure 8. There is
a close association between the two sets of réesivThis could only have arisen if
the two mechanisms share a common understandithg ohechanistic factors that
control the differences in reactivity between tiféedent members of the aromatics
class. Also shown in Figure 7 is an orthogonalessjion line fitted through the
reactivity assessments. The equation of the flitegis:

MIR = 0.042 +0.0047 POCP + 2.62 + 0.452 =R.75.

The orthogonal regression is thus able to accaurd Gignificant fraction of the
variance in the reactivity assessments. This fsads significantly higher than that
accounted for by the corresponding regressionthéoralkenes, aldehydes and

ketones.

However, not all of the reactivity assessmentslbse to the orthogonal regression as
is shown by the point for phenol. The mean anddstechdeviation for the POCP for
phenol is -119 + 166 over the five scenarios. Tidtlwof the error bars for phenol in
Figure 7 demonstrates that the POCP has not beedefmed over the five

scenarios. This is because phenol oxidation anchdagon acts as a potent N€ink
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and this reduces the availability of N@®@ drive ozone production from all other
organic compounds. Hence phenol has a negative P@@Pther consequence is
that the POCP is markedly sensitive to the backgtdyO, environment as defined
by the five scenarios. It is likely then that tleactivity of phenol is highly mechanism
and background environment dependent. It is subjecbnsiderable uncertainty and

the reactivity of phenol is thus not adequatelyrabterised in the POCP scale.

It is concluded that, despite the limited underdiiag of the detailed aromatics
mechanisms, both the extended MCMv3.1 and the SAPR@echanisms have been
able to reach a common understanding of the diff@e in mechanistic reactivity
within the members of the aromatics class. Thisroomrepresentation has been
achieved by entirely independent routes, invohdifierent mechanism generation
protocols, procedures and techniques, with a @iffebalance in the selection of
laboratory and experimental data. The agreemedrmgastening and lends some
confidence to the application of either reactiatale in policy applications involving
the aromatics. However, it does not guaranteeditizr mechanism has captured

fully the real-world behaviour of the aromatics.

3.5 Comparison of the reactivities for the oxygesat

The oxygenates are an important class of orgampoonds in their own right
because they contain a high proportion of unreacid low reactive species. They
are therefore a potentially useful class of compisuhat can be employed as
replacements for more reactive compounds. It iefbee important that there is a

measure of coherence between the reactivity stai¢lis class of compound.
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The POCPs for the oxygenates cover the range flose ¢o zero for methyl formate
to over 50 for diethylether. The MIRs show a simdadering of reactivities with
esters significantly less reactive compared witiees. Figure 9 shows how both
POCPs and MIRs increase with increasigg keactivity. Significant divergences
were noted between the POCP and MIR assignmefigume 9 for three oxygenates:
diacetone alcohol, dimethylether and i-propanole\theless, the broad pattern of

reactivity within the oxygenate class was simitatiie POCP and MIR scales.

A high degree of coherence between the POCP andréd&ivity assignments
within the oxygenate class is demonstrated in ¢ladter plot in Figure 10. Also
shown is an orthogonal regression fit with an eiguat

MIR = 0.0754 +0.006 - 0.043 +0.16°R0.87.

Of all the classes of organic compounds studied,libe oxygenate class gave the
highest B value in the orthogonal regression. This reinferite point that the POCP
and MIR scales offer a coherent assessment ofivitpetithin the oxygenate class.
This must mean that there is a similar level oferehce in the representation of
oxygenate chemistry in the extended MCMv3.1 and &7 chemical

mechanisms.
Despite the overall goodness of fit indicated by @nthogonal regression in Figure
10, notable deviations were observed for diace&br@hol, s-butanol, propanoic acid

and ethylene glycol. These discrepancies warratiiduinvestigation.

3.6 Comparison of the reactivities for miscellargorganic compounds
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The final class of organic compounds contains &efisneous selection of organic
compounds comprising alkynes, cycloalkanes andchabons. The aim is to illustrate
the ability of the two mechanisms, MCMv3.1 and SAPR to handle a wide
diversity of organic compounds and to demonstrdtether there is any coherence

between the reactivity estimates generated usem.th

Figure 11 presents a scatter plot of the POCP aRdrhactivity assignments for the
organic compounds in the miscellaneous class. Régs are highest in both scales
for propyne and lowest for tetrachloroethylenethef compounds studied. An
orthogonal regression has been fitted throughehetivity assignments and the fitted
line is shown in Figure 11. It exhibits an equatidrthe form:

MIR = 0.043 +0.011 POCP + 0.11 + 0.49;=R0.67.

Most of the reactivity assignments scatter clostagoorthogonal regression, showing
that both chemical mechanisms have a common repegsm of reactivity for this

diverse range of compounds.
However, one reactivity assignment, that for etlgie dichloride, appears to diverge
markedly from the orthogonal regression fit. Eittlte¥r POCP has been overestimated

by about a factor of three or the MIR has been texlenated by a similar factor.

In summary, the reactivity assignments for the ellaneous class appear largely to

be consistent between the POCP and MIR scales.
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4. Discussion of the Results

Over the last four decades, a considerable bodypa@érstanding has been built up
concerning the mechanism of the atmospheric oxidaif organic compounds and
hence their contribution to photochemical ozonenftion. A driving force behind
the development of this understanding has beeahhracterisation of reactivity
scales and their potential use in the formulatiboost-effective strategies for the

reduction of ozone exposure levels (Finlayson attd,2993).

In this study, the focus has been on how two chalhniechanisms: the extended
MCMv3.1 and SAPRC-07, have represented this curedéerstanding and the extent
to which they have constructed convergent or deetrgictures of the atmospheric
oxidation of organic compounds. Both mechanism$ased upon near-explicit
representations of the chemical reactions invobuedi rely heavily on structure-
activity relationships to estimate the majoritytloé rate coefficients required. Their
point of departure is in the manner of represemadif reaction products. In the
MCM, all reactions are represented as fully expitbichiometric equations, with
stoichiometric product yields. The MCM is termedinexplicit because there is a
limit to the representation of the fate and behawadf minor products without which
the mechanism would grow out-of-control (Jenkimlet1997; Saunders et al., 2003).
In the SAPRC mechanisms, the surrogate speciesagprs adopted where reaction
products are represented by a limited number obtingiical species with non-
stoichiometric yields (Carter, 2008). Both mechar@employ mechanism generation

protocols to define the representation of theseti@apathways and products.
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The comparison of two mechanisms such as the exteMdCMv3.1 and SAPRC-07
is therefore not straightforward and is not simglguestion of working through each
mechanism, process-by-process, equation-by-equatitime-by-line for each emitted
organic compound. Here, we employ reactivity scakesomparative tools for
comparing mechanisms. The central assumption isatheactivity scale is a
numerical representation of the manner in whichentical mechanism has
represented differences in mechanistic reactivithiiw each class of organic
compounds and between the major classes. Kinetativéy should have been
handled more or less identically between the MCNIneghd SAPRC-07 mechanisms
because there is little controversy over OH reaatate coefficient data either from
observation or form structure-activity relationshiffhe use of reactivity scales as
comparative tools necessarily focuses attentioozmme and would not necessarily
indicate how the mechanisms compared when judgezemxyacetyl nitrate (PAN),

formaldehyde or any other trace organic reactiaupcts.

A reactivity scale, the Photochemical Ozone Creaotential (POCP) scale, has
been constructed here using the extended MCMv3chamsm as described in
section 2 above under conditions appropriate tsthie of California. The SAPRC-
07 mechanism has been used to generate the Maxinmemental Reactivity (MIR)
scale in work described elsewhere (Carter, 20083ettion 3, the POCPs and MIRs
have been compared for 121 organic compounds eapiieg the major classes of
organic compounds, namely the alkanes, alkeneshwdiés, ketones,aromatics,
oxygenates and halocarbons. Within-class variatiomsactivity appear to be
consistent between the POCP and MIR scales. Ngtdmécatter plots indicate

excellent correlations between POCPs and MIRsPREPs and MIRs diverge in
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coherent ways from the corresponding keactivity values. These correlations
between the POCPs and MIRs and their coherentgéimees from theds

reactivities could not have been achieved by ch&rcsuch a large number of
organic compounds. They have arisen because bathamisms have represented the
available body of understanding concerning the apheric oxidation of organic

compounds within each class in a consistent andtijave manner.

These observations concerning the correlationsdeithe POCPs and MIRs appear
to be equally true for the aromatics as for theothasses of organics. This is
heartening because the oxidation mechanisms farthmaatics are considered to be
incomplete and unsatisfactory. It appears that bwgbhanisms have constructed a
coherent picture of mechanistic reactivity for aatizs with different patterns of
substitution on their aromatic rings and with difiet alkyl side chains. This level of
agreement between the MCMv3.1 and SAPRC-07 meaharissimportant for policy
because aromatics are highly reactive and drivgrafisant fraction of

photochemical ozone formation under California ¢tois.

Not all of the reactivity assignments are consisbetween the POCP and MIR scales
for all 121 organic compounds studied. A total 6fatganics had POCPs that were
apparently inconsistent with their MIRs or vicesarThese organics included 5
alkenes: isoprene, methacrolairpinene -pinene and limonene; an aldehyde:
glyoxal; 4 aromatics: benzaldehyde, styrene, phandlo-cresol; 4 oxygenates:
diacetone alcohol, s-butanol, propanoic acid ahglene glycol; and a halocarbon:

ethylidene dichloride.
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For the 4 aromatics listed above, atmospheric dxidappeared to be a potent NO
sink. As a consequence, additional N&as removed from the system when
additional organic was added to determine its imenatal reactivity. This reduced
ozone production from all other organic compourelsding to —ve or close to —ve
POCPs. A further consequence was that the POCknad®dly sensitive to the
background N@environment as shown by the large standard denisthssigned to
the POCPs. ltis likely then that the POCPs (ardymably the MIRs) are not well-
founded for these species and are highly modelrdbgg. For the remaining 11
organic compounds where significant discrepancieevound between the
corresponding POCPs and MIRs, it is not thouglelyikhat this indicates a
fundamental point of departure between the undeglgixtended MCMv3.1 and the
SAPRC-07 mechanisms. The discrepancies are mailg tix have been caused by
some species-dependent facets of their atmospieg@adation mechanisms that are

not adequately resolved in the available experiaietsdta.

The extended MCMv3.1 and SAPRC-07 mechanisms appdeve represented the
available body of understanding concerning the apheric oxidation of organic
compounds within each class in a consistent andtijiaave manner. Where
significant differences have been found in the tieig estimates between the two
mechanisms, it is not considered likely that swctivity differences will have any

great impact on policy.
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Table 1. Summary of the POCPs determined here asirextended Master Chemical
Mechanism v3.1 under North American conditions.

| Species |  POCP | Species POCP |
Alkanes Alkenes
ethane 3+1 ethylene 100
propane 9+2 propylene 134+14
butane 18+4 but-1-ene 108+17
i-butane 204 cis but-2-ene 165+33
pentane 2245 trans but-2-ene 173+35
I-pentane 21+4 butylene 97+12
neopentane 10£2 buta-1,3-diene 120£12
hexane 204 pent-1-ene 89+15
2-methylpentane 265 cis pent-2-ene 145+32
3-methylpentane 2515 trans pent-2-ene 14531
2,2-dimethylbutane 13+2 2-methylbut-1-ene 92+10
2,3-dimethylbutane 20+3 3-methylbut-1-ene 89+17
heptane 15+4 2-methylbut-2-ene 155+35
2-methylhexane 19+4 isoprene 173+19
3-methylhexane 2415 hex-1-ene 92+13
octane 13+5 cis hex-2-ene 127+30
nonane 11+6 trans hex-2-ene 127+30
decane 12+7 | a-pinene 109+20
undecane 12+7 | B-pinene 70£16
dodecane 12+8 limonene 134+31

acrolein 80+44

Aromatics methacrolein 136+41
benzene 1+6 | Oxygenates
toluene 33+8
o-xylene 79+19 methanol 8+1
m-xylene 94+23 ethanol 17+5
p-xylene 74+17 i-propanol 13+2
ethylbenzene 3619 propanol 306
propylbenzene 266 butanol 358
i-propylbenzene 2916 i-butanol 3442
1,2,3-trimethylbenzene 125+32  sec-butanol 265
1,2,4-trimethylbenzene 137+27  3-methylbutan-1-ol +317
1,3,5-trimethylbenzene 141+23 diacetone alcohol 321+
o-ethyltoluene 65+18 methyl formate 1+0
m-ethyltoluene 82+19 methyl acetate 3+1
p-ethyltoluene 60+16 i-propyl acetate 16+3
3,5-dimethylethylbenzene 134+24  n-propyl acetate +315
1,2,3,5-tetramethylbenzehe 188+49 | butyl acetate 14+2
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1,2,4,5-tetramethylbenzene 181+47 | dimethylether 18+5
1-methyl-3-i-propylbenzerie 151+44 | diethylether 5319
3,5-diethyltoluene 121+25| di-i-propylether 41+8
benzaldehyde -36+34| formic acid 1+0
2-methylbenzaldehyde -101+83 | acetic acid 6+1
3-methylbenzaldehyde -83+69 | propanoic acid 612
4-methylbenzaldehyde -36x43 | ethylene glycol 2515
styrene 7431 propylene glycol 2947
phenol -119+166| 2-butoxyethanol 3817
o-cresol -20+116 | 1-methoxy-2-propanol 3246
2,5-xylenof 42+115 | 2-methoxyethanol 34+3
2,4—xy|en01’ 52495 2-ethoxyethanol 42+5
2,3-xylenof 16+105

Miscellaneous
Aldehydes and ketones

acetylene 4+0
formaldehyde 78+20 propyhe 101+40
acetaldehyde 59420 cyclohexane 2015
propionaldehyde 63+24 cyclohexanone 2144
butyraldehyde 6021 cyclohexanol 45+1(
i-butyraldehyde 60+18 methylene dichloride 1+1
pentanal 74+20 | tetrachloroethylene 1+0
3-methylbutanal 73+23 | trichloroethylene 14+3
glyoxal 60+16 ethyl chloride 12+5
methylglyoxal 163+44 | ethylidene dichloride 91+27
acetone 4+1
methylethylketone 18+4
diethylketone 1745
methyl-i-butylketone 5316

Notes:

a. the mean and standard deviations are estimatedtie five different scenarios
describing the background environmental conditiothe state of California from

Baugues (1990; 1991).

b. ethylene is the index point of the POCP scalehvis by definition 100 with a
standard deviation of zero. This does not imply tha reactivity of ethylene is
completely certain, merely that all other POCP<ehaeen expressed relative to

ethylene = 100.

c. species treated using the CRI-based approachkaaischot described in the same
level of detail as the species in the remainde¢hetable.
d. species treated as a degradation product inabe MCMv3.1 mechanism and so is
not described in the same level of detail as tleeisg in the remainder of the table.
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Figure 1. Variation of the reactivity assignmemtstie oy, POCP and MIR scales
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been multiplied by 500 to allow overplotting witiet MIRs.
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31



25 4 -+ 250

20 4 -+ 200

15 { + 150

¢ MIR

o POCP
10 -+ 100
"] ﬁ I i t

0 T T T T
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

kOH/MWt

POCP

MIR
—5
e

Figure 3. Variation of the reactivity assignmenggng POCP and MIR scales with
those from the &y scale for the alkene class.

32



250 -

isoprene
methacrolein
200 limonene -
_ T 71
a-pinen - \ - P )
_ r 7 @ | T 1
. :I / :I
N 150 4 p-pinene . H— —H 1
@) T 'S i T =
g s -
100 1 p - |
1
50 +
0 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20
MIR

Figure 4. Scatter plot of the reactivity assignrsdat the alkenes using the MIR and
POCP scales, together with an orthogonal regre$sierthrough the assignments.

33



250 - -+ 25

200 1 120
150 1 115
8 x |=POCP
o Z | &M
100 1 1 10
50 % { I i 15
0 # T T T T T T T 0
000 005 010 015 020 025 030 035 040
KOH/MW!

Figure 5. Variation of the reactivity assignmerdégng POCP and MIR scales with
those from the &y scale for the aldehydes and ketones.

34



250 -

200 | 1'

150 - ' '
o
8
o glyoxal

100 + P /

50 - t 1 '
O T T T T 1
0 5 10 15 20 25

MIR

Figure 6. Scatter plot of the reactivity assignrsdot the aldehydes and ketones in
the POCP and MIR scales, showing an orthogona¢ssgin line.

35



POCP

250 + - 125
200 + 1 100
150 + 175
100 - { ] Leo
I x |ePOCP
] ! %5 awR
4 T\ -
x
0+% T T , ‘ ‘ J- N
0/0 0 0.2 0.3 0.4 0.5 6 styrene
-50 + 1.5
benzaldehyde o-cresol
-100 - 150
-150 - - .
kOH/MWt

Figure 7. Variation of the reactivity assignmergégng POCP and MIR scales with

those from the ky scale for the aromatics.

36



250

150 - — L1 Ir :
100 - _ e 1 1
o o
S 50 - = .
= ]
T D E.E |_I"_\'v T T T T T T T 1
A
) ) 21 4 6 8 10 12 14 16 18
168 - /phenol
-150 )
MIR

Figure 8. Scatter plot of the reactivity assignradot the aromatics in the POCP and
MIR scales, showing an orthogonal regression litbedf through the points.

37



60 - -5
L 2 —
50 |
_ - 14
— w
40 | L
L3 b + 3
o [ 4
« POCP
8 301 r 1 1
S | = MIR
{ $ 1o
20 1 { 1 L
| ]
t | I
10 % { {
K 2
o | : : : 0
0.0 0.1 0.2 0.3 0.4
KOH/MW!t

Figure 9. Variation of the reactivity assignmenggng POCP and MIR scales with
those from the &, scale for the oxygenates.

38



60 ~

50 4
. J L
T I , 1
s-butanol I - .
40 1 T
g, L e
o 30 \ ' i
a
20 | + --\ ethylene glycol
al
0 T T T T 1
0 1 2 3 4 5

MIR

Figure 10. Scatter plot of the reactivity assigntadar the oxygenates in the POCP
and MIR scales, showing an orthogonal regressienfitted through the points.

39



160 -

ethylidene dichloride

POCP

MIR
Figure 11. Scatter plot of the reactivity assigntadar the miscellaneous class of

organic compounds in the POCP and MIR scales, stgpam orthogonal regression
line fitted through the points.

40



Annex A. Data compilations and reactivity assignments for awide range of organic compounds

Table A.1 Data compilations and reactivity assignments using the kon, POCP and MIR reactivity scales.

ethane

propane

butane

i-butane

pentane

i-pentane
neopentane

hexane
2-methylpentane
3-methylpentane
2,2-dimethylbutane
2,3-dimethylbutane
heptane
2-methylhexane
3-methylhexane
octane

nonane

decane

undecane
dodecane

ethylene
propylene

akane
akane
akane
akane
akane
akane
akane
akane
akane
akane
akane
akane
akane
akane
akane
akane
akane
akane
akane
akane

akene
akene

POCP deviation

3
9
18
20
22
21
10
20
26
25
13
20
15
19
24
13
11
12
12
12

100
134

standard

o~N~NOGOAr~P,wNOOOBRRNPOORDPDNPE

Q
D

14

MIR

0.27
0.46
1.09
1.18
1.23
0.89
0.65
1.16
1.42
171
1.12
0.91
0.99
111
1.52
0.82
0.71
0.62
0.55
0.5

8.80
11.43

carbon
number

PBHooN~N~NoOOODODOD U ahNWN

12

2
3

c
kOH

0.25
1.08
24
2.1
4
3.7
0.82
52
53
5.6
2.2
5.6
6.8
6.89
7.17
7.8
9.8
11
124
13.8

8.15
26.00

MWt

30.07
44.11
58.12
58.12
72.15
72.15
72.15
86.18
86.18
86.18
86.18
86.18
100.21
100.21
100.21
114.23
128.25
142.28
156.31
170.33

28.05
42.08

kon/MWt

0.0083
0.0245
0.0413
0.0361
0.0554
0.0513
0.0114
0.0603
0.0615
0.0650
0.0255
0.0650
0.0679
0.0688
0.0715
0.0683
0.0764
0.0773
0.0793
0.0810

0.290
0.618



but-1-ene
cis-but-2-ene
trans-but-2-ene
cis-pent-2-ene
trans-pent-2-ene
1-pentene
2-methylbut-1-ene
3-methylbut-1-ene
2-methylbut-2-ene
butylene

isoprene
hex-1-ene
cis-hex-2-ene
trans-hex-2-ene
1,3-butadiene
alpha-pinene
beta-pinene
acrolein
methacrolein
limonene

formaldehyde
acetaldehyde
propionaldehyde
butyraldehyde
i-butyraldehyde
pentanal
3-methylbutanal
glyoxal
methylglyoxal

akene
akene
akene
akene
akene
akene
akene
akene
akene
akene
akene
akene
akene
akene
akene
akene
akene
akene
akene
akene

aldehyde
aldehyde
aldehyde
aldehyde
aldehyde
aldehyde
aldehyde
aldehyde
aldehyde

108
165
173
145
145
89
92
89
155
97
173
92
127
127
120
109
70
80
136
134

78
59
63
60
60
74
73
60

163

17
33
35
32
31
15
10
17
35
12
19
13
30
30
12
20
16

41
31

20
20
24
21
18
20
23
16
44

9.47
13.97
14.87
10.12
10.30

7.00

6.26

6.79
13.81

6.18
10.33

5.31

8.10

8.41
12.28

4.40

3.40

1.27

5.86

4.43

9.28
6.37
6.86
5.78
5.08
4.91
4.81
12.20
16.11

= =
BEroBEBErocovrvvvoanabsnp

WwNhoTarph,wNE

31.10
55.80
63.20
65.00
67.00
31.40
61.00
31.40
86.00
50.80
99.60
37.00
66.00
66.00
65.90
51.80
73.50
19.90
28.40
163.00

8.47
14.90
19.70
23.50
26.80
27.80
27.00
11.00
15.00

56.11
56.11
56.11
70.13
70.13
70.13
70.13
70.13
70.13
56.11
68.12
84.16
84.16
84.16
54.09
136.23
136.23
56.06
70.09
136.23

30.03
44.05
58.08
7211
7211
86.13
86.13
58.04
72.06

0.554
0.995
1.126
0.927
0.955
0.448
0.870
0.448
1.226
0.905
1.462
0.440
0.784
0.784
1.218
0.380
0.540
0.355
0.405
1.197

0.2821
0.3383
0.3392
0.3259
0.3717
0.3228
0.3135
0.1895
0.2082



acetone
methylethylketone
diethylketone
methyl-i-butylketone

benzene

toluene

o-xylene

m-xylene

p-xylene

ethylbenzene
propylbenzene
i-propylbenzene
1,2,3-trimethylbenzene
1,2,4-trimethylbenzene
1,3,5-trimethylbenzene
o-ethyltoluene
m-ethyltoluene
p-ethyltoluene
3,5-dimethylethylbenzene
1,2,3,5-tetramethylbenzene
1,2,4,5-tetramethylbenzene
1-methyl-3-i-propylbenzene
3,5-diethyltoluene
benzaldehyde
2-methylbenzal dehyde
3-methylbenzal dehyde
4-methylbenzaldehyde
styrene

phenol

ketone
ketone
ketone
ketone

aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic
aromatic

18
17
53

33
79
94
74
36
26
29
125
137
141
65
82
60
134
188
181
151
121
-36
-101
-83
-36

-119

(206X BF SN

32
27
23
18
19
16
24
49
47
44
25
34
83
69
43
31
166

0.35
1.44
1.18
3.76

0.70

3.90

7.48

9.57

5.72

2.95

1.96

244
11.73
8.69
11.50
5.46

71.25

4.34

9.85

9.06

9.06

6.96

8.70

-0.68
-0.60
-0.60
-0.60
1.65

2.70

[20N¢) B N V]

O OOWOWOOOOOWOoOoOo~N»

0.19
1.20
2.00
12.70

1.22
5.58
13.60
23.10
14.30
7.00
5.80
6.30
32.70
32.50
56.70
11.90
18.60
11.80
57.70

25.50
59.30
12.00

58.00

58.08
7211
86.13
100.16

78.11
92.14
106.17
106.17
106.17
106.17
120.19
120.19
120.19
120.19
120.19
120.19
120.19
120.19
134.22
134.22
134.22
134.22
148.24
106.12
120.15
120.15
120.15
104.15
94.11

0.0033
0.0166
0.0232
0.1268

0.0156
0.0606
0.1281
0.2176
0.1347
0.0659
0.0483
0.0524
0.2721
0.2704
0.4718
0.0990
0.1548
0.0982
0.4299

0.1900
0.4000
0.1131

0.5569



o-cresol

2,5-xylenol
2,4-xylenol
2,3-xylenol

methanol
ethanol
i-propanol
propanol

butanol

i-butanol
sec-butanol
3-methyl-1-butanol
diacetone acohol
methyl formate
methyl acetate
ethyl acetate
i-propyl acetate
n-propyl acetate
butyl acetate
dimethylether
diethylether
di-i-propylether
formic acid
acetic acid
propanoic acid
ethylene glycol
propylene glycol
2-butoxyethanol

1-methoxy-2-propanol

aromatic
aromatic
aromatic
aromatic

alcohol
alcohol
alcohol
alcohol
alcohol
alcohol
alcohol
alcohol
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0.0362
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2-methoxyethanol oxygenate 34 3 2.84 3 13.30 76.09 0.1748
2-ethoxyethanol oxygenate 42 5 3.59 4 1870 90.12 0.2075
acetylene alkyne 4 0 0.94 2 0.77 26.04 0.0296
propyne alkyne 101 40 6.61 3 5.90 40.06 0.1473
cyclohexane cycloalkane 20 5 1.16 6 7.02 84.16 0.0834
cyclohexanone cycloalkane 21 5 1.27 6 6.40 98.14 0.0652
cyclohexanol cycloakane 45 10 1.84 6 19.00 100.16 0.1897
methylene dichloride hal ocarbon 1 1 0.04 2 0.15 84.93 0.0017
tetrachloroethylene hal ocarbon 1 0 0.03 2 0.17 165.83 0.0010
trichloroethylene hal ocarbon 14 3 0.61 2 234  131.39 0.0178
ethyl chloride hal ocarbon 12 5 0.27 2 0.42 64.51 0.0065
ethylidene dichloride hal ocarbon 91 22 1.69 2 10.90 96.94 0.1124
Notes

a. ethylene isthe index point of the POCP scale which is by definition 100 with a standard deviation of zero. This does not imply that the
reactivity of ethylene is completely certain, merely that all other POCPs have been expressed relative to ethylene = 100.

b. Data taken from Calvert et a., 2000; 2002; 2008) and Carter, 2008.

c. rate coefficients multiplied by 10* in unit of cm® molecule™ s,



