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Foreword
The Journal of Physical and ChemicalReferenceData is publishedjointly by the
American Institute of Physicsandthe AmericanChemicalSocietyfor the National
Instituteof StandardsandTechnology.Its objectiveis to providecritically evaluated
physicalandchemicalpropertydata,fully documentedasto theoriginal sourcesand
the criteria used for evaluation.One of the principal sourcesof material for the
journal is the National StandardReferenceData System(NSRDS), a program
coordinatedby NIST for the purposeof promoting the compilation and critical
evaluationof propertydata.
The regular issuesof the Journal of Physical and ChemicalReferenceData are
publishedbimonthly andcontaincompilationsandcritical datareviewsof moderate
length.Longerworks, volumesof collectedtables,andothermaterialunsuitedto a
periodical format havepreviouslybeen publishedas Supplementsto the Journal.
Beginningin 1989 the generictitle of theseworkshasbeenchangedto Monograph,
which reflects their characteras independentpublications.This volume, “Gas-
PhaseTroposphericChemistryof OrganicCompounds”by RogerAtkinson, is pre-
sentedasMonographNo. 2 of theJournalofPhysicalandChemicalReferenceData.

JeanW. Gallagher,Editor
JournalofPhysicalandChemicalReferenceData
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The gas-phasereactions of selectedclassesof organic compounds(alkanes,
alkenes(including isopreneand monoterpenes),alkynes,aromatic hydrocarbons
and oxygen-containingorganiccompoundsand their degradationproducts)under
troposphericconditionsarereviewedand evaluated.The recommendationsof the
most recentIUPAC evaluation[J. Phys.Chem.Ref. Data21, 1125 (1992)]areused
for the ~ C3 organiccompounds,unlessmorerecentdatanecessitatesreevaluation.
In additionto thereviewof the gas-phasetroposphericchemistryof theseclassesof
organic compounds,the previousreviews and evaluationsof Atkinson [J. Phys.
Chem.Ref.Data,Monograph1(1989)]for OHradicalreactions,Atkinson[J. Phys.
Chem.Ref. Data20,459 (1991)]for NO3 radicalreactionsandAtkinson andCarter
[Chem.Rev. 84, 437 (1984)] for 03 reactionswith organiccompoundsareupdated.
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I GAS-PHASE TROPOSPHERIC CHEMISTRY OF ORGANIC COMPOUNDS 11

1. Introduction

Organicchemicalsare introducedinto the atmosphere

in large quantitiesfrom a variety of anthropogenicand
biogenicsourcest~with estimatedbiogenicand anthro-
pogenic non-methaneorganic compound emissionsof

• —1000 million ton yr’ and —100 million ton yr_i,
respectively.4Theseemissionsof organiccompoundslead
to a complexseriesof chemicaland physical transforma-
tion and removal processesin the atmospherewhich
result in such effectsas ozoneformation in urban56and
rural7’8 areasandin theglobal troposphere,9stratospheric
ozone depletion,4 long range transport of chemicals,’°
acid deposition,11and global climate change.’2 A large
amount of experimental data concerningthe chemical
andphysicalprocessesof emittedorganiccompoundshas
beenobtainedfrom laboratoryand ambientair studies
over the pasttwo decades,and thereis now an under-
standing,at varying levels of detail, of the atmospheric
chemistryof the various classesof organiccompounds
emitted into the troposphere.’~’9Becauseof the com-
plexity of the physical and chemical processesinvolved
andthe often non-linearresponseof the parametersof
interestto changesin the input(s), the useof computer
modelsincorporatingthe emissions,atmosphericchem-
istry and atmospherictransport processesis generally
necessaryto elucidatethe effects of emissionsof chemi-
cals of anthropogenicand biogenicorigin on the atmo-
sphere.

Chemicalmechanismsof varying levelsof detail have
beenformulatedandusedas componentsof thesecom-
puter modeling studies. For the more complex non-
methaneorganiccompounds,the chemicalmechanisms
are often comparedwith experimentaldata obtained
from environmentalchambersduringtheir development
(see,for example,references20—24)andhenceunderthe
concentrationconditionsof theseexperimentaldatathe
predictionsof the chemicalmechanismsare constrained
to be in reasonableagreementwith experimentaldata.
However, these environmental chamberdata are of
somewhatlimited utility dueto the difficulties of working
at the low reactantconcentrationscharacteristicof the
ambientatmosphereand of monitoringproductspecies
which are presentin low concentrationsand/or readily
depositat the chamberwalls.The accuraciesof chemical
mechanismsused in the computermodelsdesignedto
simulate the troposphereand/or stratosphereare then
dependenton the accuracy of the individual rate con-
stants,reactionmechanismsandproductdistributionsfor
themultitude of elementaryreactionswhich actuallyoc-
cur in the atmosphere.

It is evident that, togetherwith experimentallabora-
tory, ambientair and theoreticalstudiesof the kinetics,
mechanismsandproductsof the atmosphericreactionsof
Organiccompounds,theremustalsobe an ongoingparal-
lel effort to critically review and evaluatethesedata.
These evaluation efforts serve to present the current
Statusof knowledgeof atmosphericchemistry,in part for
modelers,and to point out the areasof uncertaintyfor

V

I

tI’

designingfuture experimentaland/ortheoreticalstudies.
The reactionsof interest for modeling the chemistry
occurring in the stratospherehavebeen reviewed and
evaluatedfor severalyearsby the NationalAtmospheric
andSpaceAdministration (NASA) Panelfor Data Eval-
uation [with the mostrecentevaluationbeingNumber10,
published in 1992181 and by the IUPAC (formerly
CODATA) Subcommitteeon GasKinetic DataEvalua-
tion for AtmosphericChemistry(with the most recent
evaluationbeingSupplement1Vi9). While thesetwo data
evaluationpanelswereoriginally concernedlargelywith
stratosphericchemistry,due to the potential for strato-
sphericozonedepletionby inputsof CIO8 andNO8 into
the stratosphere,troposphericchemistry is now being
included to an increasing degree in both evaluations
through the troposphericchemistry of the hydrochlo-
rofluorocarbons (HCFCs) and hydrofluorocarbons
(HFCs) proposedas alternativesto the chlorofluorocar-
bonsand, especiallyin the morerecentIUPAC evalua-
tions,’9’~by theinclusionof the reactionsof ~ C3 alkanes,
alkenes,alkynes,aldehydes,ketones,alcohols,carboxylic
acids and organosulfur species.The gas-phaseatmo-
sphericreactionsof the HFCs and HCFCs havebeen
dealt with in detail recently,i4uli9and the atmospheric
chemistryof reducedorganosulfurcompoundshasbeen
reviewedby Tyndall andRavishankara.’7

However, the tropospherecontainsat least several
hundredorganic compounds,with the vast majority of
thembeing ~ C4 species,andthereis anobviousneedfor
thereviewandevaluationof thechemicalreactionswhich
occur in the tropospherefor thesechemicals.To date,
severalcritical reviewsandevaluationsof thekineticsand
mechanismsof the gas-phasereactionsof organiccom-
poundswith OH radicals,2~’28NO3 radicals’5”6 and 0329
havebeencarriedout,with themostrecentof thesebeing
those of Atkinson and Carter29 for 03 reactionsand
Atkinsoni~2Sfor OH andNO3 radical reactions.In addi-
tion to thesereviewsof specific (andimportant)reaction
pathways,the troposphericchemistryof selectedorganic
compoundshasbeenreviewedby Atkinson and Lloyd,30

~ and Roberts.3iThe review of Atkinson and
Lloyd30 focusedon the troposphericreactionsof eight
hydrocarbons(n-butane, 2,3-dimethylbutane,ethene,
propene, 1-butene, trans-2-butene, toluene and
m-xylene) andtheir degradationproducts,while thatof
Atkinson’3 dealt in a moreglobal sensewith the tropo-
spheric chemistry of the alkanes, alkenes, alkynes,
oxygenates(including those formed during the atmo-
sphericdegradationsof the hydrocarbonspecies),nitro-
gen-containingorganics,and aromatichydrocarbons.

The presentarticle servesto updateand extendthe
Atkinson’3 review to take into accountmorerecentdata.
In the previous article,’3 the reactionsof alkyl, alkyl
peroxyandalkoxyradicals,andtheir substitutedanalogs,
weredealtwith assingle entities,regardlessof the chem-
ical structureof the alkyl radical, alkyl peroxy radical, or
alkoxy radical.A somewhatdifferentapproachthanused
by Atkinsoni3 is employed here, since recent data for
organicradicalsindicatethat therearesignificantdiffer-

1!
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encesbetweenthereactionpathwaysoccurringin thetro- The equation,k = CT~e°’3’,can be transformedinto th
posphere,dependingon the structuresof the radicals.

The reactionsof organic compoundsunder tropo-
sphericconditionsare dealtwith in Sec- 2:

2.1. Alkanes
2.2.
2.3. Alkynes
2,4, Aromatic hydrocarbons and aromatic com-

poundsformed during the troposphericphoto-
oxidationsof the aromatichydrocarbons.

2.5. Oxygen-containingorganic compounds,includ-
ing thoseformed as photooxidationproductsof
the alkanes, alkenes, alkynes and aromatic
hydrocarbons.

2.6. Nitrogen-containingorganiccothpoundsformed
as photooxidationproductsof the alkanesand
alkenes.

Only gas-phasereactionsare discussed,since while
highly important under many troposphericconditions,
the reactionsoccurring in the particle and/or aqueous
phase(for example,in fog, cloud andrain droplets),on
surfaces(heterogeneousreactions) and gas-to-particle
conversion(see,for example,Refs. 32—38) are beyond
the scope of the presentarticle. As in the previous
review,23 the most recent NASA’8 and, especially,
IUPAC’9 evaluationsare used for the ~ C3 reactions,
generallywithout reevaluationor detaileddiscussion.
The presentarticle is in essencean extensionof the
IUPAC evaluation’9to morecomplexorganiccompounds
characteristicof thelower troposphereand,in particular,
pollutedair masses.Thus the presentarticle andthemost
recentIUPAC evaluation’9arecomplementaryandboth
arenecessaryfor an in-depthcoverageof thechemistryof
organiccompoundsin the troposphere.In addition, the
previousarticles’6’28’29dealingwith thekinetics andmech-
anismsof the gas-phasereactionsof OH andNO3 radi-
calsand03 with organiccompoundshavebeenupdated,
with the data reportedsince thesereviews’62829 being
tabulated,discussedandevaluatedin Sees.3, 4 and5. In
thesesections,discussionis limited to thoseorganiccom-
poundsfor which new informationhasbecomeavailable
sincethesepreviousreview articles’628’29 wereprepared.
Previousdataare not includedin the tablesof ratecon-
stants,andhencethe previousreviews’6’28’29 mustbe con-
sulted for rate constantand mechanistic information
availableandusedat the timesof their finalization. The
literature through mid-1992hasbeen included in this
article. (SeeAddendum,Sec. 6 for datathrough early!
mid-1993.)

Rateconstantskdeterminedas a functionof tempera-
ture aregenerallycited usingtheArrheniusexpression,k
= A e_B/T,whereA is the Arrheniuspre-exponentialfac-
tor andB is in K. In somecasesrateconstantshavebeen
obtainedover extendedtemperaturerangesandthe sim-
ple Arrhenius expression,as expected,does not hold,
with curvaturein the Arrheniusplotsbeingobserved.28In
thesecases,a three-parameterequation,k = CTfle_~dT
hasbeenused,28generallywith it = 2 (k = CT2e_~T),

Arrheniusexpression,k = ACRIT, centeredat a tempe~
atureT, with A = Ce”T~andB = D + nT.

Reactionswhich arein the fall-off region betweensec
ond- and third-orderkineticsor betweenfirst- and sec
ond-order kinetics are dealt with by using the Trot
fall-off expression,39with

k = ko{M) F1’ + (iog,,k,~Myk.,)
2

)’’ (1( 1+ko~MJ)

wherek0 is the limiting low-pressurerate constant,k..is
thelimiting high-pressurerateconstant,M is theconcen-
trationof the third-bodygas(generallyair in this article)
andF is the broadeningcoefficient. In general,the rate
constantsk0 and k.,have 7’” temperaturedependencies.
Thetemperaturedependenceof F is given by F = e~~’
for temperaturesappropriateto the troposphere,where
T* isa constantfor agivenreaction.’9’4°All rateconstants
aregiven in cm molecules units, andpressurearegiven
in Torr (1 Tort = 133.3 Pa).
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2. Gas-Phase Tropospheric Chemistry

of Organic Compounds

2.1. Alkanes

The atmosphericchemistry of the alkaneshasbeen
reviewedanddiscussedpreviously,”2andthe kinetics and
mechanismsof the reactionswith OH and NO3 radicals
and with 03 havebeen reviewed and evaluated~5and
thesereviewsand evaluationsareupdatedin Secs.3, 4,
aild 5, respectively.The gas-phasereactionsof the alka-
fles with 03 are of negligible importanceas an atmo-
sphericloss process,sincethe availabledata5show that
the room temperaturerateconstantsfor thesereactions
ate<10~cm’ molecule’ sfl’. Underatmosphericcon-
ditions, the potential loss processesfor the alkanesin-
volve gas-phasereactionswith OHand NO3 radicals.

OH Radical Reactions

The kinetics andmechanismsof the reactionsof the
OH radicalwith alkaneshavebeenreviewedand evalu-

ated by Atkinson,3 and that evaluation is updatedin
Sec.3.1. Rate constantshave been determined over
significant temperaturerangesfor a numberof alkanes
and, as expected from theoreticalconsiderations,the
Arrheniusplotsexhibit curvature.Accordingly,thethree-
parameterexpressionk = CT e~~Twas generallyused3

(seealso Sec.3.1). The 298 K rate constantsand the
parametersC andD recommended[from Ref.3 andSec.
3.1] aregiven in Table 1 for alkanesof relevanceto tropo-
sphericchemistry.Roomtemperaturerateconstantsfor
otheralkanesfor which recommendationshavenotbeen
given (generallydueto only single studiesbeingcarried
out) arealso given in Table 1.

TheseOH radical reactionsproceedvia H-atom ab-
stractionfrom the C-H bonds

OH+ RH—.H2O+R-

to generatean alkyl radical and, as discussedprevi-
ously,3’6 the rateconstantsfor theseOH radicalreactions
with alkanescan be fit to within a factor of —2 over the
temperaturerange250—1000K from considerationof the
CHr, —CHr and > CH— groupsin the alkane,and the
neighboringsubstituentgroups.Thus

k(CHrX) = kp,im F(X)

k(XCHrY) = ~ F(X) F(Y)

Y
and

k(X-CW’ ) = k,~F(X) F(Y) F(Z)

wherekprim, ~ and~ are theOH radicalrateconstants
per—CH3,—CH2-- and > CM— group,respectively,for X =

Y = Z = —CH3 as the standardsubstituentgroup, and
F(X), F(Y) andF(Z) arethe substituentfactorsfor X, Y
and Z substituent groups. As derived by Atkinson,6

kpr;rn = 4.47 x 10’s
7

C e3M3h? cm3 molecule’ sfl’,

~ = 4.32 x 10_is7’2 e23311’ cm3 molecule’S’ r’,

= 1.89 x io—’~T2 e”~cm3 moleculets_i,

F(—CH,) = 1.00, and F(-CHr) = F( > CM—) =

> Cc) = ~ For cycloalkanes,the effects of ring
strainaretakeninto accountby meansof ring factors.~
This estimationtechniquenot only allowsthe calculation
of OH radical reaction rate constantsfor alkanesfor
which experimentaldatado not exist, but alsoallows the
initially formed isomericalkyl radical distribution to be
calculatedfor a given alkane.2

NO3 Radical Reactions

The NO3 radical reactswith the alkaneswith rate
constantsat room temperaturein the 10’~to 10’s cm3

molecule’ s’ range (Ref. 4 and Sec. 4.1). The
recommended298 K rate constantsarid temperature

.J. Phys. Chem. Ref. Data, Monograph No. 2
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TAnIz 1. Rate constantsJr at 298K and parameters C and D ink = ~ for the reaction of OH radicalswith alkanes (from Ref. 3 and Sec.3.1)

Aikane
iO’~x k(cm’

~ s’)
1O”~x

molecule
C(cm’
—i s’)

D
(K)

Methane 0.00686 7.44 1361
Ethane 0.257 15.1 492
Propane 1.15 15.0 44
n-Butane 234 15.1 —190
2-Methylpropane 2.33 11.1 —256
n-Pentane 3.94 21.0 —223
2-Methylbutane 3.9
2,2.Dimethylpropane 0.849 17.9 187
n-Hexane 5.61
2-Methylpentane 5.6
3-Methylpentane 5.7
2,2-Dimethylbutane 2.32 a a
2,3-Dimethylbutane 5.99 12.1 —512
n-Heptane 7.15
2,2.Dimethylpentane 3.4
2,4-Dimethylpentane 5.2 .

2,2,3-Trimethylbutane. 4.23 9.04 495
n-Octane 8.68 b b
2,2.Dimethylhexane 4.8 ‘

2,2,4-Trimethylpentane 3.59 20.6 —201
2,3,4-Trimethylpentane 7.0
2,2,3,3-Tetramethylbutane 1.06 19.0 139
a-Nonane 10.2
2-Methyloctane 10.1
4-Methyloctane 9.7
2,3,5.Trimethylhexane . 7.9
n-Decane 11.6
n-Undecane 13.2
n-Dodecane 14.2
n-Tridecane 16
n-Tetradecane 19
n-Pentadecane 22
n-Hexadecane

.

Cyclopropane 0.084
Cyclobutane 1.5
Cyclopentane 5.08 25.5 —241
Cyclohexane 7.49 26.6 —344
Cycloheptane 12.5
Methylcyclohexane 10.4
cis-and 20 .

trans-Bicyclo[4.4.Ojdecane

‘Arrhenius expressionof k = 2.84 x l0” e_74h1T cm’ moleculc’ s~recommended(245—330K).
bArrheniusexpressionof k = 3.15 X 10_11 ~3~Wffcm3 molecule~’s’ recommended(300—500K).

dependentparameters,takenfrom Ref. 4 and Sec. 4.1,
are given in Table 2, which alsoincludesthe room tem-
peraturerateconstantsfor alkanesforwhichonly asingle
studyhasbeencarriedout andfor which. no recommen-
dations are given. Under atmosphericconditions, the
nighttimereactionsof the alkaneswith the NO, radical
can becalculatedto be typically two ordersof magnitude
less importantas an atmosphericloss processthtn are
the daytime OH radical reactions(althoughthe relative
importanceof theNO, radicalreactionsmayvarywidely,
dependingon the OH andNO, radicalconcentrations4).

Similar to the OH radicalreactions,theseNO, radical
reactionsproceedvia H-atomabstractionfrom the C—H
bonds

NO, + RH-*HONO2 + R

For alkanesfor which no experimentaldatapresently
exist,the overall298K rateconstantsandthe distribution
of initially formedalkyl radicalisomerscan be calculated
by the useof —CH,, —CH2-- and > CM— group rate con-
stantsandsubstituentfactors,as discussedabovefor the
correspondingOH radical reactions.Atkinson4 derived
group rate constants(in cm’ molecule’ s’ units) at
298 K Ofkprim = 7.0 x io’~,k5~0= 1.5 x 1O’~,andkcen
= 8.2 x 10-17, and substituentfactorsat 298 K of F(-
CH,) = 1.00 andF(-CHr) = F(>CH) = F(>C<)
= 13, andthesecanbe used to calculatethe room tefll

J. Phys. them. Ref. Data, Monograph No. 2
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A e°~T,for thereactionof NO, radicalswith alkanes(fromRef. 4TABLE 2. RateconstantsJr at298IC andtemperaturedependentparameters,k
andSec.4.1)

Alkane
. 1O’~XA

(cm3moleculc’ r’) B (K)
10” xk

(cm’ molecute~r’)

Methane <0.1
Ethane 0.14
Propane 1.7’
n-Butane 2.76 3279 4.59
2-Methylpropane 3.05 3060 10.6
n-Pentane 8.1
2.Methylbutane 16~
n.Hexane 10.5
2,3.Dimethylbutane . 43
Cycloltexane 13.5
n.Heptane 14.5
n-Octane 18.2
n-Nonane 24.1

‘Estimated from grouprate constants• seetext.

peraturerateconstantsfor theNO, radicalreactionswith
thealkanesandthe distributionof alkyl radicalsformed.

ReactionsofAlkyl (2?) Radicals
The availablekinetic and mechanisticdata show that

under troposphericconditions the alkyl radicals react
with 02 to form an alkyl peroxyradical.

R + OMRO~

The room temperaturekinetic data presentlyavailable
for 02 addition to alkyl radicalsaregiven in Table3. For
methyl andethyl radicalsat room temperature,thesere-
actionsarein thefall-off region at andbelowatmospheric
pressure,andthe IUPAC recommendedvaluesof k0, k~
andF for these0~reactionsare:9 methyl, k0 = 1.0 x
10-’°(T/300)-’~cm6 molecule2s~(200—300K), k.. =

2.2 x 1012 (T/300) cm’ moleculet~ (200—300K) and
F = 0.27 at298K; ethyl,Ic0 = 5.9 x 10~(T/300)3scm6

molecule-2s’ (200—300 K), k~= 7.8 x 10-12 cm’
molecule’ s~(200—300 K) andF = 0.54 at 298 K. In
addition,Xi et al.’2 havedeterminedarateconstantof Ic..
= 2.1 x 1012 (T/300y2’ cm’ molecule1s~for the
reactionof 02 with the2,2-dimethyl-I-propyl(neopentyl)
radicalover the temperaturerange266—374 K.

At elevatedtemperatures,thesereactionsof alkyl rad-
icals with 02 havebeenassumedto alsooccurby an H-
atom abstractionpathway, for example

At the high pressurelimit, peroxy radical formation is
thereforethe sole reaction process.At 760 Torr and
298 K, the formationyield of C2H4 + HO2from the reac-
tion of the ethyl radicalwith 02 is —0.05%?

Hence,for the alkyl radicalsstudiedto date,underat-
mosphericconditionsthe reactionswith 02 proceedvia
addition to form a peroxyradical,with a room tempera-
ture rateconstantof �10_12cm’ molecule’s~’atatmo-
spheric pressure.For the smaller alkyl radicals these
reactionsarein the fall-off regime betweensecond-and
third-orderkinetics,but arereasonablycloseto thehigh-
pressurerate constantat 760 Torr of air. Underatmo-
sphericconditions, thesereactionswith 02 are the sole
loss processof thesealiq’l radicals,and other reactions
neednot be considered.

Alkyl Peroxy (ROi) Radicals

As discussedabove,theseradicalsareformedfrom the
addition of 02 to the alkyl radicals.Undertropospheric
conditions, RO~radicals react with NO (by two path-
ways),

R0 + NO

with HO2 radicals,

RO~+ HO2 -~ ROOM + 02

with R0~radicals(either self-reactionor reactionwith
otheralkyl peroxyradicals),

and with NO2.

R0~+ R0~—~products

R0 + NO2

t2H5 + 02 -~ CH2=CH2 + HO2

However,this is nowrecognizednot to bea parallelreac-

tion route,but to occurfrom the activatedRO~radical”

W+ 02 t [ROfl4 -. HO2 + alkene

‘I,
R0~

M
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TABLE 3. High-pressurerate constantsk., for the additionreactionsof alkyl radicals(}~)with 02 at aroundroomtemperature

R
1012 x k.,

(cm’ moleculr’ s—i) T (K) Reference

Methyl 2.2~ti
1.0’

298
298

Atkinson eta!.
9

Ethyl 7.8t~
7.0’

298
298

Atkinson eta!.
9

1-Propyl 8~ 298 Atkinson etalY
2-Propyl 11Z~ 298 Atkinson eta!.

9

1-Butyl 7.5 ± 1.4 300 Lenhardteta!.”
2-Butyl 16.6 ±2.2 300 Lenhardteta!)°
2-Methyl-2-propyl 23.4 t 3.9 300 Lenhardteta!)’
2-Methyl.1-propyl 2.9 ±0.7 298 ±3 Wu andBayes”
2,2-Dirnethyl-1-propyl 2.4 ± 0.4 293 ± I Xi eta!.’

2

Q’clopentyt 17 ± 3 293 Wu andBayes”
Cyclohe~il 14 ± 2 298 ± 3 Wu andBayes”

‘Value at 760Torr total pressurecalculatedfrom the fall-off expression.

RO~+ NO2 R0�N02

Thereactionpathwayswhichoccurdependon the NO to
HO2 and/or RO~radicalconcentrationratios,and in the
tropospherethe reactionwith NO is expectedto domi-
natefor NOconcentrations~7 x 1o8 moleculecml.IUS
The reactionof RO~radicalswith NO2 to form alkyl per-
oxynitratesis generallyunimportantunderlower tropo-
spheric conditions due to the rapid thermal
decompositionof the alkyl peroxynitratesback to reac-
tants(seeSec.2.6).

Reactionwith NO

The recommendedNASA’6 and JUPAC9 room tem-
peraturerateconstantsfor the reactionsof alkyl peroxy
radicalswith NO and the absolute literature data of
Peetersetal.’7 andAnastasieta!.’8 for the (CH,)2CH0’7

and(CH,),C0~’7”8radicalsaregiven in Table 4. Both the
NASA’6 andIUPAC9 evaluationsrecommenda ratecon-
stant for the reaction of CH,O~radicals with NO of
k(CH,O~+ NO) = 4.2 x 10-12 ct’S°± 180)/F cm’
moleculc’s’, with k(CH,0~+ NO) = 7.6 x 1012 cm’
molecule’s” at 298 K. TheNASA andJUPACrecom-
mendedrate constantsfor the reactionof the C2H50~
radicalwith NO9”6 arebothbasedon themeasurementof
Plumb eta!.’9 Although no experimentaltemperature-
dependentdataareavailable,theNASA evaluation’6rec-
ommendsa temperatureindependentrate constantfor
the reaction of the C2H5O~radical with NO. Further-
more,the IUPAC9recommendationsfor the reactionsof
the CH,CH2CH2O~and (CH,)2CHO~radicals with NO
assumethat the overall rateconstantsfor thesereactions
areidenticalto thatfor the correspondingC2H,O~radical
reaction. Recently,however, Peeterseta!.17 have mea-
suredsignificantly lower rateconstantsfor the reactions
of the (CH,)2CH0~and (CH,),CO~radicalswith NO at
290Kof(5.0 ± 1.2) x 10’2cm’molecule’s~and(4.0
± 1.1) x 1012 cm’ molecule’~ respectively.Unfor-

tunately,no measurementsfor the CH,0~or C2Hs0~rad-
ical reactionswere carried out by Peetersetal.’7 for
comparisonwith the previousliteraturedata.

Hence,it is recommendedthat the rate constantfor
the reactionof the CH,0~radical with NO is given by

k(CH,0~+ NO) = 4.2 x 1012 e”°~cm’ moleculc’ r’
= 7.6 x 10~~~ molecule” s-~at 298 K

andthat the overall rateconstantsfor the higher(~C2)
alkyl peroxy radicalswith NO areidentical,with

k(RO~+ NO) = 4.9 x 10_12 e180/T cm’ molecule’s~
= 8.9 x 10—12 cm’ molecule’s’ at 298 K.

The reactionof CH,O~with NO hasbeenshown to pro-
ceedprimarily by9”6’202’

CH,O~+ NO -. CH,O + NO2

andPlumbetal.’9 haveshownfrom direct measurements
that the reactionof C2H5O~radicalswith NO forms NO2
with a yield of ~ 0.80.

However,for the larger alkyl peroxy radicals,Darnall
eta! ,22 Takagieta! .,~‘ Atkinsonetal.24~and Harrisand
Kerr~haveshownthat the reactionpathwayto form the
alkyl nitrate becomesimportant.At room temperature
andatmosphericpressure,the productdataof Atkinson
etal.2’27 and Harris and Kerr28 show that for the sec-
ondaryalkyl peroxy radicalstherateconstantratio k,./(k.
+ kb), whereka andkb are the rateconstantsfor there-
action pathways(a) and(b), respectively,

Mr~
RO+NOH

Rcf ~NO2

(a)

(b)

.1. Phys. them. Ref. Data, Monograph No. 2
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T~ste4. Absoluteroom temperaturerate constantsfor the reactionsof RO2 radicalswith NO

RO,
j~~2x k

(cm’molecule’s’) T(IQ Reference

CH,O2
7.6 298 DeMoreeta!.;”

Atkinson eta!.
9

C,H5O2 8.9 298 DeMoreeta!.;”
Atkinson eta!.

9
.

CH3CH,CH,O,
(CH3)2CHO,

8.9’
8.9’

5.0 ±1.2

298
298
290

Atkinson eta!.
9

Atkinson et a!Y
Peeterseta!.”

.(CH,),CO, > 1
4.0 ± 1.1

298
290

Anastasieta!.”
Peeterseta!.”

‘At 760 Torr total pressure(seetext).

increasesmonotonicallywith the carbonnumberof the
RO~radical.Furthermore,for agivenalkyl peroxyradical
the rateconstantratio k,J(k, + kb) is pressure-andtem-
perature-dependent,increasingwith increasingpressure
andwith decreasingtemperatureY27’~

The pressureand temperature-dependentrate con-
stantratiosk,Jkb for secondaryalkyl peroxy radicals2’2’
are fit by the fall-off expression29

alkyl peroxy radicals.Thus,althoughno definitive data
exist,computermodelingdatasuggest’that the ratecon-
stantratiosfor 8-hydroxyalkylperoxyradicals(for exam-
ple, theRCH(OH)CH2CH2CH(OO)R,radical)aremuch
lower thanthosefor the correspondingalkyl peroxyrad-
icals.

Thesereactionsof RO~radicalswith NO are postu-
latedThto occurby

andy~= ae~, n is thenumberof carbonatomsin the
alkyl peroxyradical,anda andI~areconstants.The most
recentevaluation29of the experimentaldataof Atkinson
eta1.2~27leadsto Y? = 0.826, a = 1.94 x 1022 cm’
molecule’,13 = 0.97, m0 = 0, m,, = 8.1 andF = 0.411.
The experimentaldataof HarrisandKerr~for the heptyl
nitratesformedfrom the OHradicalreactionwith n -hep-
tane at 730 Torr total pressureover the temperature
range253—325K arein good agreementwith predictions
from this equation.

Although therateconstantratioskjk,,at roomtemper-
atureandatmosphericpressurefor secondaryRO~radi-
cals dependprimarilyon the numberof carbonatomsin
the RO~molecule,thecorrespondingrateconstantratios
for primary and tertiary RO~radicals are significantly
lower, by a factor of —2.5 for primary and a factor of
—3.3 for tertiary alkyl peroxy radicals.27’29Accordingly,

and
(ka/kb)prinary 0.40 (ka/kb)sccondazy

(kalkb),crtiary = 0.3 (kalkb)sccondary.

It shouldbe notedthat theuseof the aboveequationsto
calculaterateconstantratiosk,Ikb is solelyapplicableto

andit is thereforeexpectedthat the overall rateconstant
is independentof total pressure,but that the rate con-
stantratio k,Ikb is pressure(andtemperature)dependent,
as observed.

Reactionwith NO2

Thereactionsof alkyl peroxy radicalswith NO2 all pro-
ceedvia combinationto yield the correspondingperox-
ynitrates9

RO~+ NO2 ROONO2

The IUPAC recommendations9for the valuesof k0, k..,F
andtherateconstant,k, at 298K and760 Torrtotal pres-
sure of air for the reactionsof NO2 with CH,02 and
C2H5O2radicalsaregiven in Table5. The rateconstantat
298 K and760 Torr total pressureof air calculatedfrom
the IUPAC recommendationfor the reaction of the
CH,O~radicalwith NO2 (Table 5) is in excellentagree-
mentwith thatof (4.4 ± 0.4) x 10’2cm’molecule’r’
measuredby Bridier et al.’°at 298 ± 1 K and 760 Torr
total pressureof air. These reactionsare in the fall-off

k, f
— ~ i

Y~[MKT/300)”° \pz

~ [M](T/300)”~
Y? (T1300)

where

(II)

— {i ~[. IY~°°{M](T/300)°°\121-‘— y~ (T1300)° I

RO~÷NO ROONO’ RO+N02

J0 ___ IR0 ___
‘N RONO2‘N ~0

* M ~ RONO2
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TA8LE S. Recommended’ rate constant parameters k,, k. and F for the gas-phase reactions of RO, radicals with NO2, together with calculated rate
constantsat 298 K and760 Ton total pressure

RO~
It,

(cni’ molecule2r’)
k..

(cm’moleculc’ s~) F(298K)
l0’

2
xk

(298K, 760 Torr)

CH,O~ 2.5 x 10”°(T1300)’
3 7.5 x I0’~ 0.4 4.1

~2}j5O 13 )< IO-’~(T/3O0)~2 8.8 x l0.12 031 6.1

‘From Atkinson eta!.’

regimebetweensecond-and third-orderkinetics at and
below atmosphericpressureat room temperature,and
thisis in agreementwith thethermaldecompositiondata
for the correspondingperoxynitratesCH,00NO2 and
C2H500N02.9

Absoluterate constantshave also been obtained at
room temperature for the reactions of NO2 with
(CH,)2CHO~”and(CH,),CO~’8radicals,of (5.65 t 0.17)
x 10j2 cm’ molecule’ s’ and ~5 x 10-” cm’
molecule’s’, respectively.Therateconstantof Adachi
andBasco”for the (CH,)2CH02radicalsis anticipatedto
be erroneouslylow, by analogywith the rateconstantof
Adachi and Basco’2 for reactionof the C2H502radical
with NO2, for which theymeasureda rate constantof
(1.25 ±0.07) x jQ~12cm’ moleculc’s’ at room tem-
perature,independentof total pressureover the range
44-676 Torr.’2

Basedupon the datafor the CH,O~andC2H5O2~radi-
cals, it is recommendedthat the limiting high-pressure
rateconstantsfor the ~ C2 alkyl peroxyradicalsare iden-
tical to that for the C2H502radical,

k(RO~+ NO2) = 9 X 10~cm’ molecule-’ s’

approximately independentof temperatureover the
range—250--350K. This recommendationis consistent
with the kinetic dataof Zabel eta!.

3
’ for the thermalde-

compositions of a series of alkyl peroxynitrates
(ROONO2, where R = CH,, C2H5, C4H9, C6H,, and
C8H~)at 253 K and600 Torr total pressureof N2, which
showed that the thermal decompositionrates for the
C~-C5alkyl peroxynitrateswere reasonablysimilar. In
particular,thethermaldecompositionratesfor the Cr-Cs
alkyl peroxynitrateswerewithin ±30%of the calculated
high pressure thermal decomposition rate of
C2H500NO2.” The pressuresat which theseRO� +
NO2 reactionswill exhibit kinetic fall-off behaviorfrom
thesecond-to third-orderregimewill decreaseasthe size
of the R02- radical increases,and it is expectedthat at
room temperatureand 760 Torr total pressurethe ~ C,
alkyl peroxy radical reactionsare close to the limiting
high-pressureregion. The thermaldecompositionreac-
tions of the alkyl peroxynitratesarediscussedin Sec. 2.6.

Reactionwith HO2 Radicals

Relatively few data exist for the reactionsof HO2
radicalswith alkyl peroxy radicals.Absolute rate con-

stantshavebeendeterminedonlyfor theCH,O~,C2H,O~,
cyclopentylperoxy and cyclohexylperoxy radicals. The
Arrhenius expressionsrecommendedby the IUPAC
panelfor the CH3O~andC2H5O~reactionsare9:k(CH,O~
+ HO2) = 3.8 x 10—” e’8017 cm’ molecule’s_I (5.2 x

10_12 cm3 molecule~s~at 293 K); and k(C2}15O~+
HO2) = 6.5 x 10~’e6SOtT cm’ molecule’ s’ (5.8 x
10~2cm’ molecule’’ 5~tat 298 K). For the reactionsof
thecyclopentylperoxyandcyclohexylperoxyradicalswith
the HO2 radical,Rowleyetal.’~havemeasuredratecon-
stantsover the temperaturerange249—364 K of (2.1 ±
1.3) x i0~’~(~~

23
L85)/T cm’ molecule’s’ and(2.6 ±

1.2) x 10~”e~’245
a 124)1T cm’ molecule~s~,respectively.

At 298K, the rateconstantsfor thesetwo reactionsare
both (1.7— 1.8) )< 10~’cm’ moleculc’ C’.’4

Basedupon the recommendations9for the CH,O~and
C2H5O~reactions and the rate constantsfor the cy-
clopentylperoxyand cyclohexylperoxyradicals,’4 a rate
constantat 298 K for the reactionsof HO2 radicalswith
ROr radicalsof

k(HO2 + RO’2) = 1.0 x 10” cm’ moleculc’ r1

is indicated,with alikely overall uncertaintyof afactorof
2. The temperaturedependenciesof the reactionsstud-
ied to datearenegative.A meanvalueof B = —1000 K
ischosenin the expressionk = Ae°~to yield the recom-
mendationof

k(H02 + RO~)= 3.5 x 10W” e~X~~/Tcm’ molecule’ ~

TheJUPACrecommendations9shouldbeusedfor there-
actionsof the CH,O~andC2H5O~radicalswith HO2. The
reactionof theHOCH2CH2OO~radicalwith theHO2rad-
ical also has a rate constant of —1 x j~.-lt cm’
moleculc’s~at room temperature(seeSec.2.2).

The reactionsof the CH,O2, C211,O2, cyclopentylper-
oxy and cyclohexylperoxyradicalswith the HO2 radical
havebeenshown to proceedby H-atom abstractionto
form the hydroperoxide”

RO~+ HO2 -. RO2H + 02

Reactionwith RO~Radicals

Numerousstudiesof the self-reactionsof RO~radicals
havebeencarriedout.’8’9 Thesereactionscanproceedby
the threepathways

J. Phys. them. Ref. Data, Monograph No. 2
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2 R,R2CHO~-.2 R,R2CHO~+ 02

2 R,R2CHO~-. R,R2CHOH+ R,R2CO+ 02

2 R,R2CHO~-* R,R2CHOOCHR,R2+02

with pathway(b) not being accessiblefor tertiary RO~
radicals.At aroundroomtemperature,productstudiesof
the self-reactions of CH,02,40’2 C2H5O~’~and
(CH,),CO2 radicals45 show no evidencefor the occur-
renceof reactionpathway(c). In the following discussion,
pathway(c) is takento be of negligible importanceand
only pathways(a) and(b) areassumedto occur.

The IUPAC panel recommendations9for the overall
rate constants(k = ka + kb) andthe rate constantratio
k,Jk for the E C, R0~radicals are given in Table 6,
togetherwith the literaturedatafor the ~ C4 R02 radi-
cals.For the self-reactionof thetert-butylperoxyradical,
the rate constantsreportedby Anastasieta!.,’8 Kirsch
et a!.~and Lightfoot eta! ~ at room temperatureand
abovearein goodagreement?~Becauseof thewider tem-
perature range studied, the Arrhenius expression of
Lightfoot etal?~is preferred. Although an Arrhenius
expressionis given in Table 6 for the self-reactionof
neopentylperoxyradicals,~the rateconstantsmeasured
by Lightfooteta1?~exhibit non-Arrheniusbehavior(note
that the threeparameterexpressionof k = 3.02 x io-’~
(T/298)9~e4260’T cm’ molecule’ s~’cited by Lightfoot
eta!?6doesnot fit their data,andthe expressionk = 3.02

(a) x i0’~(TI298)9~e4S~~tT~ molecule’C’ appearsto
beabetterfit). Theoverall rateconstantkandbranching

(b) ratio k,ik determinedby Wallington eta!.49at 297 K for
theself-reactionof neopentylperoxyradicalsarein excel-

(c) lentagreementwith the moreextensivemeasurementsof
Lightfoot eta1?~

TheArrheniusexpressionsfor k,Ik areonly applicable
over the cited temperatureranges,sinceover extended
temperaturerangesthe calculatedvaluesexceedunity.
The more correct temperature-dependentformat uses
the ratio k,Jkb(see, for example, Carterand Atkinson~
for alkyl nitrate formation from the RO~+ NO reac-
tions), and Lightfoot eta!Y havederivedthe rate con-
stantratio kjkb = 197ct’658

~ for the self-reactionof
neopentyl peroxy radicals over the temperaturerange
248—373 K.

For all of the alkyl peroxy radicalsfor which dataare
availableand for which both reactionpathways(a) and
(b) are allowed,the reactionpathway(a) to yield the
alkoxy radicals increasesin importanceas the tempera-
ture increases(Table 6 and Lightfoot eta!?’~),with this
pathwayaccountingfor 30—60%of theoverall reactionat
298K. For the self-recombinationreactionof CH,O~rad-
icals, Kan and Calvert5°and Kurylo eta!.5’ haveshown
that,in contrastto thecombinationreactionof HO2 rad-
icals,9 H20 vapor hasno effect on the measuredroom
temperaturerate constant.

In addition to these R0~self-combinationreaction
studies,rateconstantshavebeenobtainedfor the reac-

T.~aLz6. Rateconstants,k, at298 K andtemperature-dependentparameters,k = A C
8t7

, for thegas-phasecombinationreactionsof R62 radicals

RO2 + R62
10~X A

(cm’ moleculr’ s_1)
8

(K)
10” x It (298K)

(cm’moleculc’r’) k/k Reference

CH,02 + CH,O, 0.11 —365 ±200 3.7±&~ 5.4 e~”°1T Atkinson etal.
9

C2H,O2 + C2H502 0.098

CH,CH,CH,O, + CH,CH2CH20,

• (CH,),ccH2ô2+ (CH,),CCH2O, 0.0016

(CH,)2cHo, + (CH,)2CH02 1.6

cyclo.QH,,rj2 + cyclo-C~s1-I,,O2 0.074

10

(CH3),CCHZO2 + (CH,),CO,

0.68±N~

3±1

—1961 ± 100 10.4 ± 0.9

2200 ± 300

0.62 ± 0.10 Atkinson eta!.’
(298 K)

Atkinson etal.’

Lightfoot etal.
4

’

2.0 e ~ Atkinson eta!.~

0.40
(298 K)

(300-400K)

274 0.284 ± 0.016 0.29 ± 0.02
(298 K)

3894 0.00021

1420 0.032

0.3 ± 0.1
(373 K)

110 0.5
(298 K)

Rowleyaol 0

Lightfoot eta!.~

5.9 e’01’ OsborneandWaddington45

(313—393K)

Lightfoot et

Atkinson eta!.
9

(CH,)3cO2 + (CH,),CO2

03,0, + (CH,),CO2 0.37

+ CH,CO,
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tions of the CH,Oa radical with (CH,),COi~552and
CH,C(O)O2~radicals5354 and for the reaction of the
(CH,),C02- radical with the (CH,),CCH2Or radical?6

The rate data obtainedor recommended9are given in
Table 6, with thoseof OsborneandWaddington45being
usedfor the temperature-dependentexpressionsk and
k,Jkgiven in Table 6 for the CH,Or + (CH,),CO2~reac-
tion. For the reactionof theCH,0~radicalwith CH,CO,~
radicals,the two pathways

CH,O+ CH,C02+ O~ (a)
CH,02÷CH,CO, —~

CH,C00H+ RCHO ~°2 (b)

areof approximatelyequal importanceat 298 K.9

In theabsenceof furtherexperimentaldatafor awider
variety of R0~radicals,the following rate constantsare
recommendedasbeingreasonablyrepresentativefor pri-
mary, secondaryand tertiary alkyl peroxy radicals at
298 K:

k(primaryRO~+ primaryR0~)
— 2.5 x 10” cm’ molecule’s~

k(secondaryRO~+ secondaryRO~)
— 5 x i0~’~cm’ molecule’s-~

k(tertiaiy RO~+ tertiary R0~)
— 2 x 1O~’cm’ molecule’ ~

all with uncertaintiesat 298K of atleastafactorof 5.For
the self-reactionsof primaryandsecondaryR0~radicals,
the rateconstantratio k,Jk —0.45 ±0.2at 298K.For the
self-reactionsof tertiary RO2~radicals, only reaction
pathway(a) can occur.

For thereactionsof non-identicalalkyl peroxyradicals,

R,O2 + R2O2 —~ products

the sparsedataset indicatesthat the rateconstantsare
approximatelygiven by the geometricmeanequation,55

with k,2 —2(k,k2)°5,wherek,2 is therate constantfor the
R,O2- + R20r reactionandk, andk2 arethe rate con-
stantsfor the self-reactionsof R,O2~andR2O2~radicals,
respectively.Clearly,a muchwider databaseis required
concerningthe reactionsof the HO2 radical with alkyl

CH,CH2CH2CHO+ CR,

peroxy (RO~2)radicalsand, to a lesserextent,for cross-

combination reactionsof RO~radicals.

Alkoxy (Rb) Radical Reactions

Underatmosphericconditionsthe majoralkoxy radical
removalprocessesinvolve reactionwith 02, unimolecular
decompositionandunimolecularisomerization(see,for
example, Carter and Atkinson’ and Atkinson and
Carter56).For the caseof the 2-pentoxyradical,thesere-
actionsare shown in ReactionScheme(1) belowwhere
the isomerizationreactionproceedsby a (generally) 6-
memberring transitionstate.In addition,reactionswith
NO andNO2, thoughminor undermostconditions,must
be considered.

Reactionwith 02. Absolute rateconstantsfor the reac-
tionsofalkoxy radicalswith Ozhavebeendeterminedfor
CH,0,57~°C2HSO58,6t and(CH,)2CHO~ radicals,andthe
IUPAC recommendations9for the rate constantsfor
thesereactionsare given in Table 7.

Based on the recommendedrate constantsfor the
reactionsof C2H50and(CH,)2CHO radicalswith 02, it is
recommendedthat for the primary (RCH2O) and
secondary(R,R2CHO)alkoxy radicalsformed from the
alkanes

k(RCH2O + Oz) = 6.0 x io-’4 e550~cm’ moleculc’s~’
= 9.5 x 10~cm’ moleculeC’ at 298 K,

and
k(R,R2CHO + 02) = 1.5 x

= 8 x 10’scm’ ~ s~’at 298 K.

BaldwinetalP’ andBallaetal.62 havederivedrelation-
shipsbetweenthe rateconstantsfor the reactionsof the
alkoxy radicalswith 02 and the exothermicitiesof these
reactions,andsucha relationshiphasalsobeensuggested
by Atkinson and Carter.56Basedon the threereactions
for which recommendationsare given (Table 7), a unit-
weighted least-squaresanalysis leadsto (~.Ho2in kcal
mol ‘)

k(RO+O2)=
1.3 >< 10~19ne~tO32~0,)cm’ molecule’ s~’

at 298 K, wheren is the numberof abstractableH atoms
in the alkoxy radical. While this equationdiffers from
thoseof Baldwineta!.

6
’ (k(R0 + 02) = 6.1 x 10~n

CH,CH(OH)C1{2CH2CH2

ReactionScheme(1)

decomPcsiti>/~’

CH,CHO+ CH,CH2CH2
and

CH,CHCH2CH2CH,
N isomerization

02

HO2+ CH,C(0)CH2CFI2CH,
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TABLE 7. Recommended 298 K rate constants and temperature dependent expressions, k Ae817~,for the reactions of 02 with alkoxy (RO)
radical?

.

P.O
A

(cm’ rnotecule’ s_’)
B
(K)

k(298K)
(cm’ ~

CH,O 7.2 x i0’4 1080 1.9 x 10-”
CH,CH,O 6.0 x 10—” 550 9.5 x
(CH,)2C1-iO 1.5 x io—’4 200 8 x 10—”

‘From Atkinson et al.
9

e~o~cAH~cm’ molecule’C’ or 3.3 x 102’n eO~Mb0z)

cm’ molecule’C’ at 298 K) andBalla etal 62 (k(R0~+
02) = 1.0 x lO—~ne-ouI&i~~~cm’ molecule’ C’ at
298K), theseexpressionsgive reasonablysimilar rate
constantsfor valuesof Sf102 ——32 kcal mol~’(corre-
spondingto the C2H50 radical).At 760 Torr total pres-
sureof air and 298 K, Eq. (I) leadsto

ko,[02] = 0.67 n e (L32àHo
2

) s

The above recommendationsfor primary and sec-
ondary alkoxy radicalsare slightly different than those
recommendedby Atkinson.2 The rate constantsfor the
reactionsof 02 with substitutedalkoxy radicals formed
from, for example,thealkenesafterinitial OH radicalre-
action (for example,the HOCH2CH2O radical) are dis-
cussedin the respectivesectionsbelow.

A!koxyRadicalDecompositions.Thegas-phasedecom-
positionreactionsof alkoxyradicalsformedfrom the OH
radical-initiatedreactionsof alkaneshavebeenthe sub-
ject of severalpreviousreviews and ~

Theseprevious articles have derived relationships be-
tweenthemeasuredArrheniusactivationenergiesfor the
alkoxy radicaldecompositions(Ed) andthe heatsof the
decompositionreaction(Slid), with the Arrheniuspre-
exponentialfactorsfor thesedecompositionreactionsall
beingof a similarmagnitude.Most of theserelationships
haveassumed,or shown, that a single relationshipbe-
tweenEd and SHd exists,with

Ed = a + bSHd

irrespectiveof the structureof the alkoxy radicalor the
leavingalkyl group.’263’~~ChooandBenson,6~however,
presenteddata indicating that the parameter“a” in the
above relationshipdependson the leaving alkyl group,
with this parameterdecreasingmonotonicallyalong the
alkyl leaving-group series CH,, C2H5, (CH,)2CH and
(CH,),C.

Many of the j~ateconstantdata for the alkoxy radical
decompositionreactionshavebeen determinedrelative
to the alkoxy radical combinationreactionwith N065’~’~’

RO + N0!Y.IRONO

andchangesin theRO + NO rateconstantsand,espe-
cially, in the heatsof the alkoxy radical reactions(Slid)

overthepastdecademakesa reanalysisnecessary.Using
recentdatafor the alkyl radical heatsof formation,969~

the recommendedArrhenius parametersfor selected
alkoxy radical decompositions[those of CH,O, C2H50,
(CH,)2CHO, CH,CH2CH(O)CH,, (CH,),C0 and
CH,CH2C(CH,)2Oradicals]~7374andthe presentrecom-
mendationfor thetemperature-dependentrateconstants
for the RO + NO reactionsof k~~(RO+ NO) = 2.3 x

(II) 10” e1501~cm’ molecule’C’ (seebelow), then

Ed = 11.2 + 0.79SHd,

with the energiesin kcal mol’, and

Ad = (2 x 10’~d) s~’

whered is the reactionpath degeneracyfor the alkoxy
radicaldecompositionreactions.

This relationship,however,is derivedfrom only a few
alkoxy radical decompositionreactions,and the recent
dataof Lightfoot etal?6for the decompositionandreac-
tion with 0~ of the 2,2-dimethyl-1-propoxy
[(CH,),CCH2O]radicalshowsthattheaboverelationship
betweenEd and SF!4 doesnot hold for this particular
alkoxy radical. Specifically, Lightfoot etal?6 obtaineda
rate constant ratio of kdlco2 = (2.0 ± 0.2) x 10~°
moleculecm’ at 298 K, consistentwith the lower limit
derivedbyWallingtoneta! ~ With avalueofko2 = 4.7 x
iO’~cm’ molecule’ s’ calculatedfrom Eq. (I) with
SHo2 = —30.6 kcal moV’ (asobtainedfrom groupaddi-
tivity calculations),this leadsto kd = 9.4 x i0~s~at
298 K, in close agreementwith the value derived by
Lightfoot eta!?6 Since~Hd = 9.8 kcal mol’ from group
additivity calculations(which can be comparedwith the
heat of reactionof 8.2 (±2.1)kcal mol~calculatedby
LightfoOtetal?6), the expressionsgiven abovewouldpre-
dict that/c4 —2s~,somesix ordersof magnitudein error.

It is thereforeclear that the alkoxy radicals formed
from the OH radical reactions with the alkenesand
ethers56are not the only alkoxy radicals for which the
ratesof the various reactionprocessescannotbe accu-
rately predicted.

The empiricalmethodof assessingthe relative impor-
tanceof decompositionversus02 reactionfor alkoxyrad-
icals proposedby Atkinson andCarter56is thusextended
furtherandan attemptis madeto placeit on anumerical
basis.Figure1 showsaplot of thevaluesof ANdandAN02
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for the alkoxy radicals dealt with by Atkinson and
Carter,~plus the (CH,),CCH2O radical formed from
neopentane,with the dominant reaction pathways at
298K andatmosphericpressureof air beingdenotedby
(0) for decomposition,(.) for 02 reaction,and (A) for
thosecaseswhereboth decompositionand 02 reaction
areobservedto occur at 298 K and760 Torr total pres-
sureof air. Theline drawnseparatesdominantdecompo-
sition from dominant02 reaction,andis definedby the
datafor theHOCH2CH2OandCH3CH2CH(U)CH,radi-
cals,with allowancebeingmadefor thefact that the de-
composition/U2reactionratios for thesealkoxy radicals
differ from unity at 298 K and760Torr total pressureof
air. Within the uncertaintiesof the heatsof reactionfor
the (CH3),CCH2Oradical,the positionof thisradical on
theplot isconsistentwith decompositionand02 reaction
beingcompetitive.

0
E
0
0

C
0

0
0.

E
0
0
w

~0

REACTION

AH(02 reaction) <cci rnoI~

-50

F,o. 1. Plot of thevaluesof SI! (decomposition)against511(02 re-
action) for aseriesof alkoxy radicals.(0)Alkoxy radicalsre-
acting dominantly by decomposition at 298 K and
atmosphericpressureof air; (S) alkoxy radicalsreacting
dominantlyby reaction with 02 at 298 K andatmospheric
pressureof air; (5) alkoxy radicalsreactingby both decom-
position andOz reactionat 298 K andatmosphericpressure
of air; (—) line separatingdominantdecompositionfrom 02
reaction.

The boundaryline is given by

AH?C = 30.3 + 0.69SF!02

with the energiesbeing in kcal mol’. By definition, on
thisline k~°= k02[O2]. For mostalkoxy radicals,the val-
uesof Sl1~andANo2 aresuchthatthe alkoxyradicaldoes

4. Phys. Chem. Ref. Data, Monograph No. 2

not fall on thisboundaryline. By makingtheapproximate
(and probablyincorrect)assumptionthat,

then
= elO’~utd— 30.3 — 0.69AHo

2
) x I0~IRfl

= {2.4 x 10” nd e(OS°~hb02— i33~Jid)}C’ at 298 K,~IJ)

wherethe energiesare againin kcal mol~.
Thesetwo expressionsfor k02[02] andk4 at 298 K and

atmosphericpressureof air (Eqs. (II) and (III), respec-
tively) appearto givesemi-quantitativelycorrectdatafor
the alkoxy radicals,and allow the alkoxy radical decom-
positionsand reactionswith 02 to be (semi)-quantita-
tively comparedwith the alkoxy radical isomerizations
(seebelow). With regardsto the situation at tempera-
turesotherthan298 K, as anapproximationit is reason-
able to usea temperatureindependentrate constantfor
the 02 reaction(but of coursethe correct02 concentra-
tion mustbe takeninto account)[a temperaturedepen-
denceof 1000 K correspondsto a variationof the rate
constantby a factor of 2.3 over the temperaturerange
250—300 K]. The value of k4 at 298 K canbe combined
with a pre-exponentialfactorofAd = (2 x l0’~d) s~’to
derive approximatevaluesof k4 at other temperatures.
Clearly, this postulated,and empirical, method for
assessingthe relative importanceof the various alkoxy
radicalreactionsunderatmosphericconditionsneedsto
be testedagainsta wider database.

The alkoxy radicaldecompositionreactionsmaybe in
the fall-off region betweenfirst-orderandsecond-order
kinetics at room temperatureand atmosphericpres-
sure.6365”4” For the two alkoxy radicals for which
pressuredependentdecompositionrate constantshave
been observed [2-propoxy” and 2-methyl-2-propoxy
(t-butoxy)”6], the rate constantsat room temperature
and atmosphericpressureare reasonablyclose to the
limiting high pressurevalues’5” [see also Table II in
Baldwin etal.,6” which predicts that the correctionsfor
fall-off behavioraresmallfor C, andhigheralkoxyradi-
cals, being less than a factor of 2 at room temperature
and atmosphericpressure].

AlkoxyRadical Isomerizazions.No direct experimental
dataareavailable,but isomerizationrate constantshave
beenestimated initially by Carter eta!.’8 and subse-
quently,andin moredetail,by Baldwinetal.6’ Themajor
relevant experimentaldata availableconcernmeasure-
mentsof the rateconstantratio for the reactionsshown
in ReactionScheme(2), obtainedfrom productyieldsde-
termined in n-butane-N0~air,’9HONO-n-butane-ai?°
and n-butyl nitrite-air8’ photolyses.Rate constantratios
of k,Jksof 1.65 x io’~moleculecm’ at 303 K,’~1.5 X
10” moleculecm3 at 295 1(80 and 1.9 x 10” molecule
cm3 at 298 ± 2 K” were derived from thesestudies.
Theserateconstantratiosare in good agreement,with an
averagevalue of k,Jkb = 1.7 x 10’~molecule cm’ at
—299 K. Using the rate constantestimatedas described
abovefor reaction(b), k02, this leadsto a rateconstantof
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CH,CH2CH2CH2O

and,

CH,CH2CH2CH2Ô+02 ) CI-l,CH2CH2CHO+ HO2

ReactionScheme(2)

ka = 6.7 x 10~s’ at 299 K, a factor of —8 lower than
theestimateof Baldwinetal.’3 Consideringthe largeun-
certaintiesin the estimationtechnique,this estimateis
probably in fairly good agreementwith the experimental
data. However,the dataof Dobé etal ~82 for the isomer-
ization of the 2-pentoxyradical leadto an isomerization
rateof —4 x 10~s~’at298K, significantly lower thanthe
thermochemicalestimates.The reasonsfor this dis-
crepancyarenot presentlyknown,but maybe dueto the
difficulties in quantitativelymonitoringthe endproducts
of this isomerizationreaction.’2

Analogousto the procedurecarriedoutby Carterand
Atkinson,’ the estimatedArrheniusparametersof Bald-
win etal.6’ havebeenmodifiedto yield valuesof /c,which
area factorof 8 lower at298 K, andtheresultingArrhe-
nius parametersaregiven in Table 8 for 1,5-H shift iso-
merizations of alkoxy radicals (the isomerizations
expectedto be of importanceunder atmosphericcondi-
tions).Theseestimates,however,muststill be considered
to be highly uncertain,andfurtherstudiesof theseiso-
merizationrate constantsareneeded.

The rate constantsfor alkoxy radical isomerization
given in Table 8 can be combinedwith the estimated
alkoxy radicaldecompositionrates[Eq. (III)] andratesof
reactionwith 02 [Eq. (H)] to assessthe relative impor-
tancesof thesethreereactionpathwaysat298 K and760
Tontotal pressureof air. Table 9 gives calculatedrates
of removal due to decomposition,unimolecularisomer-
izationand reactionwith 02 at 298 K and760 Torr total
pressureof air for a seriesof alkoxyradicalsformedfrom
alkanes,haloalkanes,alkenes,haloalkenesandethers,to-
getherwith the availableliteraturedata.In all cases,the
most importantremoval pathwayis correctly predicted.
However, this empirical estimationmethod appearsto

• grosslyoverestimatethe decompositionratesfor exother-
mic decompositions,and it maybe more appropriateto
setanupperlimit to an alkoxy radicaldecompositionrate
of —-2 x 10’ s’ at298K. Jt is obviousthatmoretheoret-
ical and experimentalwork is necessarybeforewe have
any scientificallyvalid andquantitativeunderstandingof
the atmospherically important reactions of alkoxy
radicals.

For thecyclohexyloxy(cyclo.C6H,,0)radical,the reac-
tion with 02

cyclo-C44,,O+ 02 -. cyclohexanone+ HO2
accountsfor 42 ±5% of the overall reactionpathwaysat
296 ±2 K and atmosphericpressureof air” (consistent

CH2CH2CH2cH2OH (a)

(b)

with theproductdataof Rowleyeta! 47).This relativeim-
portanceof the 02 reactionsuggeststhat the isomeriza-
tion reaction is not important for the cyclo-C6H,,O
radical,andthatthecompetingpathwayis thealkoxy rad-
ical decompositionreaction.4’

ReactionsofRORadicalswith NO andNO2.Alkoxy rad-
icals can also reactwith NO andNO2 underatmospheric
conditions

R,R2cxoNo

R,R2CHÔ+ NOH
L_.. ENO+ R,C(O)R2

and

R~R2CHON02

R,R2CHÔ+ No2—]

HONO + R,C(O)R2

Absoluterateconstantshavebeenmeasuredfor thereac-
tionsof CH,O, C2H50 and (CH,)�CHOradicalswith NO
and NO2, and the recommended298 K limiting high-
pressure rate constants and temperature-dependent
parametersaregiven in Tables10 and 11, respectively.
The rateconstantsfor the reactionsof theCH,O radical
with NO andNO2 are in the fall-off region betweensec-
ond- and third-orderkinetics,9with calculatedrate con-
stantsat 298 K and 760Torr total pressureof air of 2.6
x 10-” cm3 moleculc’ C’ and 1.5 X 10—” cm’
molecule’ sfl’, respectively.

Thekinetic dataobtainedby Balla etal.62 for the reac-
tions of the (CH,)2CHO radicalwith NO and NO2 were
at, or close to, the high pressurelimit, and show that
thesereactionshaverateconstantsat roomtemperature
of (3—4) x 10” cm3molecule’C’, with smallnegative
temperaturedependencies.’2

A large amount of relative rate data havebeenob-
tainedfor theseNO and NO2 reactions,as discussedby
BattP~Theserelativeratedatashow thatfor thereaction
of RO radicalswith NO, the addition rate constantsat
—400K are —3 x 10” cm3moleculc’C’, with an un-
certaintyof a factorof —2—3. While H-atomabstraction
from the RO + NO reactionsis observedat low total
pressures,’~”at total pressurescloseto thehighpressure
limit the H-atomabstractionprocessappearsto be minor
(<0.05).”

For the RO reactionswith NO2, the relativerate data
cited by Batt’3 suggestthat k(RO + NO2) —3 x 10—”

4. Phys. Chem. Ref. Data, Monograph No. 2
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TABLE 8. Estimated Arrhenius parameters, Ic = Ae~”6’~,and room temperature rate constants for 1,5-H shift isomerizations of alkoxy radicals

Type of H
Abstracted

E(Abstraction)’
(kcal mor’)

E.Qsom)b
(kcal mol’)

A°
(s’)

k(298 K)
(s’)

—CM, 7.8 8.3 8.2 x 10,0 6.7 x jQ4
—CH2— 4.7 5.2 5.5 x 10,0 8.4 x 106
>CI-J— 4.7 5.2 23 x 10’° 4.1 x 106
—CH2OH - 6.6 7.1 5.5 x 10,0 3.4 ~<
—CH(OH)— 3~5d 4.0 2.7 X 1010 3.1 x 10’

E(abstraction) = activation energy for abstraction by RO in bimolecular systems (i.e., no ring strain). Estimates of Baldwin et a!.,” increased by
0.6 kcal ,nol’, have been used.

bE,o~jm)= E(abstraction) + 0.5 kcal mol’ ring strain.
‘Estimates of Baldwin et a!.,” decreased by a factor of 2.9 (see text), used.
dBaldwin es al.’3 did not give an estimate for this abstraction. It is assumed that replacing —H with —OH decreases E(abstraction) by 1.2 kcal moV’,

based on their estimates for abstraction from —CE!, and —CHr- groups.

TABLE 9. Calculated rates (s’) of competing alkoxy radical reactions at
and literature data are given in parentheses

298 K and 760 Torr total pressure of air. Dominant reaction is in italics,

Radical Decomposition Reaction with 02 Isomerization

CH,CH(O)C(O)CH,’
CHCI2O’

22 x 10” 5.1 x 106
3.8 x 102 1.5 x to5

CH,oC(CH,)2CH2O 20 x 10’ 2.4 x 10’ ?7 x 1O~
CH,CH(O)CH(OH)CH, 24 x 10’ 9.0 x 10’
CH,CH2CH(OH)CH2O 9.3 X 10’ 7.6 ,< 10’ 6.7 )< 10’
CH,CH(OH)CH�O 8J x JO’ 7.6 x 10’
HOCH2CHcIO’ 3.3 X 10” 4.8 x 106
CH,CH2CH(O)CH2OH
CH,CH(o)CH2OH

19 x 106 3.7 x 10~
26 x 106 3.7 x 10’

HOCH2CH2O 8.6 x JO’ • 3.1 x 10~
(CH4,CCH2O • 9.8 x 10’ 24 x 10’
CH,CH(O)CHCI-J, 14 x 10’ 8.7 x 1O~

(4.3 x
CH,CH(O)CH2CH2CH, 4.9 X 10’ 4.6 x l0~

(9.0 x 10’~
6.7 x Jo4

CH,CH2CH2CH2O 1.6 x 102 22 x JO4
6.7 x 10’

CH,CH2OCH(O)CH3’ 20 x ~Q7 4.5 x i06 6.7 x 10~
(CH,),COCH(O)CH?
CH,CH20

20 x 10’ 4.5 x 106
74 x 10’ 3.8 x 10’

2.0 x 10’

.

CH�CIO
(1.7 x

10
i)b • (4.9 x l

0
4)d

8.7 7.3 x JO’
CH,O 5,3 x jQ-2 1.0 x 10’ •

. (9.8 x 103)d
•

(CH,),COCH2O 1.1 x 10’ 18 x 106 2.0 x 10’
CH,OCH2O 1.5 x 10~ 22 x 10’

Decomposition reaction is exothermic; see text.
bData from Batt,” revised using k(RO ÷NO) =

‘From Dobe ~ revised using k(RO + NO)
2.3 x 10” e

150~
cm’ molecule’ s’ (see text).

= 2.3 x 10” ~ molecule—’ C’.
dFrom present recommendations.

,

TABLE 10. Rate constant parameters for the gas-phase combination reactions of RO radicals with N0 (from Atkinson eta!.’)

CH,O 16 x 10—29

QH,O
(T/300)~

1
’ 36 x 10” (T/300)”’’

4.4 x 10~”
06 200—400 -

200—300
(CH,)2CHO 3.4 x 10” 200—300

RO k
0

(cm’molecule2
s1) k(cm’ moleculc’ s’)

Temperature
F Range (K)

4. Phys. Chem. Ref. Data, Monograph No. 2
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TABLE 11. Recommended rate constant parameters for the combination reactions of RO radicals with NO
2

(from Atkinson eta!.’)

Temperature
RO k4cm’ moleculc

2
s’) k,.(cm’ molecule’ C’) F Range (K)

CH,O 2.8 x 10~’(T/300)’-’ 2.0 x ir” 0.44 200-400
C28,O 2.8 x 10” 200—300
(CH,)2C8O 3.5 x 10” 200—300

cm’ moleculc’s~at —400 K (similar to the rate con-
stantsfor thecorrespondingNO reactions),andthat the
H-atomabstractionchannelis minor, with the mostre-
cent relative rate datayielding H-atom abstractionrate
constantsat —400 K of —6 x 10~”cm3 moleculr’ s~’
for CH,O, —4 x 1O—’~cm’ molecule~C’ for C2H,O,
and —1 x 10_12cm’ molecule’C’ for the (CH,)2CHO
radical.”

As discussedby Frost and Smith” and Smith,” these
reactionsof RO radicalswith NO andNO2 can proceed
by two parallel,andindependent,pathways,for example,

CH3ONO

CH,Ô

HCHO + HNO

or by formationof HCHO + HNO from the energy-rich
•RONO’ intermediate:

CH3Ô+ N0 CH,ONO M) CH,ONO

1~
HCHO + HNO

It is likely that thesecondalternative,involving formation
of the H-atomabstractionproductsfrom the RONO* in-
termediate,is the operativereactionscheme.Henceat
thehigh-pressurelimit, RONO formationis thesolepro-
cessexpected,andthesituationwould thenbe analogous
to the R + 02 reactionsystem(see above).

Therelativeratedata”areconsistentwith the absolute
rateconstantsavailable(Tables10 and 11), andthe fol-
lowing recommendationsfor all alkoxy (RO) radicalsare
made:

k.,(RO- + NO) = 2.3 x 10” eISOITcm’ molecule-’ C’
= 3.8 x 10~’cm’ molecule•’ C’ at 298 K,

with the H-atomabstractionpathwaybeingof minor or
negligibleimportanceundertroposphericconditions,and

k.~(RO+ NO2) = 2.3 x 10” ~IsO/T~~~molecule’s~’

= 3.8 )< 10,~cm’ molecule’C’ at 298 K,

with the H-atom abstractionprocessbeingof negligible
Importanceunderatmosphericconditions.For theCH,O
andC2H,0 radicalreactions,the recommendedratecon-

stants’ should be used.Furthermore,the CH,O radical
reactions are in the fall-off region under atmospheric
conditions.9

Under ambienttroposphericconditions,thesealkoxy
radicalreactionswith NO andNO2 aregenerallyof neg-
ligible importance,but may be important in laboratory
environmental chamberexperiments.These reactions
are, however,of potential importancefor tertiaryalkoxy
radicals,suchasthe (CH,),COradical,where02 reaction
cannotoccurandthe decompositionreactionis the other
competingprocess.For example,for the tert-butoxyradi-
cal, (CH,),CO,the thermaldecompositionrateconstant
is7’ k.. = 1.1 x 10” e_

75
19/Ts~’(k.. = 1.21 X 10’ s~’at

298 K). At 298 K and760 Torr total pressureof air or N2,
the rateconstantk[(CH,),CO —* CH,C(O)CH, + CH,j
is in the fall-off region and is a factor of 1.26 lower”
(—960 C’). Hence,at 298 K and760Torr total pressure
of air the NO andNO2 reactionswith the (CI-h),C0 rad-
ical becomesignificant for NO, concentrations~2.5 x
1012 moleculecm’ (100 parts-per-billionmixing ratio).

Thereactionsof the alkyl radicalsformedfrom theOH
(andNO,) radical reactionswith the alkanesin the pres-
enceof NO are then asshownbelow [ReactionScheme
(3)] for the (CH,),CCH2 radical formed from 2,2-
dimethyipropane(the “stable” productsare underlined,
thealkyl nitrates(RONO2)arenot specifically identified,
and the RO + NO and RO + NO2 combination reac-
tionsareneglected)[whereRONO2is the corresponding
alkyl nitrate formed from the alkyl peroxy radicals]. In
the absenceof NO, the alkyl peroxyradicals reactwith
HO2 and RO�radicals.

As discussedabove, alkoxy radical isomerizationcan
alsooccur for the longerchain(>C,) alkanesin addition
to decompositionandreactionwith 02. For example,Re-
action Scheme(4) showsthe reactionsfor the 1-butoxy
radicalformed from n-butane.It is expectedby analogy
with the reactionsof alkyl radicals (Table 2) and 13-hy-
droxyalkyl radicals’°”8’(Sec.2.2) that the S-hydroxyalkyl
radicalswill reactrapidly and solelywith 02 to form the
3—hydroxyalkyl peroxy radicals. However, this reaction
sequencehas not beenexperimentallyconfirmed under
troposphericconditions, and the fractions of the reac-
tionsof the 5-hydroxyalkylperoxyradicalswith NO which
yield the correspondingS-hydroxyalkyl nitrates havenot
beenexperimentallydetermined.’The limited dataavail-
able concerningalkyl nitrate formation from thesehy-
droxy-substitutedalkyl peroxy radicals (from computer
model fits to environmentalchamberdata)suggestthat

J. Phys. Chem. Ref. Data, Monograph No. 2
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this alkyl nitrate formation is minimal, and Carter and radical isomerization, are expected (see Refs 1, 2 and 9
Atkinson’ recommendthat alkyl nitrate formation from
the
reaction

00

RCH(OH)CH2CH2dHR,+ NO
RCH(OH)CH2CH2CH(ONO2)R,

is essentiallyzero.
The ci-hydroxy radicalsexpectedto be formed subse-

quent to the initial isomerizationreaction, such as the
HOCH2CH2CH2~HOHradicalformedfrom the 1-butoxy

(CH,),CCH2+02 (CH,),CCH200

HO2 +

NOl ‘RONQ2

(CH3)3CCH2Ô+ NO2

decomposition
(CH,),C+ HGHQ

(CH,)3C00

NO ‘RONO2

and Sec.2.2) to reactwith solely 02 undertropospheric

conditionsto form the HO2 radicaland the carbonyl.

R,R2COH + 02 R,C(O)R2+ HO2

These ci-hydroxy radical reactions are discussed in
Sec.2.2.

The further reactionsof the “first-generation”prod-
ucts arising from the abovereactionsare discussedin
Secs.2.5 (carbonyls,hydroperoxidesand alcohols) and
2.6 (alkyl peroxynitrates,alkyl nitrates and nitrites)
below.

CH3CH2CH2CH2Ô isom CH2CH2CH2CH2OH

4,02

Ô0CH2CH~CH2CH20H

NO! RONO2

OCH2CH2CH2CH2OH + NO2

HOCH2CH2CH2CHOH

4,02

HOCHZCH2CH2CHO+ HO2
(CH,),C0 + NO2

decomp ReactionScheme(4)

CH, + CE&(O’CH,

CH300

NOJ ~N02

CH,O

1,02
HCHO + HO2

ReactionScheme(3)
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22. Alkenes

As discussed previously,t’2 the major tropospheric loss
processes of the alkenes are by reaction with OH and
NO, radicals and 03. The conjugated dienes also react
with NO3, and this reaction can be important in environ-
mental chamber experiments carried out at NO2 concen-
trations significantly higher than ambient (see, for
example, Refs. 3 and 4), as can the reactions of alkenes
with O(’?) atoms.4

OH Radical Reactions

The kinetics and mechanisms of the reactions of the
OH radical with the alkenes, cycloalkenes and dienes
have been reviewed and evaluated by Atkinson,5 and that
review and evaluation is updated in Sec. 3.3. For ethene
and the methyl-substituted ethenes (propene, 2-methyl-
propene, the 2-butenes, 2-methyl-2-butene and 2,3-
dimethyl-2-butene), the OH radical reactions proceed
essentially totally by OH radical addition to the carbon.
carbon double bond at atmospheric pressure, with H-
atom abstraction from the —CH, substituent groups
accounting for <5% of the total reaction at room tem-
perature.5 For 1-butene, the product data of Hoyermann
and Sievert’ and Atkinson eta!.’ show that H-atom ab-
stractión accounts for <10% of the overall reaction at
room temperature. To date, only for 1,3-and 1,4-cyclo-
hexadiene has H-atom abstraction been shown to occur
to any significant extent,’ with this process accounting for
— 9% and — 15% of the overall OH radical reactions with
1,3- and 1,4-cyclohexadiene, respectively, at room tem-
perature. However, for the alkenes with alkyl side chains
a small amount of H-atom abstraction must occur with,
for example, this pathway being calculated to account for
10—15% of the overall OH radical reaction for 1-heptene
at 298 K.’

The rate constants, k, at 298 K and the temperature-
dependent parameters (with k = A e21’) at 760 Torr to-
tal pressure of air and for temperatures �425K for a
number of monoalkenes, dienes, cycloalkenes and
monoterpenes are given in Table 12. For all but ethene
and propene (and propadiene5), these rate constants can
be considered to be the high-pressure limits which, for

sures of ~50 Torr of air.5 For ethene and propene, the
Troe fall-off parameters k0, k.. and F derived by Atkin-
son5 and in Sec. 3.3 are (M = air): ethene, k0 = 6 x
i0~(T/298)~cm’ molecule2 sC’, k,, = 9.0 x 10_12
(T/298~’’cm’ molecule’ s~’and F = 0.70 at 298 K
propene,k0 = 3 x 10~(T/298)’ cm’ molecule2 st,
k. = 2.8 x 10~”(T/298)-’3cm3 moleculc’r’ and F =

0.5 at 298 K.
As discussed above, OH radical addition to the

> C = C < bond(s) is the dominant reaction pathway. For
monoalkenes, dienes or trienes with non-conjugated
> C = C < bonds, the OH radical can add to either end of
the double bond(s), and Cvetanovic’°reported that for
propene addition to the terminal carbon occurs —65% of
the time, as expected on thermochemical grounds”

OH + CH,CH = CH2 0.35 CH3CH(OH)tH2
+ 065 CH,CHCH2OH

The resulting ~3-hydroxyalkylradicals then react rapidly
with 02, with the measured room temperature rate con-
stants being in the range (3—30) x l0’~ cm’
molecule’r’ (Table 13). Under atmospheric conditions,
the sole reaction of the j3-hydroxyalkyl radicals is then
with 02. For example,

CH,OHCH2OH + 02MCH,CH(OO)CH2OH

For dienes with conjugated double bonds, such as 1,3-
butadiene, isoprene (2-methyl-1,3-butadiene), myrcene,
ocimene, a- and p-phellandrene and a-terpinene, OH
radical addition to the >C=C—C=Cc system is ex-
pected to occur at the 1- and/or 4-positions, leading to
formation of the thermochemically favored allylic radi-
cals.4

OH + CH2 = CHC(CH3) = CH2
HOCH2CHC(CH3)= CH,

and CH2 = CHC(CH,)CH2OH

These initially formed ~3-hydroxyallylic radicals may iso-
merize to 8-hydroxy allylic radicals.4

CH2 = CHO(CH,)CH2OH—‘tH2CH = C(CH,)CH2OH

By analogy with the allyl (C,H5) radical, for which
Morgan etal.” have measured a rate constant for combi-
nation with 02 of —4 )< 10” cm’ molecule-’r’ at 380 K
and a total pressure of 50 Torr of Ar diluent, these vari-
ous hydroxy-substituted allyl-type radicals are expected
to react solely with 02 under tropospheric conditions

CH2 = CH~(CH,)CH2OH+02 CH2 = CH~(CH3)CH2OH

HOCH2C(CH3) = CHCH2 + O2—.HOCH2C(CH,) = CHCH200

.3. Phys. Chem. Ref. Data, Monograph No. 2
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TABLE 12. Rate constants k at 298 K and 760 Ton total pressure of air and Arrhenius
parameters (k = A e_WT; T ~ 425 K) for the reaction of OH radicals with alke-
nes at 760 Ton total pressure of air [from Ref. 5 and Sec. 3.3.]

1Q12 x k(298 K)
Aikene (cm’ moleculr’ r’)

10” x A
(cm’ mojecute’ r’)

B
(K)

Etheneb 8.52 1.96 —438
Propen& 26.3 4.85 504
1-Butene 31.4 6.55 —467
cis-2-Butene $6.4 11.0 —487
tmns-2-Butene 64.0 10.1 —550
2-Methylpropene 51.4 9.47 —504
1-Pentene 31.4 5.86d 500~
cit -2-Pentene 65
tnzns-2-Pcntene 67
3.Methyl-1-butene 31.8 5.32 —533
2-Methyt-1-butene 61
2-Methyl-2-butene 86.9 19.2 —450
1-Hexene 37
2-Methyl-1-pentene 63
2-Methyl-2-pentene 89
tmns.4-Methyt-2-pentene 61
2,3-Dimethyl-2-butene 110
3,3.Dimethyl-1-butene 28
1-Heptene 40
trans-2-Heptene 68
2,3.Dimethyl-2-pentene 98
trans-4,4-Dimethyl-2-pentene 55
trans-4-Octene 69
1,3-Butadiene 66.6 14.8 —448
2.Methyl-1,3-butadiene 101 25.4 —410
Myrcene 215
Ocimene (cis- and trans.) 252
Qclopentene 67
Q’clohexene 67.7
Cycloheptene 74
1-Methylcyclohexene 94
Camphene 53
2-Carene 80
3-Carene 88
Limonene 171 .

a-Phellandrene 313
a.Phellandrene 168
a-Pinene 53.7 12.1 —444
~-Pinene 78.9 23.8 —357
Sabinene 117
a-Terpinene 363
y-Terpinene 177
Terpinolene 225

‘Except for ethene and propene, these are essentially the high-pressure rate constants k...
bk = 9.0 x 10—”(T!298)” cm’ molecule’ sfl’.

= 2.8 x 10—” (T/298)’’ cm’ molecuir’ s’.
datimateds

TABLE 13. Rate constants for the gas-phase reactions of ~-hydroxyalkylradicals with 02

K
1012 x k (cm’
moleculr s’) at T(K) Reference

HOCH2CH,
CH,tHCH2OH
CH,CH(OH)CH2CH,CH(OH)CHCH,

3.0 t 0.4
11.6 ±2.2
3.82 ±0.60
28 ± 18

293 ±3
296 ±4
296 ±4
300

Miyoshi eta!.’
2

Miyoshi eta!.”
Miyoshi eta!.”
Lenhardt eta!.’4

.3. Phys. Chem. Ref. Data, Monograph No. 2
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To date, few direct experimental data are available earlier study of Schmidt et al.’9). This rate constant for
concerning the atmospherically important reactions of
these 3(or 8-)-hydroxyalkyl peroxy radicals. As for the
alkyl peroxy radicals formed from the alkanes (Sec. 2.1.)
these radicals are expected to react with NO, -

CH,CH(OH)CH20 + NO,

CH3CH(OH)CH,0ô + NOH
CH,CH(OgCH,ONO,

NO2 (to form thermally unstable peroxynitrates),

CH3CH(OH)CH200 + NO2

HO2 radicals,

CH,CH(OH)CH200NO2

CH,CH(OH)CH2OO + HO2 -.

CH3CH(OH)CH200H + 02

and organic peroxy radicals

CH,CH(OH)CH2OO+ RO, -. products

In fact, to date the only kinetic data concern the self-
reaction of the HOCH2CH200 radical’~”and its reac-
tions with HO2 radicals”’8 and NO.”2°Based on the data
of Jenkin and Cox,’6 Anastasi etal.’7 and Murrells etaL,”
the IUPAC panel recommended2’ for the reactions

2 HOCH,CH2Ô + 02 (a)

2 HOCH,CH,OÔ H
HOCH,CHO + HOCH,CH,OH +02 (b)

that (Ic, + kb) = 2.3 x 10_12 cm’ molecule’s’ and
k,j(k, + kb) = 0.36 ±0.1 at 298 K, and that the rate con-

HO2 radicals with thestant for the reaction of
HOCH,CH200 radical

HOCH2CH2OO + HO2 -~ products

is k(H02 + HOCH2CH2OO) = 1.0 x 1O” cm’
molecule’r’ at 298 K.2’ The HOCH2CH200 radical
self-reaction rate constant is a factor of —10 higher than
that recommended for primary alkylperoxy radicals
formed from the alkanes (Sec. 2.1. above). The rate con-
stant for the reaction of the HOCH2CH200 radical with
the HO2 radical is identical to that recommended for
alkylperoxy radicals in Sec. 2.1.

No data are available for the reactions of the
~-hydroxyalkylperoxyradicals with NO2, but an indirect
estimate for the rate constant for the reaction of the
HOCH2CH200 radical (formed after OH radical addi-
tion to ethene) with NO

HOCH2CH2OO + NO -. HOCH,CH2O + NO2

of (9.0 ±4.0) x 10_12 cm’ molecule’r’ at 298 ± 2K
has been derived by Becker et al?°(which supersedes the

reaction of NO with a f3-hydroxyalkyl peroxy radical is es-
sentially identical to the recommendation for the rate
constants for the reactions of NO with the ~ C2 alkyl per-
oxy radicals formed from the alkanes (Sec. 2.1.), implying
that these alkylperoxy radical rate constants are also ap-
plicable to the ~3-hydroxyalkylperoxy radicals.

In the presence of NO, the ~-hydroxyalkylperoxy rad-
icals are therefore expected to form NO2 plus the corre-
sponding j3-hydroxyalkoxy radical, with a small amount of
~3-hydroxyalkylnitrate also being formed?’

At atmospheric pressure and room temperature, Shepson
etal.22 determined formation yields of
CH3CH(OH)CH2ONO2 and CH,CH(0N02)CH2OH
from propene of —0.016 ±0M08 for each nitrate.

The ~3-hydroxyalkoxyradicals can then decompose, re-
act with 02 or isomerize, as discussed in Sec. 2.1. above.
Thus, for the alkoxy radical formed after internal addi-
tion of the OH radical to 1-butene:

cH,CH,CH(OH)cH20
d~omposition_,/” 02 \~,çsone~izauon

CH,CH2CHOH + ECHO CH,CH,CH(014)CH,OH

CH,CH1CH(OH)CHO+ HO,

The experimental data for the simple alkenes (ethene,
propene, 1-butene, and the 2-butenes) show that at room
temperature and atmospheric pressure, decomposition
dominates over reaction with O2.~2’~Indeed, the avail-
able data show that for the ~-hydroxyalkoxyradicals
formed from the ~ C, alkenes, the reaction with 02 is
negligible and only the products arising from decomposi-
tion of the 3-hydroxyalkoxy radicals are observed at room
temperature and atmospheric pressure.72’ For ethene,
Niki etal.24 showed that both reaction with 02 and de-
composition of the HOCH2CH2O radical occurs

HOCH2CH2O -+CH2OH + 1-ICHO (a)

HOCH,CH2O + 02 -. HOCH2CHO + HO2 (b)

withkbJk, = (5.4 ±1.0) x lO2Ocm3moleculetat29SK
and 700 Torr total pressure of air.24 For the
CH,~H2CH(OH)CH2Oradical formed from 1-butene,
the experimental data of Atkinson etal.7 show that iS0
merization is not important, in accord with the estimates
arising from the discussion in Sec. 2.1.

Hence, apart from ethene, for which reaction of the
HOCH2CH2O radical with 02 and decomposition ale
competitive at 298 K and atmospheric pressure, the

OH

Rl\ j/R3
C__CN ÷NO

R4

+ NO,

RI\1/R3

/1 N
K, .

OH/R3

/1 N
‘ 0N02

.3. Phys. Chem. Ref. Data, Monograph No 2
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~-hydroxyalkoxyradicals formed subsequent to OH radi-
cal reactions with the simpler monoalkenes (propene and
the butenes) undergo decomposition, and the estimation
method proposed in Sec. 2.1. allows the relative impor-
tance of reaction with 02, decomposition and isomeriza-
tion to be assessed.

Thea-hydroxy radicals formed from the decomposition
reactions of the ~-hydroxyalkoxyradicals react rapidly
with 02, with late constants at room temperature of
—(0.9—4) x 10” cm3 molecule’r’ (Table 14). Under
atmospheric conditions, these reactions with 0, will then
be the sole loss process for the a-hydroxy radicals. The
simplest a-hydroxy radical, CH2OH, reacts with 02 to
form the HO2 radical and HCH0,2~

CH2OH + 02 -. HCHO + HO2

and product studies have shown that the higher (CrC4)
a-hydroxy radicals also react via H-atom abstraction to
yield the corresponding carbonyIs2~’2

~C0H +02 ‘R2C(0)R, + HO2

Grotheer eta! ~32,33and Nesbitt et al.’4 have studied the
temperature dependence of the rate constant for the re-
action of the CH2OH radical with 02. These studies’2’4

show that the rate constant decreases below room tem-
perature’4 and also decreases slightly above room tem-
perature, and then increases more rapidly with increasing
temperature, exhibiting a minimum at —450 K’2” (see
also Ref. 2). A similar slight decrease in the rate constant
for the CH,CHOH + 02 reaction with increasing tem-
perature over the range 300—474 K was observed by
Grotheer a’ al.,’2 with the rate constant then increasing at
higher temperatures (474—682 K).’2 The lack of a deu-
terium isotope effect on the room temperature rate con-
stant for the reactions of the CH2OH and CH,OD
ndicals with ~ and the temperature dependence of
the rate constant shows that this reaction proceeds bymi-
t,al 02 addition,

CH,OH + 02 -. [OOCH2OH ~ HOOCH2O}*
-> HCHO + HO2

with the initially formed energy-rich HOCH2OO radical
Isomerizing via a five-membered transition state to the

HOOCH2O radical with subsequent decomposition. Sim-
ilar reaction mechanisms are expected to occur for the
~ C2 a-hydroxy radicals.

For propene, the OH radical-initiated reaction
scheme, in the presence of NO, is then (“stable” products
are underlined and the minor amount of nitrate forma-
tion~is neglected for clarity)

OH+CH,CH=CH, _M~~~cH,CH(0H)CH2and

02NO NO,

CH,CH(OWCH2O

I
CH,CHOH+ BQEQ

CH,CHO + HO
2

CH,CHCH2OH02

NO NO,

CH2CH(Ô)CH2OH

I
+ CH,OH

02
+ ba

and similarly for ethene and the butenes (1-butene, cis-
and trans-2-butene and 2-methylpropene).

However, such reaction schemes involving dominant 13-
hydroxyalkoxy radical decomposition may not apply to
the higher alkenes such as the ~ C5 1-alkenes. Thus,
Paulson and Seinfeld’6 have obtained a yield of heptanal
(CH,(CH2)5CHO) from the OH radical reaction with 1-
octene in the presence of NO~of 15 ±5%, much lower
than the —80—85% expected if the ~3-hydroxyalkoxyradi-
cals undergo only decomposition (the remaining 15—20%
of the overall reaction is predicted to proceed by initial
H-atom abstraction from the —CHr groups,9 leading to
the formation of products other than heptanal). This
observation suggests that other reaction channels are
operative for the more complex ~3-hydroxyalkoxyradicals,
possibly including isomerization as predicted from the
discussion in Sec. 2.1. Indeed, for the OH radical reaction
with 1-pentene the estimation method proposed in
Sec. 2.1. predicts that the CH,CH2CH2CH(OH)CH2O
radical will undergo mainly isomerization, while the
CH,CH2CH2CH(0)CH2OH radical (that formed prefer-
entially from the initial OH radical addition) will undergo
decomposition. For the ~ C6 1-alkenes, both of the
13-hydroxyalkoxy radicals formed are predicted to react
mainly by isomerization, reasonably consistent with the
data for loctene’6

TABLE 14. Room temperature rate constants k for the reactions of a-hydroxy radicals with 02

10” x k
(cm’ molecule’ r’) at T(K)

9.4
19
26.1 ± 4.1
37.1 ± 6.2

298
298
296 ±4
296 ±4

~Hydr~y
tadical

cR,QIOH
QI3CH,CH0H
033t(OH)CH

Reference

Atkinson eta!.2’
Atkinson eta!.2’
Miyoshi eta!.”
Miyoshi eta!.”

J. Phys. Chem. Ref. Data, Monograph No. 2
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Similar reaction schemes are expected to apply to the
conjugated dienes. For example, for isoprene (2-methyl-
1,3-butadiene) the simple reaction sequence, with no iso-
merization of the initially formed 13-hydroxy allylic
radicals and with decomposition of the j3-hydroxyperoxy
radicals, is expected to lead’7 to the formation of methyl
vinyl ketone plus HCHO (OH radical addition to the
CH2 = C(CH,)— bond) and methacrolein plus HCHO
(OH radical addition to the CH,=CH— bond). For exam-
ple, Reaction Scheme (5) shows the reaction sequence
for terminal OH radical addition (the “stable” first-gen-
eration products are underlined), with organic nitrate
formation from the RO2 + NO reaction being omitted
for clarity. As shown above for the propene reaction, the
same ultimate products are formed from internal OH
radical addition with subsequent decomposition of the 13-
hydroxyalkoxy radicals. However, for unsymetrical dienes
the expected products formed depend on which
> C= Cc bond OH addition occurs. For conjugated di-
enes, the estimation technique of Ohta’8 allows the frac-
tion of the overall OH radical addition reaction
proceeding at each > C = Cc double bond to be calcu-
lated (this information cannot be obtained from the esti-
mation technique of Atkinson9’9). Thus for isoprene, rate
constants for OH radical addition to the CH2=CH— and
CH2 = Cc bonds of isoprene are calculated’8 to be in the
ratio 34/66 at room temperature.

For the OH radical-initiated reaction of 1,3-butadiene
at 298.±2 K, Maldotti et al ~ observed the formation of
acrolein (the expected product, together with HCHO,
based on the above reaction scheme) from irradiated
N0~1,3-butadiene-airmixtures, with [acrolein]m341,3-
butadiene]jnjt~a, = 0.59 ± 0.07. Based on the rate con-
stants for the OH radical reactions with acrolein and
1,3-butadiene,5 this ratio corresponds to a formation yield
of acrolein from the OH radical-initiated reaction of 1,3-
butadiene of 0.98 ±0.12. Additionally, furan is formed in
minor amount from the OH radical-initiated reaction of

1,3-butadiene, with a yield of 0.039 ± 0.011.~’
However, two recent studies of the products formed

from the gas-phase reaction of the OH radical with iso-
prene’4 show that methyl vinyl ketone and methacrolein
(together with their expected HCHO co-product) do not
account for the entire reaction pathways. In the Fourier
transform infrared absorption spectroscopy study of Tua-
zon and Atkinson,’ the reaction of isoprene with the
O(’P) atom formed from photolysis of NO2 was not taken
into account. This reaction is calculated to contribute
— 10—15% of the overall isoprene reacted, and the
product yields of Tuazon and Atkinson’ and Atkinson
e:al.,

4
tcorrected to take into account this O(’P) atom re-

action, are then: methyl vinyl ketone, 33%; methacrolein,
24%, 3-methylfuran, 5%; organic nitrates, — 13%; and
unidentified carbonyl compounds, —25%. The formalde-
hyde yield was consistent with being a co-product formed
together with methyl vinyl ketone and methacrolein!
Paulson et al.4 determined yields of methyl vinyl ketone,
methacrolein and 3-methylfuran of 35.5%, 25% and 4%,
respectively, from a generally similar product study, but
using gas chromatography for product analysis. These
two studies are in excellent agreement, and show that
methyl vinyl ketone and methacrolein formation account
for —60% of the overall OH radical reaction with iso-
prene in the presence of NON. The data of Tuazon and
Atkinson’ indicate that organic nitrate formation, pre-
sumably from the reactions,

RO2 + NO RONO2

accounts for — 13% of the overall reaction, and that other
carbonyl compounds, including possibly hydroxycar-
bonyls, account for —25% of the reaction. These other,
as yet unidentified, carbonyls and/or hydroxycarbonyls
may arise from reactions of the S-hydroxyalkoxy radicals
formed through the reaction sequence:

HO2 HCHO

Reaction Scheme (5)

OH + CH2=CHC(CH,)= CH2 CH2 = CHC(CH,)CH2OH

02

NO ~N02
0~

CH2 = CHC(CH3)CH2OH

‘if
= CHC(0)CH3 + CH2OH

and HOCH2CHC(CH,) = CH2
02

NO ~NO2
0~

HOCH2CHC(CH3) = CR2

CH2OH + c&~C(CH3)QIQ

/02

.1. Phys. Chem. Ref. Data, Monograph No. 2
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M
OH + CH2= CHC(CH,) = CR2

followed by M

isomeri2ati>/~’

HOCHC(CH,) = CHCH2OH

4,02

OCHC(CH3) = CHCH2OH + HO2
Reaction Scheme (5)

and similarly for terminal OH radical addition to the
other > C = Cc bond. 3-Methylfuran also arises from the
OH radical-initiated reaction of isoprene, possibly in part
after the formation of 8-hydroxyalkoxy radicals.4142 Aero-
sol formation from isoprene photooxidation has been
shown to be of negligible importance under atmospheric
conditions,4’ and the aerosol composition has been inves-
tigated by Palen et al.~

To date, few quantitative product studies have been
carried out for the monoterpenes,4~and the reported
data are given in Table 15 (the study of Hakola et al.’~
supersedes that of Arey et al.45). The yields reported by
Hatakeyama et al.”~ for specific C9 and C10 carbonyls
formed from a- and 13-pinene may be high because of
contributions to the observed infrared absorptions from
other, as yet unidentified, carbonyl-containing com-
pounds. It appears clear that only a relatively small frac-
tion of the overall reaction products have been accounted
for, and Arey et al.45 and Hakola et al.~observed no sig-
nificant products by gas chromatography with flame ion-
ization detection from the OH radical reactions with
xnyrcene45 or camphene48 in the presence of NON.

- Hatakeyama et al.~observed that the pinonaldehyde
)neld in the absence of NO was significantly lower than in
the presence of NO. Aerosol formation from the reac-
tions of the OH radical with a- and 13-pinene has been
Studiedby Hatakeyamaet al~and Pandis etal.,4’ and the
aerosol composition investigatedt These references4344’~
should be consulted for further details.

Clearly, further product and mechanistic data are re-
quired for the OH radical reactions with the more com-
plex alkenes, especially for the monoterpenes (including

CR2 = CHC(CH,)CH2OH

t
ÔH2CH = C(CH,)CH2OH

4,02

OOCH2CH = C(CH,)CH2OH

HOCH2C(CH3)= CHCR2ONO2

HOCH2C(CH,)= CHCH2Ô + NO2
4,02

HOCH2C(CH3) = CHCHO + HO2

conjugated dienes) of biogenic importance.

0, Reaction

The kinetics and mechanisms of the gas-phase reac-
tions of 0, with the alkenes, cycloalkenes and dienes
were last reviewed and evaluated by Atkinson and
Carter49 arid that review and evaluation is updated in
Sec. 5.2. The kinetic data for alkenes of atmospheric im-
portance (taken from Ref. 49 and Sec. 5.2.) are given in
Table 16. These reactions proceed by initial 0, addition
to the > C= Cc bond to yield an energy-rich ozonide,
which rapidly decomposes to a carbonyl and an initially
energy-rich biradical.

03+ /C —C’

0
0’ ‘0

/CC\

F
R1C(0)R2+{R,R4COÔ)t [R~R2COOl

where [ ]t denotes an energy-rich species. It has generally
been assumed that k, — kb for the alkene systems.5°
However, Hone and Moortgat5’ concluded from a
product study that this is not the case for the propene re-
action, for which , they obtained 62% formation of
(HCHO + [CH,CHOOI*) and 38% formation of

J. Phys. 01mm. Ref. Data, Monograph No. 2
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2.6. Nitrogen-Containing Organic Compounds

The nitrogen-containing organic compounds consid-
ered in this section are the alkyl nitrates expected to be
formed in the atmosphere from the alkanes and alkenes
(see Secs. 2,1 and 2.2), alkyl nitrites, and peroxyacyl and
peroxyalkyl nitrates. The reactions of acetyl peroxy
(RC(O)O0~)radicals under atmospheric conditions are
also discussed in the portion of this section dealing with
the chemistry of peroxyacyl nitrates.

Alkyl Nitrates

Based upon laboratory studies concerning the forma-
tion of alkyl nitrates from the N0cair photooxidations of
the alkanes (Sec. 2.1 and references 1—3), the major alkyl
nitrates expected to be formed in the atmosphere are 2-
propyl nitrate, 2-butyl nitrate, 2-and 3-pentyl nitrate, and
2- and 3-hexyl nitrate. Although no experimental data are
available concerning the kineticsof the NO, radical or Os
reactions, these are expected to be slow and of no signif-
icance as atmospheric loss processes. The major loss
processes are then reaction with the OH radical and
photolysis. The room temperature OH radical reaction
rate constants are given in Table 35 (no temperature
dependent data are available).

These reactions proceed by H-atom abstraction from
the C—H bonds, and in the absence of product data the
estimation technique of Atkinson’ (as revised by Atkln
son and Aschmann’ to yield the substituent factors at
298 K of F(-CH2ONO�) = F( > CHONO2) =

F(-*CONO2) = 0.30 and F(—ONO2) = 0.18) can be
used to calculate the distribution of the nitratoalkyl radi-
cals formed from the OH radical reactions of the ~G
alkyl nitrates (see Reaction Scheme (14), for example, at
room temperature). The expected subsequent reactlol$
of these radicals are as discussed in Sec. 2.1. For examP~’
in the presence of NO, the reactions expected to ~
are as shown in Reaction Scheme (15). At the present

time, product data are not available for these reacti0M~

j
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TABLE 35. Room temperature rate constants k for the gas-phase reac-
tions of the OH radical with alkyl nitrates and peroxyacetyl
nitrate at atmospheric pressure [from Ref. 4 and Sec. 3.8]

Methyl nitrate
Ethyl nitrate
1-Propyl nitrate
2-Propyl nitrate
1-Butyl nitrate
2-Butyl nitrate
2-Pentyl nitrate
3-Pentyl nitrate
2-Methyl-3-butyl nitrate
2,2-Dimethyl-1-propyl nitrate
2-Hexyl nitrate
3-Hex)’! nitrate
Q~clohex)’lnitrate
2-Methyl-2-pentyl nitrate
3-Methyl-2-pentyl nitrate
3-Heptyl nitrate
3-Octyl nitrate

1012 x k
(cm’ molecule~s’)

0.35
0.49
0.73
0.49
1.71
0.92
1.85
1.12
1.82
0.85
3.17
2.70
3.30

1.72
3.02
3.69
3.88

0.1P

s~recommended over the

0N02

and the estimation method proposed in Sec. 2.1 for the
assessment of the relative importance of the various
alkoxy radical reaction pathways should be used.

The absorption cross-sections of methyl nitrate, ethyl
nitrate and 1-and 2-propyl nitrate have been reviewed
and evaluated by the IUPAC panel,’ and the IUPAC rec-
ommended values’ are based on the measurements of
Roberts and Fajer’ and Turberg et al .~ The JUPAC eval.
uation’ should be consulted for the absorption cross-sec-
tions for these alkyl nitrates. In addition, Roberts and
Fajer’ measured absorption cross-sections for 1- and
2-butyl nitrate, 2-methyl-2-propyl nitrate (ten-butyl
nitrate), 2- and 3-pentyl nitrate, cyclopentyl nitrate,
CH,C(O)CH2ONO2 and HOCH2CH2ONO2, while
Turberg eta!? also measured the absorption cross-
sections for 1-butyl nitrate and 3-methyl-1-butyl nitrate.

Based on the direct measurements of the photolysis
rates under ambient atmospheric conditions conducted
by Luke and Dickerson’° and Luke eta!.” for ethyl
nitrate,’°”1-propyl nitrate” and 1- and 2-butyl nitrate,’t

the lifetimes of these alkyl nitrates in the lower tropo-
sphere due to photolysis are in the range —15—30 days.
Moreover, these measured photolysis rates under ambi-
ent atmospheric conditions are in agreement, within the
experimental errors, with those calculated assuming a

ONO,

OH + CH,CH2CH2CHCH, —.~ 1120 + ÔH,CH2CH2CHCH,

ONO,

(9%)

—~ 1120 + CH,CHCH2CHCH, (52%)

oNO2
H2O + CH,CH2CHCHCH, (16%)

1120 + CH,CH2CH2C(ONO,)CH,

1N02
~ 1120 + CH,CH2CI-I2CHCH2

CH,C(0)CH,CH(0NO~CH,+ HO,

Reaction Scheme (14)

Reaction Scheme (15)

CH,CH(0H)CH,CH(ONO,)CH,

CH,C(0)CH,CH(ONO,)CH2OH

Organic

IL-

Kt:

t:.

Peroxyacetyl nitrate

9.5 x i0~13e~”’°”cm’ molecule’
temperature range 270—300 K.5

(2 1%)

(2%)

decomp.

isomerization

CH,CHO +

02

V

~1~

.3. Phys. Chem. Ref. Data, Monograph No. 2
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photodissociation quantum yield of unitytm” (see also The thermal decomposition rate constant for PAN is
Becker and Wirtz’2). Photolysis leads to cleavage of the
0—NO2 bond,

RONO, + hv -~ RO + NO2

followed by the reactions of the alkoxy radical (Sec. 2.1).
For example, Becker and Wirtz” have observed the for-
mation of acetone from the photolysis of 2-propyl nitrate:

CH,CH(ONO,)CH, + hv —e. CH,CH(O)CH, + NO2

CH,C(O)CH, + HO,

Alkyl Nitrites
Under atmospheric conditions, the simple alkyl nitrites

rapidly photolyze,” with lifetimes measured in minutes.

RONO +hv-~RO +NO

Their reactions with the OH radical (reference 4 and Sec.
3.8) are of negligible importance as an atmospheric loss
process.’4 Because of their rapid photolysis, the forma-
tion of alkyl nitrites from the RO + NO combination re-
actions can be essentially neglected under atmospheric
conditions. However, the formation of alkyl nitrites from
the RO + NO reactions can be important in the pho-
tooxidations, under laboratory conditions, of
RONO—NO--organic—air mixtures.

Pero,~yacy1Nitrates andPeroxyNitrates
Peroxyacetyl nitrate (PAN; CH,C(O)00N02) and the

higher members of this class of compounds are formed
from the atmospheric degradations of many organics (see
Sec. 2.5) by the combination reaction of acyl peroxy rad-
icals with NO2.

RC(O)00 + NO, RC(O)OONO,

The reaction of OH radicals with PAN (the only perox-
yacyl nitrate studied to date) is slow at tropospheric tem-
peratures (Table 35) and this OH radical reaction is
expected to be a significant atmospheric loss process for
PAN only at the low temperatures encountered in the
upper troposphere. The absorption cross-sections for
PAN aregiven in the JUPAC evaluation.’ The major, and
usually totally dominant, loss process for PAN in the
lower troposphere is by its thermal decomposition

CH,C(O)OONO, ~!ICH,C(O)OO + NO,

Thus, PAN is in equilibrium with NO2 and the

CH3C(O)OO radical. In the presence of NO, the reaction

CH,C(O)O0 + NO -+ CH3C(O)O + NO2

leads to removal of PAN.

Eu, + Co,

.3. Phys. Chem. Ref. Data, Monograph No. 2

temperature and pressure dependent,’ being in the fall-
off region at room temperature at and below atmospheric
pressure. Using the Troe fall-of expression, the IUPAC
evaluation panel recommended for the temperature
range 280—330 K that:’ k0 = 4.9 x 10~e’21~cm’
moleculr’r’,k., = 4.0 x 10lóetS~TstandF= 0.3
at 298 K. Thus, k..(PAN) = 6.1 x 10~s~’at 298 K, and
at 298 K and 760 Ton total pressure of air k (PAN) = 5.2
x 10~r’, in good agreement with the atmospheric
pressure data of Schurath and Wipprecht” (k = 32 x
1016 eISS~T~ = 5.0 x iO~s’ at 298 K), Roberts and
Bertman’6 (k = 2.5 x i0~~e’~3~’~51 = ~ ~ 10~s-’
at 298 K) and Roumelis and Glavas” (k = 3.1 x 10~r’
at 296.7 K).

The decomposition rates of the higher peroxyacyl ni-
trates are expected to be similar to that for PAN, with the
decomposition rate constants being closer to the high
pressure limit at a given pressure than for PAN.

For the formation and decomposition of peroxypropi-
onyl nitrate (PPN),

CH,CH2C(O)00 + NO2 ~ CH,CH,C(O)OONO, (a, - a)

CH,CH,C(O)0O + NO -> CH,CH2C(O)0 + NO2 (b)

‘I,
C,H~+ CO,

Kerr and Stocker” obtained a rate constant ratio of kb/k,
= 1.9 at —730 Torr total pressure of air and 302 t 3 K,
essentially identical to the rate constant ratio for the
analogous reactions of the CH,C(O)00 radical.’ At
atmospheric pressure, Schurath and Wipprecht” and
Mincshos and Glavas’9 determined thermal decomposi-
tion rate constants for peroxypropionyl nitrate (PPN;
C,H,C(O)OONO,) of k(PPN) = 1.6 x 10” e’4075’2’s’
“and 2 x 10” e”’s’ ‘~(5.0x 10~s’ “and 4.4 X
10~r’ ‘~at 298 K and atmospheric pressure).

Roberts and Bertman’6 have studied the thermal de-
composition of CH2=C(CH,)C(O)OONO, (MPAI’1)
[formed from the OH radical-initiated reaction of
methacrolein (Sec. 2.5)] and determined a thermal de-
composition rate constant at atmospheric pressure of
k(MPAN) = 1.6 x 1016 e”~”ts~’(3,5 x 10” s~’at
298 K). -

These data indicate that for the thermal decompos’-
tions of the peroxyacyl nitrates,

k(RC(O)OONO,)= 4 x 10’s e_1~~OO~~

to within a factor of —1.5 at 298 K.
For the peroxyalkyl nitrates, ROONO,, the only s,gn’f-

icant lower troposphere loss process is again theftfl3’
decomposition,

ROONO, RO~+ NO,with the thermal decomposition rate constants for

CH,00NO2 and C,H,00NO, being in the fall-00

a
I-
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regime at pressures of one atmosphere and below.’~’°
Using the Troe fall-off expression, the JUPAC evaluation
panel recommended’ for the temperature range 250—
300 K that: for CH,00NO,, k0 = 9 x 10’ e~01’~
molecule’ s’, k,, = 1.1 x 1016 e’°’~”s’, and F = 0.4

at 298 K and for C,H,00NO,, /c0 = 4.8 x i0~e9’~’1’~
cm’ niolecule’ r’, k.. = 8.8 x ~ e’°~°’Ts’, and F
= 0.31. At 760 Torr total pressure of air and 298 K,
k(CH300NO,) = 1.8s’ and k(C,H,00NO,) = 4_Or’,
which can be compared to the limiting high-pressure val-
ues of k..(CH,00NO,) = 4.5 s~and k(C,H,00NO,)
= 5.4 s~’at 298 K. The decomposition rates for the
higher ROONO, species are expected to be similar to
that for CH,00NO,, except that they will be closer to the
high pressure first-order limit.

Indeed, Zabel etal.’° have shown that the thermal
decomposition rate constants for the GH900NO,,
QH,,00NO, and C,H,,00NO, species at 600 Torr total
pressure and 253 K are within 30% of the high-pressure
limiting value for C,H,00NO,.’° Hence it is recom-
mended that:

k..(ROONO,) = 9 x 10” e 0450/1’ s~’.

Bridier etal.” have experimentally measured the equi-
librium constant K = ks/k., for the reactions

CH,O~+ NO, ~ CH300NO,

over the temperature range 333—373 K, with K = 2.73. x
10’~~bO

91
d/~’cm3 molecule1, in good agreement with the

equilibrium constant calculated from the forward and re-
verse rate constants k., recommended by the JUPAC
evaluation’ of 6.8 x 10-” e’05601T cm’ molecule’ over the
temperature range 333—373 K. Absorption cross-sections
have been measured for CH,00NO,”’4 and those of
Cox and Tyndall,” Sander and Watson’3 and Morel
eta!.’4 were considered in the IUPAC evaluatiorn’ The
absorption cross-sections reported by Bridier et al ~ for
the wavelength range 200—280 nm are in general agree-
ment with the IUPAC recommendation,’ except for
wavelengths 220—230 nm and 280 nm.
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3. Kinetics and Mechanisms of the
Gas-Phase Reactions of the OH

Radical with Organic Compounds

3.1. Alkanes

The rate constants reported since the previous review
of Atkinson’ are given in Table 36. In addition to these
rateconstants, Cantrell eta!.” have determined the rate
constant for the OH radical reactions with methane-”C
relative to that for methane-”C over the temperature
range 273—353 K, and obtained k(”CH4)/k(”CH4) =

1.0054 ± 0.0009 independent of temperature over this
range.

Methaneand Methane-‘3C. Absoluterateconstants for
the reactions of the OH radical with methane have been
determined by Bott and Cohen2 at 1234 ± 15 K, and by
Vaghjiani and Ravishankara’ and Finlayson-Pitts etal .~
over the temperature ranges 223—420 K and 278—378 K,
respectively (Table 36). While the high-temperature rate
constant of Bott and Cohen’ is in good agreement (within
15%) with the recommendation of Atkinson’ of

k(methane) =

6.95 x i0’8 T’ e~~2221~cm3 molecule’’ sfl’,

the absolute rate constants determined by Vaghjiani and
Ravishankara’ and Finlayson-Pitts eta!.

4 over the
temperature ranges 223—420 K and 278—378 K, respec-
tively, are —20% lower than most of the previously
reported absolute rate constants. In particular, the rate
constants of Vaghjiani and Ravishankara’ and Finlayson-
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Recent kinetic and mechanistic data for the gas-phase
reactions of the OH radical with organic compounds are
presented and discussed in this section. Recommended
rate constant expressions are given using either the
Arrhenius expression, k = A ~ or, if curvature in the
Arrhenius plot is evident, the three parameter equation

(a, — a) k = C T~e°1T,where at a given temperature T the three
parameter equation can be transformed into the Arrhe-
nius expression with A = C~T’and B = D + nT.

Th~

t



k(CH,SSCH,) = 2.27 x 10’°cm’ molecule’ s~’at 298K, higher than the rate constant obtained at a total pressur-
with an estimated overall uncertainty at 298 K of ±25%.

This recommendation supersedes that of Atkinson’ of

k(CH,SSCH,) = 5.83 x 10” e”~1’cm’ moleculc’ s~’

over the same temperature range of 249—367 K, with a

298 K rate constant of 2.11 x 10”~cm’ molecule’ sfl’.
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3.8. Nitrogen-containing Organic Compounds

The rate constants reported since the review and eval-
uation of Atkinson’ are given in Tables 43 (OH radical
reactions) and .44 (OD radical reactions). For several ni-
trogen-containing compounds, the rate constants given in
Table 43 are the first reported.

3.8.1 NItrates

Methylnitrate. The absolute andrelativerateconstants
of Nielsen eta!.’ are given in Table 43. These rate con-
stants were obtained at one -atmosphere total pressure of
air or argon. The room temperature absolute and relative
rate constants of Nielsen et al? are in agreementwith the
relative rate constant of Kerr and Stocker,” also obtained
at one atmosphere total pressure, but are a factor of —10

J. Phys. Chem. Ref. Data, Monograph No 2

of 2—3 Torr by Gaffney eta!)’ These observations mdi
cate that at room temperature the rate constant for th
reaction of the OH radical with methyl nitrate is pressur
dependent, and that the reaction proceeds by an H-ator
abstraction pathway (a) and an addition pathway (b),

H,0+ CH,ONO, (a)

OH+ CHSONOZH

[CH,ON(OH)O,] _M-_.. products ~

where the products of the addition pathway may includ
CH,O + HONO,.’ This situation is similar to the 01
radical reactions with the alkyl nitrites and nitroalkane
(see below). Comparison of the low pressuret’ and atmc
spheric pressure” rate constants at room temperatur
further indicates that at atmospheric pressure and root
temperature the OH radical reaction with methyl nitrat
proceeds mainly (—90%) by the addition pathway (b)
This conclusion is consistent with the observation of
marked negative temperature dependence of the rat
constant at atmospheric pressure (Table 43 and Ref. 2

At the present time the total pressure at which th
high-pressure limiting rate constant is attained is nc
known. A unit-weighted average of the atmospheric pre~
sure absolute rate constant of Nielsen et al.’ and th
atmospheric pressure relative rate constants of Kerr an
Stocker” and Nielsen eta!? leads to the recommendatio
of

k(methyl nitrate)
3.5 x i0” cm’ molecule’ s’

at 298 K and 760 Torr total pressure of air, with an est
mated overall uncertainty of a factor of 1.5. In the at
sence of kinetic and mechanistic data for this reaction
a function of temperature and pressure, no recommenth
tions are made concerning the temperature or pressut
dependence of the rate constant.

Ethyl nitrate. The absoluteand relative rate constani
of Nielsen eta!.2 are given in Table 43. At room tempe:
ature, these rate constants, obtained at one atmosphel
total pressure of argon or air, are in agreement with th
atmospheric pressure relative rate constant of Kerr an
Stocker,” Accordingly, a unit-weighted average of the at
solute rate constant of Nielsen et a!? and the relative ral
constants of Kerr and Stocker” and Nielsen et al.’ leac
to the recommendation of

k(ethyl nitrate) = 4S x 10-” cm’ molecule’ s~

at 298 K and 760 Torr total pressure of air, with an est
mated overall uncertainty of a factor of 1.5. ~
the OH radical reaction with methyl nitrate, the roOl
temperature rate constant for the reaction of the 01
radical with ethyl nitrate is expected to be pressure d’
pendent, and the negative temperature dependenc

ii~~-•~vt-

1 -
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determined by Nielsen etal? at atmospheric pressure of
argon diluent is consistent with the reaction proceeding
mainly by OH radical addition at 298 K and 760 Torr to-

tat pressure of air, as also concluded by Nielsen eta!.’
1-Propy! nitrate. The absolute and relative rate con-

stants of Nielsen eta!.’ are given in Table 43. The room
temperature rate constants of Nielsen eta!.,’ obtained at
one atmosphere total pressure of argon or air, are in
agreement with the atmospheric pressure relative rate
measurements of Kerr and Stocker” and Atkinson and
Aschmann.’4 A unit-weighted average of the absolute
i-ate constant of Nielsen etal? and the relative rate con-
stants of Kerr and Stocker,” Atkinson and Aschmann’4

and Nielsen eta!.’ leads to the recommendation of

[~, k(1-propyl nitrate) = 73 x 10-13 cm’ molecule’’ ~

at 298 K and 760 Torr total pressure of air, with an esti-
~matedoverall uncertainty of a factor of 1.5. Consistent
;with the observed lack of a temperature dependence for

the rate constant at one atmosphere total pressure of ar-
gon diluent,’ the reaction of the OH radical with 1-propyl

4-:nitrate is expected to proceed by both H-atom abstraction
and initial OH radical addition, with the two pathways

~possibly being of approximately comparable importance
t:at 298 K and one atmosphere total pressure of air?

- 2-Propyl nitrate- The room temperature relative rate
.~constantof Becker and Wirtz’ is given in Table 43. This

t:nte constant’ is in agreement, within the experimental
terrors, with the relative rate constant of Atkinson and

~Mschmann’4(which supersedes the previous measure-
of Atkinson eta!)’). A unit-weighted average of theI: rate constants of Atkinson and Aschmann’4 and Becker

~TandWhiz’ leads to the recommendation of

r k(2-propyl nitrate) = 4.9 x 10-13 cm’ molecule’ s~’

~at 298 K and 760 Torr total pressure of air, with an esti-
~7mated overall uncertainty of a factor of 2. The OH radical

reaction with 2-propyl nitrate at room temperature and
~atmosphericpressure is again expected to proceed by H-
~tom abstraction and initial OH radical addition.
~- 1-Butyl nitrate. The room temperature absolute and
~ative rate constants of Nielsen eta!? are given in
WThNe 43. These rate constants, obtained at a total pres-
~Sireof one atmosphere of argon or air, are in good agree-
~.!flentwith the previous relative rate constant of Atkinson
~nd Aschmann’4 (which supersedes the earlier measure-
~!rent of Atkinson eta!)5). Accordingly, a unit-weighted
kaverage of the absolute rate constant of Nielsen eta!.’
rand the relative rate constants of Atkinson and
~ and Nielsen eta!.’ leads to the recommenda-
~hon of

~k(1-butyl nitrate) = L71 x 10~”cm’ molecule’ s~’

t 298 K and 760 Torr total pressure of air, with an esti-
imated overall uncertainty of ±35%. Based on the corre-
tiation of Nielsen eta!.’ of the Cl atom and OH radical

reaction rate constants with a series of alkyl nitrates, it is
expected that the OH radical reaction with 1-butyl nitrate
proceeds mainly by H-atom abstraction at 298 K and
atmospheric pressure.

2-Methyl-3-buty! nitrate. The relative rate constant of
Becker and Wirtz’ obtained at room temperature and
atmospheric pressure is given in Table 43. This rate con-
stant’ is in good agreement with that of Atkinson eta! ,16
and a unit-weighted average of these rate constants3~’6

leads to the recommendation of

k(2-methyl-3-butyl nitrate) =

L82 x 10” cm’ molecule’ s~

at 298 K and atmospheric pressure of air, with an esti-
mated overall uncertainty of ±35%. It is expected that
this OH radical reaction proceeds mainly by H-atom ab-
straction under atmospheric conditions.

Otherailcy! nitrates. Only single studies have been con-
ducted for the alkyl nitrates other than those discussed
above and 2-butyl nitrate (for which the study of Atkin-
son and Aschmann’4 supersedes that of Atkinson eta! J5).
While no firm recommendations are made, the rate con-
stants of Atkinson eta!.,’5”6 (other than for 2-butyl nitrate
for which the rate constant of Atkinson and Aschmann’4

should be used), Becker and Wirtz’ and Nielsen ~

should be used.

18.2. Alkyl nitrites

Methy!nitrite. The absolute andrelative rateconstants
of Nielsen eta!) are given in Table 43. The room temper-
ature rateconstants of Nielsen eta!.,’ obtained at one at-
mosphere total pressure of argon or air, are consistent
with the previous relative rate constants of Tuazon
eta!.,” but are lower by a-factor of —4 than the rate con-
stants of Campbell and Goodman,” Audley -et al)9 and
Baulch eta!.’°Consistent with the previous discussion by
Atkinson,’ a unit-weighted average of the absolute and
relative rate constants of Tuazon eta!.” and Nielsen
eta!) leads to the recommendation of

k(methyl nitrite) = 2.2 x 10” cm’ molecule’ s~’

at 298 K and 760 Torr total pressure of air, with an esti-
mated overall uncertainty of a factor of 3. It is likely that
at room temperature and atmospheric pressure the OH
radical reaction with methyl nitrite proceeds by both
H-atom abstraction and initial OH radical addition.’

Othera!ky! nitrites. Rate constants for the C, through
C5 n -alkyl nitrites have been determined by Nielseneta!.’
(Table 43) at room temperature and atmospheric pres-
sure. These rate constants for ethyl nitrite, 1-propyl
nitrite and 1-butyl nitrite’ are significantly lower (by fac-
tors of —2) than the previous rate constants of Audley
et al.’9 and Baulch et al?°Consistent with the above rec-
ommendation for methyl nitrite, the rate constants of
Nielsen et a!,’ are preferred.

.J. Phys. Chem. Ref. Data, Monograph No- 2



TABLe 43. Rateconstantsk andtemperature-dependentparametersat, orclose to, thehigh-pressurelimit for thegas-phasereactionsof theOH radical with nitrogen-containingorganics

-10’2x A (cm’ II 1012 x k (cm’
Temperature
rangecovered

Organic molecule’r’) (K) molecule’’s’) at T(K) Technique Reference (K)

Methyl nitrate -

1-Propyl nitrate

0.32 ± 0.05
0.22 ± 0.06
0.15 ± 0.03
0.14 ± 0.03

298
323
358
393

0.339 ± tLO7O 298 ± 2

0.53 ±0.06
0.37 ± 0.05
0.33 ± 0.05

298 ± 2
338
373

0.458 ± 0.030 298 ± 2

0.82 ± 0.08
0.72 ± 0.15
0.76 ± 0.05

0.767 ± 0.080

298 ± 2
338
368

298 ± 2

± 2 PR-RA Nielseneta!.
2 298—393

RR[relative to k(2-methyl- Nielseneta!.2

propane) 2.33 x

PR-RA Nielsen ci ~(,2 - 298—373

RR [relative to k(2-methyl- Nielseneta!.’
propane)= 2.33 x 10”]

RR [relative th k(2-methyl-
propane)= 2.33 x t0~2]a

Nielseneta!.
2

-s
a
0

2-Propyl nitrate 0.575 ± 0.225 295 ± 2 RR [relativeto k(n-bulane)
= 2.50 x lo-”f

BeckerandWirtz’

1-Butyl nitrate

2-Methyl-1-propyl

nitrate

i-Pentyl nitrate

2-Methyl-3-butyl
nitrate

2-Methyl-I-butyl
nitrate

1.74 ± 0.19

L61 ± 008

1.63 ± 0.20

3.32 ± 0.30

2.95 ± 0.09

133 ± 0.15

2.48 ± 0.15

298 ± 2

298 ± 2

295 ± 2

298 ± 2

298 ± 2

295 ± 2

295 ± 2

Beckerand Wirtz’

Nielseneta!.’

Nielseneta!.2

BeckerandWirtz’

BeckerandWirtz’

C-
~0

‘C

0
J.
S3
S
r..

a
F
0

8

z0
I’)

Ethyl nitrate

—1057

—705

—0

PR-RA

RR [relative to k(2’methyl-
propane)= 2.33 x

Nielseneta!.’

Nielseneta!?

RR [relative to k(n-bulane)

= 2.50 x jO-12J4

PR-RA

RR [relative to k(2-methyl-
propane)= 2.33 X 10’9~

RR [relative to k(n.butane)
= 2.50 x

RR [relative to k(n-butane)
= 2.50 x



rn
Temperature
range covered

(K)

— —

I ~ ‘ ‘

- l0’TxA(cm’ - 10” x k(cm’
Organic molecuir’ s~) molecule~r’) at T(K) Technique Reference

3-Methyl-1-butyl 2.53 ± 0.35 295 ± 2 RR [relative to k(n-butane) BeckerandWirtz’
nitrate = 2.50 X 10 2]a

CH3C(O)CH,ONO, <0.44 298 ± 2 RR[relative to k(n.butane) Zhu eta!.4

= 2.54 x.

CH,CH,C(O)CFI,ONO, 0.907 ± 0.153 298 ± 2 RR[relative to kQi-butane) Thu eta!.
4

= 2.54 x 1o12]~t

CH,CH(ONO,)C(O)CH, 1.27 ± 0.15 298 ± 2 RR [relative to k(n-butane) Zhu eta!.4

= 2.54 x 1v2f

CH3CH(ONO,)CH,ONO, - <0.32 298 ± 2 RR [relative to k(propane) Zhu eta!.
4

= 1.15 x 10’
2

f

-CH3CH,CH(ONO2)CH,ONO, 1.70 ± 0.33 298 ± 2 RR [relative to k(propane) Zhu eta!.
4

= 1.15 x

CH3CH(ONO,)CH(ONO,)CH3
-

1.07 s 0.26 298 ± 2 RR [relative to k(propane) Zhu eta!.
4

= 1.15 x 10— “1’

O,NOCH,CHCHCH,ONO, 15.4 ± 1.6 298 s 2 RR [relative to k(ethene) Thu eta!.
4

= 8.52 x 1023a

O2NOCH,CH(ONO,)CH=CH, 10.1 ± 0.6 298 ± 2 RR [relative to k(ethene) Zhu eta!.
4

= 8.52 x

Methyl nitrite 0.26 ± 0.05
- 0.42 ± 0.03

298 ± 2
323

FR-RA - Nielseneta!?

0.74 ± 0.10 353
~ i00±~’ 1764 ± 300 1.05 ± 0.10 393
C,

0.30 ± 0.10 298 ± 2 RR [relative to k(2-methyl- Nielseneta!.’
propane)= 2.33 x 10-“~

Ethyl nitrite 0.70 ± 0.11 298 ± 2 PR-RA Nielsenci a!?

- 0.70 ± 0.15 298 ± 2 RR [relative to k(2-methyl- Nielseneta!.’
propane)= 2.33 x 10 23a

1-Propyl nitrite 1.20 ± 0.05 298 ± 2 PR-RA - Nielseneta!?

P
1.10 ± 0.15 298 ± 2 RR [relative to k(2.melhyl- Nielseneta!.’

propane)= 2.33 x 10 2j~
P.3

298—393

—

B
(K)

C.
C

1
C
C
2
C
C’

S



TABLE 43. Rateconstantsk andtemperature-dependentparametersat, or closeto, the high-pressurelimit for thegas-phasereactionsof the OH radical with nitrogen-containingorganics — continued

Temperature
10’2x A (cm3 B 1012 x k (cm3 rangecovered

Organic moleculr’ s”) (K) molecule’’ r’) at T (K) Technique Reference (K)

1-Butyl nitrite . 2,72 ± 0.60 298 ± 2 PR-RA Nielseneta!.
5

-.4

a
N)

2.26 ± 0.08

4,25 ± 0.80

3.72 ± 0.50

298 ± 2 BR [relative to k(2-methyl-

propane) 2.33 x

298 ± 2 PR-BA

298 ± 2 BR [relative to k(2-niethyi-
propane) 2.33 x 10~9~

Nielsenat at.5

Nielseneta!.
5

Nielseneta!.’

~O Nitromethane 0.16 ± 0.05

0.107 ± 0.010

295 ± 3 PR-BA

295 ± 3 RB (relative to
k (2,2-dimethyipropane)
= 8.26 x 10~~

Nielsenat aL6

Nielsenat at.6

Nit tom etbane-d,

0.0158 ± 04)009

0,0321 ± 0.0057

0.10 ± ff02

298 FP-RF

400

295 ± 3 PR-BA Nielseneta?.
6

0.087 ± 0.010 295 ± 3

0,0090 ± 0.0004
0.0119 ± 0.0003

0,15 ± 0.05

0.145 ± 0.010 295 ± 3

0.0438± 0.003 253
ff0722 ± 0.0082 298
0.100 ±0.004 330
ff112 S 04)09 350
0.175 ± 0.007 400

BR [relative to
k(2,2-dimelhylpropane)

8.26 x

RB [relative to
k(2,2-dimethylpropane)
= 8.26 x 10’”~

Nielsenat a!.

Nielseneta!.
6

Nielsenat at
6

Liu eta!.’

1-Nitropropane 0,34 ± 0.08 Nielsenata?.°

0.533 ±0.078 295 ± 3 BR [relative to
k(2,2-dimethy!propane)

8.26 x 10~~J~

Nielsenat at

1-Pentyl nitrite

Nitroethane

Liu eta!.’ 298—400

298 EP-RF

400

295 ± 3 PR-BA

1.9 ±0.5 960 ± 90

Liii at a!.’ 298—400

253-~AX~FP-RF

295±3 PR-BA



— - — -. S—.-’

1-Nitropentane

Nitroethene
[CH

2
= cuNO2J

3-Nitropropene
[CH

2
= CHCH

2
NO

2
]

1-Nitrocyclohexene

0.207 ± 0.016
0.364 ± 0.018
0.448 ± 0.032
0.514 ± 0.031
0.663 ± 0.055

3.30 ± 0.05 295 ± 3 PR-RA

BR [relative to
k (2,2.dimethylpropane
= 8.26 x 10- “r

FP-RF

Nielseneta!.
6

10’
2

x A
.

(cm’ B 1012 x k (cm’
Temperature
rangecovered

Organic molecule—’s~) (K) moleculr’ s_i) at T(K) Technique Reference (K)

2-Nitropropane

1-Nitrobutane

240 EP-RE Liu eta!.’ 240—400

0.145 ± 0.014
0.259 ± 0.011
0.314 ± 0.020

.0.322± 0.015

0.439 ± 0.018

298
330
350
400

240
298

330
350
400

295 ± 3

295 ±3

1.55 ± 0.09

3.7 ± 0.2

2.1 ± 0.7

6.1 ± 0.9

10.9 ± 1.7

1.68 ± 0.11

FP-RF

PR-BA

BR [relative to
k(2,2-dimethylpropane
= 8.26 x 10’”~

FP-RF

690 ± 17

630 ± 106

660 ± 49

710 ± 47

i .;..k4it.1. ç?”;~’ ‘~ ,. c~-~’.,~ ~

TABLE 43. Rateconstantsk andtemperature-dependentparametersat,or closeto, the high-pressurelimit for thegas-phasereactionsof theOH radicatwith nitrogen-containingorganics — Continued

-u
‘Ct0
C)
0
9
I

C

0

0

z
0
p4

Liii at at.’

Nielsenat a!.
6

Nielsenat at
6

Liu ata!.’0.404 ± 0.032
0.658 ± 0.042
0.790 ± 0.074
0.930 ± 0.054
1.20 ± 0.06

240
298
330
350
400

240—400

240—400

3.17 ± 0.15 295 ± 3

0.574 ± 0.033
tOO ± 0.06

1.33 ± 0.07
1.48 ± 0.09

240
298
330
350

1.81 ± 0.13 400

1.2±0.2 298±2

12.2 ± 2.1 298 ± 2

43.7 ± 4.3 298 ± 2

Nielsenat at
6

Liu at a!.’

Nielseneta!.
8

Nielseneta!.
8

Nielsenat a!.
8

PR-BA

PR-BA

RB [relative to !c(cis-
2-butene)= 5.64 x



0.0138 ± 0.0008 256.5
0.0146 ± 0.0009 256.5

0.0199 ± 0.0013 273
0.0184 ± 0.0018 274.5
tL0188 ± 0.0024 274.5
0.0230 ± 0.0013 278
0.0248 ± 0.0038 298

0.0330 ± 0.0055 318
0.0315 ± 0.0013 318
0.0368 ±0.0050 336
0.0361 ± 0.0091 338.5
0.0540 ± 0.007 345.5
0.0471 ± 0.0024 352.5
0.0507 ± 0.0019 366.5
0.0571 ±0.0052 370.5

0.0611 ± 0.0069 377

0.0594 ±0.0020 388

0.00941 ±000041”256
~0126 ± 00013” 275
0.0216 ±00011” 298
0.0259 ±00023” 335
0.0364 ±

00051
h 358.5

BR [relativeto
k(2-methyl-1,3-butadiene)
= 1.01 < to-or

BR [relative to Kwok at aL”
k (cyclohexane)
= 7.49 x

RR [relative to k(propene)
= 2.63 x

- RB [relative to
Jr (2-methyl-1,3-butadiene)
= 1.01 >< io-”’r

CH,C112(c-C6H,
1

)NC(O)SCH
2

CH, - BR [relativeto Jr (2-methyl-
1,3-butadiene)

= 1.01 x

‘From presentandprevious’ recommendations.
“At totat pressuresof N2 ~ 550Torr.

- ~ nt ~-ri -~

CH,CN

L
-u

0
0
3

U

0‘a
-U

p4

TABLE 43. Rateconstantsk andtemperature-dependentparametersat, or closeto, the high-pressurelimit for the gas-phasereactionsof the OH radicalwith nitrogen-containingorganics — Continued

10’2x A (cm’ B 1012 x Jr (cm’
Temperature
rangecovered

Organic moleculr’s’) (K) moleculr’ s’) at T (K) Technique Reference (K)

-s
aa

LP-LIF HynesandWine9 256—388

1130 ± 90

1180 ± 250

CD,CN

0.94

2-Vinylpyridine

(C1-142NC(O)SCH,

(CH,CH2CH,)2NC(O)SCH,CH,

LP-LIF 256—379HynesandWine9

TuazonataL 056.7 ±3.7

13.3 ± 0.6

31.0 ± 2.9

34.0 ± 3.8

35.4 ±5.7

298 ± 2

298 ± 2

298 ±2

298 ± 2

298 ±2

Kwok at aLa’

Kwok at ~

Kwok eta!.”
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3.83. Nltroalkanes k(nitroethane) = 1.5 x 10 cm3 molecuIe~s~,

Theabsoluteandrelativerateconstantsdeterminedby
Nielseneta!.6 at oneatmosphereof argonor air andthe
absoluterate constantsof Liu eta! .j obtainedat total
pressuresof argon diluent of 25—50 Torr, are given in
Table 43 (the absoluterate constantsof Nielsen eta!.6

were includedin the review of Atkinson,’ but are in-
cludedherefor completeness).Thedata from this study
of Nielsenetal.6supersedethosereportedearlier?’

Therateconstantsof Liu eta!! for CH3NO2arein rea-
sonable agreementwith the absoluterate constantsof
Zabarnicketa! ~22and those of Liu eta!.~ for the ni-
troalkanesstudiedare generallysignificantly lower than
theatmosphericpressurerateconstantsof Nielsenet a! P
(Table43).While theseobservationssuggestan effect of
total pressureon the rate constant,neitherZabarnick
eta!?~or Liu et a!.~ observedan effectof the pressureof
the argondiluenton themeasuredrateconstantsoverto-
tal pressurerangesof 100—300Torr~and 25—50 Torr!

Only for the reactionof the OH radicalwith 1-nitrobu-
tane havestudiesbeenconductedat atmosphericpres-
sure by more than one researchgroup, and the rate
constantsof AtkinsonandAschmann’4andNielsenetaL6

arein reasonableagreement.While definitive experimen-
tal evidencestill remainsto beobtained,the experimen-
tal datasuggestthat the rateconstantsfor the reactions
of the OH radicalwith the <C4 nitroalkanesstudiedto
date arepressuredependentat aroundroom tempera-
ture, and that thesereactionsproceedby both H-atom
abstraction and initial OH radical addition

OH +

H2O + CH2NO2

- [CH3N@H)O2] M products

Basedon unit-weightedaveragesof the absoluteandrel-
ative rate constants of Nielsen etaL6 for nitromethane,
nitromethane-d3,nitroethane,1-nitropropaneand 1-ni-
tropentane,and of the rate constantsof Atkinson and
Aschmann’4andNielsenetaL6for 1-nitrobutane,thefol-
lowing recommendationsare made for 298 K and 760
Torr total pressureof air:

k(nitromethane)= 13 x io’~ cm3 molecule’ s’,

k(nitromethane-d3)= 9 x 10’~cm3 molecule’s~,

k(1-nitropropane)= 44 x i0-’~cm3 moleculc’ sfl’,

all with estimatedoverall uncertaintiesof a factor of 2,

k(1-nitrobutane)= L5 x 1012 cm3 molecule’ çt,

and

k(1-nitropentane)= 32 x 1012 cm3 molecule’s’,

both with estimatedoverall uncertaintiesof ±35%.

3.8.4. NltrIIea

Acetonitri!e (CH3CN)- The absoluterate constantsof
HynesandWine9for the reactionsof the OHradicalwith
CH3CN andCD3CN are given in Table 43, andthe rate
constantsfor the reactionsof the ODradicalwith CH3CN
andCDICN9 aregiven in Table 44.

At 298 K, rate constantsfor the reaction of the OH
radical with CH3CN were obtainedover the total pres-
sure range46—700Torr of N2 and at 580—630Torr total
pressureof He. The measuredrateconstantswere inde-
pendentof total pressurewithin the experimentaluncer-
tainties, although a tendencyfor the rate constantto
decreasefor total pressuresof N2 of <100—200Torrwas
observed?In contrast,the rateconstantfor the reaction
of the OH radicalwith CD3CN increasedwith increasing
pressureat298K, from —1.3 x 10’~cm3molecule~5t

at —50 Torr total pressureof N2 to 2.16 x 10’~cm3

molecule’ s~~t 680 Torr total pressureof N2.9 The
298K rateconstantsfor the reactionsof the OD radical
with CH3CN and CDSCNwere observedto be indepen-
dentof total pressureof N2 diluent over the pressure
range50—700 Torr.9 In the presenceof 02, OH radical
regenerationwas observed9from both of the OH radical
reactionswith CH3CN and CD3CN, and similarly OD
radical regenerationwas observedfrom the reactionsof
the OD radicalwith both CH3CN and CDSCN.9

Thesedata show that these reactionsare complex,9

with bimolecularandtermolecularchannels.The essen-
tial lack of deuteriumisotopeeffects for the reactionsof
the OH radicalwith CH3CN and CDSCN also indicates
that an addition reactionis important. It is possiblethat
the reactionsproceedby, for example,

TABLE 44. Rateconstantskat, or close to, the high-pressurelimit for thegas-phasereactionsof the OD radical with nitrogen-containingorganics

1012 x k(cm’
molecule~s’)

0.0318 ± 0.0040

0.0225 ±0.0028

at T (K)

298

298

Technique Reference

LP-LIF

LP-LIF

HynesandWine9

Hynes andWine9

F

Organic

QT
3

CN

CO,CN

.1. Phys. Chem. Ref. Data, Monograph No 2



H20+CH2CN

OH+ CH3CNH
[CH3C = NOHI products

M =02

4,
OH

The rateconstantsof Hynesand Wine9 for the reaction
of the OH radicalwith CH3CN areplotted, togetherwith
thoseof Fritzeta! .,~ Zetzsch,24Kurylo andKnable25and
Pouleteta!-~ in Arrheniusform in Fig.43 (the 100—300
Torr total pressurerateconstantof Zetzsch24is plotted,
sinceZetzsch24alsoobservedthe rateconstantto bepres-
suredependent,especiallyat total pressures(of argon)
below100 Torr). The agreementbetweenthesestudiesis
reasonable.

2x10’
3

—

lxi 0-13

5

2

1x1O~
4

5x101
5

1.6 2.4 3.2 4.0

ioooir (K)

Pro. 43. Arrheniusplot of selectedrate constantsfor the reactionof
theOff radicalwith CH,CN.(La) Fritz etat.f (S) Zetzsch24

(for total pressures100—300Tort of argon);(0).Kwylo and
Knable;’4(A) Pouleteta!.;’

4 (0) Hynes.andWine;’ (—) rec-
orumendation(seetext).

Becauseof the much moreextensivestudy of Hynes
andWine,9 thedatafrom that studyarepreferred,anda

CH=CH2
OH+

unit-weightedleast-squaresanalysisof the rateconstants
of Hynesand Wine9 leadsto the recommendationof

k(CH3CN) =

(I08t3~)x 10_12e~’°19SYT cm3 molecule’s~

over the temperaturerange256—388 K, wherethe indi-
cated errors are two least-squaresstandarddeviations,
and

k(CH3CN) = 2.63 x 1O’~cm3 molecule~s~at 298K,

with an estimatedoverall uncertaintyat298 K of ±40%.
This recommendedexpressionshould not be usedout-
side of the statedtemperaturerange(256—388K) or at
total pressures~100Torr.

3.8.5. MIscellaneous

2-Vrny!pyridine- The rateconstantof Tuazonet al.’°is
given in Table 43. The magnitudeof the rate constant,
when comparedto that for pyridine,’ and the product
dataof Tuazoneta!.’°showthat thereactionproceedsby
initial OH radicaladdition to the —CH = CH2 substituent
group asshownbelow[ReactionScheme(16)~with sub-
sequentreactionsof theseinitially formed radicalslead-
ing to the formationof 2-pyridinecarboxaldehydewith a
yield of 0.78 ± 0.14.10
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Tetramethylsilane
[(CH,)45i]

Hexamethyldisiloxane 1.38 ± 0.09
((CH,),Sio5i(CH,),I

Hexamethylcyclotrisiloxane 0.52 ± 0.11

((— (CH,)3SiO-),]

Octamethylcyclotetrasiloxane 1.01 ± 0.20
((— CH,)zSiO—),]

Decamethylcyclopentasiloxane 1.55 ± 0.30
IX— (CH,),Sio-),]

1.89 ± 0.36

‘From presentandprevious3recommendations

‘R. Atkinson, Environ. Sci. Technol. 25, 863 (1991).2W Atkinson, S. M. Aschmann,and3. Arey, unpublisheddata(1993).
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3.10. Selenium-Containing Organic Compounds

The room temperaturerate constantdeterminedfor
dimethylselenideby Atkinson eta!.’ from a relativerate
studyis givenin Table46.Themagnitudeof thisratecon-
stantsuggeststhat the reactionproceedsby initial addi-
tion of the OH radicalto the Se atom,

OH + CH,SeCH,~ [CH,Se(OH)CH3]—* products

wherethe productsmay includeH20 + CH,SetH2.
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3.11. Aromatic Compounds

The rateconstantsreportedsincethe reviewandeval-
uation of Atkinson’ aregiven in Table47. The studyof
Atkinson eta!.7 concerningthe kinetics of the reactions
of the OH radicalwith 1,4-benzodioxan,2,3-dihydroben-
zofuranand2,3-benzofuranat298 ±2K, thedatabeing
given in the review of Atkinson,’ hasnow beenpub-
lished.7 In addition to the rate constantsgiven in
Table 47,Goumrieta! ~haveinvestigatedthe reactionof
the OH radicalwith benzeneatlow totalpressures(0.5—9
Torr) at 297 ±3 K and 353 K.

Atkinson’

di-
rls,

it—
at

Is

y
it

3.9 Silicon-Containing Organic Compounds

Therateconstantsfor the roomtemperaturereactions
of theOHradicalwith tetramethylsilane,aseriesof silox-
anesand (CH,)3SiOSi(CH,)20Hdeterminedby Atkin-
son’ and Atkinson eta!.2 from relative rate studiesare
given in Table 45. The magnitude of theserate con-
stants”2indicatesthat thesereactionsproceedby H-atom
abstraction:

OH + 4 SiCH, — H,O + 4 SiCH,.

1.
q

ta.

_.v. —

TABLE 45. Rateconstantsk for the gas-phasereactions of the OH radical with silicon-containingorganiccompounds

1012 x k (cm’

Organic moleculr’ s—’) at T (K) Technique Reference

1.00 ±0.09 297 ±2

297 ± 2

297 ± 2

297 ± 2

297 ± 2

297 ± 2

RR [relative to k(cyclo-
hexane)= 7.47 x 10— 12Ja

RR [relativeto k(cyclo. Atkinson’
hexane) = 7.47 x

10
—i2].

RR [relativeto k(cyclo- Atkinson’
hexand)= 7.47 x

RR [relativeto k(cyclo- Atkinso&
hexane) = 7.47 x l0~’~3’

RR [relativeto k(cyclo’ Atkinson’
hexane) = 7.47 )<

RR[relative to k(cyclo. Atkinson eta!.2

hexane)= 7.47 x 10—’~]’
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(CU’) = 1.0 )< l0’~cm3 molecule’ s’ at 298 K,

is applicableto a total pressureof air ~100 Torr
hdhasan estimatedoverall uncertaintyof a factorof 2.
~~ou andCohen3deriveda rateconstantof (1.8 ±0.5)
~ ~Ø” cm’ molecule’s’ at 1212K and—800 Tort to-
~j pressureof argon, and concludedthat themajor reac-
&in pathwayunder the conditions employed was the
~ibination channel(a),

M
‘ CH,OH (a)

CII, CH,OH* ÔH2OH+ H (b)

L~. H,O ÷CE!,

jcbannels(b) and (c) possiblybeingof minor impor-
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kinetic and mechanisticdatafor the gas-phase
~jtionsof theNO, radicalwith organiccompoundsare
~nted and discussedin the following sections.Tern-
~ture-dependentrateconstantsaregenerallygiven in

recommendationsusing the Arrhenius expression

4.1. Alkanes

!herate constantsreportedsincethe previousreview
jkinson’ are given in Table 50 (the dataof Bagley

Were reportedin an Addendumin the Atkinson’
.w, but werenot usedin the recommendations).The

~TAnLE49. Rateconstantsk for the gas-phase

upperlimits to the rateconstantsreportedby Boydeta!.’
for ethane,propaneand2-methylbutanewerederivedby
assumingthat the stoichiometryfactorswere ~ 2 under
the stopped-flow reaction conditions employed. For
methane,no enhanceddecayrate of the NO, radicalwas
observed,’and theupperlimit reportedwas derivedfrom
theobservedlack of an increasedNO, radicaldecayrate
in the presenceof methane.

Ethane.Absoluterateconstantshavebeendetermined
by Bagleyetal.’ over the temperaturerange453—553K,
and an upperlimit hasbeen derivedby Boyd eta!.2 at
room temperature(Table 50). The extrapolated298 K_______ rateconstantfrom thedataof Bag] eyet a! .‘ is 2.0 x
cm’ molecule’’ s’ (subjectto an uncertaintyof a factor
of ~2), which is consistentwith the upperlimits to the
rateconstantof 4 x 1018 cm’ molecule’s~measured
by Wallingtoneta!.4(which mayhoweverbe erroneously
low due to removal of the ethaneby reactionwith F, in
the experimentalsystem used) and 2.9 x 10” cm’
mo)ecule’~’s’ by Boydeta! ~2 Thisextrapolatedratecon-
stantof Bagleyeta!.’ of 2.0 x ~ cm’ molecule’’ s’~
at 298 K is also in reasonableagreementwith the rate
constantcalculatedusing a group rate constantfor H-
atom abstractionfrom a —CH, group of ~ = 7.0 X
1O’~cm’ molecule’s’ at 298 K’ (leadingtok(ethane)
= 1.4 x l0’~cm’ molecule’ s’ at 298 K]. However,
Boydeta!.’ alsoderivedfrom modelingtheir dataalower
limit to the rateconstantof9 x i0~~cm’ molecule’s’
at 302 K, significantlyhigher thanthat obtainedfrom ex-
trapolation of the elevatedtemperaturedata of Bagley
eta!.’ or the estimated’rate constant.

Becauseof the small, andelevated,temperaturerange
for which apparentlyreliableabsoluterateconstantsare
available,’no recommendationis madefor this reaction.
Thepreviouslyderived298 K —CM, grouprate constant’
of kprin = 7.0 x jQ_19 cm’ molecule’s’ is unchanged.

n-Butane. The rate constantsmeasuredby Bagley
etal.’ over the temperaturerange298—523K aregivenin
Table 50. The298 K rate constantof Bagleyeta!.’ of (4.5
±0.6) x 10k, cm’ molecule’s’ is in agreementwithin
the error limits with the relativerate constantof Atkin-
soneta!.5 of (5.6 ± 1.7) x 10~’cm’ molecule’s’ but
is a factor of —2 higher than the upperlimit reportedby
Wa]lington eta!.

4 At temperatures>423 K the Arrhe-
nius plot exhibits upward curvature, especially above

reactionsof theOH radical with organicradicalsat —1 atmospheretotal pressure

1012 x k
(cm’ molecule—’ s~) at T (K) Technique

294

1212 SH-RA Bott and Cohen’

94 ± 13’

~3 ± 5b

PR-Modeling Anastasi eta!.’

~Torr total pressureof argondituent.
To~total pressureof argon.

Kinetics and Mechanisms of the
Gas-Phase Reactions of the
Radical with Organic Compounds

C

Reference

.5. Phys. Chem. Ref. Data, Monograph No. 2



TABLE 50. Rate constants k and temperature-dependentparameters,k = ~ for thegas-phasereactionsof the NO3 radicalwith alkanes
N

Alkane
1012 x A (cm3

molecuirI s”)
B

(K)
k

(cm3 molecuir s~) at T (K) Technique Reference

Temperature
rangecovered

(K)

Methane C8 x i0’~ 302 SF-A Boyd eta!.2

Ethane

5.7 ±4.0 4426 ± 337

(3.0 ±0.5) x t0~”
(4.7 ±0.8) x 1016
(L4 ± 0.3) x jQ~~
(1.6 ± 0.3) x 1015

453
473
523
553

DF-A

.

Bagleyet al.3 453-553

C2.9 x io’~ 302 SF-A Boyd eta!.2

Propane C 6.5 x 10_li 298 SF-A Boyd eta!.2

n-Butane • (4.5 ±0.6) x lO~
(L44 ± 0.12) x 10_~~
(4.6 ± 1.2) x 1016
(1J2 ±0.12) x 10”
(3.2 ± 0.3) x 10 •~
(90 ± 0.4) x 10~

298
333
373
423
473
523

DF-A Bagleyeta!.5 298-523

2-Methylpropane

.

(1.1 ±0.2) x 10”
(4.5 ± 1.6) x 10~6
(8.0 ± 0.8) x 10~”
(2.3 ± 0.4) x 10’s
(5.4 ± 1.2) x 10_15
(1.30 ± 0.24) x 10’~

298
348
373

423
473
523

DF-A Bagleyeta!.3 298-523

C 7.0 x b—1’ 298 SF-A Boydeta!.2

2-Methylbutane

~

(1.6 ± 0.2) x 10_b
(3.9 ± 1.4) x 10~’
(1.04 ± 0.12) x i0’

5

(2.5 ± 0.4) x 10~’~
(6.1 ± L4) x ir’5

(1.29 ± 0.37) x 10—14

298
323
373
423
473
523

DF-A Bagley eta!.
3 298-523

0
0
3

0

D

I
0

0(0
a;

z
0

F,)



473 K.’ A unit-weighted least-squares analysis of the ab- Bagley et al.’ from their rate data for ethane, n-butane
solute rate constants of Bagley ~ obtained over the
restrictedtemperature range 298—423 K yields the recom-
mended Arrheniusexpressionof

k(n-butane) =

(2.76±Hg)x 10’~e~”9± ~“~‘ cm’ molecule’ s~’

over the temperature range 298—423 K, where the indi-
cated errors are two least-squares standard deviations,
and

k(n-butane)= 4.59 x 10”cm’molecule’ r’ at 298 K,

with an estimated overall uncertainty at 298 K of a factor
of 1.5. While the relativerateconstantof Atkinson etalP
is in reasonable agreementwith this recommendation, it
is possible that the rate constantof Atkinson et al.5 is
somewhathigh’ dueto secondaryreactionsinvolving OH
radicals.6

2-Methylpropane.The rate constantsdeterminedby
Bagley eta!.’ over the temperaturerange298—523K are
given in Table50, andareplottedin Arrheniusform in
Fig. 44 togetherwith the room temperature relative rate
constant of Atkinson et al.5 In addition, Boyd eta!.2

derived an upper limit to the rate constant of 7.0 x 10~”
cm’ molecule’ s’ at 298 K, consistent with the data of
Bagleyeta!.’ andAtkinson eta!.5The room temperature
rateconstantsof Atkinson eta!.5andBagleyet al.2 are in
excellent agreement. Since the Arrheniusplot appears to
exhibit a significantdegreeof curvatureat temperatures
>423 K, a unit-weighted least-squaresanalysisof the
room temperature relative rate constant of Atkinson
et a! .~ and the 298—423 K absolute rate constants of
Bagley eta!.’ hasbeencarried out to yield the recom-
mendedArrheniusexpressionof

k(2-methylpropane) =

(3.05±k9~)>( 10_12 e~’°6°99)/T cm’ molecule’ s—~

over the temperature range 296—423 K, wherethe indi-
catederrors are two least.squaresstandarddeviations,
and

k (2-methylpropane)=
1.06 x 10~~cm’ molecule’ s~’at 298 K,

with an estimatedoverall uncertaintyat298 K of ±40%.

OtherAllcanes.The upperlimit to the rateconstantfor
the reaction of the NO, radical with methane of 8 x
1O’~cm’ molecule’ ~‘ at 302 K reported by Boyd et a!.’
is consistent with the upper limit to the rate constant rec-
ommended by Atkinson’ of 1 x 10_Is cm’ moleculc’ s’
at 298 K. Since only a single study has been carried out
for 2-methylbutane,’ no recommendation is made for this
reaction. However, the measured 298 K rate constant’ of
(1.6 ±0.2) x 10” cm’ molecule’ s’ is totally consis-
tent with the rate constants for H-atom abstraction from
primary, secondary and tertiary C—H bonds derived by

and 2-methylpropane, and is in excellent agreement with
the rate constant of 1.5 x 10b6 cm’ molecule’ s’ calcu-
lated from the —CH,, —CH,-- and > CII— group rate con-
stants derived by Atkinson’. Moreover, the predicted
298 K rate constants for n-butane and 2-methylpropane
of 4.7 x 10” cm’ molecule’ ~ and &5 x 10” ~
molecule’ s’, respectively, are in good agreement with
the recommended values, and the calculated rate con-
stant for propaneof 1.7 x 10” cm’ ~ s’ at
298 K’ is reasonablyconsistent with the lowerlimit to the
rate constant of 2.0 x 10” ~ molecule’ s’ at 298 K
derivedby Boyd et al.’ from modelingtheir data.These
observations indicate that the group rate constants at
298 K (in cm’ molecule’ s’ units) of: ~ = 7.0 x
10~’9,ksec= 1.5 x io”, andk,~~= 8.2 x i0”, together
with the substituent factors of F(—CH,) = 1.00 and
F(CHr) = F(>CH-) = F(>Cc) = 15, all at
298 K, can be used to calculate room temperature rate
constantsfor the gas-phase reactions of the NO, radical
with alkanes. In addition to allowing the overall reaction
rate constants to be calculated, the distribution of alkyl
radicals formed can be calculated.

2x1&
4

—

lxi 014

5

0

lxi ~.l5

2

ixi0~
6

5xi&7
—

i.e

0

0

2-METHYL PROPANE

3.2
iooorr (K)

4.0

Ftc. 44. Arrheniusplot of rate constantsfor thereactionof the NO,
radical with 2-methylpropane.(0) Bagley eta!.;’ (S)
Atkinson eta!.;’ (—) recommendation (seetext).
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4.2. Haloalkanes

The kinetic data reported since the review of Atkinson’
aregiven in Table 51. The upper limits to the rate con-
stants obtained by Boyd et a! ~2using a stopped flow sys-
tem with optical absorption of the NO, radical assumed
a minimum stoichiometric factor of 2 for reactions of the
NO, radical under these conditions.

References
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4.3. Alkenes

The rate constantsreportedsincethe review andeval-
uation of Atkinson’ are given in Table 52, with the data
of Wille eta!.6 being obtained from observationof the
oxirane product formation profiles. The rate constants
for the reactions of the NO, radical with 2,3-dimethyl-2-
butene, 1,3-butadiene, 2-methyl-1,3-butadiene (isoprene)
and 2,3-dimethyl-1,3-butadiene reported by Poulet and
Le Bras,’°andusedby Atkinson’ in the evaluations of the
rate constants for these reactions, have been published8t’
(that for isoprene is included in the publication of Wile
etal.8 andis also given in Table52).

Ethene.The room temperature rate constant of Biggs
eta!.,2 of (1.7 ± 0.5) x 10_t6 cm’ molecule’s’ at
300 K, is given in Table 52. This rateconstantis in rea-
sonable agreementwith the recommended rate constant
of Atkinson’ of 2.18 x 1016 cm’ molecule’ s’ at this
temperature.Hence the previous recommendation,’ of

k(ethene)= 4.88 x 10’sT’ e_m21Tan’ molecule’s~

over the temperature range 295—523 K, with a 298 K rate
constant of 2.05 x 10_Is ~ molecule_t s’, is un-
changed.

Propene.The absoluterate constantsof Canosa-Mas
eta!.’ aregivenin Table52 andareplotted,togetherwith
the room temperature relative rate constant of Atkinson
eta!.,’2 in Arrhenius form in Fig. 45. The agreement be-

lent. The Arrhenius plot exhibits distinct non-Arrhenius
behavior above 423 K, and a unit-weighted least-squares
analysis of the 298—423 K absolute rate constants of
Canosa-Mas eta!.’ and the relative rate constant of
Atkinsonet al.’2 leads to therecommendedArrheniusex-
pression of

k(propene) =

(4.59tk~)x 10” e~”56
±“fl,’ cm’ molecule’ s’

over the temperature range 296—423 K, where the indi-
cated errors are two least-squares standard deviations,
and

k(propene) = 9.49 x i0’~ cm’ molecule’ s’ at 298 K,

with an estimated overall uncertainty at 298 K of ±35%.
This recommendation is in excellent agreement with, but
supersedes, that of Atkinsont of

k(propene) = 9.45 x 10’s cm’ molecule’ r’ at 298 K.

1-Butene.The absoluterate constants of Canosa-Mas
et al.4 aregivenin Table 52 andareplotted,together with
thoseof Atkinson eta!.,”1’ Andersson and LjungstrOm’4

and Barneseta!.,“ in Arrhenius form in Fig. 46. The
agreement between thesestudiesis good, and a unit-
weighted least-squares analysis of the absolute rate con-
stants of Canosa-Mas et a! .~ and the relative rate
constantsof Atkinsoneta!~I2,I3andBarnes eta!.’5 leads to
the recommended Arrhenius expression of

k(1-butene) =

(2.04±&~)x 10—” e~M3
± 139)IT cm’ molecule’ s~’

over the temperature range 296—473 K, where the indi-
cated errors are two least-squares standard deviations,
and

k(1-butene) = 1.21 x 10-’~cm’ molecule’ s’ at 298 K,

with an estimated overall uncertainty at 298 K of ±30%.
This recommendation is in excellent agreement with, but
supersedes, that of Atkinson’ of

k(1-butene) = 1.25 x 10’~cm’ molecule’ s’ at 298K.

TAaLE 51. Rateconstantsfor the gas-phasereactionsof the NO, radical with haloalkanes

Baloalkane k (cm’ moleculc’ r~) at T(K) Technique Reference

SF-A Boydeta!.’C1-i,Cl E8 )< io’~ 300

CH,Cl, ~5.8 x 10—” 300

CHCI, ~6.5 x 10” 304

SF-A Boyd eta!.2

SF-A Boyd eta!.2

.5. Phys. Chem. Ref. Data, Monograph No. 2



TABLE 52. Rate constantsandtemperature-dependentparametersfor thegas-phasereactionsof the NO, radicalwith alkenes

Temperature
1012 x A (cm’ H k rangecovered

Alkene molecule~’s’) (K) (cm’ motecuir’r’) at T (K) Technique Reference (K)

Ethene (1.7 ± 0.5) x ~Q 6 300 SF-A Biggseta!.’

0.474tkM~ 1171 ± 66
(298—423 K)

0.25 940

298 DF-A
333
373
423
473
523

299 DF-A
323
373
423
473

(9.3 ± 1.2) x 1O~’
(1.45 ± 0.36) x 10’~
(1.98 ± 0.44) x 10”
(3.06 ± 0.84) x 10_14
(5.05 ± 0.34) x 10—14
(93 ± 2.4) x 10—’~

(1.1 ± 0.2) x
(1.6 ± 0.5) x 10—”
(1.8 ± 0.4) x 10’~
(2.9 ± 1.0) x
(3.6 ± 0.8) x 10’’

(3.87 ± 0.42) x 10” 298

(3.6 ± 0.4) x io” 298

(3.75 ± 0.24) x 10” 298

(3.3 ± 0.8) x i0” 298

(3.88 ± 0.30) x 10” 298

(8.42 ± 0.60) x 10~” 298

(7.0 ± 2.0) x 10_12 298

(4.07 ± 0.40) x 10—” 298

(3.8 ± 0.8) x 10” 298

(5.71 ± 0.28) x 10~’

(8.26 ± 0.60) x 10-” 298

(7.30 ± 0.44) x 10” 298

(7.96 ± 0.44) x 1012 297 ± 2

DF-MS Rentereta!.’

DF-MS Wille eta!.6

DF-MS Rentereta!.5

DF-MS Wilte eta!.6

DF-MS Bentereta!.’

DF-MS BenteEeta!.5

DF-MS Wille eta!.6

DF.MS Rentereta!.5

DF~MS Wilte eta!.6

296 ± 2 RR [relative to Atkinson eta!.’
k(2-methyt-2.
butene)
9.37 x 10 “J~

DF-MS Wilte eta!.’

DF-MS Wille eta!.’

RR [relative Shoreeseta!.9

to k(2-methyl.
2.butene)=
9.37 x 10”Y

Propene

1-Butene

Canosa-Maseta!.’ 298—523

Canosa-Maseta!.4 299—473

2-Methytpropene

cig-2-Butene

trans-2-Butene -

2-Methyt-2-butene

2,3-Dimethyl-2-butene

2-Methyl-1,3-
butadiene
(isoprene)

~-Phellandrene
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0
0
(a
0
I
Fr’
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I
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-1

-C
0
~1I
0
C)
z
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•0
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a
C)
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a’a’~Frompresentandprevious’ recommendations.
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Ftc. 45. Arrheniusplot of selectedrate constantsfor the reactionof
the NO, radical with propene. (•) Atkinson eta!.;” (0)
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FIG. 46. Arrheniusplot of selectedrateconstantsfor the reactionof
the NO, radical with 1-butene.(Ls) Atkinson eta!.;” (S)
Atkinson eta!.;” (0) Andersson and Ljungstrom;’4 (V)
Barneset al.;’

5 (0) Canosa-Maseta! ;4(~)recommendation
(seetext).

2-Methy!propene.The rate constantsdeterminedby
Benteret al.5 and Wille etal.6 (the latter from the oxirane
productformationrate)aregivenin Table52. Theserate
constants56are in good agreement with the previous rec-
ommendationof Atkinson’ of

k(2-methylpropene)=

3.32 x 10_I, cm’ molecule’ s’ at 298 K,

which is therefore unchanged.

0

cis-2-Butene.Therateconstantsdeterminedby Benter
etal.5 and Wille et al.6 (the latter from the oxirane
product formation rate) are given in Table 52. These rate
constants5’are in excellentagreementwith the previous
recommendationof Atkinson’ of

k(cis-2-butene)=

3.50 x 10,, ~ molecule’ s’ at 298K,

which is thereforeunchanged.Wille eta!.6showedthat at
298 K and 2.2—7.5Torr total pressure that the pathway

__ /\
NO, ÷CH,CH = CJ-ICH, CH,CFJ—CHCFI,+ NO2

accounted for 90 ±10% of the overall reaction. This ob-
servation is in agreement with the previousresults of
Dlugokencky and Howard’6 for the NO, radical reaction

with trans-2-butene at low total pressures.
J trans-2-Butene.The rate constantreportedby Benter
4.0 eta!.5 is given in Table52. This rateconstantis in excel-

lent agreement with the previous recommendation of
Atkinson’ of

k(trans-2-butene) =

3.90 x 10” cm’ molecule’ s’ at 298 K,

which is therefore unchanged.
2-Methyl-2-butene.Therateconstantsreportedby Ben-

ter et al.5 and Wille eta!.6 (the latter from the oxirane
product formation rate) are given in Table 52. The more
precise rate constant of Benter et a! .~ is 20% lower
than the previous recommendation of Atkinson’ of

k(2-methyl-2-butene)= 9.37 x 10’~cm’ molecule-’r’

at 298 K. Until further absolute rate constant studies con-
firm a lower rate constant for this reaction, the previous
recommendation’is unchanged.

2,3-Dimethy!-2-butene.The rate constantsobtainedby
Benteret al.5 andWille et al.6 at low total pressures(2.3
Torr) aregiven in Table 52 (the rate constantof Wille
et al.6 wasobtainedfrom the oxiraneproductformation
rate). These absolute rate constants5’6 are —30% lower
than the previous recommendation of Atkinson’ of

k (2,3-dimethyl-2-butene)=
5.72 x 10” cm’ molecule’s~’at 298 K.

In contrast, the relative rate constant of Atkinson eta!.’
is in excellent agreement with the previous recommenda-
tion of Atkinson.’

However,the rateconstantsof Benteretal.5 andWille
eta!.’ are in good agreementwith thepreviouslyreported
low pressureabsoluterate constantsof Rahmanetal)
and Lancaretal.,” also obtainedusing dischargeflow
massspectrometrytechniques.Until this discrepancY~
resolved,possiblythroughthe useof otherexperimental
approaches,the previousrecommendationis unchanged.
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It should also be noted that the rate constant ratio of
k(2,3-dimethyl-2-butene)/k (2-methyl-2-butene) = 4.83
±0.59at298 K derivedfrom therateconstantsof Benter
etaL5 is significantlylower thanthe ratios of 6.10 ±0.16
at 298 ± 1 K,” 6.13 ± 0.16 at 295 ± 1 K” and6.09 ±
0.29 at 296 ±2 K7 obtainedby Atkinsonetal.7~”from
relative rate studiesconductedat atmosphericpressure
of air. Wille etal.’ observedthe formationof the oxirane
from the reactionpathway

NO, + (CH,),C= C(C}1,), (CH,),C—C(CH,), + NO,

to account for 90 ± 10% of the overall reaction.
2-Methyl-I,3-butadiene(isoprene).The rate constants

reported by Wille etal.8 at 298 K originate from studies
conductedat two laboratories,with thatof Lancareta!.”
beingreportedpreviously’0 and used in the review and
evaluation of Atkinson.’ Therateconstantdeterminedat
Kiel, Germanfof (7.30 ± 0.44) x 10’s cm’ molecule’
ç4 at298 K is in good agreementwith the recommenda-
lion of Atkinson’ of

k(isoprene) = 6.78 x 10” cm’ molecule’ s~at 298 K,

and hence this previous recommendation’ of

k(isoprene) = 3.03 x 10-” e_4461T cm’ ~

over the temperature range 251—381 K is unchanged.
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6U. Wille, M. M. Rabman,andIt. N. Schindler,Ber. Bunsenges.Phys.
Chem.96, 833 (1992).

‘It. Atkinson, S. M. Aschmann,and3. Arey, Environ.Sci. Technol.26,
1397 (1992).

‘U. Wille, B. Becker,It. N. Schindler,I. T. Lancar,0. Poulet,and0.
Le Bras,3. Atmos. Chem.13, 183 (1991).
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4.4. Haloalkenes

The rateconstantsreportedsincethe reviewandeval-
uation of Atkinson’ are given in Table 53 (the data of
Wangbergetal? were included in the Addendumin
Atkinson’). The rate constantsfor the reactionof the
NO, radical with 2-chloro-1-buteneat room tempera-
ture’-’ are in good agreement.The trends in the rate con-
stants for the reactions of the NO, radical with
haloalkeneswith the number and configuration of the
halogensubstituent(s)around the >C=Cc bond are
discussedby Aird eta!.2

References
‘R. Atkinson, J. Phys.Chem.Ref. Data20, 459, (1991).
‘It. W. S.Aird, C.B. Canosa-Mas,D.3. Cook,0. Marston,P.S.Monks,

R. P. Wayne, andB. Ljungstrom,3. Chem.Soc. FaradayTrans.88,
1093 (1992).

‘1. Wangberg,B. Ljungstram,3. Hjorth and0. Ottobrini,3. Phys.Chem.
94, 8036 (1990).

4.5. Alkynes
The rateconstantsreported sincethe review andeval-

uation of Atkinson’ are given in Table 54.

References

‘R. Atkinson, 3. Phys.Chem.Ref. Data20, 459 (1991).
‘Th. Benter,5. Becker,U. Wille, It. N. Schindler,C. B. Canosa-Mas,

S. 3. Smith,S. 3. Waygood,andR. P. Wayne,3. Chem.Soc.Faraday
Trans.87, 2141 (1991).

4.6. Oxygen-Containing Organic Compounds

The kinetic data reported since the review and evalua-
tion of Atkinson’ aregiven in Table 55.

References
‘R. Atkinson, 3. Phys.Chem.Ref. Data20, 459 (1991).
2 A. A. Boyd, C. B. Canosa-Mas,A. D. King, R. P. Wayne,andM. R.

Wilson, 3. Chem.Soc. FaradayTrans.87, 2913 (1991).
‘It. Atkinson andS. M. Aschmann,3. Atmos. Chem.16, 337 (1993).

4.7. Sulfur-Containing Organic Compounds

Jenseneta!.” haveconductedproductstudiesof the
gas-phasereactionsof the NO, radicalwith CH,SCH,”,
CD,SCD,,’CH,SH’and CH,SSCH,,’usingFouriertrans-
form infrared (ET-IR) absorptionspectroscopyto moni-
tor thereactantsandproducts.By monitoringtherelative
disappearanceratesof CH,SCH, and CD,SCD,,a rate
constantratio of k (CH,SCH,)Ik (CD,SCD,) = 3.8 ±0.6
at 295 ± 2 K was determined,2in excellent agreement
with the absoluterateconstantsof Daykin andWine’ for
CH,SCH, and CD,SCD,.This deuteriumisotopeeffect’
and the productsobserved”led Jenseneta!.’~’to con-
clude that theseNO, radical reactionsproceedexclu-
sively (or mainly) by,

J. Phys. Chem. Ref. Data, Monograph No. 2



158 ROGER ATKINSON

NO, + CH,SCH,a [CH,S(ONO2)CH,]-,

HONO, + CH,SCH,

NO, + CH,SH a [CH,S(ONO,)H] -~

HONO, + CH,S

NO, + CH,SSCH,a [CH,SS(ONO,)CH,}-*

CH,S + CH,SO + NO,

in agreementwith previousdiscussions.4

Analogous product studieshavebeen conductedby
Jensenet al .~ for the gas-phasereactionsof theNO, rad-
ical with CH,CH,SH, CH,CH,SCH,, CH,CH,SCH,CH,
andCH,CH,SSCH,CH,in air at295 ±2 K. Jensenetal.5

concluded that the reaction mechanismsfor these
organosulfurcompoundswere analogousto those for
CH,SH, CH,SCH,andCH,SSCH,.”4

References
‘N. K. Jensen,3. Hjorth, C. Lohse, I-i. Skov, and0. Restelli,Atmos.

Environ.25A, 1897 (1991).
‘N. It. Jensen,J.Hjorth, C.Lohse,H. Skov,and0. Restelli,3. Atmos.

Chem.14, 95 (1992).
‘B. P. Daykin andP. H. Wine, Tnt. 3. Chern. Kinet. 22, 1083 (1990).
4R. Atkinson, 3. Phys.Chem.Ref. Data20, 459 (1991).
~N U. Jensen,J. Hjorth, C. Lohse,H. Skov, and 0. Restelli,Tnt. 3.

Chem.Kinet. 24, 839 (1992).

4.8. Nitrogen- and Silicon-Containing
Organic Compounds

Therate constantsreportedsincethe reviewandeval-
uationof Atkinson’ aregivenin Table 56.Fromaproduct
study, Kwok et al ,2 showedthatthe major reactionpath-
way for theNO, radicalreactionwith (CH,),NC(O)SCH,
proceedsby overall H-atom abstractionto form the
CH,(CH,)NC(O)SCH, radical (presumablyby initial
NO, radical interaction with the N atom), ultimately
leadingto the formationof CH,(CHO)NC(O)SCH,in 87
± 13% yield.

NO3 + (CR,),NC(O)SCH, [(CH3)2N(OH)C(O)SCH,]

Jr

CR,

H20 + NC(O)SCH,

CR,
References

‘U. Atkinson,J. Phys.Chem.Ref. Data20, 459 (1991).
‘E. S. C. Kwok, It. Atkinson, and3. Arey, Environ. Sci. Technol. 26,

1798 (1992).
‘K. Atkinson, S. M. Aschmann,and3. Arey, unpublisheddata(1993).

4.9. Aromatic Compounds

The rateconstantsreportedsincethe reviewandeval-
uationof Atkinson’ are given in Table 57.

Phenol, o -Crew!, m-Cresol andp-Cresol. The room
temperaturerate constantsof Atkinson etal ~2 are given
in Table 57. Theserate constantsare in generalagree-
ment (within ±40%)with the relative rateconstantsof
Carter et al .,‘ and that for phenol2 is also in excellent
agreementwith the rateconstantof Atkinsonet al.4 de-
terminedrelativeto the rate constantfor the reactionof
the NO, radicalwith 2-methyl-2-butene.Thereare, how-
ever,significantdiscrepanciesbetweentherateconstants
for a-, m- andp-cresolobtainedfrom the two studiesof
Atkinson etal?4 (the rate constantsfor a- andp-cresol4

were relative to that for m -cresol,which in turn was
relativeto that for phenol,4all determinedusingFT-JR
absorptionspectroscopy).4

A unit-weightedaverageof the rateconstantsfor phe-
nol of Atkinson eta!~ leadsto the recommendationof

k(phenol) = 3.78 x 10” cm’ molecule’s~’at 298 K,

with an estimatedoverall uncertaintyof ±35%.Thisrec-

ommendationsupersedesthat of Atkinson’ of

k(phenol) = 3.64 x 10~”cm’ molecule’s~’at 298 K,

which was basedon the studyof Atkinson etal .~For the
threecresolisomers,the rateconstantsof Atkinsoneta!.’
arerecommended:

k(o-cresol) = 1.37 x 10-” cm’ molecule’s~’at 298K

with an estimatedoverall uncertaintyof ±35%,

kQn-cresol)= 9.74 x 10” cm’ molecule’s’ at 298K

with an estimatedoverall uncertaintyof ±35%, and

k(p-cresol) = 1.07 x 10” cm’ moleculc’s’ at 298 K

with an estimatedoverall uncertaintyof a factor of 1.5.
Atkinsoneta!.’ alsomeasuredthe nitrophenolandni-

trocresolyieldsfrom theseNO, radicalreactions,andob-
servedyieldssignificantly lower thanunity for phenoland
o- andm-cresol (Sec. 2.4). Theseproductdata suggest
that theseNO, radical reactionsproceedby,

NO,+ ~ ~oN0, — + HONO,

otherproducts

with the phenoxyradicals reactingwith NO, to form the
nitrophenols.’

Misce!!aneous
Rindoneetal .~ have investigatedthe gas-phasereac-

tions of the NO, radical with o-xylene-h,o,o-xylene-d’o~

J. Phys. Chem. Ref. Data, Monograph No. 2



TABI.E 53. Rateconstantsk for thegas-phasereactionsof the NO~radicalwith haloalkenes

‘-,,.

1012 )< A (cm’
Haloalkene molecuir’ r’)

B
(K)

k
(cm’ molecule r’) at T (IC) Technique Reference

Temperature
rangecovered

(K)

1-Chloro-1-butene
[CH,CH,CH=CHCI]

(1.2 ± 0.4) x io’~ 298 OF-A Aird eta!.
2

2-Chloro-1-butene
jCH,Cfl,CCI CH,]

(1.73 ±0.31) x to—”

(2.21 ± 0.53) x to—’4
299

296

OF-A

KR [relative to
k(NO, ÷NO, ~ N,Os)

4.40 x 10—”]~

Wangbergeta!.3

Wängbergeta!.’

(1.7 ± 0.3) x iO—~ 299 DF-A Aird eta!.’

3-Chtoro-1~butene
[Cl-1,CHCICH=CH,]

2.4 x 10” 1992 ± 241

(3.0 ±0.7) x IO-’~
(1.2 ± 0.1) x 10—’~
(3.5 ± 1.2) x 10—~

296
373
473

DF-A Aird eta!.2 296—473

1-Chloro-2-butene
[CH3CH=CHCH,Cl).

6.0 x 10—” 981 ±349

(2.0 ± 0.7) x ia—’4
(5.0 ±1.7) x hr’4

(7.0 ±5.5) x 10’~

298
373
473

DF-A
~

Aird eta!.
2 298—473

2-Chloro-2-butene
[CH,CH= CCICH,)

(itO ± 0.40) x 10—” 298 DF-A Aird eta!.
2

1-Chloro-2-methylpropene
[(CH4,C=CHCI]

(9.0 ±2.3) x 10’~ 298 DF-A Aird eta!.’

2-Chloromethylpropene
[CH,C(CH,Cl)=CH,]

1.6 x 10” 1277 ± 205

(2.5 ±0.4) x ia’~ .

(4.7 ±0.5) x 1o—’~
(1.23 ± 0.06) X Ia—”

298
373

473

OF-A Aird eta!.
2 298—473

3-Bromo-i-butene
[CH,CHBrCH CHjl

(4 ± 1) x ir’5 298 OF-A Aird eta!.
2

4-flromo-1-butene
[CH,BrCH,CH = CII,]

(5 ± 1) x t0’
5

298 OF-A Aird eta!.
2

2-Bromo-2-butene
[Cl-I,CH = CBrCH,]

(1.34 ± 0.01) x 10” 298 DF-A Aird eta!.
2

3Frontpresentandprevious’ recommendations.
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TABLE 54. Rateconstantsk for thegas-phasereactionsof the NO, radicalwith alkynes

Aikyne k(cm’ molecuir’ s—3) at T (K) Technique Reference

2-Hexyne (2.8 ±0.1) x i0—’~ 298 DF-MS Bentereta!.’

—3 x 10” 433 DF-A Bentereta!.’

TABLE 55. Rateconstantsk for the gas-phasereactionsof the NO, radical with oxygen-containingorganiccompounds

Oxygenate k(cni’ molecule’r’) at T (K) Technique Reference

Acetone <1.1 x to-’7 302 SF-A Boyd eta!.’

4-Acetyl-1- (1.05 ± 0.08) x 10—” 296 ± 2 RU [relative to Atkinson andAschmann’
methylcyclohexene k(2-methyl-2-

butene) =

9.37 x 10-”]’

‘From presentandprevioustrecommendation.

TABLE 56. Rateconstantsk for the gas-phasereactionsof the NO, radical with nitrogen-andsilicon-containingorganiccompounds

Organic k(cm’ ~ s’) at T (K) Technique Reference

Nitrogen-containing

(CH4
2

NC(O)SCH, (7.10 ±0.31) x 10” 298 ± 2 RR [relativeto Kwok eta!.’
k(1-butene)=

1.21 X

(CH,CH,CH,),NC(O)SCH,CH, (8.94 ± 0.45) x to—’5 298 ± 2 RR [relative to Kwok eta!.
2

k(1-butene)=
1.21 x i0’~]’

CH,CH2(c.C6H,,)NC(O)SCH,CH, (3.18 ± 0.26) x 10’~ 298±2 KR [relative to Kwoketa!.’
k(1-butene)=
1.21 x

Si!ican-containing

(CH,),SiOS1(CH,),OH <1.7 x 10_Is 297 ± 2 RR [relative to Atkinsoneta!.’
kQz-heptane)=
1.37 x

‘From presentandprevious’ recommendations.
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TA!!.! 57. Rate constants k for the gas~phase reactions of the NO, radical with aromatic compounds

Aromatic k(cm’ molecule—‘ r’) at T (K) Technique Reference

Phenol (3.92 ±0.25) x 10—” 296 ± 2 RR[relative to
k (2-methyl-2-butene)
9.37 x 10—~9’

=

Atkinson eta!.’

o-Cresol (1.37 ± 0.09) x 10” 296 ± 2 KR [relativeto
k(2-methyl-2-butene)
9.37 x 10~’)’

=

Atkinson eta!.’

m-Cresol (9.74 ± 0.47) x 10” 296 ± 2 RU [relative to
k(2-methyl-2-butene)
9.37 x

=

Atkinson eta!.’

p-Cresol (1.07 ±0.10) x 10~’ 296 ± 2 RR [relative to •

k(2-methyl-2-butene)
9.37 x 10—”]’

=

Atkinson eta!.’

2-Nitrophenol <1.2 x 10’s 296 ± 2 RU [relative to
k(trans-2-butene)=

3.89 x 10—”]’

Atkinson eta!.’

‘From presentandpreyious’ recommendations.

p-xylene-h,o,p-xylene-d,,,andp-xylene-d6 [C6H4(CD,),]
at room temperature,and observeda significant deu-
terium isotope effect on the rate constants,with the
deuteratedxylenesreactingslower than the non-deuter-
ated compoundsby factors of 1.48—1.87. In agreement
with the rate constantsof Atkinson and Aschmann,6

thesekineticdataof Rindoneeta! .~confirmthattheNO,
radicalswith the alkyl-substitutedbenzenesproceedby
H-atomabstractionfrom the C—H (or C—D) bonds

NO, + C6H5CH, — HONO, + C6HSCH,

References
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‘K. Atkinson, 5. M. Aschmann,and).Arey, Environ.Sci. Technol.26,

1397 (1992).
‘W. P. L. Carter,A. M. Winer, and!.N. Pitts, Jr.,Environ. Sci. Technol.

15, 829 (1981).
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R. Atkinson, W. P. L. Carter,C.N. Plum, A. M. Winer,andS.N. Pitts,
Jr., bit. J. Chem.Kinet. 16, 887 (1984).

‘B. Rindone,F. Cariati,G. Restelli,and!.Hjorth, Fres.5. Anal. Chem.
339, 673 (1991).

‘R. Atkinson andS.M. Aschmann,tnt. S. Chem.Kinet. 20, 513 (1988).

5. Kinetics and Mechanisms of the
Gas-Phase Reactions of Ozone

with Organic Compounds
In this section,the previous reviewand evaluationof

Atkinson andCarter’ is updated.
5.1. Haloalkanes

Since the review and evaluation of Atkinson and
Carter,’ Tuazoneta!.’ havedeterminedan upper limit

to the rate constant for the reaction of 03 with
1,2-dibromo-3-chloropropane(CH,BrCHBrCH,Cl) of
k(CH,BrCHBrCH,Cl) <3 x 1O’~cm’ molecu1e~s~’at
296 ± 2 K.

References
‘R. Atkinson andW. P. L. Carter,Chem.Rev. 84, 437 (1984).
‘E. C.Tuazon,U. Atkinson,S. M. Aschmann,S.Arey,A. M. Winer,and

S. N. Pitts, Jr.,Environ. Sci. Technol.20, 1043 (1986).

5.2. Alkenes

The rateconstantsreportedsincethe review andeval-
uation of Atkinson and Carter’ are given in Table 58.
Also included in this table are the correctedrate con-
stantsof Herron and Huie4 for propene.The studyof
Treacyeta!.’ is takento supersedethedatapreviouslyre-
ported by Donloneta!.’4

Ethene.The rate constantsof Bahtaetal.’ andTreacy
eta!.’ aregiven in Table 58 (the rateconstantsof Bahta
et ~ havebeen averagedat eachof the four tempera-
tures studied).Since Treacyeta!.’ did not tabulatethe
individual rate constantsat the various temperatures
studied, only the Arrheniusexpressionand 298 K rate
constantscan be includedin Table 58. Thesetwo kinetic
studies”obtainedroom temperaturerate constantsin
the range(1.37—1.45) x 10_Iscm’ molecule—’s’, which
aresomewhatlower thanmanyof the previousratecon-
stantdata,’ including thoseof Su etal.’5 andKan etal.’6

The rate constantsof Bahtaeta!.’ andTreacyet al.’ are
plotted in Arrheniusform in Fig. 47, togetherwith the
rateconstantsof DeMore,’7Stedmaneta!.,‘~ Herronand
Huie,4Japareta! ~ Tobyetal.” andAtkinsonet al.” A
unit-weightedleast-squaresanalysisof the rate constants
of DeMore,’7 Stedmaneta!.,’8 Herron and Huie,4Japar
et al.,”’-° Toby eta!.,” Atkinson eta!.,” Bahtaet a!.’ and

J. Phys. Chem. Ref. Data, Monograph No. 2
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the 298 K rateconstantof Treacyet a! .~ leadsto the rec-
ommendedArrheniusexpressionof

k(ethene)=

(9.141~)x 10~ e~’58°71)/T cm’ molecule’s~

over the temperaturerange 178—362K, wherethe indi-
catederrors are two least-squaresstandarddeviations,
and

k(ethene)= 1.59 x io’~ cm’ molecule—’ s’ at 298 K,

with an estimatedoveralluncertaintyat 298 K of ±30%.
This recommendationsupersedesthe previousrecom-

mendationof AtkinsonandCarter’ (which was alsoused
by the NASA” andIUPAC’4 evaluations)of

k(ethene)= 1.2 x lO~~~ cm’ molecule~s~’

over the sametemperaturerangeof 178—362K, with a
298 K rateconstantof 1.75 x 10_iscm’ molecule~s~’.

Propene.The rateconstantsof Treacyeta!.’ aregiven
inTable58, togetherwith thecorrectedrateconstantsof
Herronand Huie4 (the lowest temperaturestudiedwas
235.0 K and not 250.0 K as given by Herron and Huie4

andusedin the evaluationof AtkinsonandCarter’). The
rateconstantsof HerronandHuie4 andTreacyeta!.3are
plotted in Arrheniusform in Fig. 48, togetherwith the
apparentlyreliable’ rateconstantsof Cox andPenkett,’5

Stedmaneta! .,~‘ Japareta! J920 andAtkinsoneta!?’The
rate constantsdeterminedby Herron and Huie4 and
Treacyet aL’ for propene[and ethene(Fig. 47)] are in
excellentagreementoverthetemperaturerangecommon
to both studies(240—324K). The rateconstantsobtained
by Huie andHerron’6 andTreacyeta!.’ for 1-butene,cis-
2-butene,trans-2-butene,2-methylpropeneand2-methyl-
2-butene are also in excellent agreementover the
temperaturerangecommonto both studies(240—324K).

In addition to thesestudies, Greeneand Atkinson5

havecarriedout a relativerate studyof the reactionsof
0, with a series of alkenesat 296 ± 2 K. Greeneand
Atkinson5obtained relativerate constantsfor propene,
1-butene, 2-methylpropene,cis- and trans-2-butene,
2-methyl-2-butene,2,3-dimethyl-2-buteneand 2-methyl-
1,3-butadiene,5and theserelative rate constantsare in
generallyexcellentagreementwith the absoluteratecon-
stants of Herron and Huie,4 Huie and Herron’6 and
Treacyeta!.’ Froma unit-weightedaverageof the 298 K
rate constantsof Herron andHuie4 andTreacyeta!.3 a
rate constantof

k(propene)= 1.01 x 10” cm’ molecule’s’ at 298 K

is recommended.Combinationof this298K rateconstant
with the temperaturedependenceof B = 1878 K, ob-
tainedfrom a unit-weightedaverageof the temperature
dependenciesof Herron and Huie4 and Treacyet ~

leadsto the recommendedArrheniusexpressionof

.J. Phys. Chem. Ref. Data, Monograph No. 2
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GAS-PHASE TROPOSPHERIC CHEMISTRY OF ORGANIC COMPOUNL)S I00

k(propene) = 5.51 x 10’s e~
7

S/Tcm’ moleculr’ s’

overthe temperaturerange235—362K, with an estimated
overalluncertaintyat 298 K of ±25%.

This recommendation supersedes the IUPAC’~
recommendationof

k(propene) = 6.5 x 10~e”~’Tcm’ molecule’s’

overthetemperaturerange230—370K, with a298 K rate
constantof 1.2 x 111” cm’ molecule’r’.

1-Butene.The rate constantsof Treacyeta!.’ and
GreeneandAtkinson5aregivenin Table58 andareplot-
ted, togetherwith therate constantsof Japareta!.’9 and
Huie and Herron,” in Arrheniusform in Fig. 49. The
agreementof the room temperaturerate constantsbe-
tweenthestudiesofHuie andHerron,’6Treacyeta!.3 and
GreeneandAtkinson5is excellent.Fromaunit-weighted
averageof the298 K rateconstantsof Huie andHerron,”
Treacya a! ‘ andGreeneandAtkinson5(correctedfrom
296K to 298 K usingtherecommendedtemperaturede-
pendence),the rateconstantof

k(1-butene)= 9.64 x 10” cm’ molecule’s-i at 298 K

is recommended.Combining this recommended298 K
rateconstantwith the unit-weightedaverageof the tem-
peratuz-edependeneesof Huie andHerron’6andTreacy
eta!.,’ of B = 1744 K, leadsto the recommendationof

k(1-butene)= 3.36 x io’~e~’7~cn~~’~

over thetemperaturerange225—363 K, with an estimated
overalluncertaintyat298 K of ±25%.This recommenda-
tion supersedesthat of Atkinson and Carter’ of

k(1-butene)= 3.45 x i0’~e~”12’cm’ mo!ecule’s’

over the sametemperaturerangeof 225—363K, with a
298K rateconstantof 1.10 x jØ~~ç~

3molecuJe~~
2-Methy!propene- The rate constantsof Treacyeta!.’

andGreeneandAtkinson5aregiven in Table58 andare
plotted,togetherwith the rate constantsof Japareta!.’9

andHuieandHerron,’6 in Arrheniusform in Fig.50.The
rate constantsof Huie and Herron,’6 Treacyeta!.’ and
GreenandAtkinson5 are in excellentagreement,and a
unit-weightedaverageof the298 K rateconstantsof Huie
and Herron,’6 Treacyeta!.’ and Greeneand Atkinson5

(correctedto 298 K as describedfor 1-butene above)
leadsto the recommended298 K rate constantof

k(2-methylpropene)= 1.13 x 10” cm’ molecule’s’.

Combining this298 K rateconstantwith thetemperature
dependenceof B = 1632 K obtained front a unit-
Weighted averageof the temperaturedependenciesof
Huie andHerron’6 andTreacyaa!.’ leadsto the recom-
mendationof

k (2-methylpropene)=
2.70 x io”~e~63”cm’ molecule~s~

overthe temperaturerange225—363K, with anestimated
overalluncertaintyat 298 K of ±30%.This recommenda-
tion supersedesthat of Atkinson andCarteriof

k (2-methyipropene)=
3.55 x 10~ e’”9” cm’ molecule_is~’

over the sametemperaturerangeof 225—363 K, with a
298 K rateconstantof 1.21 x 10~’cm’ moleculeS’c*
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18
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FIG. 49. Arrheniusplotsofselectedrateconstantsfor thereactionsof
03 with 1-butene and trans-2-butene.(A) Japareta!.;”
(1-butene)andJapareta!.’9’2°(trans-2-butene);(0) Rule
andHerron;’6(0) Noltingeta!.;

6 (— X —) Treacyeta!.;’(~)
GreeneandAtkinson;

5
(—) recommendations(seetext).

cis-2-Butene.The rate constantsof Treacyetal? and
GreeneandAtkinson5aregiven inTable 58andareplot-
tedin Arrheniusform, togetherwith the rateconstantsof
Japareta!.,’9 Huie andHerron’6andAtkinsoneta!.,27in
Fig. 50. The room temperaturerate constantsof Huie
and Herron,’6 Treacyeta!.’ and GreeneandAtkinson5

are in excellentagreement,andagreewell with the liter-
aturerate constantsof Cox andPenkett,’5Japareta!.,’9

and Atkinson eta!.” A unit-weighted average of the
298 K rateconstantsof Huic andHerron,’6Treacyet a!.’
and Greeneand Atkinson5 (correctedto 298 K as de-
scribed above for 1-butene) leadsto the recommended
298 IC rateconstantof

a
trans-2-BUTENE

0
0

0

2.4 3.2 4.0 4.8
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TABLE 58. Rateconstantsk andtemperature-dependentparameters,k = Ae°~,for thegas-phasereactionsof 0, with alkenes

Temperature
x A (cm’ B k rangecovered

Alkene molecule’ r’) (K) (cm’ moleculc’ r’) at T (K) Technique Reference (K)

Ethene (1.34 ±0.37) X i0~’
9

S-UV Bahiaeta!.
2 228—3D!

Propene

1-Butene

2-Methylpropene

cis-2-Butene

trans-2-Butene

(7.72 ± 0.89) x rn—Is

(5.1 ± 1.0) x 10 “

6.14 x 10—”

(4.9 ± 1.0) x iD—”

(3.7 ± 1.0) x

(2.5 ± 0.5) x 10-15

(3.4 ± 0.7) x rn’5

(6.7 ± 1.3) x ia—”

2557 ±31

2446 ± 91

1897 ± 109

1858 ±70

1801 ± 156

1592 ± 115

979 ± 22

1066 ± 115

(3.31 ± 0.88) x ia—’9

(6.60 ± 1.75) x ia—”
(1.45 ± 0.25) x l0_18

(1.37 ±0.08) x ia—”

(2.08 ± 0.02) x 10_Ia
(4.83 ±0.10) x 10-18

(7.37 ±0.15) x 10-”
(1.41 ±0.02) x i0”
(1.76 ±0.02) x 10-”
(3.82 ±0.05) x i0_I7

(9.6 ±0.4) x 10~

(8.8 ± 0.6) x 108

(9.44 ± 0.30) x

(1.09 ± 0.18) x 10 ‘~

(1.10 ±0.04) x i0”

(1.23 ±0.18) x la_a

(1.24 ± 0.08) x 10_I6

(2.02±0.10) x 10~6

(1.81 ± 0.06) x i0~6

(2.08 ± 0.15) x 10~’~

232 ± 4
251 ± 4
272 ± 3
298 ± 3

298 S-UV

235.0 SF-MS
266.9 -

286.2
309.4
332.4
362.0

298 S-IJV

298 S4JV

296 ± 2 RB. [relative to
k(propene)=
9.68 x

298 S-UV

296 ± 2 RB. [relative to
k(propene)
9.68 x i0~“J~

298 S-UV

296 ± 2 RR [relative to
k(propene)=
9.68 x i0-”’]’

297 ± 2 RB. [relative to
k(th-2-butene)
= 1.24 x 10’s]’

298 S-UV

296 ± 2 RB. [relativeto

Treacyeta!?

1-lerron andHuie4

Treacyeta!.’

Treacyet a!?

GreeneandAtkinson’

Treacyeta!.
3

GreeneandAtkinson’

Treacyeta!.’

GreeneandAtkinson’

Nolting eta!.
6

Treacyeta!.’

GreeneandAtkinson’

L
U
r

C,
ID
9

a
0

0

0(a

V

z
0
to

240—324

235—362

240—324

240—324

240—324

240—324

240—324

k(propene)=

9.68 ,< io- “r



(381 ± 0.04) x 10~~ 298 ± 2 RIt [relative to
k(2,3-diniethyl-
2-butene) =

1.13 >C

(4.08 ± 0.28) x ~ 296 ± 2 ER [relative to
k(propene)
9.68 x 10°J~

Greeneand Atkinson’

1-Hexene (1.4 ± 0.5) x 1479 ± 70 (1.02 ±0.06) x 298 S-UV Treacyeta/.
3 240—324

cis-3-Methyl-
2-pentene

2,3-Dimethyl-2-butene

1-lieptene

1,2-Propadiene

(4.50 ±0.17) >< 1O~

(1.19 ±0.11) >< iD—”

(1.44 ±0.85) x 10—’~

1.3 x 10~20

1.4 x lO~°
2.4 x 102~
2.7 x 1O_20

3.9 x 10—20
4.3 x
4.9 x 10_zn
4.6 x 10_20
4.9 x 10~20
5.0 x 10-20
4.6 x 10_zn
5.0 x I0_20
6.4 >< 10_zn
6.6 x 10—20
7.0 >c 10~~
7.1 x 10_zn
8.7 )< 10_zn

1.03 x 10_19
1.08 x
1.02 x

(1.80 ±

297 ± 2 ER frelative to
k (cit-2-butene)

1.24 x 10”J’

296 ± 2 RE [relative to
k(propene)
9.68 x 10~

293—298 S-UV/GC

231 S-UV
236.
240
243
252
257
258
259
261
261
261
263
265
266
268
268
275
278
280
280

r TADLE 58. Rate constants k and temperature-dependentparameters,k Ae_Btr, for the gas-phasereactionsof 03 with alkenes — Continued

2-Metby1-2-
butane

Temperature
1012 x A (cm3 B k range covered

A]kene molecule’s’) (K) (cm3 molecule~s_t) at T (K) Technique Reference (K)

1-Pentene (Li ±0.5) x 10~’ 1579 ± 81 (9.2 ± 0.5) x 10_s 298 S-UV Treacycia!.3 240—324

(6.5 ± 1.3) z< 10_Is 831 ±44 (3.97 ± 0A2) x 10_16 298 S-IJV Treacyeta!.
3

Atkinson ci at!

240—324

Nolting etaL6

GreeneandAtkinson5

Grosjeant

Bahtaeta!.
2 231—298

to
C-)
0
2

CD

0

0

0
in

z
0
to

10-19
10_19
0.18) x 10_19

0m
0
C,
z
C-)
C-)
0
-U0
Cz
0
Ca,

-d

Cci-(1.54 ±0.25) x 10_s 2689 ±44 297 ± 1



(2.20 ± 0,44) x 10’~

1.63 )< 10_Is
1.61 x 10_s
1.73 X 10_It
1.79 x
1.67 >< 1o~ts
1.96 x
1.78 x 10_18

1.86 x
2.12 >< 10_Is

1.93 x 10—’~
2.63 x 10_It
2.83 x 10_18

2.74 x io—~~
2.99 X io’~
2.73 x 10_s
2.78 X 10_It
3.27 x 10_Is
3.35 X i0~’5

3.16 x 10_1*

3.05 X

3.48 x
3.44 x 10_Is

3.27 >< t0~8
3.29 >< 10_15
3.37 X i0~’8

3.31 X i0~
1t

298 S-UV

238
242
243
245
247
248
249
249
251
253
253
254
255

TADLE 58. Rateconstantsk andtemperature-dependentparameters,/c = A e_B~,for thegas-phasereactionsof 0, with alkenes — Continued

1012 x A (cm’ B
.

- k
Temperature
rangecovered

Alkene molecule’~s_1) (K) (cm3 molecule1s_1) at T (K) Technique Reference (K)

1.48 x l0~ 254 S-IJV Bahta eta!.2 254—299

-a

0)

C-
-U
-c
0
0
CD

o 1,3-Butadiene

0

0
0
ID

-v

z
0
to

trans-1,3-
Pentadiene

256
257
257
257
258
260
261
262
263
264
266
267
268
269
270
270
271
271
272
273
274
275
276
279
279
280

(8.2 ±1.6) x 10_s

2430 ±55

2136 ± 106 Treacyeta!.’ 240—324

S-UV Bahta eta!.2 238—298

(6.27 ± 0.63) x 10~ 297 ± 2

(6.3 ±0.4) x 10:8

6.3 x 10~
8.1 x 10_It
7.1 x to_Is

&6 x 10_It
9.1 x
6.6 x 10_s
8.5 )< i0~
9.9 X 10~

1.03 x io—~
1.25 x 10_li

1.06 x 10_li
1.20 x lO~
1.49 x 10—li



- - - ~ t

TABLE 58. Rate constantskandtemperature-dependentparameters,k Ae~T,for thegas-phasereactionsof O~with alkenes — Continued

102 x A (cm’ B k
Temperature
rangecovered

Alkene moleculr’ r’) (K) (cm’ molecule ‘ r’) at T (K) Technique Reference (K)

I,3-Pentadiene

1,4-Pentadiene

2-Methyl-1,3-
butadiene
(isoprene)

1.59

2-Methyt-1,4-pentadiene

(1.07 ±0.25) x 10”

(2.1 ± 0.4) x

(7.8 ± 1.6) x 10” 1913 ± 139

1668 ±422,3~Dimethyl- (6.9 ± 1.3) x i0”
1,3-butndiene

x 10-”
1.50 “10-”
1.21 x 10—”
1.21 x to—”
1.06 x 10-”
1.30 )< 10’~
1.44 x
1.48 x 10—”
1.50 x 10—”
135 x 10—”
1.15 x 10—”
1.50 >< 10—”
1.36 x 10—”
1.61 x 10—”
1.70 x 10—”
1.98 x 10—”
2.35 x 10—”
(4.42 ± 0.51) x

(4.24 ±0.12) x

(1.45 ± 0.20) x

(1.28 ±0.12) x 10”

(1.17 ± 0.02) x 10~

(1.32 ±0.20) x

(2.65 ±0.08) x rn—Il

2,4-Dimethyl- (S.D ± 1.4) X
1,3-butadiene

2,5-IDimethyl-
1,5-hexadiene

3.Methylene-7-
methyl-1,6-ectadiene
(myrcene)

255
256
256
256
257
258
258
259
260
260
260
261
261
266
266
270
271
297—298

298 S-UV

298 ± 2 843V

298 8-UV

296 ± 2 ItR [relativeto
k(propene) =

9.68 > 10—”]’

298 ± 2 S-UV

Treacyeta!.’

Treacye(aL’

240—324

Treacyeta!.’ 240—324

GreeneandAtkinson’

Treacyeta!.’

Treacyeta!.3298 SUV

298 ±2 S-UV Txeaqeta!.’

298 ± 2 S-UV Treacyeta!.
3

Atkinson eta!.
9296 ± 2 RR [relativeto

k(a-pinene)=
8.52 >c 10-~~]~

240—324

2319 ± 62

1158 ± lot

(1.42 ± 0.20) )< 10—”

(4.74 ±0.76) x 10~-,~

F-

0

V
z
0
to

0
~Tl

C)
0

0
C
z
C
Cl)



RR [relative to
k(a’pinene)=

8.52 x 10— lija

Qpclohexene (1.51 ± 0.10) x 10~ 295 S-CL Bennetteta! Ill

(7.44 ±0.48) x 10_li

(9.93 ±0.21) x 10_i

297 ± 2 RR [relative to
k(cis-2-butene)
= 1.24 x. 10-~~]’

303 ± I S-CL

Nolting eta!.’

Izumi eta!.
1

I

296 ± 2 RR [relative to GreeneandAtkinson’
/c(propene)

- 9.68 x 10— lSja

1,4-q’clohexadiene (4.60 ±0.23) x lO—’~ 296 ± 2 RR (relative to
k(propene)=
9.68 x 10— ay

GreeneandAtkinson’

Cycloheptene

a-Pinene

(2.70 ±0.15) x 10_a

(8.20 ± 1.24) x 10_i

297 ± 2 RR [relative to
k(cis-2-butene)
= 1.24 x 10_bit

297 ± 2 RR [relative to
Ic (cic-2-butene)

1.24 x 10_16]t

Netting eta!.
6

Nolting eta!.’

(971 ± 1.06) x lO~~ 296±2 S-CL Atkinson eta!.’

p-Pinene (1.34 ± 0.20) x 297 ± 2 RR [relative to
k(cis-2-butene)
= 1.24 x 10~”j

Nolting eta!.6

C-

-U

0
0
CD

3

CD

aU
U,

0
0
ID

~0

z
0
to

TABLE 58. Rateconstants/candtemperature-dependentparameters,Ic = A e8”, for the gas-phasereactionsof 0, with alkenes— Continued

trans-3,7-Dimethyl-
1,3,6-octatriene
(trans-ocimene)”

Q,clopentene

1012 x A (cm’ B
-

Ic
Temperature
rangecovered

Alkene molecule~s~) (K) (cm’ molecule
1
s~) atT (K) Technique Reference (K)

(5.44 ± 0.83) x ~ 296 ± 2 Atkinson eta!.’

(4.97 ±030) x 10W”’ 291.5 S-CL Bennetteta!)
0

(5.95 ± 0.34) x 10_Ia 297 ± 2 RR (relativeto
k(c!s-2-butene)
= 1.24 x 10_1~Ja

Noltingeta!P

(6.28 ± 0.42) x 10~”’ 296 ± 2 RR [relative to
k(propene)=

9.68 x 10—”’]’

GreeneandAtkinson’

(7.14 ±0.47) x
10

—li

d

C
C
4



Thutu 58. Rate constants Ic and temperature-dependent parameters, k = Ae~”,for the gas-phase reactions of 0, with alkenes — Continued

1012 x A (cm’ B k
Temperature
rangecovered

Alkene ~ r’) (K)

2-Carene

3-Carene

(cm’ molecutr’ s—I)

(1.48 ±0.17) x

(1.64 ± 0.20) x

at T (K)

296 ±2

296 ± 2

Technique

S-CL

KR [relative to
k(a-pinene) =

8.52 x 10”]’

(2.32 ±0.30) x 1016 296 ± 2 S-CL

(2.31 ±0.24) x 10’s 296 ±2 KR [relative to
k(a-pinene)=
8.52 x 10 “]‘

(5.20 ±0.56) x 10” 296 ± 2 S-CL

(3.71 ± a40) x 10” 296 ±2 KR [relative to
k(a-pinene)
8.52 x 10”]’

Camphene (9.0 ± 1.7) ‘c l0’~

Sabinene (8.07 ± 0.83) x to-”

(8.61 ± 0.94) x 10”

Limonene (2.04 ± 0.22) x lO_IG

a-Phellandrene (1.85 ± 0.40) x 10”

(4.71 ± 0.28) x 10—”

a-Terpinene (8.47 ±2.24) x 10~’

296 ± 2 S-CL

296 ± 2 S-CL

296 ± 2 KR [relativeto
k(a-pinene)
8.52 x 10”]’

296 ± 2 KR [relative to
k(a-pinene)=

8.52 >( 10—”]’

296 ± 2 KR [relative to
k(a-pinene)
8.52 x 10—”]’

297 ± 2 KR [relative to
k(a.pinene)
8.59 x 10”]’

296± 2 KR [relative to
k(a-pinene)=
8.52 x 10-”]’

Reference

Atkinson eta!.9

Atkinson eta!.9

Atkinson eta!.’

Atkinson et a!.’

Atkinson eta!.9

Atkinson eta!.’

Atkinson eta!,”

Atkinson eta!’2

Atkinson eta!.9

Atkinsoneta!.9

Atkinson eta!.’

Skoreeseta!.”

Atkinson eta!.9•

(K)

C)

P
-v
Cl)
m
—1

0-o
0
(I)
‘V
I
m

C~)
C)
I
m

0
‘7’

0
C)
z
C)
C,
0
•0
0
Cz
a
0)

0

0

‘a

z
0
to



TABLE 58. RateconstantsIc andtemperature-dependentparameters,Ic = A ~ for the gas-phasereactionsof 0, with alkenes — Continued

0 Temperature
1012 x A (cm’ B Ic rangecovered

Alkene molecule~1sfl’) (K) (cmi mo1ecule~I s_1) at T (K) Technique Reference (K)

~ y-Terpinene- (1.40 ±0.16) x 10~”’ 296 ± 2 RR (relative to Atkinson eta!.9

P - k(a-pinene) =

8.52 x 10_li],

Terpinolene (1.38 ± 0.24) x 10~” 296 ± 2 RR [relative to Atkinson eta!.’
k(a-pinene)=
8.52 x 10~l7]-s

to -

Azulene <7 X 1ft~ 298 ± 2 RR (relative to Atkinson eta!.1

Ic (2,3-dimethyl-
- 2-butene) =

- t.13 x ir l5]t

‘From presentrecommendations(seetext).
heir isomerhasa rate constant10 ± 10% lower than that for the trans-isomer.’
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k(cis-2-butene)= 1.25 x b_b cm3 moleculc’ r’. k(1-pentene)= 1.00 x 10’S” cm’ molecule’’ s’ at 298K,

Combinationof this 298K rateconstantwith thetemper-
aturedependenceof B = 968 K determinedfrom a unit-
weightedaverageof the temperaturedependenciesof
Huie andHerron2’andTreacyeta!? leadsto the recom-
mendationof

Jc(cis-2-butene)= 3.22 x io’~e~”~cm3molecule’ s’

overthetemperaturerange225—364K, with anestimated
overalluncertaintyat 298K of ±25%.Thisrecommenda-
tion supersedesthat of Atkinson andCarter’ of

k(cis-2-butene)= 3,52 x 1O’~e’5’~cm’ moleculc’ s~’

over the sametemperaturerangeof 225—364 K, with a
298K rate constantof 1.30 x 10_16cm’ molecule’sfl’.

trans-2-Butene.The absoluterate constantsof Treacy
etal? andtherelativerateconstantsof Nolting etal.6 and
GreeneandAtkinson5aregiven in Table58 andareplot-
ted, togetherwith the rate constantsof Japaretal.”2°
andHuieandHerron,~in Arrheniusform in Fig. 49.The
rate constantsof Nolting etaL6 and Greeneand Atkin-
son3 are in excellentagreementand are in reasonable
agreementwith the room temperaturerateconstantsof
Huie andHerron26andTreacyetal? A unit-weightedav-
erageof the 298 K rateconstantsof Fluie and Merron,~
Treacy etal.’ andGreeneand Atkinson5 (correctedto
298K as describedabove for 1-butene)leadsto the rec-
ommended298 K rateconstantof

k(trans-2-butene)= 1.90 x 10t6 cm’ molecule-’ s’.

Combinationof this298K rateconstantwith the temper-
aturedependenceof B = 1059K determinedfrom aunit-
weighted averageof the temperaturedependenciesof
Huie andFlerron26andTreacyet a! .~ leadsto therecom-
mendationof

kQrans-2-butene)= 6.64 x iO’~e105
9

/Tcm
3molecule’s~

overthetemperaturerange225—364K, with an estimated
Overalluncertaintyat 298 K of ±35%.

This recommendationsupersedesthatof Atkinsonand
Carter’ of

kQrans-2-butene)= 9.08 x b0’~e”36’Tcm’ molecule’s-~

Over the sametemperaturerangeof 225—364 K, with a
298 K rate constantof 2.00 x 1016 cm’ molecule’s’.

l-Pentene.Therateconstantsof Treacyetal.’ aregiven
In Table 58. The room temperaturerate constant of
Treacyeta!.’ is in reasonableagreementwith that of
Japaret al.’~of (1.07±0.04) x io-’~cm’ moleculr’ s’
at 299 ±2 K. A unit-weightedaverageof the ratecon-
stantsof Treacyetal.’ andJaparet al.’8 leadsto the rec-
ommendationof

with an estimatedoveralluncertaintyof ±30%.
2-Methy!-2-butene.The rateconstantsof Treacyet al .,‘

Atkinson etal] and GreeneandAtkinson5 aregiven in
Table 58 and those of Treacy eta! .‘ and Green and
Atkinson5areplotted,togetherwith therateconstantsof
Japareta!.‘~ and 1-iuie and Herron,~in Arrheniusform
in Fig. 50. The rate constantsof Atkinson eta!.~ and
GreeneandAtkinson5areself-consistentandare in good
agreementwith the room temperaturerate constantsof
FiuieandMerron’6 andTreacyet al.3 A unit-weightedav-
erageof the298 K rateconstantsof Huie andHenon,~
Treacyet al? and Greeneand Atkinson5 (correctedto
298 K as describedabovefor 1-butene)leadsto the rec-
ommended298 K rate constantof

k(2-methyl-2-butene)= 4.03 x 10-16cm’ molecule’ r’.

Combinationof this298K rateconstantwith thetemper-
aturedependenceof B = 829 K determinedfrom aunit-
weighted averageof the temperaturedependenciesof
HuieandHerron’~andTreacyet al.’ leadsto therecom-
mendationof

k (2-methyl-2-butene)=
6.51 x 10’~e~291Tcm’ molecule’s’

overthe temperaturerange227—363K, with an estimated
overall uncertaintyat298K of ±35%.Thisrecommenda-
tion supersedesthat of Atkinson andCarter’ of

k (2-methyl-2-butene)=
6.17 x 10’s e_7981Tcm’ molecule~s’

over the same temperaturerangeof 227—363 K, with a
298 K rateconstantof 4.23 x 10-16cm’ molecule’r’.

1.Hexene.The rateconstantsof Treacyeta!.’ aregiven
in Table 58. These absoluterate constantsarein good
agreementwith the previousroom t~mperathreratecon-
stantsof Stedmanet a! .,‘~ Japaret al.,” Adeniji etal .~
and Atkinson eta!.’2 A unit-weighted average of the
room temperatureconstantsof Stedmaneta!.,’8 Japar
etal .,‘~ Adeniji eta! .,~ Atkinsonetal .“ andTreacyetal.’
leadsto the recommendationof

k(1-hexene)= 1.10 x 10” cm’ moleculr’ s’ at298K,

with an estimatedoveralluncertaintyof ±30%.Thisrec-
ommendationis similar to, but supersedes,that of Atkin-
son and Carter’ of

k(1-hexene)= 1.17 x 10’-” cm’ molecule-’s~’at298 K.

2,3-Dirnethy!-2-butene.The relative rate constantof
GreeneandAtkinson5is givenin Table 58 andis plotted,
togetherwith therateconstantsof JaparetaL” andMule
and Herron,26in Arrheniusform in Fig. 50. The room
temperaturerateconstantof GreeneandAtkinson5is in
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5x,o_1s - cis-3 -Methyl-2-pentene. The room temperature relative

2

A 2-METhYL~2-B~ENE

A

0 - -Q

Fro. 50. Arrheniusplotsof selectedrateconstantsfor thereactionsof
03 with 2-methylpropene,cis-2-butene,2-methyl-2-butene
and2,3-dimethyl-2-butene.(~)Japareta?.;”(0) Huie and
Herron;’6 (V) Atkinson eta!.;

27
(—X—)Treacyeta!.;’ (•)

GreeneandAtkinson;5 (—) recommendations(seetext).For
cis-2-butene,the recommendationand Arrhenius line of
Treacyeta!.3 are indistinguishable.

good agreementwith the Arrheniusexpressionof Huie
andHerron}6A unit-weightedaverageof the 298 K rate
constantsof Huie and Herron’6 andGreeneand Atkin-
son5(correctedto 298 K asdescribedabovefor 1-butene)
leadsto the recommended298 K rate constantof

k(2,3-dimethyl-2-butene)= 1.13 x io’~cm’ molecule’s’.

Combinationof this 298 K rateconstantwith thetemper-
aturedependenceof B = 294 K of Huie and Herron’6

leadsto the recommendationof

k (2,3-dimethyl-2-butene)=
3.03 x io—’~~ cm’ ~ s—i

overthe temperaturerange227—363K, with an estimated
overalluncertaintyat298 K of ±35%.This recommenda-
tion is similar to, but supersedes,that of Atkinson and
Carter’ of

k (2,3-dimethyl-2-butene)=
371 x io’~ e~~71~cm’ molecule’s’

over the sametemperaturerangeof 227—363 K, with a
298 K rateconstantof 1.16 x io’~ cm’ molecule” r’.

rate constantof Nolting et a!.6 (Table 58) is in good
agreementwith that of Japaret a!.,’9 of (4.56 ±0.08) x
10_b cm’ molecule’-’ s”’ at 299 ± 2 K, and a unit-
weightedaverageof thesetwo rateconstants&19leadsto
the recommendationof

k (cis -3-methyl-2-pentene)=
4.5 x 10’s cm’ ~ s’-’ at 298 K,

with an estimatedoverall uncertaintyof ±35%.
1,2-Propadiene.The rateconstantsof Bahtaetal ~2are

given in Table 58, and are in good agreementwith the
Arrheniusexpressionreportedby Toby andToby.” Ac-
cordingly, the Arrhenius expressionof Bahtaeta!.2 is
preferred.

k(1,3-butadiene)=
6.3 x io-’~cm’ molecule’s’ at 298 K,

with an estimatedoverall uncertaintyof ±30%.Froma
unit-weightedaverageof the temperaturedependencies
of Bahtaeta!.’ andTreacyet a!.,’ a temperaturedepen-
denceof B = 2283 K is recommended,leadingto

k(1,3-butadiene) = 1.34 x io’~e~83~”cm’ ~

over the temperaturerange231—324K. This recommen-
dation differs significantly from that of Atkinson and
Carter’ of

k(1,3-butadiene)= 8.8 x 10’~e”~”~cm’ rnolecule’s’,

with a 298K rateconstantof 8.1 x 10’-’~cm’ molecule’

2-Methy!-1,3-butadiene.The rate constantsof Treacy
et a!.’ and Greeneand Atkinson5are given in Table 58
and are plotted in Arrheniusform in Fig. 51, together
with the data of Arnts and Gay,” Adeniji et al?8 and
Atkinson eta! ,32 The room temperaturerate constants
from thesestudies’5 are in excellent agreementwith
thoseof Arnts andGay” (1.27 x 10’~cm3 molecule’
r’ at 295 ± I K) andAtkinsoneta!.’2 [(1.25 ±0.20) X

1O” cm’ molecule~s~’at296 ± 1K and(1.17 ± 0.19)
x 10”,’ cm’ moleculc’s~’at 296 ±2K], but aresignif-
icantlylower thanthe roomtemperaturerateconstantof
Adeniji et a!?8 Combinationof the 295—298 K rate con-

1x10~’5 —

5

~o2
‘O

~
0

E
C,

E $
0

2

1xlO~
17

5

2

1x10.1
8

-o

os-2-BUTENE

A

- 2-METHYL PROPENE

2.4

1,3-Butadiene.The rateconstantsof Bahtaeta!.2 and
Treacyeta! .~aregiven in Table 58. The room tempera-
ture rate constantsdeterminedby Bahta eta!.2 and
Treacyeta!.’ arelowerthanthepreviousrateconstantof
Japar eta!.,’9 and the temperaturedependenciesof

Bahta eta! 2 and Treacyeta!.’ are lower than that re-

I I t portedby TobyandToby.’°The dataof Bahtaeta!.’ and
3.2 4.0 4.8 Treacyeta!.3 are in reasonablygood agreement,espe-

1000/1(K) cially at aroundroom temperature,and are hencepre-
ferred. A unit-weighted average of the 298 K rate
constantsof Bahtaeta!.’ andTreacyeta!.’ yields the rec-
ommendationof
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k(cyclopentene)= 6.3 x 10_~6cm’ molecule”’ s~’at298 K,

SxiO”17
2-METHYL-i ,3-BUTADIENE

(ISOPSENE)

0”

N
, I ,

3.2 4.0
1 00Of~0<)

F,o. SI. Arrheniusplot of rate constantsfor thereactionof 03 with
2-methyl-l,3-butadiene(isoprene).(0) ArntsandGay;” (~)
Adeniji eta!.;

28(0) Atkinson eta!.;’2 (— X—) Treacyet al;’
(S) GreeneandAtkinson;5(—) recommendation(seetext).
[The recommendationand the Arrhenius expression of
Treacyeta!.

3 areindistinguishable~.

stantsof Arnts and~ay,~tAtkinson eta! ,32 Treacyeta!.’
andGreeneandAtkinson5 with the temperaturedepen-
denceof B = 1913K determined.by Tracyeta!.’ leadsto
the recommendationof

k(2-methyl-1,3-butadiene)=

7.86 x io-’~~ cm3 molecule”’ s~’

over the temperaturerange240—324K, and

k(2-methyl-1,3-butadiene) =

1.28 x io~~cm’ molecule’-’ s”’ at 298 K,

with an estimatedoverall uncertaintyat 298 K of ±25%.
This recommendationsupersedesthat of Atkinson and
Carter’ of

k(2-methyl-l,3-butadiene) =

1.23 x io—’~e”’01312’ cm’ molecule’-’ s”’,

with a 298 K rate constant of 1.43 x 10 ‘~ cm’

~ s”~’.
Cyclopentene.The rate constantsof Bennetteta!.,’°

Nolting eta!•6 and Greeneand Atkinson5 are given in
Table 58. As discussedpreviously, the previous room
temperaturerate constantsfor this reaction’9”7’2’ range
over a factorof 3.5. The room temperaturerelativerate
constantsof Nolting eta!.~ andGreeneandAtkinson5are
in excellentagreementand,basedmainly on theratecon-
stantof GreeneandAtkinson,5 it is recommendedthat

with an estimatedoverall uncertaintyof ±35%.
Cyc!ohexene.The room temperaturerateconstantsof

Bennetteta!.,~° Nolting eta!.,’ Izumi eta!.” andGreene
and Atkinson5 are given in Table 58. Somewhat
analogousto the situationfor cyclopentene,these5”°”
andprevious’9”~literatureroom temperatureratecon-
stantsexhibit a significant degreeof scatter,covering a
rangeof —2.7 in this case.Again, the relativeratecon-
stantsof Nolting eta!.’ and GreeneandAtkinson5arein
good agreementand,basedmainlyon the rateconstant
of GreeneandAtkinson,5 it is recommendedthat

k(cyclohexene)=
7.2 x 10” cm’ molecule”’ s”~at 298K,

4.8 with an estimatedoverall uncertaintyof ±30%.
1,4-Cyc!ohexadiene.The relative rate constant of

GreeneandAtkinson5is givenin Table58.Thisratecon-
stantis 28% lower thanthat of Atkinson eta!.’7 The rate
constantof GreeneandAtkinson5is recommended,of

k (1,4-cyclohexadiene)=
4.6 x 10-17 cm’ molecule’-’ 5”~at 298 K,

with an estimatedoverall uncertaintyof ±35%.
Cyc!oheptene.The relative rate constantof Nolting

eta!.’ is given in Table 58. This rateconstantof Nolting
eta!.’ is in reasonableagreementwith that of Atkinson
eta!.’7of (3.19 ±0.36) x 10—” cm’ molecule’-’ s”’ at297
± 1 K. A unit-weightedaverageof theserateconstants”
leadsto the recommendationof

k(cycloheptene)= 2.9 x 10~”cm3molecule”’ s~’at298 K,

with an estimatedoverall uncertaintyof ±35%.
a-Pinene. The rate constantsof Nolting eta!,6 and

Atkinsoneta!.9aregiven in Table58. In addition,therel-
ative rate constantfor sabinenerelative to that for a-
pinenedeterminedin thestudyof Atkinsoneta!.9 canbe
combinedwith the absoluterateconstantfor sabinene”
to obtainarateconstantfora-pineneof 7.99 x 10’- ‘7cm’
molecule’-’ s”’ at 296 ±2K.9Theabsoluterateconstants
of Atkinson et a!?’2 and the relative rate constantsof
Nolting eta!.’ andAtkinsoneta!.9arein goodagreement,
and a unit-weightedaverageof theserate constants’93’
leadsto the recommendationof

k(a-pinene)=
8.52 x 10” cm3molecule”’ r’ at 296 ± 1K.

Combiningthis 296 K rateconstantwith thetemperature
dependenceof Atkinson eta!.” of B = 731 ± 174 K
leadsto the recommendationof

k(ct-pinene) = 1.01 x io”’~e_
7321

T cm’ ~ ~

203

E
0

lxi ~.1:

2

ix1o~8
2.4
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over the temperature range 276—324 K, and “K. Izumi, K. Murano, M. Mizuochi, and T. Fukuyama, Environ. Sd.

k(a-pinene) = 8.66 x 10’~cm’ molecule”’s”’ at 298K,

with an estimatedoveralluncertaintyat298 K of ±30%.
13-Pinene. The room temperaturerate constantsof

Nolting eta!.’ andAtkinson eta!.9 aregiven in Table 58.
The rate constantsfrom these studies’9 are in good
agreement,andagreereasonablywell with the ratecon-
stantof (2.1 ±0.5) x 10” cm3molecule”’s”’ at 296 ±
2 K determinedpreviously by Atkinson eta!.” A unit-
weightedaverageof the absoluteand relative rate con-
stantsof Nolting eta!.6and Atkinson eta!.9 leadsto the
recommendationof

kQ3-pinene)= 1.5 x i0’-’~cm’ molecule’-’ s”’ at 298 K,

with an estimatedoverall uncertaintyof ±35%.
2-Carene,3-CareneandSabinene.Theabsoluteandrel-

ative rate constantsof Atkinson eta!.9” are given in
Table58.The relativerateconstantsarepreferred,9lead-
ing to the recommendationsof

and

k(2-carene)= 2.3 x 10~6cm’ cule’-’ s’-~,

k(3-carene)= 3.7 x 10’-” cm3 molecule”’ s”’,

k(sabinene)= 8.6 x 10’-” cm’ molecule’-’ s”’,

all at 298 K and with estimatedoverall uncertaintiesof
±35%.

OtherTerpenes.The rateconstantsof Atkinsoneta!P9,22

and Shoreeseta!.’3 aregiven in Table 58. As discussed
previously,’9 theserateconstantsaresignificantly lower
thanthe previousliteraturedata,but arepreferred.The
rate constantsof Atkinson et a!9” and Shoreeseta!.”
should thereforebe used.

OtherA!kenes.For theotheralkenesfor which dataare
given in Table 58, thesearethe first reporteddata,apart
from 1,3-pentadienefor which thestudiesof Bahtaeta!.’
andTreacyet a!.’ give verydifferent temperaturedepen-
dencies(but similar room temperaturerate constants).
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5.3. Haloalkenes

Therate constantsreportedsincethe reviewandeval-
uationof AtkinsonandCarter’ aregivenin Table59.The
rateconstantof Toby andToby’ for CF,= CF,wasinad-
vertently omitted from the previous evaluation.’ This
room temperaturerate constantof Toby andToby’ for
CF,=CF,is lower by factorsof —3 and20 thanthe mea-
surementsof Adeniji eta!.5 and Heicklen,’ respectively.

3-Ch!oro-1-propene(a!!y! ch!oride). The rate constants
of Edneyeta!.’ andTuazoneta!.4 aregiven in Table 59.
Theserateconstants”4arein good agreement,andaunit-
weightedaverageleadsto the recommendationof

k(allyl chloride) =

1.55 x 10’-” cm’ molecule’-’ s’-’ at 298 K,

with an estimatedoverall uncertaintyof ±30%. Product
studieswerealsoconductedby Edneyeta!.’ andTuazOfl
eta!.4and thesereferencesshouldbe consultedfor fur-
therdetails.
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5.4. Oxygen-Containing Organic Compounds

I The kinetic datareportedsincethe reviewandevalua-
Ftjon of Atkinson andCarter’ are given in Table 60. As
~expected,no evidencefor any reactionof 1,8-cineole(a
rcyclic saturatedether)was observed.2

Acro!ein. The rateconstantmeasuredby Treacyeta!.’
at298 ± 2 K is given in Table 60. This rate constantof
Treacyeta!.’ is in excellentagreementwith thatof Atkin-
soneta!.5 of (2.8 ± 0.5) x io’-’~cm’ molecule’-’ r’ at
296 ±2 K. A unit-weightedaverageof the rateconstants
of Atkinsonet a! .~andTreacy~ leadsto the recom-
mendedrateconstantof

k(acrolein) = 2.9 x 10’-’~cm’ molecule’-’ s’-’ at 298 K,

with an estimatedoverall uncertaintyof ±35%.
Methacro!ein.The 298 K rateconstantandArrhenius

expressionreportedby Treacyeta!.’ aregivenin Table60
(the individual rateconstantsatthetemperaturesstudied
were not tabulated).The 298 K rate constantof Treacy
eta!.’ is in good agreementwith the room temperature
rate constantsof Atkinson eta!.,5 of (1.12 ± 0.13) x
10’-” cm’ ~ s’-’ at 296 ± 2 K, and Kamens
eta!.,’ of 1.1 x 10’-” ~ molecule’-’ s’-’ at an unspeci-
fied room temperature.

A unit-weightedaverageof the roomtemperaturerate
constantsof Atkinson eta!.5 andTreacyeta!.,’ combined
with the temperaturedependenceof Treacy eta!.,’
leadsto the recommendedArrheniusexpressionof

k(rnethacrolein)= 1.36 x 1~’-~5e”~ cm’ molecule’-’ s’

over the temperaturerange240—324 K, and

k(methacrolein)=

1.14 x 10~”cm’ molecule’-’ s’-’ at 298 K,

with an estimatedoverall uncertaintyat 298 K of ±35%.
Methy! vinyl ketone. The 298 K rate constant and

Arrheniusexpressionreportedby Treacyet a!.’ aregiven
in Table 60. The 298 K rate constantof Treacyeta!.’ is
in reasonableagreementwith therateconstantsof Atkin-
son eta!.,5 of (4.77 ± 0.59) x 10’-” cm’ molecule’-’ s’-’
at 296 ± 2 K, andKamenseta!.,’ ef 4.0 x 10’-” cm3

molecule’-’ s’-’ at an unspecifiedroom temperature.A
unit-weightedaverageof the room temperatureratecon-

stants of Atkinson eta!.~ andTreacyeta! .,‘ combined
with the temperaturedependenceof Treacyet ~ leads
to the recommendedArrheniusexpressionof

k(methyl vinyl ketone)=

7.51 x 10_16 e’-’~”~cm’ molecule’-’ s’-’

over the temperaturerange240—324K, and

k (methyl vinyl ketone)=

4.56 x 10’-” cm’ molecule’-’ s’-’ at 298 K,

with an estimatedoverall uncertaintyat 298 K of ±35%.
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3. Chem.Kinet. 14, 955 (1982).

5.5. Nitrogen-Containing Organic Compounds

The rateconstantsreportedsince the reviewandeval-
uationof AtkinsonandCarter’ aregivenin Table 61. The
rateconstantsbf Tuazoneta!.2 for the aliphaticamines
and tetramethylhydrazineare all lower, by factors of
— 1.2—3, thanthe unpublisheddataof Tuazon,Atkinson,
CarterandPitts, cited in AtkinsonandCarter.’Therate
constantsof Tuazoneta!.2 given in Table 61 are pre-
ferred.

Therateconstantfor 2-vinylpyridine4is verysimilar to
that for styrene(see Sec. 5.7. below), indicating that
the 0, reactionproceedsby initial 0, addition to the
—CH = CH, substituent group. Under atmospheric
conditions,the majorproductsof the 0, reactionwith 2-
vinylpyridine were determinedto be 2-pyridinecarbox-
aldehydeandHCHO,with yieldsof 0.80 ±0.09 and0.34
± 0.05, respectively,4togetherwith minor amountsof
pyridine, HCOOH and HC(O)OOH.4 (See Reaction
Scheme(17) on the next page.)

References
‘R. Atkinson andW. P. L. Carter,Chem.Rev. 84, 437 (1984).
‘E. C. Tuazon,R. Atkinson, S. M. Aschmann,and3. Arey, Res.Chem.
Tntermed.,in press(1993).

‘R. Atkinson,E. C.Tuzaon,T.5. Waflington, S. M. Aschmann,3. Arey,
A. M. Winer, andS. N. Pitts, Sr., Environ.Sci. Technol.21, 64 (1987).4E.C. Tuazon,5. Arey, R. Atkinson,andS. M. Aschmann,Environ.Sci.
Technol.27, 1832 (1993).5E. S. C. Kwok, R. Atkinson,and 5. Arey, Environ. Sci. Technol.26,
1798 (1992).

.3. Phvs. Chem. Ref. Data. Monnaranh Na. 2
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CH = CH2
03 +

N 010

ci

5.6. Phosphorus-, Silicon- and Selenium-Containing
Organic Compunds

The rateconstantsreportedsincethe review and eval-
uation of Atkinson andCarter’ are given in Table 62.
Only for dimethyl selenide(CH,SeCH,)was a reaction
observed.’

References
‘R. Atkinson andW. P. L. Carter,Chem.Rev.84~437 (1984).
2 E. C. Tuazon, R. Atkinson,5; M. Aschmann,3. Arey, A. M. Winer,

andS. N. Pitts,Sr., Environ.Sci. Technol.20, 1043 (1986).
‘M. A. Goodman,S. M. Aschmann,R. Atkinson, and A. M. Winer,

Arch. Environ. Contam. Toxicol. 17, 281 (1988).4R. Atkinson, S. M. Aschmann,M. A. Goodman,andA. M. Winer,Tnt.
S. Chem.Tcinet. 20, 273 (T988).

‘M. A. Goodman,S. M. Aschmann,R.Atkinson,andA. M. Winer,En-
viron. Sci. Technol.22, 578 (1988).

‘R. Atkinson, Environ. Sd. Technol.25, 863 (1991).
‘R. Atkinson, S. M. Aschmann,and3. Arey, unpublisheddata(1992).
‘R. Atkinson, S. M. Aschmann,D. Hasegawa,E. T. Thompson.Eagle,

andW. T. Frankenberger,Jr., Environ.Sci. Technol.24, 1326 (1990).

5.7. Aromatic Compounds

*

k(benzene and alkyl-benzenes)
<1 x 10-20 cm’ molecule’-’ s’-’ at 298 K

is recommended.
Styrene.The rateconstantof Tuazoneta!.’ is givenin

Table 63. This roomtemperaturerateconstantis in good
agreementwith that of Atkinson eta!.” of (2.16 ± 0.46)
x 10’-” cm’ molecule’-’ s’-’ at 296 ± 2K. The studyof
Tuazoneta!.’ supersedesthatof Atkinsoneta!.” andthe
rateconstantof Tuazoneta!~6 is usedto recommendthat

k(styrene)= 1.71 x 10’-” cm’ molecule’-’ s~’at 298 K,

with an estimatedoverall uncertaintyof ±35%.This re-
action proceeds by initial addition of 0, to the
—CH = CH2 substituentgroup,

0, +C
6

H
5

CH = CH2 —.~

*

C?
LCGHSCH_CH2

/\
The rateconstantsreportedsincethe reviewandeval-

C,H
5

CHO + [CH200Jt [C6H,CHoOj~+ HCHO
.

uationof Atkinson andCarter’ aregiven in Table 63. In
most cases,only upperlimits to the rateconstantshave andboth HCHO and C6R,CHOwere observedby Tua-
beenobtained. zon eta!.’ in yields of 0.37 ± 0.05 and 0.41 ± 0.05, re-

BenzeneandA!ky!-SubstitutedBenzenes.The rate con- spectively.
stantsof Tobyeta!.2 for benzene,tolueneandthexylenes 2,3.BenzofuranandAcenaphthy!ene.In contrasttomost
and of Atkinson et a!.’ for 1-methyl-4-isopropylbenzene of the otheraromaticcompundsstudied(Table 63 and
are given in Table63. Thesereactionsare extremelyslow Atkinson and Carters),thesetwo compoundsreact with
at room temperatureand,consistentwith theconclusions 03. These0, reactionsproceedby initial 0, addition to
of Atkinson and Carter,’ an upperlimit of the > C= Cc bondsin the 5-memberedring systems.”

*

/
*

± [CH2OÔ] HCHO÷

ReactionScheme(17)

.3. Phys. Chem. Ref. Data, Monograph No. 2



TABLE 59. Rateconstantsk andtemperature-dependentparameters,k = Ar81t, for thegas-phasereactions0(03with haloalkenes

- Temperature
1012 x A B Ic rangecovered

tfaloalkene (cm’ moleculr’ ~‘) (K) (cm’ mofecufr’ s_1) at T(K) Technique Reference (K)

Tetrafluoroethene 0.26:t9~ 4781 ± 353 2.8 x I0~°’ 298 S-UV TobyandToby2 273—383

3-Chloro-1-propene (1.5 ± 0.23) x 10”’ 298 S-UV Edney ci at.
3

(allyl chloride)
(1.60 ± 0.18) x 10”’ - 298 ± 2 S-CL Tuazonci at.4

‘Calculated from Arrhenius expression. -

TABLE 60. Rate constants Ic and temperature-dependent parameters for the gas-phase reactions of 0, with oxygen-containing compounds

Temperature
A B k - range covered

Oxygenate (cm’ molecule’ s_1) (K) (cm’ molecule” r’) at T(K) Technique Reference (K)

1,8-Cineole -cl.5 x io’~ 296 ±2 S-CL Atkinson eta!.2

Acrolein (3.0 ± 0.4) x 10_v 298 ±2 S-IJV Treacy eta!.~
[CUv=CHCI-lO]

Methacrolein (i.3 ± 0.2) x 10_Is 2112 ± 131 (1.1 ± 0.2) x 10”” 298 S-UV Treacy eta!.~ 240—324
[Cfl

2~
C(Cfl,)CH0]

Methyl vinyl (6.9 ± 1.4) x 10~” 1521 ± 78 (4.2 ± 0.4) x 10—”’ 298 S-tJV Treacy eta!.’ 240-324
ketone
[CF!, CFJC(O)CH,J

4-Acetyi-1- (130 ± 0134) x ir ‘~ 296 t 2 RU[relativeto Atkinson andAschmann4

methylcyclohexene /t (2-methyl-2-
butene) 3.96
x

‘From presentrecommendation.



178 ROGER ATKINSON

TAar.E 61. Rateconstantsk for the gas-phasereactionsof 0, with nitrogen-containingorganiccompounds

Organic

Methylamine
Dimethylamine
Trimethylamine
2-(Dimethytamino)ethanol

[(CH,)
2

NCH
2

CH,OH]
Tetramethylhydrazine
Pyridine
2-Vinylpyridine
1,3,5-Triazine
(CH,),NC(O)SCH,
(CH,CH,CH2),NC(o) SCH2CH,
CH,CH,(c-C

6
H,,)NC(0)SC}J

2
CH,

k(crn’ molecule’-’ s’-’) at T (K) Technique Reference

(7.4 ±2.4) x 10’-21 298 ± 2 S-CL Tuazoneta!.2

(1.67 ± 0.20) x 10~” 298 ± 2 S-CL Tuazoneta!.2

(7.84 ±0.87) x 10’-” 298 ± 2 S-CL Tuazoneta!?
(6.76 ±0.83) x 10’-”~ 298 ± 2 S-CL Tuazoneta!.’

(5.21 ±0.60) x 10’-” 298 ± 2 S-CL Tuazoneta!.’
<1.1 x 10~~° 296 ± 2 S-CL Atkinson eta!.’
(1.46 ± 0.17) x 10’-” 298 ± 2 S-CL Tuazoneta!.

4

<4 x 10~” 296 ± 2 S-CL Atkinson eta!.
3

<4 x 10’-’° 298 ± 2 S-GC Kwok eta!.
5

<1.3 x 10’-” 298 ± 2 S-GC Kwok eta!.5

<3 ~< jQ’-
19

298 ± 2 S-GC Kwoketa!.’

TABLE 62. Rateconstantsk for the gas-phasereactionsof 03 with phosphorus-,selenium-andsilicon- containingorganiccompounds

Organic k(cm3 molecule’-’ s’-t) at T (K) Technique Reference

Phosphorus-Containing
(CH,O),P0 <6 x 10’-” 296 ±2 S-TR Tuazon�1a!?
(CH,0),P(0)SCH, <2 x 10’-” 298 ± 2 S-GC Goodmaneta!.’
(CH,S),P(O)OCH, <1 >< TO’-” 298 ± 2 S-GC Goodmaneta!.’
(CH,0),PS <3 x b’-’

9
298 ± 2 S-GC Goodmaneta!.’

(CH,0),P(S)SCH, <2 x 10’-” 298 ± 2 S-GC Goodmaneta!.’
(CH,0),P(S)CI <2 x 10’-” 296 ±2 S-GC Atkinson eta!.4

(CH,0)
2

P(O)N(CH,), <2 x 10’-” 296 ± 2 S-GC Goodmaneta!.’
(CH,O)

2
P(S)N(CH,), <2 x 10’-” 296 ± 2 S-GC Goodmaneta!.’

(CH,O)
2

P(S)NHCH, <2 x 10’-” 296 ± 2 S-GC Goodmaneta!.’
(CH,O),P(S)Nfl, <4 x 10’-” 295 ± 2 S-GC Goodmaneta!.’

Si!icon-Containing
Tetramethylsilane <7 x 10’-~’ 297 ±2 S-GC Atkinson’

((CH,)4Si] .

Hexamethyldisiloxane <7 x 10~~’ 297 ± 2 S-GC Atkinson’
[(CH,),SiOSi(CH,),J

Hexamethylcyclotrisiloxane <3 )< 10’-” 297 ±2 S-GC Atkinson’
[-(CH,)2SiO.],

Octamethylcyclotetrasiloxane <3 x 10’-” 297 ± 2 S-GC Atkinson’
[-(CH,),SiO-]4 .

Decamethylcyclopentasiloxane <3 X 10’-” 297 ±2 S~GC • Atkinson’
[-(C1-b),SiO-], .

(CH,),SiOSi(CH,)20H <7 >< 10’-” 297 ± 2 S-GC Atkinson eta!.’

Se!enium-Containing
Dimethyl selenide (6.80 ± 0.72) x 10’-” 296 ± 2 S-CL Atkinson eta!.8

(CH,),Se . .

4. Phys. Chern. Ref. Data, Monograph No. 2
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TABLE 63. RateconstantsIc andtemperaturedependentparameters,Ic = A e~’~for the gas-phasereactionsof 0, with aromaticcompounds

C)

‘to
‘U
I

‘I,
m
-4

0
‘U
0
(1)
‘U
I
rn

C,
C
I
m
(I,

-4

-C
0
0
C)
z
C)
C
0
-U
0
C
a
0
‘I)

-4
-.4
to

Temperature
1012 x A (cm’

Aromatic molecule’ s’)
B

(K)
k

(cm’ molecule~s’) at T (K) Technique
- rangecovered

Reference (K)

Benzene lOjt’fl 7398 ± 353 L7 Z JØ~ 298 S-UV Toby eta!? 298—423
Toluene 2.34trJ 6694 ± 403 - 4.1 x 10_22 a 298 S-UV Toby ci a!.2 298—398

o-Xyiene 0.240!8J~3 5586 ± 453 1.7 x
10~~

I a 298 S-UV Toby nal.2 298—423

rn-Xylene 0337 6039 ±202 8.5 x 10_22a 298 S-tJV Toby eta!.2 298—423

p-Xyiene 0.I91!~US~ 5586 ± 302 1.4 x jØ2I a 298 S-UV Tobyeta!.
2 298—423

l-Methyl-4-isopropylbenzene <5 x i0—~° 296 ± 2 S-CL Atkinson eta!.3

(p-cymene) ~2.1 X 10”~ 296 ± 2 RU [relative to
k(a.pinene)
8.52 x 10 “i’

Atkinsoneta!.
3

Benzylchloride <6 x 10~° 298 ± 2 S-CL Tuazon eta!.4

Nitrobenzene <7 x i0~~ 296 ± 2 S-CL Atkinson eta!.5

Aniline - (1.12 ± 0.14) X tOT’
5 296 ± 2 S-CL Atkinson eta!.’

N,N-Dimethylaniline (9.1 ± 1.0) x 10_ta 296 ± 2 S-CL Atkinson eta!.5

Styrene (1.71 ± 0.18) x 10” 296 ± 2 S-CL Tuazon ci alP

1,4-llenzodioxan <1.2 x 10_2t 298 ± 2 S-CL Atkinson eta!.’

2,3-Ditsydroberizofuran <1 x lO~~’ 298 ± 2 SCL Atkinson eta!.’

2,3-Beozofuran (1.83 ± 0.21) x 10_Is 298 ± 2 S-CL Atkinson ci a!?

t,4-Naphthoquinone - <2 x 10” 298 ± 2 S-CC Atkinson eta!.
8

Naphthalene <3 x 10”’ 295 ± 1 S-CC Atkinson and Aschmann9

1-Methylnaphthalene <1.3 x 10 ‘ - 298 ± 2 S-CC Atkinson arid Aschmann’”

2-Methylnaphthalene <4 X 10~”’ 295 ± 1 S-CC Atkinson and Aschmann9

2,3-Dimethylnaphthalene <4 x 10”’ 295 ± I S-CC Atkinson and Aschmann9

Acenaphthene - <5 x 10” 296 ± 2 S-CC Atkinson and Aschmann”

Acenaphthytene (5.51~) ~ 296 ± 2 S-CC Atkinson and Aschmann”

1-Nirronaphlhalene <6 x 10-”’ 298 ± 2 S-CC Atkinson eta!)’

2-Nitronaphthatene - <6 x io’~ - 298 ± 2 S-CC Atkinson eta!!

2-Methyl-1-nitronaphthalene <3 x io’~ 298 ± 2 S-CC Arey eta!.’3

~Calculatedfrom cited Arrhenius expression.
hFrompresent recommendation.
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7. Addendum
Updated literature

In this section,literaturedataappearingsincethefinal
versionof thisarticlewaspreparedarepresentedanddis-
cussed.Theformat of this Addendumfollows that of the
article.

7.1. Gas-Phase Tropospheric chemisu-y
of Organic compounds

7.1.1. Alkanes

Kinetic dataconcerningthe OH radicalreactionswith
the alkaneswhich haveappearedsince the final version
of this article waspreparedarepresentedand discussed
in Sec. 7.2.1 (this addendum).In this section,new data
concerningthe reactionmechanismsandproductsof the
reactionssubsequentto theinitial OHradicaland/orNO3
radical reactionsaregiven.

ReactionsofAlkyl Radicalswith HO, Radicals
Wallington and Hurleyt have usedFT-IR absorption

spectroscopyto studythe productsof the gas-phasereac-
tion of the CD,O,radicalwith the HO, radicalat 295 ~
2 K overthe totalpressurerange10—700Tonof 02 or 02

+ N,. CD,O, andHO, radicalswere generated’by the
photolysisof FrCD4—Hr-Or-N2mixturesatwavelengths
>290 nm. CD,00H was the major product observed

and,takinginto accountthe self-reactionof CD,0,radi-
cals (calculatedto be 9—11% of the overall removal of
CD,O, radicals), then a formation yield of CD,00H
from the reactionof HO2radicalswith CD,O,radicalsof
1.00 ± 0.04 was obtained.’These data show that the
CD,0, radical reactionwith the HO2 radical proceeds
through the single channel,

CD,O, + HO2’-. CD,00H + 0,

in agreementwith the data presentedin Sec. 2.1.
Fentereta!.’ haveuseda flash photolysissystemwith

ultraviolet absorption spectroscopyto determinerate
constantsfor the reactions

and

2 C,H3O, —‘ products

C,H,O2 + HO2 -. C2H500H + 02

The rateconstantobtainedfor the self reactionof ethyl
peroxy radicals of (6.7 ± 0.6) x io~’~e05°±40)IT cm’

molecule’-’ s’-~over the temperaturerange248—460K is
in good agreementwith that recommendedin Sec.2.1
from the IUPAC recommendation.’ For the reaction of

theC,H,0, radical with the HO, radical,however,Fenter
a al.’ obtained a rate constant at atmospheric pressure of

k(C,H5O, + HO2) =

•(1.60 ± 0.40) x ~ et126°±130)/T cm’ molecule’-’ s’-’

over the temperaturerange248—480K, with k(C,H,O2 +
HO,) = (1.10 ± 0.21) x 10’-” cm’ molecule’-’ s’-~at
298 K.2 This rate constantis a factor of —2 higher than
previousmeasurements(Sec.2.1) but is closeto thegen-
eral recommendationmadein Sec. 2.1 of

k(RO, + HO,) = 1.0 x 10’-” cm’ molecule’s’-’ at 298 K.

Rowley a’ al.4 have studied the kinetics and products of

the gas-phase reaction of the neopentyl peroxy
[(CH,)3CCH,O�] radical with the HO2 radical. A rate
constantk of k = (1.43 ± 0.46) x 10” e~”°S WO)/T cm’
~ s’ was determinedover the temperature
range 248—365K, with k = (1.5 ± 0.4) x 10’-” cm’
molecule’-’ s’-’ at 298 K.4 This rateconstantis similar to
thosedeterminedby Rowley eta!.5 for the reactionsof
the HO2 radicalwith cyclopentyl peroxyand cyclohexyl
peroxy radicalsof 2.1 x 10~~~~~

2
)ITcm’ molecule’-’ s’

and 2.6 x 10” e’
2451

’ cm’ molecule’-’ s’-~ respectively.

4. Phys. Chem. Ref. Data, Monograph No. 2
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Using FT-IR absorption spectroscopicanalysis at 296
± 2 K and 700 Torr total pressure of 02 + N2,
Rowley eta! .‘~ observed neopentyl hydroperoxide,
(CH,),CCH,00H,to be the major product of the HO,
radical reaction with the neopentyl peroxy radical, with a
formationyield of 0.92 ± 0.15.

Thesedata4againshow thatthe reactionsof the alkyl
peroxy radicalswith the HO2 radicalproceedby

RO,+HO,-.ROOH+O,.

Basedon•the rateconstantsfor the alkyl peroxy radicals
other than methyl peroxy, the recommendation for the
reaction of HO2 radicals with RO2 radicals given in
Sec.2. 1 of

k(HO, + RO2) = 3.5 x 10’-” ~

with k(H02 + RO2) = 1.0 x 10’-’, cm’ molecule’-’ s’-’

at 298K, uncertainby a factor of 2, is revisedto

k(H02 + RO,) = 1.5 x 10’-” cm3molecule’s’-’ at298K,

uncertainto a factor of 2, and

k(HO, + R02) = 1.9 x 10’-” e”~cm’ molecule’-1r’

over the temperaturerange 250—370K. Obviously, the
data for the individual alkyl peroxy radicals should be
used,whenavailable.

ReactionsofAlkyl PeroxyRadicals with RO, Radicals
Rowley a a! 6 havecarried•out a kinetic and product

study of the self-reaction of cyclopentyl peroxyl radicals.
At 295 ± 2 K and 700 Torr total pressureof N, + 02,
cyclopentanoneand cyclopentanolwere observedwith

similaryields (0.18 ±0.01 and0.16 ±0.02,respectively),
independentof the02 partial pressureover the range5—
700 Torr.6Thesedata,togetherwith the smallyield of hy’-
droperoxide(s)observed[0.07 ±0.02], indicatethat the
major reactionpathway involves formation of the cy’-
clopentoxyradical with subsequentring cleavage6[see
ReactionScheme(18)] followed by thevariousreactions
of the CH2CH2CH2CH,CHO radical, as discussed in
Sec.2.1.

Rateconstantsk0~weredetermined6overthe temper’-
ature range 243—373K from the flash photolysis of
CIrcyclopentane—OrN, mixtures by monitoring the sec-
ond-orderdecaysof the cyclopentyl peroxy radical ab’-
sorption. At a given temperature,values of k~,was
observedto dependon the 02/C12 concentrationratios
used,increasingwith the O2/Cl,concentrationratio.6This
behavior was explained6 by reaction of the
CH,CH,CH,CH2çHOradical with Cl2 in competion with
reaction of the CH2CH,CH2CH,CHO radical with 02
(and possibly isomerization).From thesedata, Rowley
eta!.6 obtainedrate constantsfor the reactionpathways
of

kb = (1.3 ± 0.4) x io’-’~e~”8S S3WT ~ ,~,ule’-’ s’-’

(kb = 2.19 x 10’-’~cm’ molecule’-’ C’ at 298 K), and

k, + kb ~ (2.9 ±0.8) x 10’-” e’-~5
±

77
)fTcmS~ 5’-’

(ka + kb ~ 6.73 x io’-’~cm’ molecule’-’ C’ at 298K).

Additional kineticexperimentsfor theself-reactionsof
cyclohexylperoxyradicalswerealsoconductedby Rowley
eta!.,6 to augmentthosepreviouslyreported.’Forthe re-
actionsshownby ReactionScheme(19), rateconstantsof

(b)

(a)

CH2CH2CH2CH2CHO

ReactionScheme(18)

2 cyclo-C6FI,,Ô+02

2 cyclo’-C6H1,02’-—’-j

L___.. cyclohexanone+ cyclohexanol+ 02

ReactionScheme(19)

(a)

(b)

2 cyclo-C5H902

cyclopencanone+ cyclopentanol+ 02

• 2 cyclo-C5H9Ô+ 02

decomposition

J. Phys. Chem. Ref. Data, Monograph No. 2
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kb = (1.3 ±0.3) x 10’-’~e~’5 15)IT cm’ molecule’-’ 5’-’ 7.1.2. Alkenes

over the temperaturerange253—323K and

ka + kb = 7.7 x 10’-” e_
154

1Tcm’ molecule’-’ s’-’

over the temperaturerange253—373K were obtained.6

Theoverall rateconstant(/c, + kb)6 is similar to thatpre-
viously reported.7

HoneandMoortgat’ havecarriedout a productstudy
of the reaction of CH,O, radicalswith the acetylperoxy
(CH,C(0)O0) radical over the temperature range 263—
333 K, usingmatrix-isolationFT’-IR spectroscopy.

CH,C(0)OO + CH,O, -* CH,C(0)O + CH,O + 0, (a)

CH,C(O)OO + CH,O, -~ CH,C(O)OH + HCHO + 0, (b)

A rate.constantratio of k,Jk~, = 2.2 x 106 e’-~”°± 950)/T

(k,/kb = 5.0 at 298K) was obtained.’This rate constant
ratio is afactorof —5 higher thanthe298 K IUPAC rec’-
ommendation’given in Sec.2.1.

HeimannandWarneck9haveinvestigatedtheproducts
of the OH radical-initiatedreactionof 2,3-dimethylbu-
tanein thepresenceof 750 Torr total pressureof air at
297K. OH radicalswere producedby the photolysis of
H20,,andtheproductsobservedwereconsistentwith ex’-
pectations.The dataobtained9allowedderivationof rate
constantratios k,.Jk (Ic = k, + kb) for the reactions

2RO,->2RO + 02

2 RO2 —÷alcohol + carbonyl + 02

of k~Jk = 0.39 ± 0.08 for the self’-reactionof 2’-propyl
peroxyradicals(in good agreementwith the IUPAC rec’-
ommendation’of k,/k = 0.34 at 298K) andk,Ik = 0.44
± 0.07 for the self’-reactionof 2,3’-dimethyl’-2’-butyl per’-
oxy radicals.Rateconstantsfor the cross-combination re-
actions of 2,3’-dimethyl’-2’-butyl peroxy radicals with
2-propyl peroxyand2,3’-dimethyl’-l-butyl peroxy radicals
were also derivedfrom computersimulations.9
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Kinetic dataconcerningthe OH radical, NO, radic~J
and0, reactionswith the alkeneswhich haveappeared
since the final version of this article was preparedare
given in Secs.7.2.3,7.3.1 and7.4.1 (this addendum).In
this section,newdataconcerningthe productsandreac-
tion mechanismsof thesereactionsaregiven.

OH Radical Reactions
Jenkineta!.’ havemeasureda rate constantat 296 ±

2 K and 740—800Torr total pressurefor the addition of
02 to the allyl radical

CH2= CHCH2 + CH2= CHCH,0O

of (6 ±2) x 10’-” cm’ molecule’-’ 5’-~.This roomtem-
peraturerate constantis similar to that of —4 x 10’-”
cm3

~ s’-’ measuredby Morganet a!.’ at 380K
and50 Torr total pressureof Ar diluent, suggestingthat
the rateconstantfor this addition reactionis essentially
independentof temperatureover therange—290—400K.

Jenkineta!.’ also investigatedthe kineticsand prod’-
ucts of the self-reaction of the allyl peroxy
(CH2 = CHCH,00 ) radical,andconcludedthat the rate
~onstantsfor thereactions

r 2 CU, =CHCH2Ô +0,
(a)

• 2CH,=CHCH,00

(b) CU, CUCHO + CU
2

= CHCH,OH+ 02

are(Ic, + kb) = (6.8 ± 1.3) x 10’-” c& molecule’-’ s’-’
and k,J(k, + kb) = 0.61 ± 0.07 at 296 ±2K. FT-JRab’-
sorption spectroscopyshowedt that, as expected,the
alkoxy radical CH,= CHCH,O reactswith 02,

CH2=CHCH,O + 02 -‘~ CH,=CHCHO + HO,

andno evidencefor decompositionof this alkoxy radical
was observed.’

Barnes eta!.’ have used FT-IR absorption spec’-
troscopyto studythe productsof the self-reactionof ~‘-

hydroxyethylperoxy(HOCH2CH200) radicalsat295 ±
3K as a function of total pressure (11—675 Torr)
and 02 concentration.The major products observed’
were glycolaldehyde (HOCH,CHO), HCHO and
HOCH,CH,OH.Barneseta!.’ concludedthat the reac-
tions involved are:

2 HOCH2CU,Ô+0, (a)

2 H0CH2CH2OO—j

HOCH2CH,OH+ HOCU,CHO+02 (b)

4. Phys. Chem. Ref. Data, Monograph No. 2
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followed by H,02+ HCHO (a)
HOCH,CH,O + 0, -. HOCH,CHO + HO,

HOCH,CH2O ‘-. HCHO + CH,OH

HO, + HCHO

with k,J(k, + kb) = 0.50 ± 0.06. Furthermore,the rate
constantratio for reactionwith 02 versusdecomposition
of the HOCH,CH2Oradicalwas in excellentagreement
with the ratio measuredby Niki eta!.~ from a product
studyof the OH radicalreactionwith ethenein the pres-
enceof NO~.

Gnosjeaneta!.5 studied the productsformed during
NO~airirradiationsof isopnene,and observedHCHO,
methyl vinyl ketone and methacnoleinto be the major
productsformedduringthe OH radical’-dominatedreac’-

tion period.The reportedyields of thesethreeproducts,
which were not correctedIon secondaryreactionswith
the OH radical, were 0.50, 0.22 and0.31, respectively.5

These yields are consistentwith the more extensive
productdataof TuazonandAtkinson6andPaulsoneta!.’

Aerosol formation from the OH radical-initiatedreac’-
tions of a- and 13-pinene in air hasbeenfurther studied

• by Zhangeta!.’

03 Reactions
HatakeyamaandAldmoto9 hasinvestigatedtheoxida-

tion of SO, in reactingO,’-ethene’-SO,-H,O-airsystems
• through the formation of formic acid (HC(O)OH). The

HC(O)OHformationyield dataobtained9were in accord
with Reaction Scheme(20), and a rate constantratio

• kjka = 6.0 x iG’-’ was derived.9

Becker et~ have reinvestigatedthe formation of
H,O, in the reactionsof 0, with a seriesof alkenesusing
tunable diodelaserabsorptionspectroscopyand FT-IR
•absorptionspectroscopyin 130—1080liter volume reac-
tion chambers.The H,O, yields of Beckeret ~ are in

agreementwith their previousdata,” being(on a molar
basis)0.001for etheneandisoprene,0.0015for 13-pinene,
0.0028 for propene, 0.005 for trans-2’-buteneand a-
pinene,0.006 for 3’-carene,0.018for limoneneand0.027

• for 2,3-dimethyl’-2-butene. These yields are in approxi-
mate agreement with those reported in the gas’-phase by

• Hewitt andKok,” but aremuch lower than thoseof Si-
monaitiseta!.” Fromthe H,0,formationyieldsobtained
in experimentsconductedin thepresenceandabsenceof

• SO,at various water vapor concentrations, Becker eta!.’°
• derived rateconstantratiosfor the processes

CH,OÔ+

HC(O)OH+ H,0 (b)

CH,OÔ+ 502 ) products (c)

of (k, + kb)IkC = (8.3 ±3.6) x 10~andk,/(k, + kb) =

0.005. For the corresponding reactions of the
(CH,)2COO biradical, values of (Ice + kb)Ikc = (4.1 ±
2.2) x 10’-~and k,/(k, + kb) = 0.13 were derived.’0

Theserateconstantratios (k, + kb)/kc arewithin a factor
of 4 of thatreportedby Sutoeta!.” for theCH,00birad-
ical. The discrepanciesbetweenthe H,O, yields mea’-
suredin the studiesof Becker et a!.’~” and Simonaitis
eta!.” needto be resolved.

Grosjeanet al.5 haveinvestigatedtheproductsformed
from the gas’-phasereaction of 0, with isoprenein the
presenceof an excessconcentrationof cyclohexaneto
scavengethe OH radicals formed from the O,’-isoprene
reaction.Themolaryieldsof HCHO, methylvinyl ketone
andmethacroleinwere0.90, 0.17 and0.44, respectively,5

similar to those reported by Kamens eta!.‘~ and Niki
eta!.’6 in the absenceof an OH radical scavengerbut
lower than the methyl vinyl ketonc and methacrolein
yields derived from the primary reaction by Paulson
eta!.’7 Furtherstudiesare clearly required.

Atkinsoneta!.” have carried out a product study of the
reactionof 0, with isoprenein the presenceof cyclohex-
ane(to scavengeOH radicals)in N, andair diluents,and
shownthat theepoxidesobservedby Paulsoneta!.” arise
from a direct reaction(seeReactionScheme(21) on next
page)and not via the intermediaryof 0(’P) atoms.An
O(’P) atomformationyield of <0.1,andprobably<0.01,
was obtained,” much lower than that of 0.45 ± 0.20
derived by Paulson eta!.’7

Aerosol formation from the 03 reactionswith a- and
~3-pinenehasbeeninvestigatedby Zhangeta!.’

NO, Radica!Reactions
Skoveta!.’9 haveinvestigatedtheproductsandmecha-

nismsof the gas-phasereactionsof the NO, radical with
isoprenc,1,3-butadiene,2,3’-dimethyl’-1,3-butadiene,1,3’-
butadienc-1,1 ,4,4-d~,1,3-butadiene-d6and 2-methyl-1,3-
butadiene’-4,4.d2in air at 295 ± 2 K and 740 ± 5 Torr
totalpressure.Theproductsobservedwere in generalac-
cordwith the reactionschemesdiscussedin Sec.2.2, and

0—a

___ / \CH,OÔ+ SO2 H,C~~7S 0 HCHO + 502+ SO,
a

/
HC(O)OH+ SO2 HCHO + H2S04

ReactionScheme(20)

4. Phys. Chem. Ref. Data, Monograph No. 2
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the article of Skoveta!.’9 shouldbe consultedfor further

details.
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7.1.3.AromatIc Compounds

Kinetic datafor theOHradicalandNO, reactionswith
aromaticcompoundswhich haveappearedsincethefinal
versionof thisarticlewaspreparedarepresentedanddis’-
cussedin Secs.7.2.6and 7.3.3. In this section,new data
concerningthe productsand reaction mechanismsof
thesereactionsare given.

The rateconstantsfor the reactionsof the OH-phenol
adductwith NO and NO, determinedby Knispel eta!.’
wereinadvertentlyomittedfrom Sec.2.4. An upperlimit
for reactionof the OH’-phenol adductwith NO of 7 X

4. Phys. Chem. Ref. Data, Monograph No. 2

10’s cm’ molecule’ s’ at 316—332K was obtained.’
Rate constantsfor reaction of the OH’-phenol adduct
with NO, of (2.8 ± 0.4) x

10~
lI cm3 molecule~s’-’ at

331 K and (3.6 ± 0.3) x 10’-” cm’ molecule’-’ s’-’ at
353K were determined,theserate constantsbeingsimi-
lar to thosefor the correspondingreactionsof NO,with
the OH’-benzeneand OH-toluene~

Zetzsch and coworkers’ havereportedupdatedrate
constantsfor the reactionsof hydroxycyclohexadienyland
substituted-hydroxycyclohexadienylradicalswith 0,. The
rateconstants(in unitsof 10’-l6cm’ molecule’-’ s’ at 100
Torn totalpressureof Ar diluent)arc’: for the hydroxycy-
clohexadienylradical formed from the OH radical reac’-
tionwith benzene;1.6 ±0.6at299K, 2.1 ±0.4at314K,
3.0 ± 0.3 at 333 K, and 3.7 ± 0.4 at 354 K; for the
methylhydroxycyclohcxadienylradical(s) formed from
the OH radicalreactionwith toluene;5.6 ± 1.5 at 299 K,
5.6 ±0.6at321 K, 5.6 ±0.6at339 K, 5.3 ±0.7at 347 K,
and5.9 ±0.8at354 K; andfor thedihydroxycyclohcxadi’-
enyl radical(s)formedfrom theOH radicalreactionwith
phenol;300 ±70 at 323 K, 260 ±60 at333 K, 270 ±50
at 337 K, 290 ±60 at 343 K, 270 ±60 at 353 K, and360
± 50 at 363 K. Additional experimentsshowedthe for-
mation of HO, radicalsin >90% yield from reactionof
the OH-phenoladductwith 0, at roomtemperature,’al’-
thoughthe reactionsequencewas concluded2to bemore
complexthan the direct formation of HO, radicalsvia

OH-phenoladduct + 0,— dihydroxybenzene+ HO,

Using a 2400 liter volume reactionchamberat 300 K
andatmosphericpressureof N,, Zetzscheta!.’ usedarel-
ative rate techniqueto show that the rate constantsfor
the reactionsof benzene,tolueneandp-xylenewith the
OH radical increasedwith increasingconcentrationsof
02, as expected from the reaction sequence(taking
toluene as an example)

H20+C6H5CH,
OH + toluene—.1

I~—LCH,C5H5OH

03 + isoprene (~2 CHC(CH,)= CR,andCR,= CHC(CH,)—c) +02

ReactionScheme(21)

9~
I.•~

-b cjo2

products
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CH,C(0)OOH+ 0, (a)

CH,C(O)OH÷0, (b)

the rateconstantratio of k,jkb = 330 e’-~’43° ‘~°~“ over
the temperaturerange263—333K (k,,lkb = 2.7 at 298K).
This rate constantratio’ is in agreementwith the recom-
mendationof Atkinson eta!.’ (Sec.2.5) of k,Jkb = 2.3 at
298 K, but disagreeswith the previousrecommendation’
that k,Ikb = 2.3, independentof temperatureover the
range250—370K.

Cox eta!.3 haveused a pulsednadiolysistechniqueto
obtain rateconstantsfor the reactions

and

CH,C(0)c~H,+ 0, ~4CH3C(O)CH,OO

2 CH,C(O)CH2OO-. products

at 298K and one atmospheretotal pressureof SF6, of
(1.5 ±0.3) x 10’-~2cm3 molecule’-’ s’-’ and(8.3 ± 1.6)
x 10’-12 cm’ molecule’-’ s~,respectively.The 0, addi-
tion reactionto the CH,C(O)CH, radicalhasa ratecon-
stantof a similarmagnitudeto the reactionsof 02 with
alkyl radicals (Sec.2.1), as expected.

Grosjean eta!.4 have shown that the atmospheric
photooxidation of cis-3-hexen-1-ol (CH,CH,CH =

CHCH,CH2OH)leadsto the formation of propanaland
peroxypropionylnitrate,as expected.5Basedon analogy
with the reactionof propenewith OH radicals and 03,
propanal is expectedto be a first’-generation product,
with subsequentOHradicalreactionwithpropanalin the
presenceof NO, leadingto the formationof peroxypropi-
onyl nitrate (CH,CH2C(O)OONO,)[Sec. 2.6].

Wallington eta!.’ haveused FT-JR absorptionspec-
troscopyto investigatethe productsformedfrom the OH
radical and Cl atom-initiated reactionsof di-isopropyl
etherat 295 ±2K and700Torr totalpressureof air. The
majorproductof boththe OH radical(in the presenceof
NO,) and Cl atom reactions was isopropyl acetate
[(CH,)2CHOC(0)CH,],with a yield of 1.05 ±0.06 from
the OH radical reaction.6An isopropyl acetateyield of
0.92 ± 0.13was obtainedfrom the Cl atom-initiatedre’-
actionin the presenceof NO,andayield of the products
arising from the reactionsof the CH,0 radical(HCHO,
CH,ONOandCH,0N02) of —1.1 was determined.The
OH radicalreactionis expectedto proceedmainly atthe
> CH— group,6’7 andhencethe OHradicalreactionin the
presenceof NO, mustproceedby ReactionScheme(22).

Temperature-dependentabsorptioncross-sectionsfor
acetoneand 2-butanonehavebeenmeasuredby Hynes
eta!.’

Thegas-phasereactionof the HO, radicalwith HCHO
hasbeentheoreticallyinvestigatedby Evletheta!.,9andit
was concludedthat the reactionproceedsby

HO, + HCHO ~ [H,C = OHOOI ~ HOCH,OO

and that the intermediatealkoxy radical HOOCH,O is
not involved.

Barneseta!.’” have studiedthe productsof the OH
radicalreactionwith HOCH,CH,OHandshownthatgly’-
colaldehyde (HOCH,CHO) is the major product, to-
getherwith lesseryields of HCHO andHC(O)OH. The
reactionthen proceedsmainly by’”

OH + HOCH,CH,OH — H,O + HOCH,CHOH

HOCH,CHOH + 02- HOCH,CHO + HO,

4. Phys. Chem. Ref. Data, MonographNo. 2

andthepreviouslymeasuredrateèonstantsk,,kb, k_b and
k0. For p-xylene, the experimentaldata allowed a rate
constantk~for reactionof 02 with thedimethylhydroxycy-
clohexadienyl radical of — 1.9 x 10—16cm’ molecule’-’ s’-’
to be derived.’

Atkinson andAschmann’havegeneratedOH radicals
from the dark0, reactionswith propeneandct-pineneat
296 ±2 K andatmosphericpressureof air(Sec.2.2), and
shownthato-cresolis formedfromtoluenewith a slightly
loweryield in the absenceof NO, thanin thepresenceof
NO,. The formation yields of 2,3-butanedione(biacetyl)
were alsomeasuredfrom the OH radical reactionswith
o-xyleneand 1,2,3’-trimethylbenzenein the presenceand
absenceof NO,,. For 1,2,3-trimethylbenzene,the 2,3-bu-
tanedioneformationyield’ increasedfrom —0.18 in the
absenceof NO, to —0.45 in the presenceof NO2 at con’-
centrations�5 x 1012 moleculecm’-’. The product data
of Atkinson and Aschmann’are consistentwith theki-
netic dataof Zetzschand~ andindicatethat
the OH-benzene, OH-toluene, OH-xylene and OH-
trimethylbenzeneadductswill reactwith 0, undermost
atmosphericconditions.
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87.1.4.Oxygen-ContainingOrganicCompounds

Thekineticsof the OHradical, NO, radicaland0, re-
actionswith oxygen-containingorganiccompoundswhich
haveappearedsince the final versionof this article was
preparedarepresentedanddiscussedin Secs.7.2.5,7.3.2
and7.4.2. In this sectionnew dataconcerningthe prod-
ucts and reaction mechanismsof thesereactions are
given.

Hone and Moortgat’ have obtained,from a product
study of the reactionof the CH,C(0)OO radical with
HO,,

CH,C(O)O0+
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I . the presence of NO2. Orlando eta!.2 showed that the re-
OH+ (CH,),CHOCH(CH,)2 ‘--‘-~ H,O+ (CH,),CHOC(CH,), action channels
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7.1.5. Nftrogen-ContalningOrganicCompounds

Kinetic data for the gas’-phasereactionsof 0, with
nitrogen-containingorganic compoundswhich has ap-
pearedsincethe finalization of this article arepresented
in Sec.7.4.3below.The productandmechanisticdatafor
nitrogen-containingorganic compoundsare presented
below.

Langereta!.’ andOrlandoeta!.2haveinvestigatedthe
thermal decomposition of peroxyactyl nitrate (PAN) in

CH,C(O)OONO,’-. CH,ONO, ± CO,

CH,C(O)OONO,-* CH,C(O)O + NO,

are of negligible importancecomparedto the reaction
pathway,

CH,C(O)00N02-. CH,C(O)OO + NO,

andthat the thermaldecompositionof PAN is not asig-
nificant sourceof CH,ONO,in the atmosphere.Langer
eta!.’ concludedthat the heterogeneousdecomposition
of PAN is not importantunderatmosphericconditions.
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7.2. Kinetics and Mechanisms of the Gas-Phase
Reactions of the OH Radical with

Organic Compounds

The rateconstantsfor the reactionsof the OHradical
with organiccompoundsreportedsinceSec.3 of this ar-
ticle wasfinalized arepresentedanddiscussedin the sec-
tions below.

7.2.1.Aikanes

The rate constantsreportedsince Table 36 was final-
ized are given in Table 64.

Methane. The absolute rate constantsreportedby
Lancareta!.’ and Sharkey and Smith2 at 378—422 K’ and
298K2 arewithin ±20%of the recommendationgivenin
Sec. 3.1, of k(CH4) = 7.44 x 10~ T2 e’-” cm’
molecule’-’ s’-’ over the temperaturerange223—1512K.
The upperlimit obtainedby SharkeyandSmith’ at178K
is also consistentwith this recommendedrate constant.
However, the rate constant reported by Sharkey and
Smith2 at 216 K is a factorof 2.6 higher thanthe recom-
mendedrate constant.The recommendedrate constant
from Sec.3.1 is unchanged.The 378 and422 K ratecon-
stantsof Lancareta!.’ togetherwith the295-420K data
of Vaghjiani andRavishankara’and the 333—378K data
of Finlayson-Pittseta!.~ may indicatethat the valueof n
in thethree-parameterexpressionk (CH4) = CT’ e_DITis
>2, leadingto slightly lower rateconstantsin the range
—330—600K than presentlyrecommended.

Ethane. The absolute rate constantsreported by
SharkeyandSmith’at 178—298K are9 ±6 to 20 ±10%
higher than those calculatedfrom the recommendation
of Sec.3.1. of k(ethane) = 1.51 x 10’~T’ e’-49” cm’

102

and

(CH,),CH0C(CH,),

NOf NO,

(CH,hCHOC(CH,)2

I
Cli, + (CH,),CHOC(O)CH,

j02

NOf NO2

j02

HO2 + HCHO

ReactionScheme(22)

.3. Phys. Chem. Ref. Data, Monograph No. 2
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Table 64. Rateconstantsk for the gas-phasereactionsof the OH radicalwith alkanes

Alkane
1012 x k

(cm’ molecule’sfl’) at T (K) Technique Reference

Methane 0.0262± 0.0027
0.0427±0.0018

378
422

DF-EPR Lancareta!.’

<0.0003
0.00165 ±0.0002
0.0076±0.0003

178
216
298

LP-LIF SharkeyandSmith2

.Ethane 0.013 ±0.002
0.025 ±0.003
0.0785 ± 0.004
0.295 ± 0.014

138
178
216
298

LP-LIF SharkeyandSmith2

.

0.291 ± 0.007
0.255 ± 0.013
0.377 ± 0.014
0.480 ± 0.013
0.590± 0.010

298
298
323
348
373

RR[relative to k(propane) =

1.50 x 10’-” T’ e~4tfl’
Finlayson-Pittseta!.’

Propane 1.15 ± 0.06
1.15 ±0.06

298
298

RR [relative to k(n-butane)=

2.54 x TV”]’
Finlayson-Pittseta!.’

1.04 ±0.07
1.22 ±0.04
1.16 ±0.06

298
298
298

RR (relative to k(2-methyl-
propane)= 2.33 x

Finlayson-Pittseta!.’

n-Pentane 4.22 ± 0.05 302 RR [relative to k(2.methyl-
propane)= 2.36 x 10’-12]a

Donaghyeta!.
4

n-Hexane 5.55 ±0.20 301 ± 2 RR [relative to k (n -.pentaney
= 3.99 7< 10’-,2]~

McLoughlineta!.’
.

‘From recommendationsin Sec. 3.1.

moleculc1s’ over the tempeEaturerange226—800K.
The rate constantreportedby Sharkey and Smith2 at
138K is 60 ±25%higherthanthepresentrecommenda-
tion. Finlayson-Pittseta!.3haveemployeda relativerate
method,usingthe dark reactionof 0, in the presenceof
alkanesandthe photolysisof OrH2O—alkanemixturesto
generateOHradicals,to obtainrateconstantsfor ethane
versus propane.The rate constantsobtained by Fin-
layson-Pittseta!.’ over the temperaturerange298—373K
(Table64) arewithin 13% of the recommendationgiven
in Sec.3.1, which is henceunchanged.

Propane.Finlayson-Pittseta!.’ haveusedrelative rate
methodsto obtainrateconstantsfor theOHradicalreac-
tion with propanerelativeto thosefor theOH radicalre-
actions with n-butaneand 2’-methylpropane.For the
measurementsrelativeto 2-methylpropane,OH radicals
were generatedfrom the dark reactions of 0, in
alkane—O2or alkane—H,O—O,mixtures,the photolysisof
O,—H,O—alkane—02 mixtures, and the photolysis of
CH,ONO—NO—alkane—airmixtures.’ The three methods
of OH radical generation led to essentially identical re-
sults (Table 64).’ The rate constantsfor propaneob-
tained by Finlayson-Pitts eta!.’ are in excellent
agreementwith the recommended298 K rateconstantof

1.15 x 10’-12 cm’ molecule’s~(Sec. 3.1), and hence
this recommendationis unchanged.

n-Pentaneandn ‘-Hexane.The relative rateconstantsof
Donaghyeta! .~ (ii -pentane)and McLoughlin eta!.’ (n -

hexane)aregiven in Table64. Theserateconstantsarein
good agreement(within 5% for n -pentaneand2% forn -

hexane)with the recommendationsgiven in Sec. 3.1 and
by Atkinson.’ Theserecommendations(Sec.3.1 andRef.
8) are henceunchanged.
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7.2.2. Haloalkanes

The rateconstantsreportedsinceTable 37 was final-
ized was given in Table 65.

Cl-hF. The rateconstantsobtainedby Wallington and
Hurley’ from relative rate measurementsare given in
Table65.Theserateconstantsarein excellentagreement
with thatof 1.62 x 1O’-’~cm’ molecule’-’ s’-’ at 296K cal-
culatedfrom the recommendationof Atkinson” of

k(CH,F) = 5.51 x 1O’-~8P e~’°0517~c,~n’ ~ ~

overthe temperaturerange292—480K. This recommen-
dation’5 is henceunchanged.

CH,C!. Tayloreta! 2 havereinvestigatedthekineticsof
theOH radical reaction with CH,Cl atelevatedtempera-
tures(742—955K) to checkthat previousmeasurements”
werenot influencedby photolysis of the CH,Cl reactant.
Thiswasshownto begenerallythecase,andtheratecon-
stantsdeterminedat 742—955K2 are given in Table 65.
Theserateconstants2andthoseof Tayloreta!.,” as listed
by Tayloreta!.2 (with the rateconstantsof Taylor eta!.”

beingaveragedat473 and475 K, 524 and 525 K, 667 K,
and695 K, andthe rateconstantat735 K beingomitted),
are used in the evaluationof the rate constantfor this
reaction. A unit-weighted least-squaresanalysis of the
absoluterate constantsof Howard and Evenson,’7Perry
~ Davis etal.,’9Paraskevopouloseta!.,” Jeongand
Kaufman2’ and the absolute rate constantslisted by
Taylor eta!.’ (see above),using the expressionk = CT2

e_WT,yields the recommendation of

k(CH,Cl) =

(7.33±&~)x 10—” T’ e’-~’°9 54)!? cm’ ~

over the temperaturerange250—955K, wherethe indi-
cated errorsare two least-squaresstandarddeviations,
and

k(CH,Cl) = 4.31 x io’~ cm’ molecule’-’ s’-’ at 298 K,

with an estimated overall uncertainty at 298 K of ±20%.

This recommendationsupersedesthat of Atkinson” of

k(CH,Cl) = 330 x 10’-” T2
e_S

8~~
Tcm’ molecule’-’ s’-’

over the temperaturerange250—483K, with a298 K rate
constantof 4.36 >< 10’- ‘~cm’ molecule’-’ s’-’, andleadsto
a rateconstantat 250 K 15% lower thancalculatedfrom
the previous” recommendation.

CH,&. The absolute rate constantsobtained by
Mellouki eta!.’ and Zhang etaL4aregiven in Table 65.
Theserateconstantsaresignificantly lower thanthe pre-
vious data of Howard and Evenson’7 and Davis eta!.’9

over a similar temperaturerange.A unit-weightedleast-
squaresanalysisof the rateconstantsof Mellouki eta!.’
and Zhangeta!.,4 using the expressionk = CT’ e_D/T,

yields the recommendation of

k(CH,Br) =

(3.62t3:~)x 10,8V efl” 56)1? cm’ molecule’-’ s’-’

over the temperaturerange233—400K, wherethe indi-
catederrors are two least-squaresstandarddeviations,
and

k(CH,Br) = 2.96 x io-’4 cm’ molecule’-’ s’ at 298K,

with an estimatedoveralluncertaintyat298 K of ±20%.

This recommendationsupersedesthat of Atkinson” of

k(CH,Br) = 2.60 x 10’-” T’ ~‘-s
2~

Ucm’ molecule-’s’

over the temperaturerange 244—2000K, with a 298K
rate constantof 4.02 x 10’-’~cm’ molecule’-’ s’.

CH,C!2. Taylor eta! ~2 havere-investigatedthe kinetics
of this reaction, and the rate constantsobtained2are
given in Table 65. Theserateconstants2supersedethose
reportedpreviously.”A unit-weightedleast-squaresanal-
ysis of the absoluterateconstantsof HowardandEven-
son,’7 Perryeta!.,” Davis eta! ,~9 Jeongand Kaufman2’
and Taylor eta!.,2using the expressionk = CT’ e’-~”,
yields the recommendationof

k (CH,Cl,) =

(6.14±~4q)x 10—” T’ ~ S 66)!? cm’ moleculc’ s’-’

over the temperaturerange245—955K, wherethe indi-
cated errors are two least-squaresstandarddeviations,
and

k(CH,Cl,) = 1.48 x 10’-” cm’ molecule’-’ s’-’ at298 K.,

with an estimated overall uncertainty at 298K of ±20%.

This recommendationsupersedesthat of Atkinson” of
k(CH,Cl,) = 8.54 x 10’-” V e’-’~Tcm’ molecule’s’-’

over thetemperaturerange245—455K, with a 298K rate
constantof 1.42 x 10’-” cm’ molecule’-’ s’-’.

CHF,C!. The absoluterate constantsdeterminedby
Orkin and Khamaganov’ are given in Table 65. These
rate constants’ are in good agreement (within 12% from
298—370K and within 21% at 460K) with therecommen-
dationof Atkinson,” of

k(CHF,Cl) = 1.51 x 10’-” V e~’0~Tcm’molecule’-’ 5’-’

over the temperaturerange250—482K, and

k(CHF,Cl) = 4.58 x 10” cm’ molecule’s’ at 298K.

The previousrecommendation”is thereforeunchanged.
CHF,Br. The absolute rate constantsof Orkin and

Khamaganov’aregiven in Table65.Theserateconstants’
are in excellentagreementwith the recommendationin
Sec. 3.2 (being 1—9% higher at 314—460K and 14%
higher at 298K) of

4

I
1~

•1
4
I

•1

I
7

•1I
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k(CHF,Br) = 1.48 x 10’-” V e’-’~1?cm’ molecule’-’ s’-’

over the temperaturerange233—432K, and

k(CHF,Br) = 9.63 x 10’-” cm’ molecule’-’ s’-’ at 298 K.

This recommendation from Sec. 3.2 is hence unchanged,
although the estimated overall uncertainty at 298 K is
now reduced to ±30%.

CHCI,. Tayloreta!.’ havereinvestigatedthekineticsof
thisreaction,andobservedthatat temperatures~400K
laserphotolysisof the CHCI, reactantled to erroneously
high measuredrateconstantsunlessthe laserphotolysis
intensitieswerekept low. The rateconstantsobtainedat
low laserphotolysisintensities,andshownto be indepen’-
dent of the laser photolysis intensity,2 are given in
Table 65.Theserateconstantssupersedethoseof Taylor
~ reported earlier. The rate constantsof Taylor
eta!.2 attemperaturesof 360—480K aresignificantly(up
to a factor of —1.7) lower than the rate constantsof
Jeong and Kaufman.” A unit-weighted least-squares
analysisof the absoluterate constantsof Howard and
Evenson,’7Davis eta!.’9 andTaylor etaL,’ using the ex-
pression/c = CT’ e’-~”,leadsto the recommendationof

k = (1.80~31~)x 10~”T’ e1”9 7
S)I?~~~molecule’-’ s’-’

over the temperaturerange245—775K, where the indi-
cated errorsare two least-squaresstandarddeviations,
and

k(CHCI3) = 1.04 x 10’-” cm’ molecule’-’ s’-’ at 298 K,

with an estimatedoverall uncertaintyat 298 K of ±20%.
[Inclusion of the rate constantsof JeongandKaufman”
into the datasetusedfor evaluationof this rateconstant
leads to k(CHCI,) = 2.11 x 10’-” T’ e’~

69
/Tcm’

molecule’-’ s’-’ over the same temperature range, with a
298K rateconstantof 1.06 x 10’-” cm’ molecule’-’ s’-’].

Thepresentrecommendationsupersedesthe previous
recommendationof Atkinson” of

k(CHCJ,) = 6.30 x 10’-” V e’-’041” cm’ molecule’-’ s’-’

overthemorerestrictedtemperaturerangeof 245—487K,
with a 298K rate constant of 1.03 x 10’-” cm’
molecule’-’ s’-’. The present recommendationleadsto
significantly higher rate constants for temperatures
C90K than calculatedfrom the previousrecommenda-
tion.” In particular,thepresentrecommendationleadsto
rateconstantswhich are20—45% higher thanthosemea-
suredby Daviset al.’9 at245K andJeongandKaufman2’
at 249 K. Clearly, further absoluterate constantstudies
are needed,particularly at temperaturesin the range
—230—270K, to resolvethesediscrepancies.2”9”

CF4 CF,Br and CF,BrCF,Br. The upper limits to the
rateconstantsreportedby Ravishankaraeta!.7 (CF4)and
Orkin and Khamaganov’(CF,Br and CF,BrCF,Br) are
givenin Table65.Theupperlimit to the rateconstantfor
CF4 reportedby Ravishankaraeta!.7 is consistentwith,

but a factorof 200 lower, than the recommendationof
Atkinson” basedon the dataof Howard and~

Accordingly, a rate constantof

k(CF4) <2 x 10’-” cm’ molecule’ s’-’ at 298 K

is recommended.
The upper limits to the rateconstantsfor CF,Br and

CF,BrCF2Br of Orkin and Khamaganov’ are consistent
with the upperlimits recommendedat 298K in Sec. 3.2
of <1 x 10”cm’molecu]e’-’s’and <1.5 x 10’-”cm’
molecule’ s’-’, respectively.

CN,CH2C!.The absoluterateconstantsdeterminedby
Markert and Nielsen’ are given in Table 65. The 295 K
rateconstantreportedby MarkertandNielsen’is identi-
cal to that reportedby Markert andNielsen”andusedin
the evaluationof the rate constantfor this reactionin
Sec. 3.2. However, the rate constantsof Markert and
Nielsen’ at307—360K are45—77%higherthancalculated
from the recommendationgiven in Sec.3.2 of

k(CH,CH,Cl) = 7.71 x 10’-” T’ e~~~21Tcm’ molecule’-’ s’-’

over the temperature range 294—789K, with a 298 K rate
constantof 4.11 x 10’-” cm’ molecule’-’ s’-’ (the 295K
rateconstantof Markert andNielsen”2’ isonly 7% higher
than the recommendedvalue).The recommendationof
Sec. 3.2 is unchanged.

CH,CH,Br. The relative rate constantof Donaghy
eta!.9 is given in Table 9. This 300K rate constantof
Donaghyeta!.9 is 25% lower than that calculatedfrom
the Arrheniusexpressionof Xing eta!?3 andOlu eta!.24

(Sec. 3.2), althoughwithin the combineduncertainties
cited.9”’”4 From a unit-weighted average of the room
temperaturerateconstantsof Xing eta!.” andQiu eta! ~

andDonaghyeta!.,9 the recommendationof

k(CI-J,CH,Br) = 2.7 x 10’-” cm’ molecule’-’ s’-’ at298 K

is obtained, with an estimatedoverall uncertainty at
298Kof ±40%.

CH,CHC!2. Theabsoluterateconstantsdeterminedby
Jiangeta!.’°aregiven in Table65.Theonly previousrate
constantfor CH,CHCI, is that measuredat 296 K by
Howard andEvenson,”andthe agreementis excellent.A
unit-weightedleast-squaresanalysisof the absoluterate
constantsof Howard and Evenson’5 and Jiang eta!.,’°us-
ing theexpressionk = CT’ ~ leadsto therecommen-
dation of

k(CH,CHCI,) =

(2.50 ±0.16) .x 10’-” V e~” 27)1? cm’ molecule’-’ s’-’

over the temperature range 294—800K, where the mdi’-
cated errors are two least-squaresstandarddeviations,
and

k (CH,CHCI,) =

2.74 x 10’-” cm’ molecule’-’ s’-’ at 298 K,

J. Phys. Chem. Ref. Data, Monograph No. 2



O.~

190 ROGER ATKINSON

with an estimated overall uncertainty at 298 K of ±30%. Brown et a!.” A unit-weighted least-squares analysis of
CH3CC!,. The absoluterate constantsof Jiangeta!.”

are given in Table 65. Theserate constantsof Jiang
eta!.” are systematicallyhigher than the recommenda-
tion of Sec.3.2 basedon the absoluterate constantsof
Finlayson-Pittseta!.’6 and Talukdar eta!.’7 This dis-
crepancyincreaseswith temperature,with the rate con-
stants of Jiang eta!.” being 15% higher than the
recommendationof Sec.3.2 at298 K, increasingto 34%
higher at 400K. Accordingly, the recommendationof
Sec.3.2 of

k(CH,CCI,) = 2.25 x 10’-~87’~e’-9’~’cm’molecule’-’ s’-’

overthe temperaturerange243—379K, with a 298K rate
constantof 9.43 x i0’-~~cm’ molecule’-’ s’-’, is un-
changed.

CH,FCF,. The absoluterate constantsof Orkin and
Khamaganov’aregiveninTable 65.Theserateconstants
arein excellentagreement(within 14%)with the recom-
mendationof Sec.3.2basedon therateconstantsof Mar-
tin andParakevopoulos,”Lit, eta! .‘~ andGierczaketa!,’°
Accordingly, the recommendationof Sec. 3.2 of

k(CH,FCF,) = 1.61 x 10’-” 7’~e~1®5~cm’ molecule’-’ s’-’

over the temperaturerange223—450K, with a 298K rate
constantof 4.90 x 10’-” cm3 molecule’-’ s’-’, is un’-
changed.

CH,BrCF,. The absolute rate constantsof Nelson
eta!.” and Orkin and Khamaganov6 are given in
Table 65. The rate constantsof Nelson eta!.” are uni’-
formly lower, by —20%, than those of Orkin and
Khamaganov6 over the temperaturerange commonto
both studies(298—353K). A unit-weightedleast-squares
analysisof the absoluterate constantsof Nelson ~
and Orkin and Khamaganov,6using the Arrhenius ex-
pression k = A e’-~”~,yields the recommendationof

k(CH,BrCF,) =

(I.44~ki~)x to’-” e’-~”7± 192)/F cm’ molecule’-’ s’-’

over the temperaturerange280—460K, wherethe indi-
catederrors are two least-squaresstandarddeviations,
and

the rate constantsof Brown eta!.” and Orlcin and
Khamaganov,6 using the Arrhenius expressionk =

A e’-217, yields the recommendationof

k(CHFBrCF,) =

(8.09tj~)x 10’-” e’-~”7S 105)/?~ molecule’-’ s’-’

over the temperaturerange279—460K, wherethe indi-
cated errors are two least’-squaresstandarddeviations,
and

k(CHFBrCF,) = 1.67 x 10’-’~cm’ molecule’-’ s’-’ at 298IC,

with an overall estimateduncertaintyat 298 K of ±35%.
CHC!BrCF,. The absoluterateconstantsof Orkin and

Khamaganov6aregivenin Table 65. This is thefirst tem-
perature-dependencestudy. The previousrate constant
of Brown eta!.” at303 K is — 25% higherthanthat cal-
culated from the Arrhenius expressionof Orkin and
Khamaganov.’A unit-weightedleast’-squaresanalysisof
the absoluterate constantsof Orkin and Khamaganov,’
using the Arrheniusexpressionk = A e’-81’, yields the
recommendationof

k(CHCIBrCF,) =

(1.20±8j~)x 10’-” e’-~97°± 63)/F cm’ molecule’-’ ~‘-1

over the temperaturerange298—460K, wherethe indi-
catederrors are two least-squaresstandarddeviations,
and

k(CHCIBrCF,) = 4.63 x iij’-’~cm’ molecule’-’ s’-’ at 298K,

with an estimated overall uncertainty at 298 K of ±40%.
CH,CH,C! and CI-I,CHC!CH,. The rate constantsof

Markert and Nielsen’ and Donaghy eta!.9 are given in
Table 65. For both chloropropanes, the room tempera-
turerateconstantsexhibitasignificantamountof scatter.
Furthermore,the absoluterateconstantdata of Markert
and Nielsen8 are quite scattered for both compounds.
Based on the relative rate constants Of Donaghy eta!.,9

rate constants of

k(CH,CH,Cl) = 1.0 x 10’-” cm’ molecule’-’ s’

k(CH,BrCF,) = 1.62 x 10’~cm’ molecule’-’ s’-’ at 298 K, and

with an estimatedoverall uncertaintyat 298 K of ±40%.
CHC!,CHC!,. The absolute rate constantsof Jiang

eta!.” are given in Table 65. Theserateconstantsare a
factor of —2 lower than thoseof Xing eta!.” and Qiu
eta!.’4 No recommendationis made.

CHFBrCF,. The rate constants of Orkin and
Khamaganov6aregiven in Table 65.Theserateconstants
are in goodagreementwith the absoluterateconstantsof

k(CH,CHCICH,) = 9.0 x 10’-” cm’ molecule’-’ s’-’

at 298 K are recommended,both with estimatedoverall
uncertaintiesof ±40%.

OtherHa!oa!kanes.For the otherhaloalkaneslisted in
Table 65,only single studies (or studies conducted by one
research group) have been carried out and no recommen-
dations are made.

‘.1. Phys. Chem. Ref. Data, Monograph No. 2
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Table65. Rateconstantsk andtemperature-dependentparametersfor thegas-phasereactionsof the OH radicalwith haloalkanes-

Temperature
1012 >< A (cm3 B 1014 x k (cm3 rangecovered

Haloalkane molecule’ s’) n (K) molecule—’ ~‘) at T(K) Technique Reference (K)

CH3F 1.61 ± 0.08 296 ± 2 RR [relativeto Wallingtonand Hurley’

k(acetylene) =7.99 x

1.51 ± 0.08 296 ±2 RR [relative to Wallington andHurley’
k(methane)
6.57 x 10 ~

CH3CI 146.3 ± 4.8 742 LP-LIF Tayloreta!.2 742—955 —I
167.0 ± 4.6 775 o
217.0 ± 10.3 875 V

247.1 ± 11.9 925 0(ft2.90 x io—~ a89 1447 ± 75” 267.0 ± 31.7 955
I
‘ii

CH3Br 0.98 ± 0.04 233 LP-L1F Mellouki eta!.3 233—379
1.22 ± 0.02 243
1.55 ± 0.03 251
1.39 ± 0.06 253 I
1.43 ±0.04 253 In
1.48 ± 0.06 253 —0)
1.70 ± 0.05 263 —I
1.99 ± 0.04 273
2.08 ± 0.11 273
1.97 ± 0.08 273 0m
2.31 ±0.05 284 o
2.84 ± 0.06 296
2.82 ± 0.06 296 C)
2.71 ± 0.05 296 z
3.03 ± 0.11 296 —C)
3.51 ±0.06 313

C)
3.80 ± 0.08 321 o
4.08 ± 0.13 322
4.40± 0.10 326
4.63 ± 0.10 337 0C
5.75 ± 0.20 350 Z
5.62 ± 0.12 352 0

U)6.34 ±0.25 3M
6.67 ±0.40 366
8.00 ± aos 3780

2.35 1300 ± 150 7.66 ±0.22 3790

•0

z -&

p CD
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Table 65. RateconstantsIc andtemperature-dependentparametersfor the gas-phasereactionsof the OH radicalwith haloalkanes— Continued

- L17±

2.77 ±0.74 296
2.96 ± 0.83 298
6.51 ±0.97 340
12.3 ± 1.3 400

1012 x A (cm’ B 1014 x k (cm3
-

Temperature
rangecovered

Haloalkane ~ r’) n (K) molecule_Is~) at T(K) Technique Reference (K)

0.29 250
1.33 ± 0.19 250
1.68 ±0.30 270
2.25 ±0.56
2.81 ± 0.31

283
295

PP-RE Zhanget al,4 250—400

ro CH,C12

Ct-12Br7

5.79 1560 ± 150

14.7 ± 1.8
16.1 ±3.0 - 309

- 24.8 ±2.3 335
24.2 ± 4.6 340

: 29.4 ± 5.6 376
43.9 ± 5.8 415
43.3 ± 4.2 425

- 61.5 ± 13.8 455
65.1 ± 10.6 474
85.8 ± 11.8 495
81.8 ± 10.0 535
101.4 ± 7.6 575

- 135.3 ± 13.0 615
148.1 ± 8.3 655

- 165.6 ±11.6 695
- 184.5 ± 13.3 735

213.0 ± 12.8 775
- 259.0 ± 11.7 896

4.01 x 10’’ 1.09 771 ± 48 316.0 ±39.2 955

-

6.0 ± 0.2
6.8 ± 0.2
7.0 ± 0.3
&8 ± 0.4
8.4 ± 0.4
9.5 ± 0.5
10.6 ± 0.3
11.1 ± 0.4
12.0 ± 03
103 ± 0.3
11.3 ± 0.6
12.0 ±0.2
13.5 ± 1.0
17.4 ± 1.0

243
253
253
253
268
283
296
296
297
298
298
300
324
350

1.91 840 ± 100 21.1 ± 0.7 380

295 LP-LIF Tayloreta! •2 295—955

LP-L1F Mellouki eta!.’ 243—380

~‘ ~ s~o~
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Table65. Rateconstantsk andtemperature-dependentparametersfor thegas-phasereactionsof the OH radical with haloalkanes— Continued

CUCI,

0.93i~M~

4.65 x ir5 132

0.045
0.72 ±0.051
0.89 ±0.064
1.32 ± 0.096
3.00 ± 022

LAO ± 0.09
1.32 ± 0.09
1.64 ± oa2
2.07 ± 0.15
2.52 ±0.19
4.03 ± 0.28

1326 ± 33 5.80 ± 0.5

11.2 ± 1.0
14.2 ± 2.7
17_i ± 2.0
20A ± 1.2
24.2 ± 1.3
28.9 ± 4.5
29.8 ± 12
32.6 ± 12
44.0 ± 3.1
473 ± 17
6i6 ± 6.1

68.1 ±5.0
70.2 ±4.3

261 ± 42 - 84.7 ±5.0

<0.0002

<0.04

<0.04

43 ± 5
66 ± 4
83 ± 8
82 ± 16

1083 ± 361 95 ± 13

298
318
330
370
460

298 DF-EPR
314
329
350
370
410
460

295 LP-LIF
327
360
390
429
452
456
480
540
600
670
700
730
775

298 DF-EPR
460

295 PR-RA
307
315
333
360

CHF2CI 0.49 ±

1012 x A (cm3 B 1014 x Ic ~cm3 Temperature
rangecovered

Haloalkane molecute’’ r’) n (K) molecuir’ r’) at T(K) Technique Reference (K)

CHE2Br

0.8it’j-~- 1516 ± 53

DF-EPR Orkin andKhamaganov’ 298—460

CF4

CF,flr

CL-l-,CH2CI

Orkin andKhamaganov6 298—460

Tayloreta! 2 295—775

d - Ravishankaraeta!.’

Orkin andKhamaganov6 298—460

Markert andNielsen~’ 295—360

c

0

0
cc
•0
z
0
n

24 ±4

-l

0
0
U)
•0
r
m

C)
C,
I
Ph
U)
-t

-C
0m
0
C)

z
C)
C)
0
-U
0
C
z
a
U)

-S
CD
0)
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28.2 ± 1.4
30.9 ± 20
35.8 ± 1.9
39.2 ± 0.6
46.5 ± 1.9
54.2 ± 1.2
64.5 ± 2.1
75.8 ± 2.2
89.1 ± 3.8
97.8 ± 2.7
114 ± 4.4
122 ± 9.4
134 ± 12.1
162 ± 18.0

—378 ± 18 188 ±74

t.1 ± 0.1
2.9 ± 0.6
5.0 ± 1.0
9.4 ±0.6
10.9 ± 2.9
12.2 ± 1.2
12.7 ± 0.9
183 ± 13
20.2 ± 1.0
21.8 ± 2.8
23.5 ± 3.8
33.1 ± 81
36.8 ±3.6

54.5 ± 2.0
1068 ± 108 72.6 ±3.9

0.50 ±0.044
023 ± 01)66
1.14 ± 0.08
L42 ±011

331 ±0.24

RR [relativeto
k(ethane)=
2.64 x 10—”]~

298 DF-EPR
330
360
370
460

350
400
457
460
495
513
527
535
560
604
642
671
720
761

- L: - --- - ~.‘jk~!’~IiI.~ _ ., -

0

0
ID
3

2.
Da
0

~2
DI

z
0
I0

Table 65. RateconstantsIc andtemperature-dependentparametersfor thegas-phasereactionsof the OH radical with haloalkanes— Continued

CH,CH2Br - fl’I ± 0.8 300

jg2 x A (cm’ - B io’~x Ic (cm’
Temperature
rangecovered

Haloalkane - molecule”’ ~‘) n (K) - molecule”’ s’’) at T(K) Technique Reference (K)

-4

CDa

Donaghyeta!.2

CH,CIICI2

CH,CCI,

CH
2

FCF
3

2.02 x io”~ 2.67

2.78 x 10—6 2.08

1.03!’j:I~

294 LP-LLF Jiang eta!.’° 294—800
-321
338
362
401
441
482 -

521
560
602
640
680
719
760
800

298 LP-LIF Jiangeta!.” 298—761

Orkin andKhamaganov’ 298—460

z
0)
0z

1588 ± 52
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Table65. RateconstantsIc andtemperature-dependentparameters-for the gas-phasereactionsof the OH radicalwith hatoalkanes— Continued

Temperature
jQl2 x A ~cm’ B 10’~x Ic (cm’ rangecovered

Haloalknne molecule”’ C’) n (K) molecule’’ s”’) at T(K) Technique Reference (K)

CH2BrCF, 11)8 ± 0.08 280 DF-LIF Nelsoneta!)
2 280—353

1.45 ± 0.13 294
1.99 ± 0.07 318
2.35 ± 0.15 328

1.39 ± 0.6 1350 ± 195 3.01 ± 0.10 353

2.05 ± 0.16 298 DF-EPR Orkin andKhamaganovt 298—460
3.06 ± 0.21 338

4.81 ± 0.34 389 - —1
0.85±&’S~ 1113 ± 35 7.65 ±0.55 460

CH2CICCI, 2.0 ± Q44 295 LP-LIF Jiangeta!.’3 295—882
3.1 ± 0.5~ 326
19 ± 0.8’ 335
5.8 ± 1.3c 362 Ph
9.2 ± L4° 403
15.3 ±3.6’ 452

16.6 ± 1.7~ 460
24.2 ± 12 480 -

26.2 ± 7.2 501 -

39.9 ± 6.5 544 -

57.8 ± 11 575
60.4 ±4.8 579
66.1 ± 3.9 623 0
85.0 ± 6.6 663 _T1

118±34 696 0
84.6±18 701

119±33 737 - -

153±20 777
148±12 783
171±15 832

3.38 x 10” 1.21 - 1553 ± 92 215 ± 30 882

CHCI,CHCI2 10.9 ±2.7 295 LP-LIF Jianga a!.” 295—701
13.8 ± 2.0 316 - C

15.4 ± 1.9 326
19.8 ±2.6 340 U)
27.1 ± 1.0 382

30.6 ± 2.1 402

32.0 ± 2.1 422
a 37.4 ±3.4 442

52.2 ±17 520
63.6 ± 6.3 552
80.6 ±72 640

0.776 0.22 915 ± 62 89.6 ±8.1 701
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- Temperature
1012 x A (cm’ - B lO~x k (cm’ - rangecovered

Flaloalkane molecule”’ s’’) n (K) molecule”’ s”l) at T(K) Technique - Reference (K)

CHFCICF2CI - 1.23 ± 0.10 298 - DF-EPR Orkin and Khamaganov’ 298-460

0.92tg3~ 1281 ± 85

0 72~°-°’ 1111 ± 32

1 13*02’“CL 16

5.30 ± 041
6.75 ± 0.48
9.38 ± 0.72

CHCIBrCF,

l.28ii~i~ 995 ± 38

4.50 ±0.40 298

5.82 ± 0.41 317
7.15 ±0.5 341
8.64 ± 0.6 370
9.53 ± 0.67 389
11.10 ± 0.78 410
14.90 ± 1.4 460

DF-EPR Orkin andKhamaganovt 298—460

CF2BrCF2Br

CH,CH2CH2CI

<01)4
<0.04

96 ± 4
68 ± 7
147 ± 6
176 ±2
116 ±7
180 ±20

1443±482 160±3

Orkin andKhamaganov6 298—460

Markert andNielsent 295—353

Ill ± 3 305 RR [relative to
Ic(2-methyl-

DonaghyetaL9

Table 65. RateconstantsIc andtemperature-dependentparametersfor thegas-phasereactionsof the OH radicalwith haloalkanes— Continued

0

0

cc

z
0

CUFBrCF,

CUCl,CF2C

1.67 ± 0.12 313
1.81 ± 0.13 330
2.19 ± 0.16 344
2.74 ±0.22 360
2.68 ± 0.19 370
5.63 ± 0.41 460

L75 ±017 298 DF-EPR
2,02 ±014 314
2.35 ± 016 330
2.95 ± 0.27 350
3.61 ± 0.43 370
4.60 ± 0.32 410
6.22 ± 0.48 460

298 DF-EPR
330
370

918 ± 52 15.90 ± 1.10 460

Orkin andKhamaganov6 298—460

Orkin andK]iamaganov’ 298—460

100 ± 30

298 DF-EPR
460

295 PR-RA
295
317
328
331
333
353

propane)= 2.39
x 10’~]’ -



Table 65. RateconstantsIc andtemperature-dependentparametersfor the gas-phasereactionsof the OH radicalwith haloalkanes— Continued

1012 x A (cm’ B 4Q14 x Ic @m’
Temperature
rangecovered

t-laloalkane molecule”’ s”I) n (K) molecule”’ s’’) at T(K) Technique Reference (K)

87.1 ± 2.5 308 RR [relativeto Donaghyeta!.9

Ic (ii -pentane)
4.11 x

112 ± 10 303 RR [relativeto Donaghyeta!.9

Ic (cyclohexane)7,60 x jft”12Ja

—I
CH,CH2CH2Br 118 ± 1 300 RR [relativeto Donaghyeta!.9 - —

k(cyclohexane) -U
- 734 x 10”9’ 0

•0
CH,CHCICH, 43 ± 4 295 PR-RA MarkertandNielsent 295—353 I

104±7 313
95±3 333 5

50±6 1323±842 101±4 353
I

92,0 ±4,6 303 RR [relative to Donaghyeta!.9 Ph
k(cyclohexane) —
= 7.60 )c 10—”]”

CFl,CHBrCH, 87.6 ± 11.3 298 RR [relative to Donaghyetah
9

k(cyclohexane)
= 7.49 x 10’’~]” 0

CH,CICI-I2CH,CI 77.9 ±3.1 305 RR [relative to Donaghyeta!.’ C)
kfryclohexane)
= 7.64 x 10””J —

0 C)

CF~CHFCF1 a144± 0.042 294 DF-LIF Nelsoneta!.” 294—369
0.165 ± 0.028 295
0.166 ± 0.06 297
0.241 ±0.013 321
0.253 ± 0.011 323 z
0.323 ±0.024 343 a
0,332 ±0.020 343 0)
0.325 ±0.063 346

0.493 ± 0,061 368
3.7 ± 1.1 1615 ± 190 0.472± 0.033 - 369

-S

CD
—1



Table 65. RateconstantsIc andtemperature-dependentparametersfor thegas-phasereactionsof the 01-1 radical with haloalkanes— Continued

Temperature
iO” x A (cm’ B 10’~x Ic (cm’ rangecovered

Ualoalkane

CH,CH,CH,CH,C

molecule”’ s”’) n (K) molecule”’ s”’) at T(K) Technique Reference (K)

I 169 ± 9 295 PR-HA Markertand Nielsen8 295—353
210 ± 10 295
114±6 295
128±5 295
231±7 320
234±9 334

28±9 842±482 214±6 353

CU,CH,CH2CH,Br 246 ± 8 299 RR [relative to DonaghyetaL
9

Ic (cyclohexane)

= 7.51 x

(CU,),CCI 41.2 ± 43 298 RR [relative to Donaghyeta!.9

- Ic(cyclohexane)
= 749 ~

CHF,CFZCFZCHF, 9.126 ± 11050 245 FP-RF Zhangaol.’4 245—419
0.322 ± 0.033 266
0.279 ±0.024 266
0.418 ±0.030 296 —4
0.780 ±0.120 335 3
1.12 ± 0.17 380

0.780 ±0.340 1510 ± 260 2.53 ± 0.26 419 0
z

CH,CH,CU,CU,CH,Cl 336 ± 7 295 PR-RA Markert andNielsent 295—353
275±8 295

450±20 319
390 ±30 331

17±3 481±361 380±20 353

CU,CH,CH,CH,CH2BT - 396 ± 14 304 RR [relativeto Donaghyeta!.’
Ic(cyclohexane)
= 7.62 x iO”’’9” -

CF,CI-IFCI-IFCF,CF, 0.156 ±0.039 250 FP-RF Zhangeta!.’4 250-400
0.194 ±0.029 270
0.267 ±0.036 270

0.387±0.038 295
0.630±0.097 330
0.887±0.103 365

0.424 ± 0.128 1400±180 1.28 ± 0.23 400



Table65. RateconstantsIc andtemperatUre-dependentparametersfor thegas-phasereactionsof the OH radicalwith haloalkanes— Continued

Temperature
1012 x A (cm’

Hnloalkane molecule”’ r’) n
B
(K)

jQI4 x Ic (cm’
molecule”’ s”~) atT(K) Technique Reference

rangecovered
(K)

CH,CU,CFI2CH,CU,CH2CI 360 ±30
400±30 -

470±10
510 ± 50

- 470±40
570 ± 40
500±40
380 ±30
520 ± 10

295
295
319
333
333
339
339
339
343

PR-HA

-

Maikert andNielsen8 295—353

16±2 - 361±241 - 410±20 353 -

CH,CU,C}1,CH,CU2CH,Br 585 ± 21 306 KR [relative to
Ic(cyclohexane)
= 7.67 x

Donaghyeta!.
9

-

“From present(Section3.2) andprevious”recommendations.
bCombinedwith the previousmeasurementsof Tayloreta!.’6

cr.Jot reported,expectedto be roomtemperature.
dNot reported,expectedto be LP-LIF.

~O,rrectedfor the presenceof CHCI=CCI, impurity.’-’

~0
0~
w
03.
ID
3

0

0
3
0cc
-I

C
3.
z
0
P.)
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7.2.3. Haloalkenes

The rate constantsreportedfor the reactionsof the
OH radicals with haloalkenes since Table 39 was final-
ized aregiven in Table 66.

CHCI = CCI,. The absolute rate constantsof Jiang
et a!.,’ measuredat 740 Torr total pressureof helium
diluent, are given in Table 66. At room temperature,the
rate constantof Jiangeta!.’ is 65—70% higher than the

J. Phys. Chem. Ref. Data, Monograph No. 2

recommendationof Atkinson,3althoughthe discrepancy
decreaseswith increasingtemperature.While this effect
could be dueto the rate constantbeingpressure-depen-
dentat total pressuresup to several hundredTon, the
temperaturedependenceof the rateconstantsmeasured
by Jiangeta!.,’ of B = —1000K, appearsanomalously
high. In the absenceof furtherconfirmationof thesedata
of Jiang eta!.,’ the previous recommendation’is un-
changed.

CF3CF = CF,. Mcllroy andTully’ havemeasuredrate
constants for the reaction of the OH radical with
CF3CF=CF,over the temperaturerange293—831K. At
293 K, the rateconstantis independentof total pressure
of helium overthe range75—750Torr. The reactionis as-
sumed to proceedby OH radical addition at tempera-
tures~500K.’ Non-exponentialdecaysof the OH radical
concentrationwereobserved’overthetemperaturerange
528—641 K, indicating either thermal decompositionof
the HOC,Foadductbackto reactantsor generationof an
F atom which reactedwith the H,O presentto reform
OH radicals.At temperatures>736K., the measured
rate constantexceedsthat for the OH radical addition
pathway extrapolated front the 293—489K temperature
range,indicating a direct reactionprocess.’

References
‘Z. hang,P. H.Taylor, andB. Dellinger,3. Phys.Chem.97,5050(1993).
‘A. Mcilroy andF. P. Tully, 3. Phys.Chem.97, 610 (1993).
‘R. Atkinson, 3. Phys.Chem.Ref. DataMonograph1, 1(1989).

7.2.4. Alkynes

Lai eta!.’ havemeasuredthe forwardandreverserate
constants for the reaction of the OH radical with
acetyleneover the temperaturerange627—713 K at 414—
864 Torr total pressureof He.

OH + C,H, ~ C,H,OH (a,—a)

Under thesetemperatureand pressureconditions,the
rate constants ka and k’-a are in the fall-off regime be-
tween second- and third-order kinetics and first- and sec-
ond-order kinetics, respectively.2 For 760 Torr of Ar
diluent, Atkinson’ used the Troe fall-off modelto calcu-
late rateconstantsk, for the addition of the OH radical
to C,H, (H-atomabstractionis of no importanceat 627—
713K) of —8 x 10-” cm’ molecule’-’ s’-’ at 710K and
—1 x 10” cm’ molecule’ s’-’ at 625 K. The rate con-
stantsk, obtainedby Lai eta!.’ arein accordwith these
calculations,’with ka = (1.1 t 0.2) x 10” et’~’° 5®)IT

cm’ ~ s for the restrictedset of pressureand
temperature conditions employed.

References
‘L.~H.Lai, Y.-C. Hsu, andY.~P.Lee, 3. Chem.Phys.97, 3092 (1992).

•‘R. Atkinson, 3. Phys.Chem.Ref. DataMonograph1, 1(1989).



Table 66. Rateconstantsk andtemperature-dependentparameters,k A ~ for thegas-phasereactionsof theOH radical with haloalkenesat,or closeto, the high pressurelimit

rateconstantsat 750Tort total pressureof helium diluent.

Temperature

1-laloalkene
jQJ2 x A (cm-’

moleeule~C’)
B
(K)

t0~2x k (cm’
molecule’s’ at T (K) Technique Reference

rangecovered
(K)

CHCJ=CCJ2 3.97 ± 0.45 295 LP-LIF Jiangnol.’ 295—460

.

3.08 ± 0.23
2.84 ± 0.29
2.17 ± 0.21
1.58 ± 0.16
1.23 ± 0.12

1.18 ± 0.11

326
335
362
403
452
460

.

~
.

Hexafluoropropenea 2.32 ± 0.10 293 LP-LIF Mdllroy andTully2 293—831
(CF,CF=CF2) 2.10 ±0.09 326

0.99 ± 0.064 —245 ± 23
(293—489 K)

1.87 ± 0.08
1.74 ± 1109
1.66 ± 1108

378
438
489 .

1.16 ± 1107
1.32 ±0.08
1.56 ±0.10
1.61 ± 110
1.72 ± 0.11
1.74 ±1111

656
713
736
753
794
831

-4

0
•0
0
‘I)
-U
I
iii

C)
C)
I
lii

(p
-4

0
-U
0
C)
z
C)
C)
0

0
C
z
a
U,

to
0-s
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7.2.5. Oxygen-Containing Organic Compounds

The rateconstantsreportedsinceTable41 was final-
ized aregiven in Table 67.

2-Propanol.The absoluterateconstantsdeterminedby
Dunlop and Tully’ for (CH,),CHOH, (CH,),CHOD,
(CH,),CDOH, (CD,)2CHOH and (CD,),CDOD are
given in Table 67. For the reactionof “OH radicalswith
(CH,),CHOH,non-exponentialdecaysof the “OH radi-
cal were observed over the temperaturerange 504—
600K.2 Above 600 K, exponentialdecays of the “OH
radicalwereobserved,with the rate constantsbeingsig-
nificantly lower than expectedfrom extrapolationof the
lower temperaturedata.’ At 548 and 587 K, rate con-
stantswereobtainedfrom the exponentialdecaysof ~

radicals.Theseobservationsareexpected~~0from the re~
action sequence

H,0+ (CH,)2CHô (a)

OH + (CH,),CHOH ‘ H,0+ CH,C(OH)CH, (b)

H,O +CH,CH(OH)CH2 (c)

with theCH,CH(OH)CH,radicalformedin channel(c)
being identical to that formed from OHradical addition
to propene,and undergoingthermal decompositionat
temperatures~60OK.’

CH,CH(OH)tH, -~ CH,CH= CH, + OH

• Thus at temperatures�500K the measuredrate con-
stantfor reactionwith “OH radicalsis ka + kb + k~,while
for temperatures>600K the measuredrateconstantfor
“OH radicalreactionis k, + kb (the “OH radical reac-
tion leadsto a measuredrate constantfor k. + kb + ICc
since “OH radicals and not “OH radicalsare regener-
ated).Becauseof expectedrapid exchangeof the H and

• D atomson the —OH or —OD groups,the rate constants
for (CH,),CHOD and(CH,),CHOH areidentical (note
that H or D atom abstractionfrom the —OH or —OD
groupsis alsoof minor importance)[Table 67].Fromthe
rate constantsobtainedfor (CH,),CHOH and the par-
tially or fully deuteratedspecies,Dunlop and Tully’ ob-
tained a rate constant ratio of kJ(k, + kb + k0) for
(CH,),CHOH of

kcl(ka + kb + k~)= 0.698e52~~~

over the temperaturerange293—502K.
The rate constants of Dunlop and Tully’ for

(CH,),CHOH are lower than those of Wallington and
Kurylo” by — 10—20%over the temperaturerangecom-
mon to both studies(293—440K). A unit-weightedleast
squaresanalysisof the “OH and “OH radical reaction
rateconstantsof DunlopandTully’, usingthe expression
k = CT’ ~ leads to the recommendation of

4. Phys. Chem. Ret. Data, Monograph No. 2

k(2-propanol) =

(4.06 ± 0.11) x 10 T’ et784
“~“~cm’ molecule’s~’

over the temperaturerange 293—587K, wherethe indi-
catederrors are two least-squaresstandarddeviations,
and

k(2-propanol) =

5.07 x 10’-” cm’ ~ s’-’ at 298K,

with an estimatedoverall uncertaintyat298 K of ±20%.

This recommendationsupersedesthat in Sec. 3.6 of

k(2-propanol) = 7.32 x 10~T’ e”°”~cm’ molecule’ s’-’

overthe temperaturerange240—440K, with a 298 K rate
constantof 5.21 x 10—” cm’ molecule’sfl’.

2,2-Dimethylpropan-1-ol(Neopentylalcohol).The abso-
lute rateconstantsdeterminedby Tully’ for the reactions
of “OH and“OH radicalswith (CH3),CCH,OHaregiven
in Table67. For the “OH radical reaction,exponential
“OH radical decayswere observedat all temperatures,’
while for the “OH radical reactions non-exponential
“OH radicaldecayswereobserved’overthe temperature
range437—572K (the rate constantsobtainedfrom the
initial portionsof thesenon-exponentialdecaysaregiven
in Table67). While non-exponentialdecaysof “OH rad-
icals were observedover a fairly limited temperature
range,’ indicating some (slow) reformationof “OH radi-
cals,’ thedataobtainedshowthat thepreviouslyobserved
reactionschemeof

OH + alcohol —* H,O + OH + alkene

•at temperatures �500 K’° does not occur to any signifi-
cantextentfor neopentylalcohol.This lack of significant
regenerationof OH radicals from the OH radical reac-
tion with neopentylalcohol is expected,since neopentyl
alcoholdoesnot containanyabstractable13-H atoms(see
abovediscussionfor 2-pentanol).
• DI-isopropy! ether. The absoluteandrelative ratecon-
stantsof McLaughlin aal .~and Wallington et al~ are
given in Table 67. The room temperatureabsoluteand
relative rate constants of McI..oughlin etal.4 and
Wallingtonet a!.5” are in excellentagreementwith those
of Nelsoneta!.” given in Table 41 of Sec.3.6. Overthe
temperaturerangeemployedby Wallington eta!.,5 the
rate constantswere well fit by an Arrheniusexpression

•and no evidencefor curvaturein the Arrheniusplot was
observed.5 Accordingly, a unit-weighted least-squares
analysisof the absoluterate constantsof Nelson eta!.”
andWallington et al.’ and the relative rate constantsof
Nelson et al .,“ McLaughlin etal .,“ and Wallington

etal.,5” using the Arrhenius expressionk = A e~T,

yields the recommendationof

k(di-isopropyl ether) =

(2.20~9~)x 10’-” e~45’± 120)/I’ cm’ molecule’-’ sfl’’

over the temperaturerange 240—400K, wherethe mdi-

•F
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di-isopropyl ether) =

1.02 x 10~’cm’ molecule’-’ s’-’ at 298K,

an estimatedoverall uncertaintyat 298K of ±25%.
thy! ten-btayl ether. The relative rate constantsof

•llington et a1.5~’given in Table 67 are in excellent
eementwith the recommendedrate constantfrom

3.6of

t(ethyl t-butyl ether) =

3.34 x 1O’~cm’ molecule’-’ s’ at 298K.

ais recommendationis henceunchanged,althoughthe
stimatedoverall uncertaintiesare reducedto ±30%.
Methy! t-atny!ether.Theabsoluteandrelativeratecon’-

tantsof Wallington eta!.’ aregiven in Table67. These
torn temperaturerateconstants6are —30% lower than
the previouslyreportedabsoluteroom temperaturerate
constantof Wallington eta!.,” and reanalysis’ of the
ethersampleusedby Wallingtoneta!.” showedthe pres-
enceof a reactivealkeneimpurity. An Arrheniusplot of
the absoluterate constantsof Wallington eta!.’ showed
no evidenceof curvature’Hence,a unit-weightedleast-
squaresof the absoluteand relative rate constantsof
Wallingtoneta!.,’ usingtheArrheniusexpressionk = A
e’-~’,yields the recommendationof

k(methyl t-amyl ether) =

(6.49t}:t~) x 10’-” e~4’ “~“~cm’ molecule’-’ s’-’

over the temperaturerange 240—400K, wherethe indi-
catederrors are two least-squaresstandarddeviations,
and

k(methyl i-amy! ether) =

5.52 x 10’-” cm’ molecule’-’ s’ at 298 K,

with an estimated overall uncertainty at 298 K of ±35%.
n-Propyl acetateand n -butyl acetate.The relativerate

constantsof Williamseta!.’ aregivenin Table67. Forn-
propylacetate,therateconstantsof Williams eta!.’ arein
good agreementwith the previous recommendationof
Atkinson’ of

k(n -propyl acetate)= 3.4 x 10’-” cm’ molecule’-’s~’at298K,

which is thereforeunchanged.
For n -butyl acetate, the rate constantsof Williams

eta!.’ are —35% higher thanthe previousabsoluterate
constantsof Hartmanneta!.’4 and Wallington eta!.’5 A

unit-weightedaverageof the absoluteand relativeroom
temperaturerateconstantsof Hartmannaal .,“ Walling-
ton et al .‘~ andWilliams aal.’ leadsto the recommenda-
tion of

k(n-butyl acetate)= 4.9 x 10’-’~ cm’ molecule’-’ s’-’ at298K,

with anestimatedoveralluncertaintyof ±50%.Thisrec-
ommendationsupersedesthatof Atkinson9of

k(n-butylacetate)= 4.2 x 10’-” cm’ molecule’-’ s’-’ at298K.

I-Acetoxy-2-ethoxyethane.The relativerateconstantsof
Williams eta!.’ given in Table 67 arein good agreement
with the room temperaturerate constantof Hartmann
eta!.,” of (1.3 ± 0.2) x 10’-” cm’ molecule’-’ s’-’ at
298 K. Accordingly, aunit-weightedaverageof the room
temperaturerate constantsof Hartmann eta!.” and
Williams eta!.’ leadsto the recommendationof

k(1-acetoxy-2-ethoxyethane)=
1.14 x 10’-” cm’ molecule’-’ r’ at 298 K,

with an estimatedoverall uncertaintyof ±40%.
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‘F. P. Tully, 23rd InternationalSymposiumon Combustion,1990;The
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Table 67. Rateconstants/t and temperature-dependentparametersfor thegas-phasereactionsof the OH radicalwith oxygen-containingorganiccompounds

1012 x A (cm3 B 1012 x k (cm3 Temperature
rangecovered

Oxygenate molecule r’) n (K) molecule’r’) at T (K) Technique Reference (K)

Aldehydes

0
A

~~1

Formyl fluoride

[HC(O)FJ

Alcohols

<0.0041 296 ± 2 RR[relative to
k(CH3F) 1.62
x

0
C,ni

Wallington andHurley’

Dunlop andTully22-Propanol 5.10 ±011 293 LP-LIF 293—745
[(CH3)2CHOH] 4.89 ±0.20 326

4.68 ±0.20 378
- - 4.73 ±0.22 438

.-

1.044 x 10~ 1.86 736
(293—587K)

4.86 ± 0.24
5.16 ±027’,
5.37 ±0.47”

502
548
587

-

3.93 ± 0.29
3.96 ±0.27
4.06 ± 0.26
4.42 ± 0.38

624
643
653
745

2-Propanol-d, 5.13 ± 0.22 293 LP-LIF Dunlop andTully2
- 293—502

[(CH3)1CHOD] 4.88 ± 0.20
4.68 ± 0.20
4.82 ± 0.23
4.86 ± 0.25

326
378
438
502

.

2-Propanol-d, 3.23 ± 0.13 293 LP-LIF Dunlop andTulty2 293—502
[(CH3)2CDOII] 3.13 ± 0.13 326

- 3.21 ± 0.14
3.38 ± 0.16
3.58 ± 0.19

378
438
502

2-Propanot-d6
4.68 ± 0.20 293 LP-LIF Dunlop andTutiy2 293—502

[(CD
3

)
2

CHOHJ 4.37 ± 0.18 326

-

4.12 ±0.17
4.04 ± 0.18
4.13 ±0.20

378
438
502 -

2-Propanol-d8 2.71 ± 0.11 293 LP-LIF Dunlop and Tully2 293—587
[(CD.~)

2
CDODJ 2.60 ±0.11 - 326

z
C’)
0
z

2.64 ±0.11 378
2.76 ±0.13 438
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Table 67. RateconstantsIc andtemperature-dependentparametersfor thegas-phasereactionsof the Of-I radicalwith oxygen-containingorganiccompounds— Continued

j~12 x A (cia3 B 1012 x Ic (cia3 Temperature
rangecovered

Oxygenate mo~ecuIe’r’) a (K) motecule’’~1) at 7(K) Technique - Reference (K)

2,89 ± 0.14 502

3.30 ± 0.21” 587

2,2-Dimethylpropan-1-ol - 5.53 ± 0.24 293 L1’-LIF Tull? 293—764
[(CH3)3CCH2OH] 5.41 ±- 0.24 327

5.41 ± 0.25 377.5

5.66 ± 035’ 437.5
5.62 ± 0.27” 438,5

5.78 ± 0.37’ 456
5.73 ± 0.2)” 456 -

6.11 ± 038’ 478
5.90 ± 0.30” 489

6.08 ± 0.38’ 501
6.25 ± 0.40’ 521.5

&42 ± 0.40c 546
632 ± 0.3’P 547

6.89 ± 037’ 572
7.42 ± 0.41 596

6.97 ± 0.39” 596
7.47 ± 0.42 601

7.83 ± 0.48 619.5
8.82 ± 0.58 645
9.08 ± 0.57 673
10.4 ± 0.67 - 715.5
11.6 ± 0.75 763.5

Ethers

Di-isopropyl ether - 10.6 ± 0.5 300 ±3 RR [relative to McLoughlin etaL1

[(CH,)2CHOCX-1(C1-1,)2J - Ic (diethylether)
= 1.31 x 10”~h]a

12.9 ± 1.4 240 Fr-RE Wallingtoneta!? 240—400
12.4 ± Li 270
10.6 ± 0.9 296
10.8 ±0.9 296

8.67 ± 1.16 330
6.51 ± 1.02 365

—445 ± 145 6.98 ± L38 400

9.81 ± 0.23 295 ± 2 RR [relative to Wallingtonet at?
Ic(cyclohexane)

= 7.43 x
“30
In



I’.)‘metersfor the gas-phasereactionsof the OH radical with oxygen-containingorganiccompounds 0Table67. RateconstantsIc andtemperature-dependent - a

Temperature
-Q rangecovered

1012 x A (cm3 B at T (K) Technique Reference - (K)
Oxygenate molecule’’C’) n (K)

RR [relative to Wallington and1-luiley’
‘H

3
F) 1.62

- rtpEthyl t-butyl ether 8.t ~ ‘a cZ
[CH3CH2OC(CH3)3] - - -~ % >

~ ‘.~lopandTully2 293—745
~io

8.62±0.~.

1

Methyl t-amyl ether 5.12 ± 0.48 °~°
0 0[CH3OC(CFI3),CH2CH3] 5.76 ± 0.43 3

5.68 ± 0.36 rn
5.66 ± 0.38 .~

5.45 ± 0.48 36
- 632±0.72 - 40±70 5.85±0.62 400

5.33 ±0.24 295 ± 30

CH3OCH2CH2CI 4.69 ±0.28 300 ± ~

CH
3

OCH,CHCI
2

- 2.27 ±0.11 300 ± 3 R.k (a= 1..CH3OCH2CH2Br 6.64 ±0.23 300 ± 3 RR [rek ,.,lin eta!.1k(diethyl1.31 x -CH
3

CHFOCF
2

CH
2

CI <0.3 300 ± 3 - RR [relative to McLoughlin eta!.4k(diethyl ether)1.31 x 10J~CHF
2

OCHCICF
3

<0.3 300 ± 3 REt [relative to McLouglilin eta!.4k(diethyl ether)- = L31 x



Table 67. RateconstantsIc andtemperature-dependentparametersfor the gas-phasereactionsof the OH radicalwith oxygen-containingorganiccompounds — Continued

CH,OCF,

CU F
2

0CF
3

0.0214 ± 0.0015 296

0.00338 ± 0.00041 296
0.00356 ± 0.00062 296

RR [relative to
k(diethyl ether)
= 1.31 x io—’’]~

Zhangeta!.7

Zhanget at.7

CHF,OCHF,

CH,OCH
2

CF
3

0.0253 ±0.0024
0.0241 ±0AJ016

0.624 ±0.067 296 FP-RF

Zhang eta!.7

Zhangeta!.’

n-Propyl acetate
[CH,C(O)OCH

2
CH,CH,]

n-Pentylacetate
[CH,C(O)OCH,CH,CH

2
CH,CH,]

297 ± 2 RR [relativeto
k(propene)=

2.65 x try

297 ± 2 RR [relative to
k(n-butane) =

2.53 x 1012y

Williams eta!.8

Williams eta!.
8

RR [relative to Williams eta!.8

k(propene)=

2.65 x

-4

0-a
0
C,)
-U
I
m

C)

CHF,OCF,CHFCI <0.3 300 ± 3

10(2 x A (cm’ - B 1012 x k (cm’
Temperature

rangecovered
Oxygenate - moleculr’ r’) n (K) molecule’s’’) at T (K) Technique Reference (K)

McLoughlin etaL
4

Fr-RE

FP-RF

296 PP-RE
296

CFIF,OCH2CF, - - 0.0125 ± 0.0009
0.0120 ± 0.0016

296
296

FP-RF Zhangeta!.1

cyclo-CF,CHFCF,O- 0.00251 ±0.00035
0.00240 ±0.00030

296
296

FP-RF Zhangeta!.1

cyclo-(CF,),O- - - <0.0002 296 PP-RE Zhangeta!.’

Esters -

3.45 ± 0.88

- - 3.56 ± 0.85

n-Butyl acetate
[Ct-I,C(O)OCH

2
CH,CH,CH,]

-

- 5.75 ± 0.96 297 ± 2 RR [relative to
Ic (propene)=
2.65 x 10~”]

Williams eta!.8

-

5.53 ± 0.86 297 ± 2 RR [relative to
Jc(n-butane)
2.53 x

Williams eta!.8

7.58 ± 0.48 297 ±2

0
m
0
C)
z
C)
C)
0
-u
0
C
2
C
CA

I’.)
0
-4

-~-c- -- -
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0
C,

B

C,

D
w
C,

0

0
0
C,

-u
z
0
F,,

Table67. RateconstantsIc andtemperature-dependentparametersfor thegas-phasereactionsof the OH radical with oxygen-containingorganiccompounds— Continued

Temperature
1012 x A (cm’

Oxygenate molecule—’ r 1) n
fi

(K)

jQI2 x k (cm’

molecule’’ s’~) at T (K) Technique Reference
rangecovered

(K)

7.51 ±0.56 - 297 ± 2 RR [relative to Williams eta!.8

- k(n-butane)=
253 x

1-Acetoxy-2-ethoxyethane 10.7 ± 1.4 297 ± 2 RR [relative to Williams eta!.
8

[CH,C(O)OCH,CH,OCH2CH,] k (propene)=
- 2.65 X 10,~]

-

10.6 ± 0.7
-

297 ± 2 RR [relative to
Ic(n-butane)
233 x 1012)

Williams eta!.
8

2-Ethoxyethyl isobutyrate 13.6 ± 2.4 297 ± 2 RR [relativeto Williams eta!.8

[(CH,),CHC(O)OCH,CH2OCH,CH,] Ic (propene)=
2.65 x 10”]

13.0 ± 1.1

-

297 ±2 RR [relative to
k(n-butane)=
253 x io—’2y

Williams eta!.8

13.7 ± 1.7 297 ± 2 RR [relativeto
Ic (trans-2.butene)
= 6.44 x 10T”f

Williams eta!.8

-

2-Ethoxyethylmethacrylate 27.4 ± 2.1 297 ± 2 RR [relative to Williams eta!.
8

[CH2= C(CH,)C(O)OCFI,CH,OCH2CH,] k(propene)
2.65 x

- -

28.2± 3.5 297 ± 2 REt [relative to
k(trans-2-butene)
= 6.44 ><

Williams eta!?’

4-Penten-1-ylacetate 417 ± 3.9 297 ± 2 REt [relative to Williams eta!.8

[CH,1C(O)OCH2CH2CH,CH=CH2] - k(propene)
2.65 )< 10—’]

43.1 ± 2.9 297 ± 2 REt [relative to
k(trans-2-butene)
= 6.44 x

Williams eta!.8

Ethyl 3-ethoxy-2-propenoate - - 33.2 ± 1.3 297 ± 2 RR[relative to Williams eta!.
8

[CH,Cl-I
2

OCI-1 CHC(0)OCt-I
2

CH,] Ic (trans-2-butene)
= 6A4 x 10~’]

0
C)
RI

-1

z
U)
0
2

From presentorprevious9recommendations.
“Reactionof 801’! radical.
ct.lon.exponential‘60H radical decaysobserved.Rateconstantobtainedfrom the initial portion of the decaycurve.
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7.2.6.Aromatic Compounds

Therateconstantsreportedfor thegas-phasereactions
of OHradicalswith aromaticcompoundssinceTable 47
was finalized aregiven in Table 68.

Toluene.Therateconstantobtainedby Finlayson-Fitts
et a!.,’ using arelativerate methodand ozoneas a dark
sourceof OH radicals,’ of (6.00 ± 0.29) x 10-12 cm

3

molecule-’s’ at298 K (Table68), is in excellentagree-
ment with the recommendationof Atkinson3of

k(toluene) = 5.96 x 1012 cm3molecule’ r’ at298 K,

which is thereforeunchanged.
Hexafluorobenzene.The absoluterateconstantsdeter-

minedby Mcllroy andTully2 over the temperature244—
830 K aregiven in Table68. No evidencefor OHradical
reformationwasobserved2atelevatedtemperatures,con-
sistentwith either alargerC—OH bond dissociationen-
ergy in the HO—OF6 adduct than in the
hydroxycyclohexadienylradical3orwith anexothermicre-
action pathwayto productsotherthan the reactants.2

The room temperaturerate constantof Mcllroy and
Tull? is in reasonableor good agreement,respectively,
with the previous absolute rate constants of Ravis-
hankaraet a! .~ and Wallington eta!? The rate constants
of Wallington eta!.5 over the temperaturerange 234—
438 K arein reasonableagreementwith thoseof Mcllroy
andTully,2 althoughthedataof Wallington et a! .~ leadto
a significantly lower ArrheniusactivationenergyB of B
= 610 ±80K.

A unit-weightedleast-squaresanalysisof the absolute
rate constantsof Ravishankaraet a!.,4 Wallington eta!.5

and Mcflroy and Tully,2 using the Arrhenius expression k
= .4 e~, leadsto the recommendationof

k(hexafluorobenzene)=
(3.88tS~)x 10—12 e~93’ 78)/2’ cm

3 molecule’’ s’

over the temperaturerange 234—830 K, where the indi-
catederrors are two least-squaresstandarddeviations,
and

k(hexafluorobenzene)=
1.71 x 10’s cm3 molecule’s’ at 298 K,

with an estimated overall uncertainty at 298 K of ±30%.
This recommendationsupersedesthat of Atkinson3of

k (hexafluorobenzene)=
1.46 )< 10_12e~3&2’cm3 molecule’’ s~

over the temperaturerange234—438K, with a 298 K rate
constantof 1.72 x ia-’3 cm3 molecule’r’.

References
‘B. J.Finlayson-Pitts,S. K. Hernandez,andH.N. Berko,3. Phys.Chem.

97, 1172 (1993).
‘A. Mdllroy and F. P. TuIly, 3. Phys.Chem.97, 610 (1993).
‘R. Atkinson, 3. Phys.Chem. Ref. Data Monograph1, 1(1989).4A. R. Ravishankara,S.Wagner,S. Fischer,G. Smith,R. Schiff, R.T.

Watson,G. Tesi,andD. D. Davis, mt. 3. Chem.Kinet. 10, 783 (1978).5T. J.Wallington,0. M. Neuman,andM. 3. Kurylo,mt. 3. Chem.Kinec.
19, 725 (1987).

7.2.7.Organic Radicals

Rateconstantsreportedfor thegas-phasereactionsof
the OH radicalwith organicradicalssinceTable 49 was
finalized aregiven in Table 69.

CF!3. The absoluteroom temperaturerateconstantsof
Hughes eta!.’ and Fagerström eta!.’ are given in
Table69. Hughes eta!.’ observedno pressuredepen-
denceof the rateconstantover the total pressurerange
7.4—700Torr of helium diluent, while Fagerstrometa!.2

observedthe rateconstantto increasefrom (9.6 ±0.5)
x 10” cm3 molecule’s’ at 64 Torr total pressureof
SF6 to (1.30 ± 0.12) x i0~’~cm3 moleculc’s’ at 750
torr total pressureof SF6. The absoluteroom tempera-
ture rateconstantsfrom thesetwo studies”andthoseof
Anastasieta!.4 and Osnereta!.5 exhibit discrepanciesof
a factor of —2. The recommendationof Sec.3.13 of

k..(CH3) = 1.0 x 10~’~cm3 molecule’s’ at 298 K,

applicableto totalpressuresof air ~100Torr andwith an
estimatedoverall uncertaintyof a factor of 2, is un-
changed.

References
‘K. 3. Hughes,A. R. Pereira,andM. 3. Pilling, 8cr. Bunsenges.Phys.

Chem.96, 1352 (1992).
‘K. Fagerstrom, A. Lund, 0. Mahmoud, 3. T. Jodkowski, and E.

Ratajczak,Chem.Phys.Lett. 204, 226 (1993).3K. Fagerstrom,A. Lund, 0. Mahmoud, 3. T. Jodkowski, and E.
Ratajczak,Chem.Phys.Lett. 208, 321 (1993).4C. Anastasi,S. Beverton,T. Ellermann,andP.Pagsberg,3. Chem.Soc.
FaradayTrans.87, 2325 (1991).

~H.Osner,N. D. Stothard,R. Humpfer,andH. H. Orotheer,.1. Phys.
Chem. 96, 5359 (1992).

J. Phys. Chem. Ref. Data, Monograph No. 2
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Table 68. Rateconstantsk andtemperature-dependentparameters,/c = A e°”, for thegas-phasereactionsof the OH radicalwith aromaticcompounds

Temperature

Aromatic 10
t2 x A (cm3

motecule’ r’)
B
(K)

10(2 x k (cm3

molecutr’ s’) at T (K) Technique Reference
rangecovered

(K)

Toluene 6.00 ± 0.29 298 RR [relative to
k (n -hexane)
= 5.61 x 102]a

Finlayson-Pittsetal.’

Hexafluorobenzene 0.0790 ± 0.0042 244 LP-L1F McLlroy andTuIly’ 244—830
(C~F4)

~

4.78 ± 0.90 1005 ± 116

0.109 ± 0.006
0.136 ± 0.008
0.152 ± 0.009
0.215 ±0.012
0.300 ±0.018
0.413 ±0028
0.532 ± 0.03t
0.703 ± 0.050
0.838 ± 0.048
1.05 ± 0.069
1.30 ± 0.15
1.31 ± 0.10

260
275
294

327
377
420
467
529

586
637
709
830

.

‘.3
-s
0

aFrom previousrecommendation.3
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T.&8t.E 69. Rateconstantsk for the gas-phasereactionsof the OH radicalwith organicradicalsat, or close to, the high-pressurelimit

‘Extrapolatedhigh-pressurelimit’; see text.
bindependentof total pressureof SF6diluent overthe range188—750Torr.

7.3. Kinetics and Mechanisms of the Gas-Phase
Reactions of the NO3 Radical with

Organic Compounds
7.3.1.Alkanes

References
SinceTable 50 was finalized, Langereta!.’ haveused

adischargeflow systemwith opticalabsorptiondetection
of.NQ3radicalsat662nm to obtainarateconstantof (2.8
±0.3) x 1016 cm3 moleculc’r’ at 296 ±2K for the
reactionof the NO3 radicalwith n -hexane.Dueto the ex-
pectedoccurrenceof secondaryreactionsleading to a
stoichiometryof —2 for disappearanceof NO3 radicals,’
this rateconstantis an upperlimit and is consistentwith
the discussiongiven in Sec.4.1.

Reference
‘S. Langer,B. LjungstrOm and1. Wängberg,3. Chem. Soc. Faraday
Trans.89, 425 (1993).

The rate constantsreportedsince Table 52 was final-
ized are given in Table 70. For 1,3-butadiene,isoprene
and 2,3-dimethyl-1,3-butadiene,the absoluterate con-

stantsof Ellermanneta!.’ arehigherthanthe recommen-
dationsof Atkinson’ at 298 K of

k(1,3-butadiene)= 1.0 x io’~ cm3 molecule’5-’,

k(2-methyl-1,3-butadiene)=
6.78 x io’~ cm3 molecule’ s’, abs

and

k(2,3-dimethyl-1,3-butadiene)=
2.1 x 10_12 cm3 molecule’ s’,

with estimatedoverall uncertaintiesof factorsof 3 (1,3-
butadiene) and 2 (2-methyl-1,3-butadieneand 2,3-
dimethyl-1,3-butadiene). The recommendations of
Atkinson’ areunchanged(seealsoSec.4.3for isoprene).

The absoluterate constant for 1,3-cyclohexadieneof
(1.2 ± 0.2) x 10” cm

3 molecule’ s’’ at 295 K is in
excellentagreementwith the recommendationof Atkin-
son’ of

Radical (cm310” x
molecule’

k
r’) at T (K) Technique Reference

CM3 76 ± 8 . 290 LP-RA Hugheseta!.’

144 ±15’ 298 PR-RA Fagerstrometa!.’

C,H5 118 ± l7~ 298 PR-RA Fagerstrometa!.
3

k (1,3-cyclohexadiene)=

1.16 x 10-” cm3 moleculc’ s~’at 298 K,

which is thereforeunchanged.

‘T. Bllermann,0. 3. Nielsen,andH. Skov, Chem.Phys.Lett. 200,224
(1992).

‘R. Atkinson, 3. Phys.Chem.Ref. Data20, 459 (1991).

7.3.3.Oxygen-ContainIngOrganicCompounds

The rate constantsreportedsinceTable 55 was final-
ized aregiven in Table 71. The duplicatesetsof experi-
mentsat 296 ± 2 K for severalof the estersstudiedare
for ester samplesobtained from different commercial
sources.’Becauseof the slownessof thesereactions,the
rateconstantsgiven in Table 71 shouldbe consideredto
be upperlimits to the elementaryrate constants.’

References
7.3.2. Alkenes

‘S. Langer,B. Ljungstrom and 1. Wängberg,3. Chem.Soc. Faraday

Trans.89, 425 (1993).

7.3.4. AromatIc Compounds

The rateconstantsreportedsince Table 57 was final-
ized aregivenin Table 72, wherethe rateconstantsk3b,,
k,, kb, k~andkd arethosefor the reactions(abs),(a), (b),
(c) and (d), respectively.

NO3 + aromatic

H-atomabsnaction

a
NO3-aromaticadduct

b NO2/

\02

products products
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Table 70. Rateconstantsk for the gas-phasereactionsof the NO3 radicalwith alkenes

Alkene k(cm
3molecule’ s’) at T (K) Technique Reference

1,3-Butadiene (12 ± 0.4) X b—’
3

295 PR-A Ellermanneta!.’
2-Methyt-1,3-butadiene (1.07 ± 0.20) x tO” 295 PR-A Ellennanneta!.’

(isoprene)
2,3-Dimethyl-1,3~butadiene (2.7 ± 0.2) x 10—” 295 PR-A Ellennanneta!.’
cLs-1,3-Pentadiene (1.4 ± 0.1) x 10” 295 PR-A Ellermanneta!.’
trans-1,3-Pentadiene (1.6 ±Od) x 10~” 295 PR-A Ellermanneta!.’
1,3-Cyclohexadiene (1.2 ± 0.2) x 10—” 295 PR-A Ellermanneta!.’
transjmns-2,4-Hexadiene (1.6 t 03) x 10” 295 PR-A Ellermanneta!.’

Theserate cQnstantdataarefrom the relative ratecon-
stantstudyof Kwok et al.’ Of particularinterestis thede-
terminationof the rate constantka = 6.8 x 10’~cm3

molecule’s’ at 297 K for the addition reactionof the
NO3 radical with dibenzo-p-dioxin.Assuming that the
rate constantk~for the reactionof NO, with the NO3-
dibenzo-p-dioxin adductis similar to thosedeterminedby
Knispeleta! .‘ for the reactionsof NO,with theOH-ben-
zene,OH-toluene.and OH-phenol adducts,of —3 x
10” cm3 molecule’ s’, thana rate constantfor the
thermaldecompositionof N03-dibenzo-p-dioxin backto
reactantsof kb —520s~at297 ±2 Kwasobtained.’Fur-
thermore,with the sameassumption,lcd < 1.2 x 10’~
cm3molecule’s’ at 297 ±2K, approximatelyan order
of magnitude(orgreater)lessthantheroom temperature
rateconstantsdeterminedby Knispeleta!.3 for thecorre-
spondingreactionsof OH.benzeneand OH-toluenead-
ducts with 0,.

References
‘B. S. C. Kwok, R.Atkinson,and3. Arey, mt. 3. Chem.Kinet., in press

(1994).
‘R. Atkinson, J.Phys. Chem.Ref. Data20, 459 (1991).3R.Knispel, It Koch, NJ. Siese,andC. Zetzsch,8cr.Bunsenges.Phys.

Chem.94, 1375 (1990).

7.4. Kinetics and Mechanisms of the Gas-Phase
Reactions of Ozone with

Organic Compounds

The kinetic andmechanisticdatareportedsinceSec. 5
was finalized are presentedand briefly disbussedin the
sectionsbelow

7.4.1. Alkenes

The rate constantsreported since Table 58 was
finalized are given in Table 73. in addition to the rate
constantsgiven in Table 73, Munshi eta!.3havereported
lower limits to the (unspecified) room temperature
rate constantsfor c*-pinene, 13-pinene, limonene and
ct-phellandreneof (in cm3molecule’s’ units) >8.0 x
10’~,>9.6 x 10’s, >5.0 x 10-” and >4.1 x
10 ‘~, respectively.

2-Methy!-1,3-butadiene(isoprene). The absolute rate
constantof Grosjeaneta!.’ is given in Table 73. This rate
constantof Grosjean ~ is in reasonableagreement
with that of 1.15 x 10-’~cm3 molecule’s’ calculated
from the recommendationof Sec.5.2 of

k (2-methyl-1,3-butadiene)=
7.86 x io—’~e_1913/Tcm3 molecule’s’

over the temperaturerange 240—324K, which is un-
changed.

Cyc!oheptene.The rateconstantof Greeneand Atkin-.
son’ supersedesthat of Atkinson et a! .~ (and is 30%
lower), and is in good agreementwith the relative rate
constantof Nolting eta!.5 of (2.70 ±0.15) x 10” cm3

molecule’s’ at 297 ±2K. A unit-weightedaverageof
the relative rate constantsof Nolting eta!.5 and Greene
andAtkinson’ leadsto the recommendationof

k(cycloheptene)= 2.48 x 10-” cm
3 moleculc’s’ at 298 K,

with an estimatedoverall uncertaintyof ±40%.
OtherA!kenes.The rateconstantsmeasuredby Greene

and Atkinson2using a relative rate methodaregiven in
Table 73.Theserateconstantsof Greeneand Atkinson’
supersedethoseof Atkinson eta!~

References
‘D. Grosjean~E. L. Williams 11, andE. Grosjean,Environ.Sci.Technol.

27, 830 (1993).
‘C. R. GreeneandR. Atkinson, mt. i. Chem.Kinet. 26, 37 (1994).3H. B. Munshi,K. V. S. R. Rao,andR. M. Iyer, Atmos. Environ. 23,

1971 (1989).
4R. Atkinson, S. M. Aschmann,W. P. L. Carter,and3. N. Pitts, Jr.,tht~

3. Chem.Kinet. 15, 721 (1983).
‘F. Nolting, W. Behnke,andC. Zetzsch,3. Atmos. Chem.6, 47 (1988).
‘R. Atkinson, S. M. Aschmann,and W. P. L.. Carter,Tnt. .1. Chem.

Kinet. 16, 967 (1984).

7.4.2. Oxygen-ContainIngOrganicCompounds

The rate constantsreportedsinceTable 60 was final-
ized are given in Table 74 (thoseof Hatakeyamaeta!.3

and Munshi eta!.4 were inadvertently omitted from
Sec.5.4).
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Table 71. Rateconstantsk andtemperature-dependentparameters,k = A c°”, for the gas-phasereactionsof the NO3 radicalwith oxygen-containingcompounds

Organic
1012 >< A

(cm3 molecute s’)
B

(K)
k -

(cm3 molecule’r’) at T (K) Technique Reference

Temperature
rangecovered

(K)

Methyl formate
[FIC(O)0CU3J

(3 ± 1) x 10’s
(4.1 ± 0.6) x 10~”

296 ± 2
296 ± 2

OF-A 1_angereta!.’

Methyl acetate
[CH3C(O)OCH3]

(7 ± 2) x l0~~
(7.2 ± 0.4) x to—’1

296 ± 2
296 ± 2

DF-A 1_angereta!.’

Methyl propionate
{CH

3
CH

2
C(O)0C11

3
] .

(3.3 ± 0.8) x io—’~
~

296 ± 2 OF-A 1_angereta!.’

Methyl butyrate
[CH

3
CH

2
CH

2
C(O)OCH,]

(4.8 ± 0.5) x l0” 296 ± 2 OF-A Langereta!.’ .

Ethyl formate
[HC(rnCFI2CH1]

(1.7 ± 0.3) x 10”
(2.2 ± 0.4) x io’~

296 ± 2
296 ±2

OF-A

~

Langera at.’

Ethyl acetate
[CH3C(O)OCH2CH3]

0.133

.

~
2795 ± 962

(5 ± 3) x 10_Ia
(1.4 ± 0.3) x io’~
(1.1 ± 0.2) x i0’

1

(1.6 ± 0.4) x iO’7

(1.8 ± 0.5) x i0’7

(4.2 ± 0.4) x i0’1

(1.05 ± 0.07) x 10—16

273
296 ± 2
296 ± 2
313
328
353
373

OF-A 1_angereta!.1 273-373

Ethyl propionate
[Cl-hCH2C(O)OCH2CH3]

(3.3 ± 0.4) x io—’~
(3.8 ± 0.1) x 10~”

296 ±2
296 ±2

OF-A Langereta!.’

Propyl formate
[HC(O)OCH2CH2CIT3]

(5.4 ±0.9) x 10” 296 ± 2 DF-A 1_angereta!.’

Propyl acetate
[CH

3
C(O)OCH

2
CH

2
CH]

(5 ± 2) x 10” 296 ± 2 OF-A I_angereta!.’

C-

-U3.
‘-C

C)
3.ID3

CD

V
C
E

03
0

-a
3.
z
0
tO

C,
I
rr

C,
I
C
-I,

C
I
C
2
C,
C
C

C
C
2
C
UI

N-a
(.3
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Methacro!einand Methyl Viny! Ketone. The absolute
rate constantsof Grosjeanet al.’ aregiven in Table 74.
Theserateconstantsarein goodagreement,to within 6%
for methacroleinand 17% for methyl vinyl ketone,with
the rate constantscalculatedfrom the recommendations
given in Sec. 5.4 of

k(methacrolein)= 1.36 x io-’~e”~cm3molecule’s~’

and

k(methyl vinyl ketone) =

7.51 x lO—~~e~s
2

ltTcm3 molecule’s~

both overthe temperaturerange240—324K. Theseprevi-
ous recommendationsare unchanged.

2-Cyc!ohexen-1-one.The upper limit to the rate con-
stantobtainedby GreeneandAtkinson2from a relative
ratestudyis consistentwith the absoluterateconstantof
Atkinson eta! 6

3-Penten-2-one.The relative rate constantof Greene
andAtkinson2supersedesthepreviousabsoluteratecon-
stantof Atkinson eta!.’

References
‘D. Grosjean,E. L. Williams II, andE. Grosjean,Environ.Sci. Technol.
27, 830 (1993).2C. R. GreeneandR. Atkinson, mt. i. Chem.Kinet. 26, 37 (1994).

35~Hatakeyama,S. Honda,andH. Akimoto, Bull Chem.Soc.Jpn.55,
2411 (1985).4H. B. Munshi, K. V. S. R. Rao,andR. M. myer, Atmos. Environ. 23,
1971 (1989).

‘R. Atkinson, 3. Arey, S. M. Aschmann,andE.C. Tuazon,Res.Chem.
Intermed.,in press(1993).

‘R. Atkinson, S. NJ. Aschmann,A. M. Winer,and3. N. Pitts,Jr., mt. j.
Chem.Kinet. 13, 1133 (1981).

7.4.3. Nitrogen-Containing Organic Compounds

Blatchleyeta!.’ haveuseda staticsystemwith ultravio-
let absorptionspectroscopyto investigatethe kinetics of
the gas-phasereaction of pyridine, 2-, 3- and 4-
methylpyridine,and 2,5- and 2,6-dimethylpyridinewith
0~.Due to spectroscopicinterferencesbetween03 and
thepyridineand/orpyridinereactionproducts,only semi-
quantitativedatawereobtained,indicating thatthesere-
actionswereslow, with room temperaturerate constants
of —‘(5—50) x 10~~’cm3 molecule’ s~’beingreported.

Munshi eta!.2 used a flow techniquewith ultraviolet
absorptionspectroscopyto measurerate constantsat
room temperature(unspecified)for the gasphasereac-
tions of 03 with acrylonitrile (CH,=CHCN) and
methacmylonitrile(CR,= C(CH3)CN)of 1.38 x 10-‘9cm3

molecule’s~’and3.52 x 10’’~cm3 moleculc’r’, re-
spectively. Decidedly non-unit stoichiometry was ob-
served for the 03 reaction with acrylonitrile2

(~0ilAacmylonitrile= 0.33), and the rate constantob-
tained2 is marginallyinconsistentwith the upperlimit of
k(acrylonitrile) <1 x io-’~cm3 moleculc’ s’ deter-
minedby Atkinson eta!.3 at 296 ± 2K.

References
‘E. R. Blatchley, III, C. R. Daughton,and 3. F. Thomas,Atmos.
Environ.27A, 113 (1993).

‘H. B. Munshi, K. V. S. R. Rao, andR. M. lyer, Atmos. Environ.23,
1971 (1989).3R. Atkinson,S. M. Aschmann,D. R. Fitz, A. NJ. Winer,and3. N. Pitts,
Jr., mt. 3. Chem.Kinet. 14, 13 (1982).

Table 72. Rateconstantsk,b.and/c, andrateconstantratiosk.akjkb andkjcjkb for thegas~phasereactionsof theNO, radical with aromaticcom-
poundsat 297 ± 2 K’

Aromatic
k, (cm’

moiecule’ r’)’
k,b, (cm3

molecuir’ s~I)a
k,k~Jk~(cm’

molecule’s~I)a
kJcJ/cb (cm’

molecule’s~’)’

Methoxybenzene <1.6 x io—” <7 3<

1,2-Dimethoxybenzene (9.8 ± 4.8) x 10’s (1.02 ±0.18) x

1,3-Dimethoxybenzene (1.02 ±0.35) x 10’ (3.3 t 0.6) x 10’s ..

1,4-Dimethoxybenzene • (8.8 ± 0.6) x i0~’ (1.34 ±0.03) x 10~”

Dibenzofuran <.1.6 x 10” <7 x

Dibenzo-p-dioxin 6.8 x 10’s b <8 x 10”” 3.9 x io~’~b <1.6 x iO””

‘Relative to k(1-butene) 1.19 x io—’~cm’ molecule’-’ ~—‘2
b~timatedoverall uncertaintyof a factorof —2.
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Table 73. Rateconstantsk for thegas-phasereactionof 03 with alkenes

Alkene
k

(cm3 moleculeS’~ t) at T (K) Technique Reference

2-Methyl-1,3--butadiene
(isoprene)

(8.95 ±0.25) 3< 10’-” 293 ± 2 S-UV
.

Grosjeaneta!.’

1,3-Cyclohexadiene (1.22 ±0.05) 3< 10’”’ 296 ±2 RR [relative to
Ic(2,3-dimethyi-2-
butene) = 1.12 x 10’”’]’

GreeneandAtkinson’

.

Cycloheptene (2.26 ± 0.04) x 10’”’ 296 ± 2 RR[relative to
k(cis.2-butene)

1.22 x 10’”’]’

GreeneandAtkinson2

1,3-Q’cloheptadiene (1.54 ± 0.03) x 10’”’ 296 ± 2

.

RR [relativeto
k(cis-2-butene)
= 1.22 3< 10—”]’

GreeneandAtkinson2

Bicyclo[2.2.1]-2-heptene (1.55 ±0.05) x 10 “ 296 ± 2 RR [relativeto
k(2,3-dimethyl-2-
butene)= 1.12 3< 10—”]’

GreeneandAtkinson’

Bicyclo[2.2.1]-2,5-
heptadiene

(3.55 ±0.07) x 10—” 296 ± 2 RR [relativeto
k(2,3-diniethyi-2-
butene) 1.12 3< 10—”]’

GreeneandAtkinson2

Bicyclo[2.2.2]-2-octene (7.09 ±0.10) 3< 10—” 296 ± 2 RR [relative to
k(cis.2-butene)
= 1.22 x 10—”]’

GreeneandAtkinson2

.

‘From previousrecommendations.
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Table 74. RateconstantsIc for the gas-phasereactionsof 03 with oxygen-containingorganiccompounds

Organic
Ic

(cm’ molecule’” r’) at T (K) Technique Reference

Methacroiein
[CM, C(CM,)CHO]

(1.02 t 0.05) x 10’”’ 291 ±2 S-UV Grosjeaneta!.’

Methyl vinyl ketone
[CH,C(0)CH = CR,]

(4.72 ±0.09) x 10’”’ 291 ±2 S-UV Grosjeaneta!.’

3.Penten.2.one
[CH,C(O)CH’=CHCH

3
]

(3.50 ±0.16) x 10’”’ 296 ± 2 RR [relativeto
k(propene)=
9.68 3< 10’”’]’ .

Greeneand Atkinson’

2.Q’clohexene.l-one
.

<1.9 3< 10’”’ 296 ± 2 RR [relative to
k(propene)=
9.68 x 10’”’]’

Greeneand Atkinson2

Ketene
[CH,=C=0]

<1 3< 10’”’ b S-JR Hatakeyamaeta!.’

Methylketene
[CH,CH=C=0] .

<7 X i0’”~ 303 ± 1 S-mR Hatakeyamaeta!.
3

.

Ethylketene
[CH

3
CH,CH = C=0]

<1 •x 10’”’ 303 ± I S-mR Hatakeyamaeta!.
3

Dimethylketene
[(CH

3
),C =C= 0]

<4 x 10’”’ 303 ± 1 S-JR Hatakeyamaeta!.’

Methyl acrylate
[CR

2
= CHC(O)OCH,]

2.91 3< 10’”’ b F-UV Munshieta!.4

Ethyl acrylate
[CR

2
= CHC(0)OCH,CH,]

5.70 >< 10’-”
.

b F-UV Munshieta!.
4

.

1,2-Epoxy-2-methyl-
3-butene .

(2.49 ± 0.15) x 10’-”
.

296 ± 2

.

RR [relative to
k(propene)=

9.68 x 10’-,’]’

Atkinson eta!.’

.

‘From previousrecommendations.

bRoom temperature,not specified.
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