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1. Introduction

Nonmethane volatile organic chemicals (VOCs) are intro-
duced into the atmosphere from both anthropogenic and bio-
genic sources,' ™ with estimated biogenic and anthropogenic
nonmethane organic compound emissions of ~1150 and
~100 mil tonne yr~!, respectively.>> These VOC emissions
lead to a complex series of chemical transformation and
physical removal processes in the atmosphere which result in
such effects as ozone formation in urban and rural areas* and
in the global troposphere,” stratospheric ozone depletion,?
long range transport of chemicals,® acid deposition,’ and glo-
bal climate change.® A large amount of experimental data
concerning the chemical and physical processes of emitted
organic compounds has been obtained from laboratory and
ambient air studies over the past two decades, and there is
now an understanding, at varying levels of detail, of the at-
mospheric chemistry of the various classes of VOCs emitted
into the troposphere.z’g‘“ Because of the complexity of the
physical and chemical processes involved and the often non-
linear response of the parameters of interest to changes in the
input(s), the use of computer models incorporating the emis-
sions, atmospheric chemistry, and atmospheric transport pro-
cesses is generally necessary to elucidate the effects of emis-
sions of anthropogenic and biogenic VOCs on the
atmosphere.

The accuracies of chemical mechanisms used in the com-
puter models designed to simulate the troposphere and/or
stratosphere are then dependent on the accuracy of the indi-

vidual rate constants, reaction mechanisms, and product dis-
tributions for the multitude of elementary reactions which
actually occur in the atmosphere. It is therefore crucial that
in addition to ambient air studies and experimental and the-
oretical studies of the kinetics, mechanisms, and products of
the atmospheric reactions of organic compounds, there must
be an ongoing, parallel effort to critically review and evalu-
ate these data. These evaluations present the current status of
knowledge of atmospheric chemistry for both modelers and
experimental and theoretical researchers, and highlight the
areas of uncertainty for designing future experimental and/or
theoretical studies. The reactions of interest for modeling the
chemistry occurring in the stratosphere have been reviewed
and evaluated on an ongoing basis by the National Atmo-
spheric and Space Administration (NASA) Panel for Data
Evaluation (with the most recent evaluation being Number
11, published in 1994'%) and by the IUPAC (formerly
CODATA) Subcommittee on Gas Kinetic Data Evaluation
tor Atmospheric Chemistry (with the most recent evaluation
being Supplement V!!). While these two data evaluation
panels were originally concerned largely with stratospheric
chemistry duc to the potential for stratospheric ozone deple-
tion by inputs of ClO, and NO, into the stratosphere, tropo-
spheric chemistry is now being included to an increasing
degree in both evaluations'®!! through the tropospheric
chemistry of the hydrochlorofluorocarbons (HCFCs) and hy-
drofluorocarbons (HFCs) proposed, and used, as alternatives
to the chlorofluorocarbons and, especially in the more recent
IUPAC evaluations,'! by the inclusion of the reactions of
<(C; alkanes, alkenes, alkynes, and oxygen-, nitrogen-, and
sulfur-containing organic compounds. The gas-phase atmo-
spheric reactions of <C; HFCs, HCFCs, and organosulfur
compounds are therefore dealt with in detail on an ongoing
basis by these evaluations.!%!!

However, the vast majority of the at least several hundred
VOCs emitted into the troposphere are =C, species, and
there is an obvious need for the review and evaluation of the
chemical reactions which occur in the troposphere for these
VOCs. The tropospheric chemistry of VOCs (alkanes, alk-
enes, alkynes, aromatic hydrocarbons, their oxygen- and
nitrogen-containing degradation products, carbonyls, alco-
hols, and ethers) has been reviewed and evaluated by Atkin-
son in 1990' and 1994.° In addition to these reviews of
tropospheric VOC chemistry,”'? there have been critical re-
views and evaluations of the kinetics and mechanisms of the
reactions of organic compounds with OH radicals,”'>'* NO,
radicals,™'® and O;,%!° with the most recent being the mono-
graph of Atkinson’ which updates earlier reviews.!2!6

The present article deals with the tropospheric chemistry
of alkanes and alkenes leading to first generation products,
and updates and extends the Atkinson® review to take into
account more recent data. Alkanes and alkenes constitute
~60% of the carbon content of nonmethane VOCs in the
highly urbanized (and dominated by anthropogenic emis-
sions) Los Angeles air basin,17 and alkenes are estimated to
constitute ~55% of the carbon content of nonmethane VOCs
emitted from vegetation worldwide.?
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Only gas-phase reactions are discussed, because, while
highly important under many tropospheric conditions, the re-
actions occurring .in the particle and/or aqueous phase (for
example, in fog, cloud, and rain droplets), on surfaces (het-
erogeneous reactions), and gas-to-particle conversion are be-
yond the scope of the present article. As in the previous
review,” the most recent NASA'® and, especially, I[UPAC!!
evaluations are used for the <C; reactions, generally without
reevaluation or detailed discussion. In addition, previous
articles™>~'® dealing with the kinetics and mechanisms of
the gas-phase reactions of OH radicals, NOj radicals, and O,
with alkanes and alkenes have been updated, with the data
reported since approximately 1993° being tabulated, dis-
cussed, and evaluated in Secs. 3, 4, and 5. In these sections,
discussion is limited to those reactions for which new infor-
mation has become available since the most recent review
article’ was prepared. Previous data are not included in the
tables of rate constants, and hence the previous reviews” 13716
must be consulted for rate constant and mechanistic informa-
tion available and used at the times of their finalization. The
literature through mid-1996 has been included in this article.

Rate constants k& determined as a function of temperature
are generally cited using the Arrhenius expression,
k=A ¢ BT where A is the Arrhenius pre-exponential factor
and B is'in K. In some cases rate constants have been ob-
tained over extended temperature ranges and the simple
Arrhenius expression, as expected, does not hold, with cur-
vature in the Arrhenius plots being observed.”'* In these
cases, a three parameter equation, k=CT" ¢~ 2’7 has been
used,>!* generally with n=2 (k=CT? e~ ?'T). The equa-
tion, k=CT" e ?'T, can be transformed into the Arrhenius
expression, k=A e BT centered at a temperature T, with
A=Ce"T" and B=D+nT.

Reactions which are in the falloff region between second
and third order kinetics or between first and second order
kinetics are dealt with by using the Troe falloff expression,'®
with

Fli+(oggkolMVR*T™

where kg is the limiting low pressure rate constant, k, is the
limiting high pressure rate constant, [M] is the concentration
of the third body gas (generally air in this article), and F is
the broadening coefficient. In general, the rate constants kg
and &, have T" temperature dependencies. The temperature

dependence of F is given by F=e™ 7/ T™* for temperatures
appropriate to the troposphere, where T* is a constant for a
given reaction.!""!* All rate constants are given in cm mol-
ecule s units, and pressures are generally given in Torr (1
Torr=133.3 Pa).
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2. Gas-Phase Tropospheric Chemistry
of Organic Compounds

2.1. Alkanes

The atmospheric chemistry of alkanes has been reviewed
and discussed previously.“3 The kinetics and mechanisms of
the reactions of alkanes with OH radicals, NOj radicals, and
04 have also been reviewed and evaluated previously,3"7 and
these reviews and evaluations are updated in Secs. 3.1, 4.1,
and 5.1, respectively. The gas-phase reactions of the alkanes
with Oj are of negligible importance as an atmospheric loss

* process, since the available data (Ref. 4 and Sec. 5.1) show

that the room temperature rate constants for these reactions
are <10~% cm® molecule™! s™!. Under atmospheric condi-
tions, the potential loss processes for the alkanes involve
gas-phase reactions with OH and NOj radicals and, at least
under certain conditions,® Cl atoms.

2.1.1. OH Radical Reactions

The kinetics and mechanisms of the reactions of the OH
radical with alkanes have been reviewed and evaluated by
Atkinson,>® and the 1989° and 1994 evaluations are updated
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TABLE 1. Rate constants k at 298 K and parameters C, D, and n in k=CT" ¢ ?'T for the reactions of OH

radicals with alkanes (see Sec. 3.1)

10'2xk 10%¥xC D

Alkane (cm® molecule ™' s™!)  (cm® molecule ™! 571 n (K)
Methane 0.00618 0.0965 2.58 1082
Ethane 0.254 15.2 2 498
Propane 1.12 155 2 61
n-Butane 2.44 16.9 2 —145
2-Methylpropane 2.19 11.6 2 —225
n-Pentane 4.00 244 2 —183
2-Methylbutane 37
2,2-Dimethylpropane 0.848 18.0 2 189
n-Hexane 5.45 15.3 2 —414
2-Methylpentane 53
3-Methylpentane 54
2,2-Dimethylbutane® 2.34 3.22%107 0 781
2,3-Dimethylbutane 5.78 124 2 —494
n-Heptane 7.02 15.9 2 —478
2,2-Dimethylpentane 34
2,4-Dimethylpentane 5.0
2.2.3-Trimethylbutane 4924 R 46 2 ~516
n-Octane 8.71 27.6 2 —378
2,2-Dimethylhexane 4.8
2,2,4-Trimethylpentane 3.57 20.8 2 —196
2.3.4-Trimethylpentane 71
2,2,3,3-Tetramethylbutane 1.05 19.1 2 144
n-Nonane 10.0 25.1 2 —447
2-Methyloctane 10.1
4-Methyloctane 9.7
2,3,5-Trimethylhexane 7.9
3,3-Diethylpentane 49
n-Decane 11.2 313 2 —416
n-Undecane 12.9
n-Dodecane 13.9
n-Tridecane 16
n-Tetradecane 18
n-Pentadecane 21
n-Hexadecane 23
Cyclopropane 0.084
Cyclobutane 1.5
Cyclopentane 5.02 257 2 —-235
Cyclohexane 7.21 28.8 2 -309
Isopropylcyclopropane 2.7
Cycloheptane 13
Methylcyclohexane 10.0
Bicyclo[2.2.1]heptanc 53
Quadricyclo[2.2.1.0%%0**Theptane 1.8
Cyclooctane 14
Bicyclo[2.2.2]octane 14
Bicyclo[3.3.0]octane 11
1,1,3-Trimethylcyclohexane 8.7
cis-Bicyclo[4.3.0]nonane 17
trans-Bicyclo[4.3.0]nonane 17
ris-Ricycla[4.4 0]decane 19
trans-Bicyclo[4.4.0]decane 20
Tricyclo[5.2.1.0*]decane 11
Tricyclo[3.3.1.137]decane 22
2,6,6-Trimethylbicyclo[3.1.1]heptane 13
1,7,7-Trimethyltricyclo{2.2.1.0*5Theptane 2.8

“The Arrhenius expression cited is only applicable over the restricted temperature range 245-330 K.

in Sec. 3.1. Rate constants have been determined over sig-
nificant temperature ranges for a number of alkanes and, as
expected from theoretical considerations, the Arrhenius plots
exhibit curvature. > Accordingly, the three parameter expres-

sion k=CT?e™P'T is generally used (see also Sec. 3.1). The

298 K rate constants and the recommended parameters C and
D are given in Table 1 (see also Sec. 3.1). Room temperature
rate constants for alkanes for which recommendations have
not been given (generally due to only single studies being
carried out) are also given in Table 1.

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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S 8 pationt rescons procend vin Heatom abstrae-
wa fisn e UM Bomds,

OHHRIESTL,0HR,
teading 1o the formation of an alkyl radical, R. The rate con-
stios Tor these OH radical reactions with alkanes can be fit

to within a factor of ~2 over the temperature range 250—
1000 K from consideration of the CH;~, —~CH,—, and >CH-
groups in the alkane and the neighboring substituent
groups.> Thus

k(CHS—X) = kprimF(X) s
k(X~CH,~Y) = koo F(X)F(Y),

and

Y
k(X—CH <z ) =k F(X)F(Y)F(Z),

where Kpiy, Ko, and ki are the OH radical rate constants
per —CH;, —CH,—, and >CH- group, respectively, for
X=Y=7Z=-CH; as the standard substituent group, and
F(X), F(Y), and F(Z) are the substituent factors for
X, Y, and Z -substituent groups. As derived by
Kwok and Atkinson’ from the data base available in 1995
(primarily the evaluations of Atkinson>®), ki, =4.49X10”'®
T e 3T cmP molecule ™' 57!, ko =4.50Xx10718 12237
cm’ molecule ' s7!, ke, =2.12X10718 72 8T ¢y’
molecule ™! s™!, F(~CH3)=1.00, and F(~CH,~)=F(>CH-)
=F (>C<)=e62’ T For cycloalkanes, the effects of ring strain
are taken into account by means of ring factors,” of 0.020,
0.28, and 0.64 at 298 K for 3-, 4-, and 5-member rings,
respectively, and with the ring strain factor for a 6-member
strain-free ring being 1.00° and those for 7- and 8-member
rings being ~1.0 at 298 K.’ It should be noted that many of
the 298 K rate constants for the OH radical reactions with
alkanes recommended here (Table 1) are ~4% lower than
those used in the optimization of the parameters for the OH
radical reaction rate constant estimation method.” This esti-
mation technique not only allows the calculation of OH radi-
cal reaction rate constants for alkanes for which experimental
data do not exist, but also allows the initially formed iso-
meric alkyl radical disuribution t0 be approximartely esti-
mated for a given alkane.

2.1.2. NO; Radical Reactions

The NO; radical reacts with the alkanes with rate con-
stants at room temperature in the range 1077 to 1071°
cm® molecule ™ s™! (Refs. 3 and 7 and Sec. 4.1). The recom-
mended 298 K rate constants and temperature dependent pa-
rameters, taken from Refs. 3 and 7 and Sec. 4.1, are given in
Table 2. Table 2 also includes the room temperature rate
constants for alkanes for which only a single study has been
carried out and for which no recommendations are given.
Under atmospheric conditions, the nighttime reactions of the
alkanes with the NO; radical can be calculated to be typi-
cally 2 orders of magnitude less important as an atmospheric

J. Phys. Chem. Ref. Data, Val. 26, No. 2, 1987

- substituent

‘I'asLi 2. Rate constants k at 298 K and temperature dependent parameters,
k=A ¢ #T, for the reaction of NOj radicals with alkanes (from Sec. 4.1 and
Refs: 3 and 7)

10"xA B 10k
Afkane {cm® molecule ™' s™!)  (K)  (cm’ molecule™!s7!)
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 . 8.7°
2-Methylbutane 2.99 2927 16.2
n-Hexane 11b
2-Methylpentane 180
3-Methylpentane 22°
2.3-Dimethylbutane 44b
Cyclohexane 140
n-Heptane 15°
2,4-Dimethylpentane 15°
2,2,3-Trimethylbutane 24°
n-Octanc 19b
2,2,4-Trimethylpentane 9°
2,2,3,3-Tetramethylbutane <5
n-Nonane 23°
nt-Decanc 28P

“Estimated from group rate co/nstants, see text.

®The measured rate constants of Atkinson ef al.'®!! and Aschmann and
Atkinson'? at 2962 K have been extrapolated to 298 K using an estimated
temperature dependence of B=3000 K.

loss process than are the daytime OH radical reactions’ (al-
though the relative importance of the NO; radical reactions
may vary widely, depending on the tropospheric OH radical
and NO, radical concentrations’).

Similar to the OH radical reactions, these NO; radical re-
actions proceed via H-atom abstraction from the C—-H bonds.

NO;+RH—HONO,+R.

For the n-alkane series, the 298 K rate constants and the
distribution of initially formed alkyl radical isomers can be
calculated from —CH; and —CH,— group rate constants and
factors, 2 with kpim=7.0X 107Y
cm® molecule ™! 87!, kg, =1.22X10717 cm® molecule ™ 57/,
F(—CH3)=1.00 and F(-CH,-)=1.67 at 298 K.!? Unfortu-
nately, the rate constants for the reactions of the NOj radical
with branched alkanes-cannot be reliably calculated using
such an approach.'?

2.1.3. Cl Atom Reactions

Rate constants for the reactions of the Cl atom with a
number of alkanes are now available, and Table 3 gives
room temperature rate constants and the temperature depen-
dent parameters for these reactions. Rate constants for the
reactions of the Cl atom with methane, ethane, propane,
n-butane, 2-methylpropane, and 2,2-dimethylpropane have
been measured using absolute rate techniques,’>™'® and the
rate constants given in-Table 3 for these alkanes are those
recommended by the IUPAC evaluation'? (methane and
ethane) or are based on:the absolute.rate constants of Lewis
ef al.,'* Biechert e al,’> and Kambanis er al.'® (propane,
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TABLE 3. Rate constants k at 208 K and temperature dependent parameters, k=A e™ 27, for the gas-phase reactions of Cl atoms with atkanes®

1012xA B 10" %k

Alkane (cm?® molecule™ s71) (K) (cm® molecule ™! s7") Reference
Methane 9.6 1350 0.010 Atkinson et al.®
tithane 81 95 5.9 Atkinson et al.?
Popane 120 -40 13.7 Lewis et al.;'* Biechert ef al.’®
#-Butane 21.8 0 21.8 Lewis et al.;'* Biechert et al.'®
2-Methylpropane 14.3 Lewis et al.;'* Biechert et al.'®
#-Pentane 28 Aschmann and Atkinson,'” Hooshiyar and Niki'®
2-Mcthylbutane 22 Aschmann and Atkinson;'” Hooshiyar and Niki'®
2,2-Dimethylpropane 11.1 0 11.1 Kambanis er al.'¢
n-Hexane 34 Aschmann and Atkinson;'” Hooshiyar and Niki'®
2-Mecthylpentane 29 Aschmann and Atkinson;'? Hooshiyar and Niki'®
A-Methylpentane 28 Aschmann and Atkinson'’
2.3-Dimethylbutane 23 Aschmann and Atkinson;!” Hooshiyar and Niki'®
Cyclohexane 35 Aschmann and Atkinson'’
n-Heptane 39 Aschmann and Atkinson;'” Hooshiyar and Niki'®
1-Methylhexane 35 Hooshiyar and Niki'®
2,4-Dimethylpentane 29 Aschmann and Atkinson'’
2,2.3-Trimethylbutane 20 Aschmann and Atkinson'’
Methylcyclohexane 39 Aschmann and Atkinson!”
5-Octane : 46 Aschmann and Atkinson;'” Hooshiyar and Niki'®
2.2.4-Trimethylpentane 26 Aschmann and Atkinson;'? Hooshiyar and Niki'®
2,2,3,3-Tetramethylbutane 175 Aschmann and Atkinson'’
n-Nonane 48 Aschmann and Atkinson'”
n-Decane 55 Aschmann and Atkinson'’
cis-Bicyclo[4,4,0]decane 48 Aschmann and Atkinson!’

“T'he rate constants measured by Aschmann and Atkinson'” and Hooshiyar and Niki'® are placed on an absolute basis by using a rate constant for the reaction

of the CI atom with n-butane of 2.18X107'° cm® molecule ™} s,

n-butane, 2-methylpropane, and 2,2-dimethylpropane). For
the remaining alkanes listed in Table 3, the rate constants
determined by Aschmann and Atkinson'’ and Hooshiyar and
Niki'® from relative rate studies are placed on an absolute
basis using the recommended rate constant for the reaction of
the Cl n-butane  of  2.18x10710
cm® molecule ! s™! at room temperature (Table 3). Because
of the differing rate constants used for the reaction of the Cl
atom with n-butane, the rate constants for the >C, alkanes
given in Table 3 are 12% higher than those reported by
Aschmann and Atkinson'” and Hooshiyar and Niki.'®

The rate constants for the reactions of the CI atom with
alkanes at 298 K (and presumably the distribution of initially
formed alkyl radicals) can be reliably calculated using an
approach exactly analogous to that used for the calculation of
OH radical reaction rate constants.'”!® Using the rate
constant for the reaction of the Cl atom with n-butane given
in Table 3, the group rate constants and substituent
factors for the Cl atom reactions are kprim=3.5><10_11
cm® molecule ™! 7! !

atom with

, kee=9.3%10"1" cm® molecule™! 57,
kien=6.8X10""" cm® molecule ™' s™!, F(—~CH,)=1.00 and
F(-CH,-)=F(>CH-)=F(>C<)=0.79 at 298 K.!"'® The
rate constants for the =C; alkanes are expected to be essen-
tially independent of temperature over the temperature range
encountered in the atmosphere (see Table 3 and Refs. 14 and
16).

2.1.4. Alkyl (R) Radical Reactions

The available kinetic and mechanistic data show that un-
der tropospheric conditions the alkyl radicals react with O, to
form an alkyl peroxy radical.

™M

R+ Oz—-)ROz.

The presently available room temperature rate constants for
O, addition to alkyl radicals are given in Table 4. The methyl
and ethyl radical reactions are in the falloff regime at and
below atmospheric pressure at room temperature and below,
and the ITUPAC recommended values of k,, k., and F for
these O, reactions are:'* methyl, kg=1.0x1073 (7/300)733

cm® molecule 257}, k,=1.8%x1071? (T7300)"!
cm® molecule 's™' and F=027 at 298 K; ethyl,
ko=5.9X10"%*  (T/300)"**  cm®molecule™s™!, k.

=7.8x107"? cm® molecule™’ s™! and F=0.54 at 298 K. In
addition, Xi er al®® have measured a rate constant of

»=2.1%X107"2 (7/300) %! ¢m® molecule ™! s™! for the reac-
tion of O, with the 2,2-dimethyl-l-propyl (neopentyl) radical
over the temperature range 266-374 K.

The recent study of Dilger et al?? of the kinetics of the
addition of the C,Hj radical to O, is in general agreement
with the IUPAC recommendation.'® Dilger ef al.?* obtained
a value of k,,=(8.7%0.8)X10™"? cm® molecule™ s™! at 294
K, with the measured rate constant at 1.5 bar (1125 Torr) of
ethene being close to the high pressure limit. The rate con-

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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Tabtn 4. High prissure rale cosntants k. for the reactions of alkyl radicals
{R) - with O, at room temperature,
102k, T
R (em® molecule™'s™)  (K) Reference
Methy] 18448 298  Atkinson et al.'?
0.95° 298
Ethyl 7.87%% 298  Atkinson et al.®
7.0 298
1-Propyl 873 298  Atkinson ef al.’®
2-Propyl 1174 298  Atkinson et al.®
1-Butyl 75*14 300 Lenhardt er al."
2-Butyl 16.6+2.2 300 Lenhard et al.”®
2-Methyl-2-propyl 23.4+39 300 Lenhardt et al.’?
2-Methyl-1-propyl 2.9+0.7 298+3 Wu and Bayes®

2,2-Dimethyl-1-propyl® 2:4+0.4 293+1 Xiet al®
Cyclopentyl 17£3 293 - Wuand Bayes20
Cyclohexyl 14+2 298:+3 Wu and Bayes®

2Value at 760 Torr total calculated from the falloff expression (see text).
"Note k=2.1%10712 (7/300) %! cm® molecule™! s™! over the temperature
range 266-374 K.2!

stant at 1.5 bar of ethene was observed to decrease slightly
with temperature over the range 222-475 K, with measured
rate constants of (in units of 1072 cm® molecule™! s7?) 8.5
+0.5 at 222 K, 9.3+0.6 at 243 K, 6.8+£0.4 at 319 K, 6.2
+0.3 at 387 K, and 5.1+0.3 at 475 K.22

The reactions of alkyl radicals with O, proceed by initial
addition to form an activated complex which is either colli-
sionally stabilized or decomposes back to reactants or to an
HO, radical plus an alkene.”

R+0,2[ RO, *—HO, +alkene
M
RO,

At the high pressure limit, alkyl peroxy radical formation is
therefore the sole reaction process. At 760 Torr and 298 K,
the formation yield of C,H,+HO, from the reaction of the
ethyl radical with O, is 0.004."

Hence, for the alkyl radicals studied to date, under tropo-
spheric conditions the reactions with O, proceed via addition
to form an alkyl peroxy radical, with a room temperature rate
constant of =107*2 cm® molecule™! s™'. For the smaller
alkyl radicals these reactions are in the falloff regime be-
tween second and third order kinetics, but are.reasonably
close to the high pressure rate constant at 760 Torr of air.
Under atmospheric conditions, reaction with O, is the sole
loss process for alkyl radicals, and other reactions need not
be considered.

2.1.5. Alkyl Peroxy (RO,) Radical Reactions
As discussed above, alkyl peroxy (RO,) radicals are
formed from the addition of O, to alkyl radicals. Under tro-
pospheric conditions, RO, radicals react with NO (by two

J.'Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997

pathways),
M
— RONO,

RO,+NO ——

S RO+N02
with HO, radicals,
RO,+HO,—ROOH+0,

with ROZ radicals (either self-reaction or reaction with other
alkyl peroxy radicals),

R02+ R02—>products
and with NO,,

M

The reaction pathways which occur depend on the NO to
HO, and/or RO, radical concentration ratios, and in the tro-
puspliere the 1eaction with NO is expected to dominate for
NO concentrations =7x}0° molecule cm™*** The reac-
tion of RO, radicals with NO, to.form alkyl peroxynitrates is
generally unimportant under lower tropospheric conditions
due to the rapid thermal decomposition of the alkyl perox-
ynitrates back to reactants.>>

2.1.5.a. Reaction with NO. The room temperature rate
constants and the temperature dependent parameters deter-
mined from absolute rate studies are given in Table 5. While
a number of such studies have been carried out for the reac-
tion of the methyl peroxy radical with NO?~%" (with three
temperature dependent studies®®136), for each of the other
alkyl peroxy radical reactions only a few studies (and often
only a single study) have been carried out. The most exten-
sive studies are those of Howard and coworkers®®“>** car-
ried out as a function of temperature for the methyl peroxy,36
ethyl peroxy,*? and 1- and 2-propyl peroxy*>* radicals. The
298 K rate constant measured by Villalta et al.36_ for the me-
thyl peroxy radical reaction is in excellent agreement with
the majority of the previous absolute rate constants (Table
5), and with the most recent NASA*® and TUPAC" evalua-
tions. Accordingly, the recommended rate constants for the
reactions of alkyl peroxy radicals with NO are based on the
rate constant data of Howard and coworkers.”®***>#” For the
methyl peroxy radical reaction, the rate constant data of Vil-
lalta et al.>® are recommended, with

k(CH;0,+N0)=2.9%10""2 ¢®5T cm® molecule™" s™*

=7.5%10"12 cm molecule ™} s7!

at 298 K.

This recommendation differs somewhat from the TUPAC
recommendation'® of k(CH;0,+N0O)=4.2X10712 7
cm® molecule ™ 57! (7.6><10‘12 cm® molecule ™' s~ ! at 298
K). Based on the data of Howard and coworkers*>***" for
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TABLE 5. Absolute room temperature rate constants k and temperature dependent parameters, k=A e~ 57, for the reactions of R02 radicals with NO

102x4 B 102xk At T
RO, (cm® molecule™ s7) (K) (cm® molecule™' s7') (K) Reference
CH,0, 8.0£2.0 295+2  Plumb ef al.®
3.0+0.2 ~298 Adachi and Basco?’
6.52.0 298 Cox and Tyndall*®
7.1*x14 298 Sander and Watson®
63%2.5 —86=112 7.8%1.2 298 Ravishankara et al.*
2.1+1 —380£250 7.7£0.9 296 Simonaitis and Heicklen®!
8.6:2.0 205 Plumb et al.3?
7%2 298 Zellner er al.
8.8*14 295+2 Sehested er al.3*
112+14 298+5 Masaki ez al.®
2.8+0.5 —285+60 75%13 298 Villalta et al.3
7510 298 Helleis ez al.”’
CH,CH,0, 2.66+0.17 ~298 Adachi and Basco®
8.9+3.0 295 Plumb et al.¥
8.5=1.2 295+2 Schested e ul ™
8.2+1.6 298 Daéle et al.®®
31543 —330+110 10.0=1.5 295 Maricq and Szente*!
2.6+04 —-380%70 9.3x1.6 298 Eberhard and Howard*?
CH,CH,CH,0, 2.9+0.5 —350£60 9.4*1.6 298 Eberhard and Howard*?
(CH5),CHO, 3.500.34 ~298 Adachi and Basco™
5.0+1.2 290 Peeters er al.*
2.7+0.5 —360+60 9.0%1.5 298 Eberhard et al.*
9.1x1.5 298 Ebeihiard and Howard®’
(CH3);CO, >1 298 Anastasi et al.*®
) 4.0*1.1 290 Pecters et al.**
7.9%1.3 297+2 Eberhard and Howard*’
{CH,);CCH,0, 4704 295+2  Sehested et al.®
CH;CH(O,)CH,CH,CH, 8.0x1.4 297+2  Eberhard and Howard*’
cyclo-CsHgO, 10.9*1.9 297+2 Eberhard and Howard*’
(CH,);CC(CH,),CH,0, 1.8£0.2 295+2  Sehested et al.*
CH,=CHCH,0, 10.5*=1.8 297+2 Ebethard and Howard?’

the =C, alkyl peroxy radicals (Table 5), it is recommended
that the rate constants for the =C, alkyl peroxy radicals are
identical, with

k(RO,+NO)=2.7X 10712 3697 ¢m3 molecule™ 57!
=9,0X10"12 cm® molecule ™ 57! at 298 K.

These recommendations differ from those given in the most
recent NASA* and TUPAC?® evaluations (especially for the
ethyl peroxy and propyl peroxy radicals in the TUPAC
evaluation'®). .

The reaction of the CH;0, radical with NO has been
shown to proceed primarily by,!330:3348

CH;0,+NO—CH,;0+NO,

and Plumb ez al.>® have also shown that the reaction of the

C,H;0, radical with NO leads to the formation of NO, with
a yield of =0.80 at 295 K and 5 Torr total pressure of helium
diluent.

For the larger alkyl peroxy radicals, the reaction pathway
forming the alkyl nitrate becomes important.*~>® At room
temperature and atmospheric pressure of air, the product data
of Atkinson et al.,>'~>* Harris and Kerr,”> and Aschmann
et al.>® show that for the C,—~C; secondary alkyl peroxy radi-
cals the rate constant ratio k,/(k,+k,), where k, and k;, are

the rate constants for the reaction pathways (a) and (b), re-
spectively,

M
——= RONO, (a)
RO,+NO ——]
L—» RO+NO, (b)

increases monotonically with the carbon number of the ROZ
radical. Furthermore, for a given alkyl peroxy radical the rate
constant ratio k,/(k,+k,) (and, equivalently, the ratc constant
ratio k./ky). is pressure and temperature dependent, increas-
ing with increasing pressure and with decreasing
temperature, >4

The pressure and temperature dependent rate constant ra-
tios k,/k,, for secondary alkyl peroxy radicals® ~** are fit by
the empirical expression®’

k, Y3 X[ M](T/300) ™0
ky Y2O[M](T/300) ™0 |~
Y2%(T7/300) "=

J. Phys. Chem. Rcf. Data, Vol. 26, No. 2, 1697
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TaBLE 6. Recommended rate constant parameters kg, k., and [~ for the gas-phase reactions of R02 radicals
with NO,, together with calculated rate constants & at 298 K and 760 Torr total pressure®

. ko - F 102Xk
RO, (cm® molecule ™% 571 (cm’® molecule™' 57" (298 K) (cm® molecule™" s71)°
CH;0, 2.5%107%(7/300) > 7.5%x107" 0.36 3.9
C,H0, 1.3Xx1072(7/300)7%2 8.8%107"7 0.31 6.1

*From Atkinson er al.'®
At 298 K and 760 Torr total pressure.

where

: Y2 M(T/300) "m0} 2\ 7!
z=| 1+ logiol ~—300 =
Y3®(1/300) "=

and Y3®=a ¢, n is the number of carbon atoms in the
alkyl peroxy radical, and « and S are constanis. The evalu-
ation of Carter and Atkinson>’ of the experimental data of
Atkinson et al.®'"* leads to Y2'=0.826, a=1.94X10"*
cm’® molecule™!, B=0.97, my=0, m,=8.1, and F=0411.
The experimental data of Harris and Kerr for the heptyl
nitrates formed trom the OH radical reaction with n-heptane
over the temperature range 253-325 K at 730 Torr total
pressure of air are in good agreement with predictions from
this equation.

The corresponding rate constant ratios k,/ky, for primary
and tertiary RO, radicals appear to be lower, by a factor of
~2.5 for primary alkyl peroxy radicals and by a factor of
~3.3 for tertiary alkyl peroxy radicals, than the rate constant
ratios k,/k, for the secondary alkyl peroxy radicals.>*"’
Therefore,

(ka /kb) primaryp"'v 0-40(ka/kb) secondary

and

(ka/kb)primary~0-3(ka/kb)secondary .

The use of the above equations to calculate the rate con-
stant ratios k,/k, appears to be solely applicable to alkyl
peroxy radicals (see Sec. 2.2). The reactions of alkyl peroxy
(ROQ) radicals with NO are postulatedS?' to occur by,

RO, + NO ——  [ROONOJF —— RO+ NO;
N o M
R— O, —— [RONOQ2}]* ——» RONO;
N
.
)

and the overall rate constants are therefore expected to be
independent of total pressure, but with the rate constant ratio
k/k,, being pressure and temperature dependent, as observed.
As expected, no deuterium isotope effect has been observed
for these reactions, with the 298 K rate constants for the
reactions of the CH;0, and CD;0, radicals with NO being
identical within the experimental uncertainties.
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2.1.5.b. Reaction with NO,. The reactions of alkyl peroxy
radicals with NO, proceed via combination to yield the alkyl

peroxynitrates'®
M

RO,+NO,—ROONO,.

The rate constants for the reactions of the CH;0, and
C,H;0, radicals with NO, are in the falloff regime between
second and third order kinetics at and below atmospheric
pressure at room temperature. The TUPAC recommenda-
tions!® for the values of kg, ko, and F and the rate constants
k for these two reactions at 298 K and 760 Torr total pres-
sure of air as calculated from the talloff expressions are
given in Table 6. The observations that the reactions of the
CH,0, and C,Hs0, radicals with NO, are in the falloff re-
gime between second and third order kinetics at and below
atmospheric pressure at room temperature'” are in agreement
with data for the reverse thermal decomposition reactions of
the alkyl peroxynitrates CH;00NO, and C,H;O0NO,."*
Absolute rate constants have also been obtained at room
temperature for the reactions of the (CH3)2CH02 (Ref. 43)
and (CH»)sCO, (Ref. 46) radicals, of (5.65%0.17)x107*

em? molecule~! s™! and =5%107!3 cm® molecule ™! 571, re-

spectively. However, the rate constant of Adachi and Basco™
for the (CH;),CHO, radical reaction is anticipated to be er-
roneously low,? by analogy with the measurement by the
same authors of the rate constant for the corresponding reac-
tion of the C,Hs0, radical with NO,,”® for which a rate con-
stant of (1.25%0.07)x10™'2 cm® molecule™ s™' was ob-
tained independent of pressure over the range 44676 Torr>®
and which is in significant disagreement with the JUPAC
recommendation!? given in Table 6.

Based upon the data for the CH302 and C2H5C)2 radical

reactions’> (Table 6), it is recommended that the limiting

high pressure rate constants for the =C; alkyl peroxy radi-
cals are identical to those for the Cszoz radical, with
 k(RO,+NO»)=9%10"2cm® molecule ™' s/,
approximately independent of temperature. Over the
range ~250-350 K. This recommendation is consistent
with the kinetic data of Zabel eral® for the thermal
decompositions of a series of alkyl peroxynitrates
(ROONO,, where R=CH;, CHs, C,H;, CgH3, and
CgH,;;) at 253 K and 600 Torr total pressure of Ny,
which show that the thermal decomposition rates for the
C,—Cg alkyl peroxynitrates are reasonably similar. In par-
ticular, the thermal decomposition rates for the
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TABLE 7. Rate constants at 298 K, k, and temperature dependent parameters, k=A ¢~ 57, for the gas-phase

reactions of alkyl peroxy radicals with the HO, radical

) 10°XxA 10"2xk
RO, {cm® molecule™ s7Y) (K) (cm® molecule™! s™1) Reference

CH0, 38 —7802500 5. 2+5§ Atkinson ez al.’®

CH,CH,0, 2.7 ~1000+300 7.7443 Atkinson et al.’®

(CH,);CCH,0, 1.43+0.46 —1380%100 15+4 Rowley et al.®

cyclo-CsHgO, 2.1*1.3 —1323%185 18+3 Rowley ez al.®

cyclo-C¢H,,0, 2.6%1.2 —1245+124 17+3 Rowley ez al.!
C4—C;y alkyl peroxynij[rates at 253 K and 600 To?r total pres- 2R]R2CH02 —R,R,CHOH+R,C(O)R,+0,,  (b)
sure of N, were within 30% of the caiculated high pressure
thermal decomposition rate of C,H;O0NO, at the same  and

temperature.”® The pressures at which these RO,+NO, reac-
tions exhibit kinetic falloff behavior from the second to third
order regime will decrease as. the size of the RO, radical
increases, and it is expected that at room temperature and
760 Torr total pressure of air the rate constants for the reac-
tions of =C; alkyl peroxy radicals with NO, are close to the
high pressure limits.

2.1.5.c. Reaction with HO, Radicals. To date, rate con-
stants for the reaciions of the HO, radical with alkyl peruxy
radicals have been measured only for the methyl peroxy,'®
ethyl peroxy,'® 2,2-dimethyl-1-propyl peroxy (neopentyl
peroxy),e'0 cyclopentyl peroxy,61 and cyclohexyl peroxy61
radicals. The 298 K rate constants and the temperature de-
pendent parameters recommended for the CH;0, and

C,H;0, radical reactions'” and the measured values for the
other three alkyl peroxy radicals for which data are presently
available’*®! are given in Table 7. The rate constants for the
reactions of the CH30, and C,Hs0, radicals with the HO,
radical recommended by the most recent IUPAC evalua-
tion'? (Table 7) are recommended and should be used. Based
on rate constant data of Rowley e al.*®! for the neopentyl
pemxy,so cyclapentyl pemxy,ﬁl and cyclohexyl permzy61
radicals, rate constants for the =C; alkyl peroxy radical re-
actions with the HO, radical of

k(HO,+RO,)=1.9X 10713 13007

cm’ molecule™! 7!

Ts™l at 298 K

are recommended, with an estimated uncertainty in the 298
K rate constant of a factor of 2.

The reactions of the HO, radical w1th CH;0, 526
CD302, C2H507, neopentyl peroxy,®® cyclopentyl
peroxy,” and cyclohexyl peroxy® radicals have been shown
to proceed by H-atom abstraction to form the hydroperoxide,

with a yield of unity within the experimental uncertain-
ties,50-63

=1.5%10""" cm?® molecule™

RO,+HO,—ROOH+0,.

2.1.5.d. Reaction with Réz Radicals. Numerous studies
of the combination reactions (mcludmg the self-reactions) of
ROz radicals have been carried out.%%% These reactions can
proceed by three pathways,

2R,R,CHO,—2R,R,CHO+0,, (a)

2R,R,CHO,—R;R,CHOOCHR R, +0,, (©)

with pathway (b) not being accessible for tertiary R02 di-
cals. At around room temperature, product studies O w..
self-reactions of the CH,;0,,%7° cszoz,71 72 (CH,),C0,,"
neopentyl peroxy, 4 and cyclohexyl peroxy ® radicals show
no evidence for the occurrence of reaction pathway (c). In
the following discussion, pathway (c) is taken to be of neg-
ligible importance and only pathways (a) and (b) are as-
sumed to occur.

The IUPAC panel recommendations’> for the overall rate
constants (k=k,+k,) and the rate constant ratios k,/k for the
self-reactions of the <C; RO2 radicals and for the reactions
of the CH;0, radical with CH,C(0)O, and CH,C(0O)CH,0,
radicals are given in Table 8. together with the available
literature data for other RO, radical reactions. For the self-
reaction of the rert-butyl peroxy radical, the rate constants
reported by Anastasi et al.,*® Kirsch et al.,}! and Lightfoot
etal” at room temperature and above are in good
agreement.”® Because of the wider temperature range stud-
ied, the Arrhenius expression of Lightfoot ef al.’® is pre-
ferred.

Although an Arrhenius expression is given in Table 8 for
the self-reaction of neopentyl peroxy radicals,’® the rate con-
stants measured by Lightfoot ez al.’® exhibit non-Arrhenius
behavior. (Note that the three parameter expression of
k=3.02x107"° (77298)%4 &*?%0T cm?® molecule™ s} cited
by Lightfoot ez al.” does not fit their data, and the expres-
sion k=3.02x107" (7/298)*4¢ &***9T cm? molecule™ s’
appears to be a better fit’.) The overall rate constant & and
branching ratio k,/k determined by Wallington et al.™ at 297
K for the self-reaction of neopentyl peroxy radicals are in
excellent agreement with the more extensive measurements
of Lightfoot et al.”®

The Arrhenius expressions for k,/k are only apphcable
over the cited temperature ranges, since over extended tem-
perature ranges the calculated values can exceed unity. The
more correct temperature dependent format uses the rate con-
stant-ratio k,/k, , and Lightfoot et al.’® obtained the rate con-
stant ratio ky/k,=(197=67) el~(168=T] for the self-
reaction of neopentyl peroxy radicals over the temperature
range 248-373 K. Similarly, Rowley et al.”’ obtained the
rate constant ratio k,/k,=1146 el = (23502320011 gyer the tem-

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997



226

ROGER ATKINSON

TaBLE 8. Rate constants k at 298 K and temperature dependent parameters, k=A ¢~ /7, for the gas-phase combination reactions of RO2 radicals

102X A B 10°%k (298 K)
R(')2+R(')2 (cm® molecute™ s71) (K) (cm® motecule™! s7) k,lk Reference
Self-reactions
CH;0,+CH;0, 0.11 —365%200 37442 5.4 84T Atkinson et al.'®
C,Hs0,+C,H;0, 0.064 0-3% 0.64192 0.62+0.10 Atkinson ef al.'?
{298 )
CH,CH,CH,0,+CH,;CH,CH,0, 3% Atkinson et al.’
(CH,),CHO, +(CH,),CHO, 1.6 22002300 0.01073342 2.0 e~ 3807 Atkinson et al.’?
(300-400 K)
(CH5);CO,+(CH;),CO, 10 3894 0.00021 Lightfoot et al.”®
(CHj);CCH,0,+(CH,),CCH,0, 0.0016 —1961=100 10.4%0.9 0.40 Lightfoot et al.™
(298 K) ‘
cyclo-CSHgoz+cyclo-C5H902 <0.67 Rowley et al.”’
cyclo-CgH;, 0, +cyclo-CgH;,0, 0.284+0.016 0.29+0.02 Rowley ef al.™
(298 K)
0.077 184 0.42 Rowley et al.”’
C ro:§-reacti ons
CH;0,+C,H;0, 2.0*0.5 0.48° Villenave and
) ) ) (298 K) Lesclaux’®
CH;0,+(CH;);CO, 0.37 1420 0.032 5.9 ¢~ !130T Osborne and
(313-393 K) Waddington’?
CH;0,+(CH,);CCH,0, 15+5 0.36° Villenave and
) (298 K) Lesclaux™
CH302+cyclo-C6H“02 0.90£0.015 0.31° Villenave and
(298 K) Lesclaux’®
CH;0,+CH,=CHCH,0, 0.28+0.07 ~515+75 16 0.47* Vellenave and
(298 K) Lesclaux® 7
CH;0,+C¢H;CH,0, <20 0.36° Vellenave and
(298 K) Lesclaux™
CH;0,+CH,C(0)0, 5.1 -272 130 0.86 Atkinson ef al."®
(298 K)
9816 0.90+3% Roeht er al.”®
(298 K)
0.85 —726+75 97 minor Maricq and Szente®
(209358 K)
82+6 0.65° Vellenave and
(298 K) Lesclaux’®
CH;0,+CH,C(0)CH,0, 38 0.3 Atkinson ef al."?
(298 X)
C,H50,+(CH;);CCH,0, 5.6+0.8 0.51* Villenave and
(298 K) Lesclaux’®
C,H;0,+cyclo-CeH, 0, 0.40+0.02 0.46° Villenave and
(298 K) Lesclaux’®
C,H50,+CH,=CHCH,0, 103 0.62° Villenave and
(298 K) Lesclaux™®
C,H40,+CH;C(0)0, 100£30 0.82 Villenave and
(298 K) Lesclaux’®
(CHj3);CCH,0,+(CH;),CO, 0.320.1 Lightfoot et al.’®
(373 K)

*Calculated assuming that the value of k,/k for the R102+R202 radical reaction is the arithmetic average of the k/k values for the self-reactions of the Rloz

and R,0, radicals.”®

perature range 253-373 K for the self-reaction of the cyclo-
hexyl peroxy radical, and Horie and Moortgat®? measured a
rate constant ratio of k/k,=2.2X10% e~ 37 for the reaction
of the methyl peroxy radical with the acetyl peroxy radical
over the temperature range 263—333 K from a product analy-
sis study. However, the studies of Horie and Moortgalt,82
Roehl ez al.,” and Maricq and Szente®® concerning the rate
constant ratio k,/k, [or k,/(k,+k)] are not in agreement,
with Horie and Moortgat® and Roehl ez al.”® concluding that
the reaction channel (a),
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CH,C(0)0+CH;0+0, (a)
CH,C(0)0,+CH;0,
CH,C(O)OH+HCHO+0,, ®)

dominates at room temperature (and at temperatures >265
K®?), while Maricq and Szente®® observed no evidence for
the contribution of pathway (a) over the entire temperature



GAS-PHASE TROPOSPHERIC CHEMISTRY OF ALKANES AND ALKENES 227

range studied (209-358 K). Note that there is general agree-
ment concerning the overall room temperature rate constant
(k;+ky) (Table 8).!378-80

For the self-reaction of the cyclopentyl peroxy radical,
Rowley et al.”’ measured rate constants kgys Over the tem-
perature’ range 243-373 K from the flash photolysis of
Cl,—cyclopentane—0O,—N, mixtures, by monitoring the sec-
ond order decays of the cyclopentyl peroxy radical absorp-
tion. However, at a given temperature the measured values of
ks were a function of the O,/Cl, concentration ratio, with
the measured value of kg, increasing with the O,/Cl, con-
centration ratio.”” This behavior was explained”’ by competi-
tive reactions of the CH,CH,CH,CH,CHO radical, formed
from decomposition of the cyclopentyloxy radical produced
in reaction pathway (a), with Cl, and O,. Rowley et al.”’
obtained a rate constant for the ‘‘molecular’’ channel (b) of

kyp(cyclopentyl peroxy)
=(1.320.4)x 10714 188=8VT 3 molecule™ 57

=22x10"" cm® molecule™' s™! at 298 K,
and an upper limit to the overall rate constant (k,+k,) of

(ka+kb)
<(2.9+0.8) X 10713 el =555*TN/TT o3 molecule™! 57!

<6.7x 107" cm’ molecule™! s™! at 298 K.

In addition to the data given in Table 8, Heimann and
Warneck® carried out a product study of the OH radical
initiated reaction of 2,3-dimethylbutane and derived rate
constant ratios k,/k at 297 K for the self-reaction of the
2-propyl peroxy radical of 0.39+0.08 and for the self-
reaction of the (CH;),CHCH(CH;)CH,0, (2,3-dimethyl-1-
butyl peroxy) radical of 0.44%+0.07. This value of k,/k for
the 2-propyl peroxy radical® is somewhat lower than the
IUPAC recommendation’® of 0.56 at 298 K (Table 8). Rate
constants for the cross-combination reactions of the 2,3-
dimethyl-1-butyl peroxy radical with 2-propyl peroxy and
2,3-dimethyl-2-butyl peroxy radicals were also derived.®®

For all of the combination reactions of alkyl peroxy radi-
cals for which data are available and for which both reaction
pathways (a) and (b) are allowed, the reaction pathway (a) to
yield the alkoxy radicals increases in importance as the tem-
perature increases (Table 8 and Refs. 76 and 77), with path-
way (a) dccounting for ~30-80% of the overall reaction at
298 K. For the self-recombination reaction of CH;0, radi-
cals, Kan and Calvert* and Kurylo ez al.*® have shown that,
in contrast to the combination reaction of HO, radicals,’?
H,0 vapor has no effect on the measured room temperature
rate constant.

In the absence of experimental data for a wider variety of
RO, radicals, the following self-reaction rate constants are

" recommended as being reasonably representative for pri-

mary, secondary, and tertiary alkyl peroxy radicals at 298 K,

k(primary RO,+primary RO,)

~2.5%x10713 ¢m® molecule™! s,

k(secondary RO,+secondary RO,)

~5x107" ¢m® molecule ' s,

and

k(tertiary RO,+tertiary RO,)

~2%10717 cm? molecule ™! 571,

all with uncertainties at 298 K of at least a factor of 5. For
the self-reactions of primary and secondary RO, radicals, the
few available data (Table 8) suggest a rate constant ratio of
k/k=0.4520.2 at 298 K. For the self-reactions of tertiary
RO, radicals, only reaction pathway (a) can occur.

Tor the reactions of nonidentical alkyl peroxy radicals,

RIOZ+R202—>products,

the available data (Table 8 and Ref. 78) indicate that the rate
constants are very approximately given by the geometric
mean equation,® with k12~_~2(k1k2)0'5, where k, is the rate
constant for the R;0,+R;0, reaction and k; and k, are the
rate constants for the self-reactions of R,0, and R,0, radi-
cals, respectively. A much larger data base is clearly required
for the reactions of the HO, radical with alkyl peroxy (RO,)
radicals and for the reactions of RO, radicals with RO, radi-
cals (including for the cross-combination reactions).

2.1.6. Alkoxy (RO) Radical Reactions

Under tropospheric conditions, the major alkoxy radical
removal processes involve reaction with O,, unimolecular
decomposition, and isomerization.'™®” The alkoxy radical
isomerizations proceed by a cyclic transition state and, be-
cause of the ring strain involved, 1,4-H shift isomerizations
proceeding through a 5-member ring transition state® are
calculated to be much less important (by a factor of ~5x10°
at 298 sz) than 1,5-H shift isomerizations proceeding
through a G6-member, essentially strain-free, transition
state.'®® In agreement with these predictions,"® Eberbard
et al.¥ observed no evidence for 1,4-H shift isomerizations
of the 2- and 3-hexoxy radicals and 1,4-H shift isomerization
reactions of alkoxy radicals are therefore neglected in the
following discussion. For the 2-pentoxy radical, the decom-
position and isomerization reactions and the reaction with O,
are shown in Reaction Scheme 1.

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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TABLE 9. Recommended 298 K rate constants and temperature dependent
expressions, k=4 e~ /T, for the reactions of O, with alkoxy (RO) radicals."

. 10Mx4 B 101%k (298 K)
RO (cm® molecule™' s7') (K) (cm® molecule™ s7h
CH,O0 7.2 1080 19
CH,CH,0 6.0 550 9.5
(CH,),CHO 15 200 8

*From Atkinson et al.!> The Arrhenius expressions cited are only applicable
for temperatures <600 K.

CH;CH(O)CH,CH,CHs

decomposity l 01 \fomerization
CHsCHO+CsH;  HO; + CH3C(O)CH,CH,CHy O

or I!-I” CH cH,
CHj + CoHsCHO |

3‘ 2Hs cH, e
N CH;
CH;CH(OH)CH,CH;CH;

Reactions of the alkoxy radicals with NO and NO,, though
of no importance under tropospheric conditions, must be
considered for laboratory conditions.’

2.1.6.a. Reaction with O,. Absolute rate constants for the
reactions of alkoxy radicals with O, have been determined
for the CH;0,%* C,H,0,"** and (CH,),CHO® radicals,
and the TUPAC recommendations'? for the rate constants for
these reactions are given in Table 9. In addition to these
absolute rate constants, Zellner and coworkers®® have re-
ported, using an indirect method, rate constants at 298 K for
the reactions of O, with propoxy, l-butoxy, 2-methyl-1-
propoxy, pentoxy, hexoxy, heptoxy, and octoxy radicals of
(7.3-8)x10™" cm® molecule ™ s, very similar to the room
temperature rate constants for the ethoxy and 2-propoxy
radicals given in Table 9. Based on the recommended'* rate
constants for the reactions of the C,HsO and (CH3),CHO
radicals with O,, it is recommended that for the primary
(RCH,0) and secondary (R, R,CHO) alkoxy radicals formed
from the alkanes,

k(RCH,0+0,)
=6.0X10"" 737 ¢m? molecule™' s™! (T<600 K)
=9.5X10"5 cm® molecule™!'s™! at 298 K, (D
and
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k(R;R,CHO+0,)
g7l (T=600 K)
s7! at 298 K. (In)

=1.5%10"" ¢=209T 3 molecule™
=8%10~15 cm3 molecule™!

These recommendations are identical to those of Atkinson.?
For the reaction of the C,H,O radical with O,, Hartmann
et al.®* measured the formation yield of the HO, radical after
conversion to OH radicals and laser-induced fluorescence
(LIF) detection of OH radicals, and obtained a formation
yield of HO, radicals of 0.8973%2, showing that within the
experimental uncertainties the reaction proceeds by

CH;CH,0+0,—CH;CHO+HO,.

Relationships between the rate constants for the reactions
of the alkoxy radicals with O, (koﬂ) and the exothermicities
of these reactions (AH o,) have prev10usly been derived>*>*

and, based on the three reactions for which recommendations
are given (Table 9) and using the heats of formation given in
the ITUPAC evaluatlon '? a unit weighted least-squares analy-
sis leads to®’

k(RO+0,)
=ko,=4.0X107" n e~ (0288Ho)) cm? molecule ™! 57!

(1)

at 298 K, where 7 is the number of abstractable H atoms in
the alkoxy radical and AHo, is in kcal mol~!. At 760 Torr

total pressure of air and 298 K, Eq. (III) leads to
ko,[02]=2.1 n ¢ (0-288Ho,) =1 )

Equations (I) and (II) or, if the value of AH 0, differs signifi-
cantly from the values of AH o, for the reactions of the
ethoxy or 2-propoxy radicals with O,, Egs. (III) or (IV) can
be used to estimate the rate constants and reaction rates for
the reactions of alkoxy radicals with O,.

2.1.6.b. Alkoxy Radical Decompositions. The gas-phase
decompositions of alkoxy radicals formed from the OH radi-
cal initiated reactions of alkanes have been the subject of
several previous reviews and discussions.!~878897-102 Rate
constants for the decomposition of the ethoxy,!®
2-propoxy,'** 2-butoxy,'® tert-butoxy,'®"'*” 2-pentoxy,''
and 2-rr1ethy1-2-butoxy111 radicals have been measured by
Batt and coworkers'®~ 19! and Dobé er al.!' relative to
the alkoxy radical combination reactions witlt NO,

M
RO+NO—RONO.

Alkoxy radical decomposition rate constants are also avail-
able from the studies of Carter ef al.,''> Cox et al.,'”® and
Drew et al.!** for the 2-butoxy radical, Lightfoot et al. 76 and
Wallington et al. ™ for the 2,2-dimethyl-1-propoxy (neopen-
toxy) radical, and Atkinson et al. 115 for the 3-pentoxy radi-
cal, relative to the alkoxy radical reactions with
0,/#T6N2I31S  or  relative to other decomposition

pathways.!'*
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Atkinson’” used this data base’*’%1%=!15 and the approach

ol Choo and Benson,'®! in which the Arrhenius activation
cnergy of the decomposition reaction is assumed to depend
on the specific leaving radical, to derive an expression allow-
mp  the decomposition rate constants for alkoxy and
/i hydroxyalkoxy radicals to be calculated (see also Sec.
2.2). The literature!®*~"! alkoxy radical decomposition rate
constants, kg=A e BRT were first reevaluated®’ to be rela-
tive (o the present recommendation for the combination re-
action of alkoxy radicals with NO, of k, (RO+NO)

23x1071 B e molecule ™! s™! (see below). The
pre-exponential factors A were then set at A=2X10" d s77,
where d is the reaction path degeneracy [the mean of the
various values of A after re-evaluation to the common value
of km(RO—i—NO)”] and the Arrhenius activation energies E
adjusted to yield the same rate constants at the midpoint of
the temperature ranges employed in the experimental studies.
The 298 K decomposition rate constant for the 2-butoxy
radical obtained by extrapolation of the rate constants mea-
sured relative to the alkoxy radical reaction with NO at 440—
470 K'% is then within a factor of 4 of the rate constants
measured relative to the rate constant for the O, reaction at
room temperature. 12113 Given the uncertainties in the ratc
constants for the reference reactions with NO and O, and the
cxtrapolation of the decomposition rate constants from 440
to 298 K, this is reasonable agreement and certainly within
the likely uncertainties.

Assuming that the Arrhenius activation energy for the
alkoxy radical decomposition reaction E is related to the heat
of reaction AH, by>#78899-102 E=a+bAH,, and using an
analogous equation to that proposed by Choo and Benson'®!
to relate E and a, Atkinson®’ obtained

E=[2.4(IP)—8.1]+0.36AH,, V)

where IP is the ionization potential (in V) of the alkyl radi-
cal leaving group and E and AH, are in kcal mol ™!, This
leads to values of afkcal mol ) of: methyl, 15.5; primary
alkyl, RCH,, 11.1 (including ethyl, 11.4 and 1-propyl, 11.3);
secondary alkyl, Kll(z(,‘ﬂ, 9.3 (including 2-propyl, 9.6); and
tertiary alkyl, RjR,R;C, 7.9 (including fers-butyl, 8.0).

The Arrhenius activation energies E calculated from Eq.
(V) agree with the cxperimental values of L[ (as
re-evaluated,”’ as discussed above) to within ~=*1
kcal mol™!. Furthermore, for the 2-butoxy and 3-pentoxy
radicals the decomposition rate constants k4 at 298 K calen-
lated from k,=2x10" d e ®RT s~ with B given by Eq.
(V), are in excellent agreement (within a factor of 1.5) with
the decomposition rate constants calculated relative to the
rate constants for their reactions with 02,”2’“3’”5 using Eq.
(I) to calculate the rate constants koz- A decomposition rate

constant for the neopentoxy radical is also available relative
to the rate constant for its reaction with 0,.”® However, the
rate constant for the decomposition of the neopentoxy radical
calculated from the measured rate constant ratio kglkg, de-
pends on whether Eq. (II) or (III) is used to calculate ko,
(because the calculated value of AHO2 for the neopentoxy

radical differs significantly from that for the corresponding
reaction of the ethoxy radical®’), and the agreement between
the values of &, calculated from Eq. (V) and those calculated
relative to the rate constant for reaction with O, ranges from
excellent to a discrepancy of a factor of ~8 (equivalent to an
uncertainty in E of 1.2 kcal mol™!).*” Within the uncertain-
ties in the heats of decomposition AHy (because of uncertain-
ties in the alkoxy and alkyl radical heats of formation) and
the uncertainties in Eq. (V), the agreement between the de-
composition rate constants calculated from Eq. (V) and those
derived from room temperature measurements of ky/kq, is
good, typically to within a factor of 5 or 1 kcal mol™! in E).

The alkoxy radical decomposition reactions may be in
the falloff region between first order and second order
kinetics at room temperature and atmospheric
pressure,88.93.99.100.102.107-109.116 1751 ¢he two alkoxy radicals
for which pressure dependent decomposition rate constants
have been observed [2-propoxy®>!'® and 2-methyl-2-
propoxy (tert-hntoxy) 1977197 the rate constants at room tem-
perature and atmospheric pressure are reasonably close to the
limiting high pressure values.™!%1% (See also Table II in
Baldwin er al.,88 which predicts that the corrections for fall-
off behavior are small for C;,and higher alkoxy radicals,
being less than a factor of 2 at room temperature and atmo-
spheric pressure.)

2.1.6.c. Alkoxy Radical Isometrizations. Apart from the
radical trapping study of Débé er al.,'' only recently has
direct evidence for the occurrence of alkoxy radical isomer-
ization been reported.gc’)’“il17‘120 Previously, the occurrence
of alkoxy radical isomerization reactions in the alkane pho-
tooxidations were inferred by the absence of the products
expected from the alkoxy radical decomposition and/or reac-
tion with 0,.!1%!1*12L122 No absolute rate constants for the
isomerization reactions are available, but isomerization rate
constants have previously been estimated'>%%!2! and experi-
mental data are available concerning the rate constants for
the isomerization reactions of the I-butoxy,''>!*122
2-pentoxy,''® and 2- and 3-hexoxy® radicals relative to the
reactions of these alkoxy radicals with O,. The measured
rate constant ratios Kjm/ko are given in Table 10, and
those for the 1-butoxy radical''®!'*!2? are in good agree-
ment. Rate constants k;,,, can be obtained from these rate
constant ratios ks, /ko, using the rate constants kg recom-
mended above, and the resulting isomerization rate constants
are also given in Table 10. The rate constant for isomeriza-
tion of the 2-pentoxy radical obtained by DSbé ez al.''? rela-
tive to the 2-pentoxy radical decomposition rate using a radi-
cal trapping method is a factor of ~20 lower than the other
values of k5o, involving H-atom abstraction from —CH,
groups, and is clearly in error (probably due to difficulties in
quantitatively trapping the 4-hydroxy-1-pentyl radicals
formed after the isomerization).

The data presented in Table 10 show that alkoxy radical
isomerization proceeding by H-atom abstraction from a
—~CH, group has a rate constant of ~2X10° s™! at room
temperature and, based on the rather uncertain data of Eber-
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TABLE 10. Rate constant ratios kiem,/ko, and rate constants ki, for the
reactions of alkoxy radicals formed from alkanes

TABLE 11. Arthenius parameters, k=A;,, e Zisom’T, for the isomerization
of alkoxy radicals®

. k;som’ko: atT kisom
RO (molecule cm™)  (K) Reference® s™h

Abstraction from a —CHs group (per —~CHj group)

1-Butoxy  1.6X10" 303 Carter er al.'?
(1.5=0.5)x10" 295+2 Cox et al.'’? 1.6X10°
(1.940.2)x 10" 298=2 Niki er al.'?
2-Pentoxy 3.1x10' 206+2 Atkinson er al.'”® 2.5%10°
301 D6bé er al.'® -6x10°"°

3-Hexoxy (2.3-54)x10'" 297+3 Eberhard er al% (1.8-4.3)x10°

Abstraction from a —CH,~ group (per —CH,— group)

2-Hexoxy (1.7-5.9)X10%° 297+3 Eberhard er al%  (1.4-4.7)X10°

*Using rate constants recommended above for the reaction of the 1-butoxy
radical with O, of 9.5X 107" cm® molecule ™" s™! and for the reactions of
the 2-pentoxy and 2- and 3-hexoxy radicals with O, of 8x107"
em? molecute ™" 571,

The isomerization rate constant is relative to the decomposition rate con-
stant measured in the same study''® and revised as discussed above and by
Atkinson.”’

hard er al.®® for the 2-hexoxy radical, that alkoxy radical
isomerization proceeding by H-atom abstraction from a
—CH,— group has a isomerization rate constant at room tem-
perature of ~2%108 71,

The rate constant for isomerization via H-atom abstraction
from a —CH; group at 298 K is a factor of 3 higher than the
estimate of Atkinson® (which was based on the experimental
data for the 1-butoxy radical!!*"*122) and is a factor of ~3
lower than the original estimate by Baldwin er al.%® How-
ever, the rate constant for isomerization by H-atom abstrac-
tion from a —~CH,~ group at 298 K is significantly lower than
previous estimates, "> and the experimental data (Table
10) showing that H-atom abstraction from a —CH,— group is
a factor of 10 faster than from a —CH; group differ signifi-
cantly from the estimate®® of a factor of 100 for this ratio.

By analogy with H-atom abstraction from —CH;, —CH,—,
and >CH- groups by the OH radical,” Atkinson®’ postulated
that for isomerization from -CH;, -CH,—, and >CH-
groups,

kisom(CH3_X) = kprimF(X) >
kisom(X_CHZ_Y) = ksecF(X)F(Y) b

and
Y
kisom X"CH\Z =ktertF(X)F(Y)F(Z),

where X, Y, and Z are the substituent groups around the
—CH;, —-CH,—, and >CH- groups, and F(X), F(Y), and
F(Z) are the substituent factors for these groups. By defini-
tion, F(~CH3)=1.00 and F(X)=e™7%" Tables 11 and 12
give the group rate constants kpyp, Kgec, and ki, and the
substituent factors for —CH;, —CH,—, >CH~, >C<, and
—OH groups derived by Atkinson.”” As an example, the rate
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A isom Bisom kisom
H-atom abstraction from s™hH (K) (s7') at 298 K
~CH; (K prim) 2.4%10" 4240 1.6x10°
—CHy— (ko) 1.6x10" 3430 1.6x10°
>CH- (k) 8 x10" 2745 4 x10°

*From Atkinson.”?

constant for isomerization of the CH3CH2CH2CH20 radical
i Kisom =K primFisom(~CHy~) =1.6X10°X1.27 s 7" =2.0X10°
-1

s

As discussed in detail by Atkinson,”’ the calculated rate
constants (or rates) for the decomposition, isomerization, and
reaction with O, can be used to assess the dominant reaction
pathways of alkoxy radicals formed during the degradation
reactions of alkanes under tropospheric conditions.

For the cyclohexoxy (cyclo-C4H,;0) radical the reaction
with 02,

cyclo-CgH, 10 +0,—cyclohexanone+HO,,

accounts for ~40% of the overall reaction pathways at
296 =2 K and atmospheric pressure of air’®!? (consistent
with the product data of Rowley et al.”®). This relative im-
portance of the O, reaction suggests that the isomerization
reaction is not important for the cyclo-C¢H;,O radical, and
that the competing pathway is the alkoxy radical decompo-
sition reaction.” Indeed, the conformation of the cyclohex-
ane ring prohibits isomerization of the cyclohexyloxy radi-
cal, and this expectation has been confirmed by the absence
of the isomerization product using atmospheric pressure ion-
ization tandem mass spectrometry.>® The reaction rates of the
cyclohexoxy radical at 298 K and 760 Torr total pressure of
air are calculated to be 2.2X10* s™! for reaction with O,
[using Eq. (IV)] and 6.3X10* s~! for decomposition [using
Eq. (V}], consistent with the experimental data.’®!% The
alkoxy radical OCH,(CH,),CHO formed subsequent to de-
composition of the cyclohexoxy radical appears to undergo
mainly isomerization,”® as predicted.

The &hydroxyalkyl radical formed from the isomerization
of the initial alkoxy radical then adds O, to produce a
Shydroxyalkyl peroxy radical (see Sec. 2.2 below), which
then undergoes a sequence of reactions similar to those of
alkyl peroxy radicals, as discussed above. In the presence of

TABLE 12. Group substituent factors Fiy,(X) for alkoxy radical isomeriza-
tions

Substituent group X Fiom(X) at 298 K*

—CH, - 1.00°
~CH,—

>CH- 1.27
>C<

~-OH 43

“From Atkinson.” Fin(X)=e5T.
°By definition.”
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=), the S&hydroxyalkyl peroxy radical forms the
#hivdroxyalkyl nitrate or the &-hydroxyalkoxy radical plus
%01.. The formation yields of the &hydroxyalkyl nitrates
from the S-hydroxyalkyl peroxy radical reactions with NO
s uot known, although Eberhard et al.®° have reported the
snation of 2-hydroxy-5-hexyl nitrate as a product follow-
isomerization of the 2-hexoxy radical. The
& hydroxyalkoxy radicals formed from the &hydroxyalkyl
petoxy radical plus NO reactions are expected to undergo a
ssvond isomerization if that is possible (if an abstractable
if-atom is available). For example, the expected reactions of
the 2-pentoxy radical in the presence of NO, and omitting
arpanic nitrate formation, are shown in Reaction Scheme 2.

e he

isomer.
CH3CH(O)CH,CHoCH; ——  CH,CH(OH)CH,CHaCH;

lm

CH3CH(OH)CH,CH,CHz00

NO ﬁ—» NO,

CH;CH(OH)CH,CH,CH;0

'

CH;3C(OH)CH,CH,CH,OH

The a-hydroxy radicals expected to be formed subsequent
o the second isomerization reaction, such as the
CIL,C(OH)CH,CH,CH,OH  radical formed from the
J-pentoxy radical reaction sequence shown in Reaction
Scheme 2 above, are expected (see Refs. 2, 3, and 13 and
Sce. 2.2) to react solely with O, under tropospheric condi-
tions to form the HO, radical and a carbonyl. For example
the a-hydroxy radical formed in Reaction Scheme 2 reacts
with O,

CH;C(OH)CH,CH,CH,0H+0,
—CH;C(0)CH,CH,CH,0H +HO,

o form the &hydroxycarbonyl 5-hydroxy-2-pentanone.
«-Hydroxy radical reactions are discussed in more detail in
See. 2.2

The sccond isomerization is estimated 0 be generally sig-
nificantly more rapid than the first isomerization, and for the
2-pentoxy radical reactions shown in Scheme 2 the first
isomerization [of the CH;CH(O)CH,CH,CH, radical] is cal-
culated to have a rate constant of k;y,,=2X10° 57! at 298 K,
with the second  isomerization [of the
CH;CH(OH)CH,CH,CH,0 radical] being calculated to have
a rate constant of ~2X107 s™! at 298 K (Tables 11 and 12),
leading to the second isomerization dominating over decom-
position or reaction with O,. The expected &hydroxy-
carbonyls have recently been observed from the OH radical
initiated reactions of the n-alkanes n-butane through

TABLE 13. Recommended rate constant parameters for the gas-phase com-
bination reactions of RO radicals with NO (from Atkinson et al.'%)

ko k

RO {em® molecule™2s7") (cm® molecule ™' s™) F
CH;0 1.6X107% (17300)™*  3.6x107'" (7/300)™°6 0.6
CHO 4.4x107"

(CH,),CHO 3.4x1071

n-octane and n-pentane-d;, through n-octane-d;g by Eber-
hard er al.,¥’ Atkinson et al.,'® and Kwok et al.'*® using de-
rivatization procedures® and direct air sampling atmospheric
pressure ionization mass spectrometry.!!>!'1

2.1.6.d. Reactions of RO Radicals with NO and NO,.
Alkoxy radicals can also react with NO and NO, under at-
mospheric conditions. For example,

M
— RCH,ONO

RCH,0+NO —

———» RCHO+HNO

M
— RCH,0ONO,

RCH,0+NO, —]

— RCHO+HONO.

Absolute rate constants have been measured for the reactions
of the CH;0, C,H;0, and (CH;),CHO radicals with NO and
NO,, and the recommended’® 298 K limiting high pressure
rate constants and temperature dependent parameters are
given in Tables 13 and 14, respectively. The rate constants
for the reactions of the CH;0 radical with NO and NO, are
in the falloff region between second and third order
kinetics,'® with calculated rate constants at 298 K and 760
Torr total pressure of air of 2.6X107 ! ¢cm® molecule™ s~
and 1.5X107"" cm’ molecule ™ s™!, respectively. The ki-
netic data obtained by Balla er al.” for the reactions of the
(CH3)2CHO radical with NO and NO, were at, or close to,
the high pressure limit, and show that these reactions have
rate constants at room temperature of (3-4)x107!
cm’ molecule ™! s-l, with negative
dependencies.”

small temperaturc

TABLE 14, Recommended rate constant parameters for the combination re-
actions of RO radicals with NO, (from Atkinson er al.'?)

. ko k.

RO ~ (cm® molecule ™2 s7!) (cm® molecule™" s7) F
CH,0 2.8X107% (7/300)~** 2.0x107" 0.44
CHO 2.8x107Y
(CH,;),CHO 3.5x107!
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A large amount of relative rate data have been obtained for
these NO and NO, reactions, as discussed by Batt.'9? These
relative rate data show that for the reaction of RO radicals
with NQO, the addition rate constants at ~400 K are
~3%107" cm® molecule s}, with an uncertainty of a factor
of ~2-3. While H-atom abstraction from the RO+NO reac-
tions is observed at low total pressures,'**!?> at total pres-
sures close to the high pressure limit the H-atom abstraction
process appears to be minor (<0.05) for the methoxy,
ethoxy, and 2-propoxy (and presumably other alkoxy)
radicals.!0%12¢

For the RO radical reactions with NO,, the relative rate
data cited by Bait'” suggest that k(RO+NO,)~3x107!!
cm’ molecule ™ s™! at ~400 K and approximately atmo-
spheric pressure (similar to the rate constants for the corre-
sponding NO reactions), and the H-atom abstraction channel
is minor, with the most recent relative rate data yielding
H-atom abstraction rate constants at ~450 K of ~7x 1073
cm’ molecule™ s™' for the CH,O radical, ~4x107"2
em” molecule ™' s7! for the CQHSO radical, and ~1X10"12
em® molecule ™! 7! for the (CH,),CHO radical,'?® with the
H-atom abstraction channel accounting for 4+1%, 10=1%,
and 2.7£0.6% of the overall reaction over the limited tem-
perature ranges studied (443474 K for the methoxy radical
reaction).'® Batt and Rattray'*® aiso report that for the reac-
tion of the CH3O radical with NO, at ~400 K, the H-atom
abstraction channel accounts for <5% of the overall reaction
at close to one atmosphere total pressure.

As discussed by Frost and Smith'** and Smith,'”’ these
reactions of RO radicals with NO and NO, can proceed by
two parallel, and independent, pathways, as for example,

M
— CH,ONO

CH;0+NO ——

—s HCHO-+HNO

or by formation of HCHO+HNO from the energy rich
RONO* intermediate,

M
CH;0+NOT=CH;0NGO* —CH;O0NO

!
HCHO+HNO

it is likely that the second alternative, involving formation of
the H-atom abstraction products from the RONO* and
RONOY intermediates, is the operative reaction scheme. 28
Hence at the high pressure limit at around room temperature
and below, RONO and RONO, formation is the sole process
capected, and the situation is then analogous to the R+Oz

J. Phiys. Chem. Ref. Data, Vol. 26, No. 2, 1997

reaction system (see above).

The relative rate data'®? are consistent with the absolute
ratc constants available (Tables 13 and 14), and the follow-
ing recommendations for all alkoxy (RO) radicals are made:

k..(RO+NO)=2.3x10"" &7 ¢m3 molecule ™ s

=3.8%X10""" cm® molecule™' s7! at 298 K

with the H-atom abstraction pathway being of minor or neg-
ligible importance under tropospheric conditions, and -

k. (RO+NO,)=23x10"11 T ¢m? molecule™ 57!

=3.8%X10"" cm molecule™' s7! at 298 K

with the H-atom abstraction process being of negligible im-
portance under atmospheric conditions. For the CH3O and
CQHSO radical reactions, the recommended rate constants'®
should be used. Furthermore, the CH3O radical reactions are
in the falloff region under atmospheric conditions.'

Under ambient tropospheric conditions, these alkoxy radi-
cal reactions with NO and NO, are generally of negligible
importance, but may be important in laboratory experiments.
These reactions are, however, of potential importance for
tertiary alkoxy radicals, such as the (CH3)3CO radical,. where
reaction with O, cannot occur and the decomposition reac-
tion is the other competing process. For example, for the
tert-butoxy radical, (CH3)3CO, the thermal decomposition
rate constant is k=790 s™' at 298 K.°7 At 298 K and 760
Torr total pressure of air or N, this decomposition rate con-
stant, k[(CH;);CO—CH,C(O)CH,+CH,] is in the falloff re-
gion and is a factor of 1.26 lower'® than the high pressure
value, and is hence ~625 ¢~! At 208 K and 760 Torr mtq]
pressure of air the NO and NO, reactions with the (CH3);CO
radical therefore become significant for NO, concentrations
>2.5% 10" molecule cm ™2 (100 parts-per-billion mixing ra-
tio).

Reaction Scheme 3 shows the reactions of the 2-pentyl
radical occurring in the troposphere in the presence of NQ
(with the ROZ+NO reactions dominating over the other RO,
radical reactions), with the organic nitrates formed not being
specificaily identified and the alkoxy radical reactions with
NO and NO, being neglected.

The further reactions of the ‘‘first generation’’ products
arising from the above reactions have been discussed
previously,’ and that review and evaluation will be updated
in a future publication.
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CHCHCH,CH,CH; + O ——B

CH;CH(OO)CH,CH,CH;

NO ‘ — RONO,

CHyCH(O)CH,CH;CH; + NO,

isomen'ZiV

CH;CH(OH)CH,CH,CH,

-

CH;CH(OH)CH,CH,CH,00

RONO,; -— ‘ NO

CH3CH(OH)CH,CH,CH,O + NO,

¢ isomerization

CH;C(OH)CH,CH,CH,0H
| >

CHaC(OYCH,CH,CH,0H — + HO,
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TABLE 15. Rate constants & at 298 K and 760 Torr total pressure of air and Arrhenius parameters (k=A e~ 2/T;
T~250~425 X) for the reaction of OH radicals with alkenes at 760 Torr total pressure of air®

10"2xk (298 K) 102x4 B
Alkene (cm® molecule™ s71) (cm® molecule ™! s71) (K)
Ethene® 8.52 1.96 ~438
Propene* 26.3 4.85 —504 -
1-Butene 314 6.55 -—467
cis-2-Butene 56.4 11.0 —487
trans-2-Butene 64.0 10.1 ~550
2-Methylpropene 51.4 9.47 —-504
1-Pentene 314
cis-2-Pentene 65
trans-2-Pentene 67
3-Methyl-1-butene 31.8 5.32 —533
2-Methyl-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
trans-4-Methyl-2-pentene 61
2.3-Dimethyl-2-butene 110
3,3-Dimethyl-1-butene 28
1-Heptene 40
trans-2-Heptene 68
2.3-Dimethyi-2-pentene 103
trans-4 4-Dimethyl-2-pentene 55
trans-4-Octene 69
Propadiene 9.82 7.66 —74
1,2-Butadiene 26
1,3-Butadiene 66.6 14.8 —448
1,2-Pentadiene 35.5
cis-1,3-Pentadiene 101
1,4-Pentadiene 53
3-Methyl-1,2-butadiene 57
2-Methyl-1,3-butadiene 101 254 —410
trans-1,3-Hexadiene 112
trans-1,4-Hexadiene 91
1,5-Hexadiene 62
cis- + trans-2,4-Hexadiene 134
2-Methyl-1,4-pentadiene 79
2-Methyl-1,3-pentadiene 136
4-Methyl-1,3-pentadiene 131
2,3-Dimethyl-1,3-butadiene 122
2-Methyl-1,5-hexadiene 96
2.5-Dimethyl-1,5-hexadiene 120
2,5-Dimethyl-2,4-hexadiene 210
cis-1,3,5-Hexatriene 110
trans-1,3,5-Hexatriene 111
Myrcene - 215
Ocimene (cis- and trans-) 252
Cyclopentene 67
Cyclohexene 67.7
1,3-Cyclohexadiene 164
1,4-Cyclohexadiene 99.5
Cycloheptene 74
1,3-Cycloheptadiene 139
1,3,5-Cycloheptatriene 97
1-Methylcyclohexene 94
Bicyclof[2.2.1]-2-heptene 49
Bicyclof2.2.1]-2,5-heptadiene 120
Bicyclo[2.2.2)-2-octene 41
Camphene 53
2-Carene 80
3-Carene 88
Limonene 171
a-Phellandrene 313
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TABLE 15. Rate constants k at 298 K and 760 Torr total pressure of air and Arrhenius parameters (k=4 e~5/7;
T~250-425 K) for the reaction of OH radicals with alkenes at 760 Torr total pressure of air"—Continued

10xk (298 K) 10'2xA B
Alkene (cm® molecule ™! s71) (cm® molecule™! s71) (K)
B-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
a-Cedrene 67
a-Copaene 90
B-Caryophyllene 197
a-Humulene 293
Longifolene 47

%Except for ethene, propene, and propadiene, these are essentially the high pressure rate constants k.. .

%,.=9.0%107" (7/298)~ ! cm® molecule "} s,
k,.=2.8X107"" (7/298)7* ¢m® molecule ™' 57

2.2. Alkenes

The major tropospheric loss processes of alkenes are by
reaction with OH radicals, NO; radicals, and O;."* Under
laboratory conditions, the reactions of alkenes with OCP)
atoms® and, for conjugated dienes, with NO, must also be
considered.* The kinetics of the reactions of alkenes with Cl
atoms are also dealt with, briefly, for completeness.

2.2.1. OH Radical Reactions

The kinetics and mechanisms of the reactions of the OH
radical with alkenes, cycloalkenes, and dienes have been re-
viewed and evaluated by Atkinson,” and these reviews are
updated in Sec. 3.2. For ethene and the methyl-substituted
ethenes (propene, 2-methylpropene, the 2-butenes, 2-methyl-
2-butene, and 2,3-dimethyl-2-butene), at atmospheric pres-
sure the OH radical reactions proceed essentially totally by
OH radical addition to the carbon—carbon double bond, with
H-atom abstraction from the —CHj; substituent groups ac-
counting for <5% of the total reaction at room temperature
and atmospheric pressure of air.5 For 1-butene, the product
data of Hoyermann and Sievert® and Atkinson et al.” show
that H-atom abstraction accounts for <10% of the overall
reaction at room temperature. To date, only for 1,3- and 1.4-
cyclohexadiene have H-atom abstraction been shown to oc-
cur 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
temperature.® 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 17% of the overall OH radical reaction for 1-heptene at
298 K. '

The rate constants k at 298 K and the temperature depen-
dent parameters (with the temperature dependencies being
given in the Arrhenius form of k=4 ¢ #7) at 760 Torr total
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pressure of air and over the temperature range ~250-425 K
for the alkenes and cycloalkenes (including monoterpenes
and sesquiterpenes) for which data are availahle are given in
Table 15. Although the temperature dependent rate constants
are given in the Arrhenius form, k=A ¢~ %', these Arrhenius
expressions are only applicable over restricted temperature
ranges of ~250-425 K. At temperatures >425 K the hy-
droxyalkyl radicals formed after OH radical addition to the
>C=C< bond(s) undergo thermal decomposition,” and at
temperatures <250 K the measured rate constants for the
reactions of the OH radical with 1-butene and the 2-butenes
deviate from Arrhenius behavior.'® As discussed in Sec. 3.2,
the temperature dependent expression reported by Siese
et al.'! for the reaction of the OH radical with isoprene
(2-methyl-1,3-butadiene) of k=9.7x107!" (7/298) !
cm® molecule ™! s™! over the temperature range 249-438 K
gives rate constants which deviate from a linear Arrhenius
plot by <6%.

Apart from ethene, propene, and propadiene,’ the rate con-
stants given in ‘L'able 15 can be considered to be at the high
pressure limit which, for the =C, alkenes, are essentially
attained at total pressures of ~50 Torr total pressure of air.’
For cthene and propene, the Troe falloff parameters k&, ko,
and F derived by Atkinson™ are (M=air): ethene,
ko=6x10"% (7/298)* cm® molecule ™% 57", k,=9.0x107"2
(7/298)~"! cm® molecule™' s™! and F=0.70 at 298 K: pro-

TABLE 16. Rate constants, k, for the gas-phase reactions of B-hydroxyalkyl
radicals with O,

10'2xk at T
R (cm® molecule™!'s™)  (K) Reference
HOCH,CH, 3.0+0.4 293+3  Miyoshi et al."
CH;CHCH,OH 11.6+2.2 296+4  Miyoshi ez al.’®
CH,CH(OH)CH, 3.82+0.60 296+4 Miyoshi et al.”®
CH;CH(OH)CHCH; 2818 300  Lenhardt er al.'®
(CH1),C(OH)CH, 1.8+0.2 . 296  Langer ez al."
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‘'antE 17. Rate constants k for the reactions of SB-hydroxyalkyl peroxy
gadicals with NO and NO,

102Xk
(cm® molecule™! s71)
for reaction with r
RO, NO NO, X) Reference

298+2 Becker et al.?*
296 Langer ez al.V’

HOCH,CH,0, 9+4

{CH,),C(OH)CH,0, 49209  67%0.9°

“Total pressure reported to be =75 Torr of SF.

pene, k0=3><10_27 (7/298)™%  cm® molecule s, k.,
=2.8x1071 (77298) 7! cm® molecule ™! s7! and F=0.5 at
298 K.

As discussed above, OH radical addition to the >C=C<
bond(s) is the dominant reaction pathway.s’9 For monoalk-
enes, dienes, or trienes with nonconjugated >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=CH,

M

—0.35 CH;CH(OH)CH,+0.65 CH;CHCH,OH.

Tbe resulting B-hydroxyalkyl radicals then react rapidly with
0,, with the measured room temperature rate constants'*~!’
being in the range (1.8—28)X107'? cm® molecule™!s™!
(Table 16). Under atmospheric conditions, the sole reaction
of the B-hydroxyalkyl radicals is then with O,. For example,

M
CH;CHCH,0H+0,—CH,CH(OO)CH,OH.

For dienes with conjugated double bonds, such as 1,3-
butadiene. isoprene (2-methyl-1,3-butadiene), myrcene,
ocimene, a- and SB-phellandrene, and a-terpinene, OH radi-
cal addition to the >C=C-C=C< system is expected to
occur at the 1- and/or 4-positions, leading to formation of the
thermochemically favored allylic radicals,’

M
OH+CH,=CHC(CH;)=CH,—HOCH,CHC(CH,;)=CH,

and

CH,=CHC(CH;)CH,0H

which can isomerize to the &-hydroxyalkyl radicals,>'®

CH,=CHC(CH,)CH,0H~CH,CH=C(CH,)CH,0H.

By analogy with the allyl (C3H5) radical, for which rate con-
stants for the reaction with O, to form the allyl peroxy
(CH,=CHCH,0,) radical have been measured, of
~4x107" cm® molecule™ s7! at 380 K and 50 Torr total
pressure of Ar  diluent!? and (6x2)x10713
cm® molecule™ s™! at 296+2 K and 740-800 Torr of
N,+0,,% the various hydroxy substituted allylic radicals are
expected to react solely with O, under tropospheric condi-
tions.

CH,=CHC(CH;)CH,0H+0,

M

and

CH,CH= C(CH;)CH,0H+0,

M
—OO0OCH,CH=C(CH;)CH,0H.

To date, few direct experimental data are available concern-
ing the atmospherically important reactions of
B-hydroxyalkyl peroxy radicals,'”?'=?” with no data having
been reported to date for &hydroxyalkyl peroxy radicals. As
for the alkyl peroxy radicals formed from the alkanes (Sec.
2.1) these radicals are expected to react with NO,

‘TABLE 18. Yields of g-hydroxyalkyl nitrates from the OH radical initiated reactions of alkenes in the presence of NO

T P

Alkene B-Hydroxyalkyl nitrate Yield at (K) and (Torr) Reference

Propene CH,CH(OH)CH,0ONO, 0.0053° 299 b Shepson et al.?®
CH,CH(ONO,)CH,0H 0.0112 299 b Shepson et al.®

cis-2-Butene CH;CH(OH)CH(ONO,)CH; 0.037+0.009 ° k¢ Muthuramu er al.?
2,3-Dimethyl-2-butene (CH,;),C(OH)C(ONO,)(CH3), ~0.15 ~298 ~700 Niki et al.®
Isoprene Unidentified? ~0.08-0.13 ~ 298+2 740 Tuazon and Atkinson*
*Yield defined as ([nitrate]s,meq/[propene]cacied)-
®Atmospheric pressure, not reported.
‘Room temperature, not reported.
YIndividual nitrate(s) not identified; probably includes unsaturated &hydroxynitrates such as HOCH,C(CH,;)=CHCH,ONO, and

HOCH,CH =C(CH,)CH,ONO, .
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TABLE 19. Literature rate constants k for the self-reactions of B-hydroxyalkyl peroxy radicals and for their

reactions with the HO, radical

k (cm® molecule™

s~ 1) for reaction with

RO, HO,

Self-reaction T(X) Reference

HOCH,CH,0, (1.0 Yx1071

_ (1.520.3)x107!
(CH,),C(OH)CH,0,

(1.30%0.05)x 1071
(1.520.4)x10~1!

CH,CH(OH)CH(CH,)0,
~2x107H

(CH;),C(OH)C(CH3),0,

(2.3%33)x10712 298
2.1x1071%
<(7.8%1.5)x107'%® 296
(3.88+0.16)x 10712 306
<8.4%1071%®
5.7x1071%

Atkinson et al.*!
26

Jenkin and Hayman'
Langer et al.'’
Boyd et al.?’

Jenkin and Hayman

Jenkin and Hayman®

~298

~298 26

~298

aDerived from the observed rate coefficient using the rate constant ratio k,/(k,+k,)=0.5 as observed by Bames

et al®

Upper limit is the observed rate coefficient. No data exist concerning the rate constant ratio k o (katky).
‘Rate constants obtained over the temperature range 306-398 K lead to the Arrhenius expression
k=(5.62.0)x 1014 gl1650=130)T} o3 mojecule™ 571 (1.4X 107" cm® molecule™ s™" at 298 K).7

SRate constants ohtained over the remperamre range 306-398 K lead to the Arrhemus expressxon

k=(1.4%0.6)x 107 l(1740=1500T] ¢rp3 molecule™ 571, (4. 8X10'n cm® molecule™!
1.0 because of the lack of an a-H-atom.”

*Based on k,/(k,+ky)=

CH,CH(OH)CH,ONO,
CH,CH(OH)CH,00+NO
CH,CH(OH)CH,0+NO,

NO, (to form thermally unstable hydroxyalkyl peroxyni-
trates),

M
CH,CH(OH)CH,00+NO,—CH;CH(OH)CH,00NO,

HO, radicals,
CH3CH(OH)CHZOO+ HOZ—»CH3CH(OH)CH200H+02
and organic peroxy radicals.
CH,CH(OH)CH,00+RO,—products.

The available data for the reactions of
B-hydroxyalkylperoxy radicals with NO and NO, are given
in Table 17 (kinctic data for the allyl peroxy radical reaction
are given in Table 5 in Sec. 2.1). The rate constants reported
for the reactions of the HOCH2CH202 and
(CH,),C(OH)CH,0, radicals with NO (with that of Becker
et al.** for the HOCH,CH,0, radical being an indirect esti-
mate) are within a factor of 2 of the recommendation given
in Sec. 2.1 for the rate constants for the reactions of NO with
the =C, alkyl peroxy radicals formed from the alkanes, of

k(RO,+N0)=2.7X10"12 39T cm3 molecule™ 57!
=9.0X 1072 c¢m® molecules ! s™! at 298 K,

implying that this recommendation for the reaction of alkyl
peroxy radicals with NO is also applicable to the correspond-
ing B-hydroxyalkyl peroxy (and é&hydroxyalkyl peroxy)
radical reactions. Similarly, the rate constant of Langer
et al.”’ for the reaction of the (CH3)2C(OH)CH202 radical
with NO, is similar to the recommendation given in Sec. 2.1
for the reactions of NO, with the alkyl peroxy radicals
formed from the alkanes of
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! at 298 K).Z7

koo(RO,+NO,)=9X 10712 cm® molecule™! s7%,

independent of temperature over the range ~250-350 K.
This agreement suggests that this recommendation also ap-
plies to the reactions of B-hydroxyalkyl peroxy (and
Shydroxyalkyl peroxy) radicals with NO,.

The formation of B-hydroxyalkyl nitrates from the OH
radical initiated reactions of alkenes in the presence of NO
has been observed for propene,®  cis-2-butene,”
2,3-dimethy1—2—butene,3° and isoprene. The yields of
B-hydroxyalky! nitrates reported in the literature are given in
Table 18. The OH radical reaction with propene leads to the
formation of the two B-hydroxyalkyl peroxy radicals
CH3CH(OH)CH202 and CH3CH(OO)CH20H with approxi-
mate yields of 0.35 and 0.65, respectively,'? and the data of
Shepson et al. 2 therefore indicate formation yields of
CH;CH(OH)CH,0ONO, and CH;CH(ONO,)CH,OH from the
corresponding CH,CH(OH)CH,0, and CH;CH(OO)CH,0H
radicals, respectively, of -~0.015 and --0.017, rcspectively,
both with uncertainties of =50%.”° Based on the limited data
available (Table 18) it appears that at room temperature and
atmospheric pressure of air, hydroxyalkyl nitrate formation
from the reactions of C,-hydroxyalkyl peroxy radicals with
NO is ~50% of the alkyl nitrate formation yields from the
reactions of C,-alkyl peroxy radicals with NO (see Sec. 2.1).

Rate constants for the self-reactions of B-hydroxyalkyl
peroxy radicals and for their reaction with the HO, radical
are given in Table 19, which includes the most recent
IUPAC recommendations® for the reactions of the
HOCHZCHZOZ radical. The rate constants for the reactions of
the B-hydroxyalkyl peroxy radicals with the HO, radical for
which data are available (Table 19) are in the range
(1=2)x10™" cm® molecule ™ s~ at 298 K, virtually identi-
cal to the recommendation for the reactions of the HO, radi-
cal with alkyl peroxy radicals given in Sec. 2.1 of

k(RO,+HO,)=1.5X10""! cm® molecule™* s™" at 298 K.
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Furthermore, the temperature dependence of the rate constant
“for the reaction of the (CH;),C(OH)CH,0, radical with the
HO), radical obtained by Boyd et al.,”” of B=—(1650%130)
K, is similar to the temperature dependence recommended
Hor the reactions of alkyl peroxy radicals with the HO, radi-
eal, of B=—1300 K (Sec. 2.1).

Thus, the recommendation of

K(RO,+HO,)=1.9x1071 e13907 ¢y molecule™ 57!

=15%X10"" cm® molecule™!s™! at 298 K

for the reactions of alkyl peroxy radicals with the HO, radi-
cal (Sec. 2.1) also appears to hold for the reactions of
B-hydroxyalkyl (and probably for &hydroxyalkyl) peroxy
radicals with the HO, radical.

The available data for the self-reactions of S-hydroxyalkyl
peroxy radicals are given in Table 19. Barnes er al.® carried
out a product study of the self-reaction of the HOCHQCHZOQ
radical at 295+3 K and at various total pressures and O,
pressures, and determined that the rate constant ratio for the
reactions

2HOCH,CH,0+0, (a)

2HOCH,CH,0,

HOCH,CH,OH+HOCH,CHO+0, (b)

is k,fky=1.0220.23 [k /(k,+k,)=0.50%0.06], independent
of the method of generation of the HOCH,CH,O, radicals
(photolysis of H,0,—ethene—-N,-0, or of
HOCH,CH,I-N,~0, mixtures).”> Using this rate constant
ratio, Jenkin and Hayman®® have derived a rate constant for
the self-reaction of the HOCH,CH,O, radical, (k,+k,), in
excellent agreement with the TUPAC recommendation®!
based on the previous measurements of Jenkin and Cox,?!

L2 123

Anastasi et al.,”” and Murrells ez al.” The room temperature
rate constants for the self-reactions of the primary, second-
ary, and tertiary B-hydroxyalkyl peroxy radicals given in
Table 19 are higher, by factors of ~5-300, than the 298 K
rate constants for the self-reactions of primary, secondary,
and tertiary alkyl peroxy radicals (Sec. 2.1). )

For the self-reaction of the (CH;),C(OH)CH,0, radical,
Boyd et al.”” derived a rate constant ratio for the reactions

2(CH,),C(OH)CH,0+0, (a)

2(CH3),C(OH)CH,0,

(CHs),C(OH)CH,OH + (CH,),C(OH)CHO+0, (b)

of k,f(k,Tk,)=0.5970.15 independent of temperature over
the range 306-398 K from flash photolysis ultraviolet ab-
sorption experiments and k,/(k,+k,)=0.60+0.07 at 296 K
from a product analysis using Tourier transform infrared
(FTIR) absorption spectroscopy.?’

In addition to the products formed from the reactions
of the B-hydroxyalkoxy radicals (see helow), Barnes
et al.,25 Hatakeyama ez al,,32 and Tuazon et al.>® have ob-

[

served the formation of the hydroxycarbonyls,?>3

dihydroxyalkanes,>** and hydroxyhydroperoxides®~>%3? ex-
pected from the OH radical initiated reactions of alkenes in
the absence of NO for the alkenes ethene,®*? propene,’
2—methy1prope:ne,3‘3 cis-2-butene, trans-?.-butene,33
2-methyl-2-butene,®® and 2,3-dimethyl-2-butene.** For ex-
ample, for the 2-butenes:

CH3CH(OH)CH(OO)CH;+HO,—CH;CH(OH)CH(OOH)CH; +0,

2CH,CH(OH)CH(O)CH, + 0,

2CH,CH(OH)CH(OO)CH,

CH,CH(OH)C(O)CH, +CH,CH(OH)CH(OH)CH, +0, .
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Jenkin ef al.?® and Boyd et al.* have studied the kinetics
and products of the self-reaction of the allyl peroxy radical
(CH,=CHCH,0,). Jenkin er al.? identified and quantified
the products CH,=CHCHO and CH,=CHCH,OH by FTIR

ROGER ATKINSON

absorption spectroscopy, and additional absorption bands
were attributed to the hydroperoxide CH,=CHCH,00H.?
Based on the product yields, a rate constant ratio for the
reactions

1

2CH,=CHCH,0+0, (a)
2CH,=CHCH,0,

CH,=CHCHO +CH,=CHCH,0H+0, (b)

of k,/k,=1.56=0.46[k,/(k,+k,)=0.61£0.07] and a rate con-
stant of (kzﬁ—kb)=(6.8i1.3)><10"13 cm® molecule™ 57! at
29612 K were obtained.?’ Boyd er al.3* uscd a flash pho
tolysis ultraviolet absorption technique to obtain a rate con-
stant (k,+ky) =(54=1.1)x107* el(760=70)T]
cm? molecule ™! s71 over the temperature range 286-394 K.
with (k,+ky)=(7.0£0.02)x107"* cm® molecule™'s™" at
296 K, in excellent agreement with the value reported by
Jenkin er al?® (A rate constant ratio of k/k,=76 e~ '*%7
was used in the data analysis,> using the rate constant ratio

—

of Jenkin et al.?’ at 296 K and an assumed temperature de-
pendence.) This room temperature rate constant for the self-
reaction of the allyl pcroxy radical is of a similar magnitude
(within a factor of 10) to those for the self-reactions of pri-
mary alkyl peroxy radicals (Sec. 2.1 and Table 8, which also
lists the reported ratc constants for the combination reactions
of the allyl peroxy radical with CH302 and Cszoz radicals).

Boyd et al.3* also obtained a rate constant for the reaction
of the allyl peroxy radical with the HO, radical

CH,=CHCH,0,+H0,—CH,=CHCH,00H+0,

of (5.6+0.4)x107"2 cm® molecule ™ s}, independent of
temperature over the range 393—426 K. The magnitude of
this rate constant is similar to the present recommendation
for the reactions of RO, radicals with the HO, radical
(5.2%10712 em® molecule ™' s} at 393 K and 4.0x107"
cm> molecule ™! s7! at 426 K). However, the observed lack
of a temperature dependence of the rate constant in the study
of Boyd et al®* suggests either that the temperature depen-
dence for the CH,=CHCH,0,+HO, reaction is B<—1300
K or that the experimental uncertainties were such that the

]

CH,CH(OH)CH(OO)CH;+NO
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—

expected temperature dependence was not apparent over the
restricted temperature range employed.

In the presence of NO, the 8- and &-hydroxyalkyl peroxy
radicals are therefore expected to form NO, plus the corre-
sponding B- or &hydroxyalkoxy radical, with a small
amount of B- or &hydroxyalkyl nitrate also being formed.
For example, the reactions of the CH;CH(OH)CH(OO)CH;
radical formed subsequent to OH radical addition to cis- or
trans-2-butene are:

M
——» CH,CH(OH)CH(ONO,)CH;

| » CH,CH(OH)CH(O)CH;+NO, .
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'he hydroxyalkoxy radicals can then decompose, react
with O, or isomerize, as discussed in Sec. 2.1 above and by

|

Atkinson.®® Reaction Scheme 4 shows these reactions for the

alkoxy radical formed after internal addition of the OH radi-

cal to 1-pentene.

(o))

CH3CH,CH,CH(OH)CH;O0 — CH;CH,CH,CH(OH)CHO + HO;

decomposition /

HCHO + CH;CH,CH,CHOH

\ isomerization

CH; CHCH,CH(OH)CH,0H

‘02

CH;CH(OO)CH,CH(OH)YCH,0H

NO—l—V NO2

CH;CH(O)CH,CH(OH)CH,0H

¢ isomerization

CH3CH(OH)CH,CH(OH)CHOH

As shown in Reaction Scheme 4 and discussed in Sec. 2.1
and by Atkinson,> isomerization of a hydroxyalkoxy radical
will generally be followed by a second isomerization (if fea-
sible).

The a-hydroxyalkyl radicals formed from the decomposi-
tion and isomerization reactions of the B-hydroxyalkoxy
radicals (Reaction Scheme 4) react rapidly with O,, with rate
constants at room temperature of ~(0.9-4)X 107!
¢m® molecule ™! s7! (Table 20). Under atmospheric condi-
tions, these reactions with O, are then the sole loss process
for a-hydroxy radicals. )

The simplest a-hydroxyalkyl radical, CH,OH, reacts with
0, to form the HO, radical and HCHO,3-%¢-4

CH,0H+0,—HCHO+HO,

and product studies have shown that the higher (C,—C,)
a-hydroxyalkyl radicals also react by overall H-atom ab-
straction to yield the corresponding carbonyls‘”‘44

R,C(OH)R,+0,—R,C(0)Ry+HO, .

Therefore, the first generation products from the reactions
of the B-hydroxyalkoxy radical CH;CH,CH,CH(OH)CH,O
are the carbonyls HCHO+CH;CH,CH,CHO from the de-
composition reaction, the B-hydroxycarbonyl
CH,CH,CH,CH(OH)CHO from the O, reaction, and the di-
hydroxycarbonyl CH;CH(OH)CH,CH(OH)CHO from the
isomerization reaction.

Grotheer et al.** and Nesbitt ez al.*® have studied the
temperature dependence of the rate constant for the reaction
of the CH,OH radical with O,. These studies**~*® show that
the rate constant decreases below room temperature®® and
also decreases slightly above room temperature, and then
increases more rapidly with increasing temperature, exhibit-
ing a minimum at ~450 K.***7 A similar slight decrease in
the rate constant for the reaction of the CH;CHOH radical
with O, with increasing temperature over the range 300-474
K was observed by Grotheer er al.,* with the rate constant
then increasing at higher temperatures (474-682 K).* The
lack of a deuterium isotope effect on the room temperature
rate constant for the reactions of the CH,OH and CH,OD
radicals with 0245’48 and the temperature dependence of the
rate constant shows that this reaction proceeds by initial O,
addition,

CH,OH+0,—[00CH,0H=HOOCH,0]-HCHO+HO,

with the initially formed HOCHZOO radical isomerizing
through a 5-member transition state to the HOOCH,O radi-
cal followed by decomposition to products. Similar reaction
mechanisms are expected to occur for the >C,
a-hydroxyalkyl radicals. ]

The experimental data show that for the HOCH,CH,O
radical formed after OH radical addition to ethene, at room
temperature and atmospheric pressure decomposition and re-
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TaBLE 20. Room temperature rate constants k for the reactions of
a-hydroxyalky! radicals with O,

a-Hydroxy 10Xk at T
radical (cm® motecule ™! s7h) (K) Reference
CH,OH 94733 208 Atkinson ez al.*'
CH,CHOH 1918 298 Atkinson er ol
CH,CH,CHOH  26.1x4.1 296+4  Miyoshi et al.”
Ch;,C(OH)CH;  37.1%6.2 Miyoshi er al.'s

2964

action with O, both occur,”>* with k,/k,=(5.4=1.0)x 107
cm’ molecule ™! at 300 K,* where k, and k, are the rate
constants for the pathways.

HOCH,CH,0+0,—HOCH,CHO+HO, (a)

and

HOCH,CH,0—CH,0H+HCHO. (b)

Thus at 298 K and 760 Torr total pressure of air, the reaction
with O, to yield glycolaldehyde (HOCH,CHO) accounts for
22% of the overall reaction of the HOCH,CH,O radical, with
the. remainder proceeding by decomposition. The data of
Barnes eral® obtained from the photolysis of
HOCH,CH,I-N,-0,-NO mixtures are in good agreement
with the rate constant ratio of Niki ez al.,* although the data
presented by Barnes et al® for photolyses of
HOCH,CH,1-N,-0, mixtures in the absence of NO do not
appear to be quantitatively consistent with the expected re-
actions of HOCH,CH,O radicals formed from the self-
reactions of the HOCH,CH,0, radicals.

For the methyl substituted ethenes  propene,
2-methylpropene, cis- and trans-2-butene, 2-methyl-2-
butene, and 2,3-dimethyl-2-butene, the experimental studies
of Niki et al.>® and Tuazon ez al.* at room temperature and
atmospheric pressure of air show that decomposition domi-
nates over reaction with O, (Table 21), with no evidence for
the occurrence of the O, reaction.”® While this is also the
case for the B-hydiuxyalkuxy radicals formed after OI1 radi-
cal addition to 1-butene,’ 2,3-dimethy1—1—butene,5° and
1-pentene through 1-octene,***? the B-hydroxyalkoxy radi-
cals formed after OH radical addition to 1-pentene through
l-octene also undergo isomerization.> Thus, for the
1-alkenes 1-butene through 1-octene the formation yields of
the products arising from decomposition of the intermediate
SB-hydroxyalkoxy radicals decreases from 0.94+0.12 for the
1-butene reaction to ~0.3 for the l-octene reaction (Table
21),7’50 and Kwok ez al.*? have used atmospheric pressure
ionization mass spectrometry (API-MS) to observe the dihy-
droxycarbonyls formed after isomerization of the intermedi-
ate B-hydroxyalkoxy radicals (see Reaction Scheme 4). The
API-MS analyses showed that the B-hydroxyalkoxy radical
isomerization reaction/decomposition reaction product yield
ratio increased from the 1-butene reaction to the l-octene
reaction,’ and, combined with the data of Atkinson ef al.,”*°
Kwok et al®® estimated that B-hydroxyalkoxy radical
isomerization accounts for ~4% of the overall 1-butene re-
action pathways and for -65+25% of the overall reaction
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TaBLE 21. Fraction of the overall OH radical initiated reactions of acyclic
monoalkenes proceeding by decomposition of the intermediatc
B-hydroxyalkoxy radicals at room temperature and atmospheric pressure of
air

Alkene Decomposition® Reference
Ethene 0.78 Niki er al.*®
Propene 0.86—0.98° Niki et al.*
2-Methylpropene 0.78-0.92° Tuazon er al.¥®
cis-2-Butene 0.79-0.93" Tuazon ef al.®*
rrans-2-Butene 1.05 Niki et al.*®
1-Butene 0.94+0.12 Atkinson et al.”
2-Methyl-2-butene 0.81-0.97° Tuazon et al.
1-Pentene 0.73—0.88° Atkinson et al.>
2,3-Dimethyl-2-butene  0.85+0.05 Niki er al*

0.80—0.85° Tuazon et al.®
1-Hexene 0.46—0.57° Atkinson et al.*®
1-Heptene 0.30-0.49° Atkinson ef al.*®
1-Octene 0.15+0.07 Paulson and Seinfeld”’

0.21-0.39° Atkinson et al.>°
2,3-Dimethyl-1-butene  0.740.07 Atkinson et al.®®

“Not corrected to take into account B-hydroxyalkyl nitrate formation from
the RO,+NO reactions (see text and Table 18).

YRanges shown are for the two individual decomposition products (for ex-
ample, for HCHO and for heptanal from 1-octene), or for independent
measurements (for example, by GQ-FID and FTIR analyses).

pathways for the l-hexene through l-octene reactions at
room temperature and atmospheric pressure of air.

Atkinson® has proposed methods for the estimation of
rate constants for the decomposition, isomerization and reac-
tion with O, of alkoxy and B-hydroxyalkoxy radicals (see
also Sec. 2.1). As discussed in Sec. 2.1, rate constants for the
reactions of primary and secondary hydroxyalkoxy radicals
with O, (except for e-hydroxyalkyl radicals which have been
discussed above) of

k(RCH,0+0,)=6.0x10"" ™37 cm® molecule™ s~
(T=<600 K)
=95x10"!5 c¢m? molecule ! s™!

at 298 K

and

k(R,R,CHO+0,)=1.5%10"" 297 cm® molecule™' s™
(T<600 K)

=8X%10""* cm® molecule™}s™!

at 298 K

are recommended, based on the I[UPAC recommendations’’
for the ethoxy and 2-propoxy radicals. For hydroxyalkoxy
radicals for which the heats of reaction with O,, AHg,, differ
significantly from the values of AHq for the ‘‘primary’”’
ethoxy radical (—32.0 kcal mol™!) or the “sg:condary”
2-propoxy radical (—35.9 kcal mol ), Atkinson® proposed
that
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HRO+0y)=ko,
=4.0x10"1 n e 028309 3 molecule ™! 57!
at 298 K,

where n is the number of abstractable a-H-atoms in the
slkoxy radical. At 298 K and 760 Torr total pressure of air,
this expression leads to ko [0,] = 2.1 7 ¢~ (02880)) =1,

As also discussed in Sec. 2.1, for the unimolecular decom-
position of hydroxyalkoxy radicals the decomposition rate
vonstants k, are given by the Armhenius expression, kg4
=A e FRT where A=2X10" d s}, d is the reaction path
slepeneracy, and E=a+bAH,. Based on the literature data
for the decomposition reactions of alkoxy radicais formed
after OH radical reaction with alkanes, Atkinson® extended
the previous approach of Choo and Benson> and derived
values for a and b, leading to E={2.4(1P.)—8.1]1+0.36AH,,
where AH, is the heat of the decomposition reaction, I.P. is
the ionization potential in eV of the leaving radical, and E
and AH, are in kcal mol™ . For the following leaving radi-
cals involved in hydroxyalkoxy radical decompositions, the
values of a_(in keal mol™!) are: CILOII, 10.0,% R,CIIOII,
8.0, R;R,COH, 7.5,*° and RCH=CH, 11.7.3* For example,
for the reaction,

CH,;CH(O)CH,0H—~CH,;CHO+CH,0H,

AHy=7.6 kcalmol™'>* 4=10.0 kcalmol™!, E=12.74
keal mol ™! and k,;=9.1x10% 71 at 208 K 3 The application
of this estimation method to unsaturated S- and
&hydroxyalkoxy radicals is discussed below in the context
of the OH radical initiated reaction of isoprene.

For alkoxy radical isomerization, Atkinson® postulated
that for isomerization from -CH,;, —-CH,-, and >CH-
Lroups,

kisom(CHB -X)= kprismF(X) s

kiS()m()(_CI—IZ—Y')= ksecF(X)F(Y)’ and

Y
kisom( X-CH ~ Z ) =ktenF(X)F(Y)F(Z),

where X, Y, and Z are the substituent groups around the
~CH;, ~CH,~ and >CH- groups, and F(X), F(Y), and
F(Z) are the substituent factors for these groups. By defini-
tion, F(—CHj3)=1.00 and F(X)=¢**7.* The group rate con-
stants Kpym, Koo, and keq and the substituent factors for
—CH;, ~CH,—, >CH-, >C<, and —~OH groups® are given
in Sec. 2.1 in Tables 11 and 12.

The calculated rate constants (or rates) for the decompo-
sition, isomerization, and reaction with O, can then be used
to assess the dominant reaction pathways under tropospheric
conditions. ¥

The OH radical initiated reaction scheme for propene in
the presence of NO is therefore as shown below in Reaction
Scheme 5 (first generation products are underlined and the
minor amount of nitrate formation®® is neglected for clarity).

OH + CH3CH=CH; ——» CH;CH(OH)CHz and CH3CHCH20H

*o; *o;

CH;CH(OH)CH,00  -CH3CH(OO)CH,0H
NO —‘;» NO, NO —:» NO,
CH;CH(OH)CH,0 CH;CH(O)CH,0H
‘ decomp. ‘ decomp.
CH,CHOH+HCHO  CH,OH + CHsCHO
¢ 02 ¢ Oz
CHACHO + HO; HCHO + HO,

The OH radical initiated reactions of other acyclic monoalk-
enes (including ethene, the methyl substituted ethenes, and
1-butene through 1-octene) in the presence of NO proceed by
analogous reaction schemes, with isomerization of the
B-hydroxyalkoxy radicals potentially occurring for alkenes
containing >C=CCC< structures.>>*%>2 It should be noted
that H-atom abstraction from —CH,— and >CH- groups
may become significant for alkenes with large alky! substitu-
ent groups (for example, for 1-heptene and 1-octene).

TABLE 22. Calculated reaction rates (s~') for reaction with O,, decomposition, and isomerizaton of the hyd-
roxyalkoxy radicals formed after Ol radical addition to isoprenc at 298 K and 760 Torr of air

Alkoxy radical ko [01] K gecomp Kisom Isomerization product

HOCH,C(CH,)(0)CH=CH, a 9.3x10° b
HOCH,CH(O)C(CH;)=CH,  ~2.0x10° 3.1X10° b

OCH,C(CH,)(OH)CH=CH, 2.8%x10° 6.3%x108 © HOCH,C(CH,)(OH)CH=CH

OCH,CH(OH)C(CH;)=CH, 3.6x10* 2.7x108 2.0 X 10°  HOCH,CH(OH)C(CH,)=CH,

c HOCH,CH(OH)C(CH,)=CH

HOCH,C(CH;)=CHCH,0 1.0x10° ~0.3¢ 6.9 X 105  HOCHC(CH;)=CHCH,0H

2.0 X 10°  HOCH,C(CH,)=CHCH,OH

HOCH,CH=C(CH;)CH,0 8.5x10* ~0.2¢ 69 x 10°  HOCHCH=C(CH,)CH,0H

“Reaction not possible (no a-H-atom).

PIsomerization via a 6-member transition state not possible.
‘Isomerization involving abstraction of a vinylic H-atom expected to be negligibly slow.
9Based on a value of a=11.7 keal mol™' derived using LP. (CH,= CH) 8.25eV.*
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Generally similar reaction schemes are expected to apply
to the conjugated dienes such as 1,3-butadiene and isoprene
(2-methyl-1,3-butadiene). For example, for isoprene initial
OH radical addition can occur at the 1-, 2-, 3-, and
4-positions, leading after O, addition to the B-hydroxyalkyl
or &hydroxyallylic radicals to the six peroxy radicals

HOCH,C(00)(CH;)CH=CH,,
HOCH,C(CH;)==CHCH,00,
OOCH,C(OH)(CH;)CH=—CH,,
CH,—C(CH,)CH(OH)CH,00,

CH»=C(CH,)CH(OO)CH,OH

and

OOCH,C(CH;)=CHCH,O0H,

with the four peroxy radicals arising from terminal OH
radical addition at the 1- or 4-positions being expected to
dominate. In the presence of NO or after self-reaction
via the radical pathway, the corresponding B- and
&hydroxyalkoxy radicals are HOCH,C(O)(CH;)CH==CH,,
HOCH,C(CH;)=CHCH,0, OCH,C(OH)(CH;)CH=CH,,
CH,=C(CH;)CH(OH)CH,0, CH,=C(CH;3)CH(O)CH,0OH,
and OCH,C(CH3)=CHCH,OH. The calculated reaction
rates for the decomposition, isomerization, and reaction with
O, of these alkoxy radicals are given in Table 22, using the
estimation methods given above®® and with a >C=C< sub-
stituent group factor for the isomerization reaction of
F(>C=C<)~1.0 (by analogy with the OH radical
reactions’).

The dominant reaction pathways predicted using these es-
timation methods are consistent with the products
observed>*'®33 and with the recent detailed chemical mecha-
nism of Carter and Atkinson>® (which included the data from
the API-MS study of Kwok er al.'® and the derivatization
study of Yu er al.*"). In the presence of NO, and omitting the
relatively small amount of nitrate formation from the
RO,+NO reactions,” the four B-hydroxyalkoxy radicals de-
compose to form methacrolein plus HCHO or methyl vinyl
ketone plus HCHO, depending on which >C=C< bond the
OH radical initially adds to. For example, for OH radical
addition to the CH,—C(CH,)- moiety, the reactions involv-
ing B-hydroxyalkoxy radicals are as shown in Reaction
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Scheme 6, leading to the formation of methyl vinyl ketone
plus HCHO, irrespective of which carbon atom in the
CH,=C(CH;)-moiety the OH radical adds to. By an analo-
gous reaction scheme, OH radical addition to the CH,—CH-
moiety leads to the formation of methacrolein plus HCHO.

OH + CHy=C(CH3)CH=CH,——»

HOCH,C(CHs)CH=CH, and CH;C(OH)(CH3)CH=CH;

0O, 0,
NO NO, NO NO,

HOCHC(O)CH3)CH=CH,  OCH,C(OH)(CHs)CH=CH;

l decomp. l decomp.

CHoOH + CHsC(O)CH=CH,  HCHO + CHyC(UH)CH=CHy

HCHO ! 110, CH,C(O)YCH=CH, + HD,

The reactions of the unsaturated &-hydroxyalkoxy radicals
HOCH,C(CH;)=CHCH,0 and HOCH,CH=C(CH;)CH,0
are predicted to be mainly by isomerization
(Table 22) to form the unsaturated &-hydroxyaldehydes
HOCH,C(CH;)=CHCHO and HOCH,CH==C(CH;)CHO,
as shown below in Reaction Scheme 7. It should be noted
that the calculations of the isomerization rate constants as-
sumed that the orientation of the hydroxyalkoxy radical was
such that a 6 member transition state was feasible (and there-
fore in a cis- conformation). As evident from Reaction
Scheme 7 and the analogous reaction scheme involving the
HOCH,CH=C(CH;)CH,O radical, the same two products
are formed from these two &hydroxyalkoxy radicals if the
reaction with O, dominates.'®

OH + CHp=C(CH3)CH=CH,—#  HOCH,C(CH;)CH=CH,

#

HOCH;C(CH3)=CHCH,

o)}
NO 4&“’ NO;

. isomerization .
HOCHC(CH3)=CHCH,OH -—————— HOCH,;C(CH3)=CHCH,0

Loz ¢Oz

HO, + HC(O)C(CH3)=CHCH,0H HOCH,C(CH3)=CHCHO + HO,

Isomerization of the HOCHzC(CH3)=CHCH20 radical by
H-atom abstraction from the —CHj group can lead to the
dihydroxyaldehyde ~(HOCH,),C=CHCHO and/or hy-
droxymethacrolein, CH2=C(CHO)CHQOH,56 as shown in
Reaction Scheme 8.
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HOCH,C(CH,)=CHCH;0 —®  HOCH,C(CH;)=CHCH,0H HOCH,C(=CHy)CHCH,0H

0, Oz
NO NO; N NO;

[
HOCH;C(CH;0)=CHCH2,0H

‘ isomer.

HOCH,C(CH;OHy=CHCHOH

loz

HO, + HOCH,C(CH,0H)=CHCHO

The API-MS study of Kwok et al.’® gave evidence for the
formation of hydroxymethacrolein but not for the dihydroxy-
uldehyde.

The three recent studies of the products formed from the
gas-phase reaction of the OH radical with isoprent=.3’4’55 show
that in the presence of NO methyl vinyl ketone and metha-
crolein (together with their expected HCHO coproduct) ac-
count for ~55% of the overall reaction pathways. In the
Fourier transform infrared absorption spectroscopy study of
Tuazon and Atkinson,” the reaction of isoprene with the
0O(P) atom™® formed from photolysis of NO, was not taken
into account. Using the absolute rate constant measured by
Paulson et al. ,58 this reaction is calculated to contribute ~8%
of the overall isoprene reacted in the study of Tuazon and
Atkinson,* and the product yields of Tuazon and Atkinson*
and Atkinson et al.,”® corrected to take into account this
O(CP) atom reaction, are then: methyl vinyl ketone, 0.32
+0.07; methacrolein, 0.22+0.05; HCHO, 0.63+0.10;
3-methylfuran; 0.048::0.006; organic nitrates, ~0.08-0.14,
and unidentified carbonyl compounds, ~0.21-0.27. The
formaldehyde yield was slightly higher than (though in
agreement within the uncertainties with) the sum of the me-
thyl vinyl ketone and methacrolein yields,4 and this addi-
tional HCHO may arise as a coproduct to hydroxymetha-
crolein formation.*® Paulson et al.’ determined formation
yields of methyl vinyl ketone, methacrolein and
3-methylfuran of 0.355+0.03, 0.25+0.03, and 0.04+0.02,
respectively, from a generally similar product study, but us-
ing gas chromatography for product analysis. The influence
of the O(P) atom reaction with isoprene was taken into ac-
count by computer modeling, using an estimated rate con-
stant a factor of 1.5-1.6 higher than that recently
measured,’® and the formation yields reported by Paulson
et al.® are therefore expected to be slightly high. Miyoshi
et al>® reported methyl vinyl ketone, methacrolein and
HCHO formation yields of 0.32+0.05, 0.22+0.02, and 0.57
+0.06, respectively, using a rate constant for the OCP) atom
reaction rate constant similar to that recently measured.”®
These studies are in excellent agreement, and show that me-
thyl vinyl ketone and methacrolein formation account for

HOCH,C(=CH,)CH(O)CH,0H

i decomp.

CH,=C(CHO)CH;0H + CH,0H

lo:

HO, + HCHO

|

~55% of the overall OH radical reaction with isoprene in the
presence of NO. The data of Tuazon and Atkinson* indicate
that organic nitrate formation, presumably from the reactions
of RO, radicals with NO, accounts for ~8-14% of the over-
all reaction, and that other carbonyl compounds, probably
hydroxycarbonyls, account for ~24% of the reaction. These
hydroxycarbonyls have been  leniatively identified  as
HOCH,C(CH;3;)=—CHCHO dnd HOCH,CH=C(CH;)CHO
from an API-MS study of the OH radical initiated reactions
of isoprene and isoprene-dg in the presence of NO.!®
3-Methylfuran also arises from the OH radical initiated
reaction of isoprene,3’59’6° possibly in part after the formation
of &hydroxyalkoxy radicals.’*® Aerosol formation from
isoprene photooxidation has been shown to be of negligible
importance under atmospheric conditions,”’ and the aerosol
composition has been investigated by Palen et al.%

For unsymmetrical dienes the expected products formed
depend on which >C=C< bond OH addition occurs. For
conjugated dienes, the estimation technique of Ohta® allows
the fraction of the overall OH radical addition reaction pro-
ceeding at each >C=C< double bond to be calculated (this
information cannot be obtained from the estimation tech-
nique of Atkinson® or Kwok and Atkinson®). Thus for iso-
prene, rate constants for OH radical addition to the
CH,=CH- and CH,=C< bonds of isoprene are
calculated®® to be in the ratio 34/66 at room temperature,
consistent with the observation that the methyl vinyl ketone
yield is a factor of ~1.5 higher than that of
methacrolein.***>

The OH radical initiated reaction of 1,3-butadicuc in the
presence of NO is expected to be analogous to the corre-
sponding isoprene reaction. However, the absence of the me-
thyl substituent group leads to a simpler set of reaction
schemes, leading to the ° formation of acrolein
(CH,=CHCHO) plus HCHO by decomposition of the intes-
mediate B-hydroxyalkoxy radicals CH=CHCH(O)CH,0OH
and CH,=CHCH(OH)CH,O, and the unsaturated
Shydroxyaldehyde HOCH,CH=CHCHO from isomeriza
tion of the S-hydroxyalkoxy radical HOCH,CH=CHC11(3.
Maldotti er al.®® observed the formation of acrolein fron ir
radiated NO, —1,3-butadiene—air mixtures. with
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TABLE 23.  Products observed. and their molar formation yields from the-reactions of the OH radical with cycloalkenes and monotei'pen'es
" in the presence of NO at room temperature and atmospheric. pressure of air

Alkene - Structure ' Product - . Yield* ‘ Reference.

1-Methylcyclohexene X0 0.31 £ 0.08 - : Atkinson ef al.®

3-Carene _0734_&: 0:08 ; i'H'z}kdla et al®
Limonene » 0.29.#: 0.06 Hakola ef al.®
0.20 +0.03. ° Hakola et al®.'
o
.0
B-Phellandrene : 0:29 + 0.07 * “Hakola er al.®
a-Pinene " 0.28 + 0.05- Hakola-et-al.®
0.56 + 0.04>" Hatakeyama et al.%

B-Pinene

$ : 0.27 £ 0.04 Hakola e al.®.

0.79 + 0.08 * Hatakayama et al.®"

" HCHO 0.54 + 0.05° . Hatakeyama. ez al.

0
© Sabinene ? ? 0.17 % 0.03 Hakola er al™ -

-J..Phys. Chem. Ref. Data, Vol. 26, No. 2,1997
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P;'oducts observed and their molar formation yields from the reactions of the OH radical with cycloalkenes and monoterpenes

TABLE 23. b t .
in the presence of NO at room temperature and atmospheric pressure of air — Continued (3)
Alkene Structure Product Yield* Reference
Terpinolene @ @ 0.26 + 0.06 Hakola ez al.®
o 0.08 + 0.02° Arey et al.%;
Hakola ef al.®

*Indicated uncertainties are two least-squares standard deviations and include uncertainties in the analytical calibration factors,

untess noted otherwise.

“Indicated uncertainties are one standard deviation; the 6,6-dimethylbicyclo[3,3.1]heptan-2-one and pinonaldehyde as measured by
Fourier transform infrared absorption spectroscopy may have included IR contributions from other as yet unidentified carbonyl-containing

compounds.
“Product identification tentative.

[acrolein] /[ 1,3-butadiene i =0.59+0.07. Based on the
rate constants for the OH radical reactions with acrolein and
1,3-butadiene,>’ this ratio corresponds to a formation yield
of acrolein from the OH radical initiated reaction of 1,3-
butadiene of 0.980.12. However, Ohta®® measured a yield
of acrolein (apparently uncorrected for secondary reaction of
acrolein with the OH radical, although this should be minor
for this reaction system) of 0.25 in the absence of NO, and
0.39 in the presence of NO,. Clearly, there is significant
disagreement between these two studies.5*% Additionally,
furan is formed in a minor amount from the OH radical ini-
tiated reaction of 1,3-butadiene, with measured yields of
0.039%0.011 (in the presence of NO)*° and 0.060%0.020
(the indicated error being two standard deviations), indepen-
dent of the presence or absence of NO.5¢

Although not "expected to be specifically involved as a
significant intermediate alkoxy radical in the OH radical ini-
tiated reactions of alkenes, the dominant reaction of the al-
lyloxy radical, CH,=CHCH,0, at 298 K and one atmo-
sphere of air appears to be by reaction with 02.20

CH=CHCH,0+0,—CH,—=CHCHO+HO,

consistent with the estimated rates of decomposition (5 s_l)
and3§eaction with O, (1.1X10° s™") at 298 K and 760 Torr of
air.

To date, few quantitative product studies have been car-
ried out for cycloalkenes™ or monoterpenes,”’~" and the re-
ported data are given in Table 23 (the study of Hakola
etal.” is in agreement with, but supersedes, that of Arey
et al.). In addition to the data given in Table 23, Grosjean
et al.”" have identified a number of carbonyl products from

the NO-air irradiations of cy >hexene, and Grosjean et al.”

identified the formation of _.nonaldehyde, nopinone, and
4-acetyl-1-methylcyclohexene from the NO-air irradiations
of a-pinene, S-pinene, and limonene, respectively, although
it cannot be ascertained from these NO-air—alkene irradia-
tions whether these carbonyls were formed from the OH
radical or Oj reactions, or both. The yields reported by
Hatakeyama et al.%® for specific Cg and C,, carbonyls formed
from a- and B-pinene are probably too high because of con-
tributions to the observed infrared absorptions from other, as
yet unidentified, carbonyl containing compounds (including
dihydroxycarbonyls™). Only a relatively small fraction of the
overall reaction products have been accounted for to date,
and Arey ef al.’” and Hakola et al.”® observed no significant
products by gas chromatography with flame ionization detec-
tion from the OH radical reactions with myrcene®’ or
camphene’ in the presence of NO,..

The products identified and quantified by Arey et al.,%’
Hakola et al.,*’° and Atkinson er al. are those expected-
from decomposition of the intermediate B-hydroxyalkoxy
radicals. By analogy with the OH radical reactions with the
monoalkenes,” the intermediate B-hydroxyalkoxy radicals
formed from the cycloalkenes and monoterpenes are ex-
pected to react mainly by decomposition or isomerization, if
the isomerization pathway is sterically favorable. The forma-
tion of hydroxycarbonyls from the reaction of the intermedi-
ate SB-hydroxyalkoxy radicals with O, is expected to be of
negligible or minor importance.’> Product analyses of the
OH radical initiated reactions of several monoterpenes in the
presence of NO using atmospheric pressure ionization tan-
dem mass spectrometry have shown evidence for the forma-
tion of dihydroxycarbonyls,”” presumably formed after
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isomerization of the initially formed B-hydroxyalkoxy radi-
cal. For example, one of the two B-hydroxyatkoxy radicals
formed after OH radical addition to a-pinene in the presence
of NO can react as follows:"

OH
H

0 1somer

__l_>

A

l isomer.

OH

vLOZ

OH
Iy
H
OH
Hatakeyama ez al.*® observed that the pinonaldehyde yield
in the absence of NO was significantly lower than in the
presence of NO. Aerosol formation from the reactions of the
OH radical with a- and g-pinene have been swudied by
Hatakeyama et al.,68 Pandis et al.,61 and Zhang et al.,74 and
the  aerosol  composition  investigated.”?  These
references®"%2%87* should be consulted for further details.
Obviously, although significant advances have been made
in the past three to four years, especially concerning the re-
alization that isomerization of hydroxyalkoxy radicals can be
important, further product and mechanistic data are required

for the OH radical reactions with the more complex alkenes
and for the monoterpenes of biogenic origin.
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2.2.2. NO; Radical Reactions

The kinetics and mechanisms of the gas-phase reactions of
the NO, radical with alkenes, cycloalkenes, and dienes were
most recently reviewed and evaluated by Atkinson,>” and
these reviews and evaluations are updated in Sec. 4.2. The
room temperature rate constants and temperature dependent
parameters for alkenes, cycloalkenes, and dienes are given in
Table 24. These reactions proceed by NO; radical addition to
the >C—C< bond, with H-atom abstractlon being
insignificant.”

The products of the gas-phase reactions of the NO; radical
with a series of alkenes at room temperature and atmospheric
pressure have been studied experimentally and theoretically
by Akimoto ez al.,’® Hoshino ez al.,”’ Bandow et al.,’® Shep-
son ez al.,”® Kotzias et al.,”® Dlugokencky and Howard,*
Barnes et al.,*! Hjorth et al..®? Wille et al., B Skov et al. 3%
Wangberg et al.,*® Berndt and Boge,%® Olzmann et al.¥?
Benter ez al.,,” and Berndt er al.,” and the reaction wecha-
nisms have previously been discussed by Atkinson.>"> At
low total pressures, the formation of NO, plus the oxirane is
observed from the NO; radical reactions with propene,88
1-butene,®® 2-methylpropene,®>® cis-2-butene, ¥ rrans-
2-butene, 8088890 2 methyl-2-butene,®*%®  2,3-dimethyl-2-
butene, 83858790 isoprene,go’gs’90 2,3-dimethy!-1,3-
butadiene,% cyclohexene,” 1,3-cyclohexadiene,”®"!
B-pinene,® and a-terpinene,” with the oxirane plus NO, for-
mation yields tending to unity as the total pressure decreases
to zero, 8083.85.87-90

In the absence of O,, the oxirane plus NO, yields from the
reactions of the NO, radical with 2,3-dimethyl-2-butene are
essentially unity and independent of total pressure over the
range 0.75-750 Torr of He, Ar, or N,, 585879 with reported
oxirane or NO, yields of 0.90+0.10 at 2.25-7.5 Torr of He®’
or 22.5 Torr of Ar,”® 0.95 at 20 Torr of Ar,* 1.0 (£~0.15)
at 0.75-600 Torr of He or N,.*” 0.86+0.05 at 735-740 Torr
of Ar,%% and 0.75+0.10 at 750 Torr of Ar.”° For the propene,
1-butene, 2-methylpropene, frans-2-butene and 2-methyl-2-
butene reactions, Berndt and Boge® report oxirane yields at
600 Torr of N, of 1.00, 1.00, 0.82, 1.00, and 0.95, respec-
tively. Benter er al.”® measured NO, yields from the reac-
tions of the NO, radical with trans-2-butene, cyclohexene,
1,3-cyclohexadiene and a-terpinene over the pressure range
0.75-20 Torr of Ar, and observed no significant decrease in
the NO, yicld from unity as the pressure increased. Over a
wide pressure range, Berndt ez al.”! observed the oxirane (7-
oxa-bicyclo[4.1.0]hept-2-ene) yield from the 13-
cyclohexadiene reaction to decrease with increasing pressure
from ~0.9 below ~35-40 Torr N, to a value of ~0.2 at
~180 Torr total pressure of N, diluent. Skov ef al.*>* mea-
sured oxirane yields from the cis- and trans-2-butene reac-
tions of ~0.53 and ~0.58, respectively, at 20 Torr of Ar,
with identical yields of the two stereoisomers from both the
cis- and trans-2-butene reactions® " (showing that oxirane
formation is not a direct process®*°), with the lower than
unit yields of the oxiranes possibly being due to the presence
of NO, and the reaction of NO, with the nitrooxyalkyl radi-
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TABLE 24. Room temperature rate constants ¥ and temperature dependent parameters, k=A e 8T, for the

gas-phase reactions of the NO; radicals with alkenes

A B k (cm® molecule ™! s7})

Alkene (cm® molecule™ s71) (X) at 298 K
Ethene a 2.05x10716
Propene 4.59x107" 1156 9.49%x10°1
1-Butene 3.14x1071 938 1.35x107H
2-Methylpropene 3.32%1071
cis-2-Butene 3.50x1071
trans-2-Butene b 3.90x10713
2-Methyl-2-butene 9.37x10712
2,3-Dimethyi-2-butene 5.72x10™1
1,3-Butadiene 1.0 x107%
2-Methyl-1,3-butadiene 3.03x10712 446 6.78x10712
2,3-Dimethyl-1,3-butadiene 2.1 X107
cis-1,3-Pentadiene 14 x10712
trans-1,3-Pentadiene 1.6 X10712
trans, trans-2,4-Hexadiene 1.6 x1071
Myrcene 1.1 x107!
Ocimene 22 x1071
Cyclopentene 53 x1071
Cyclohexene 1.05x1071% | 174 5.9 x1078
1,3-Cyclohexadiene 1.16x1071
1,4-Cyclohexadiene 6.6 x10713
1-Methylcyclohexene 1.7 x1071 0 1.7 x1071
Cycloheptene 4.8 %1071
1,3-Cycloheptadiene 6.5 X10712
1,3,5-Cycloheptatriene 1.2 x10712
Bicyclo[2.2.1]-2-heptene 2.5 X10713
Bicyclo[2.2.1]-2,5-heptadiene 1.0 x10712
Bicyclo[2.2.2]-2-octene 1.45x10713
Camphene 6.6 X107
2-Carene 1.9 x107!
3-Carene 9.1 x10712
Limonene 1.22x1071
a-Phellandrene 7.3 x1071
[-Phellandrene 8.0 x107*2
a-Pinene 1.19x107% —490 6.16x10712
B-Pinene 2.51x10712
Sabinene 1.0 x1071
a-Terpinene 1.4 x10710
y-Terpinene 2.9 x107"
Terpinolene 9.7 x1071
a-Cedrene 82 X10712
a-Copaene 1.6 x1071
B-Caryophyllene 1.9 x1071
a-Humulene 3.5 x10™"
Longifolene 6.8 x10713

*k=4.88X107'° 7% e ***7 ¢’ molecule ' s over the temperature range 290-523 K recommended.>™
P2 =1.22%107"8 72 &7 ¢m’ molecule™' s~ over the temperature range 204378 K recommended.>”

cals in competition with decomposition of the nitrooxy radi-
cals to oxirane plus NO,.% For the NO, radical reaction with
isoprene, the oxirane and NO, yields decrease significantly
with increasing total pressure, from an approximate unit
yield at <1 Torr total pressure®®® to 0.16-0.43 at 19-20
Torr of Ar,¥*® and a similar effect of total pressure of Ar
was observed for the 2,3-dimethyl-1,3-butadiene reaction.”

In air, Ar—O, or N,~O, mixtures, however, the oxirane
formation yields from the reactions of the NO; radical with
alkenes  (propene,*®  1-butene,® 2-methylpropene,®®
cis-2-butene,® trans-2-butene, % 2—methyl—2—butene,88 and
2,3-dimethyl-2-butene®**%) and isoprene®> are markedly

lower (depending on the O, concentration®>%8°!) than in the
absence of O,. For example, the oxirane yields from the NO;
radical reactions with propene, 1-butene, 2-methylpropene,
trans-2-butene, and 2-methyl-2-butene at 750 Torr of air

-measured by Berndt and Béige88 were 0.28, 0.18, 0.07, 0.12,

and 0.09, respectively, although Skov ef al.*® report oxirane
yields of <1% from the cis- and trans-2-butene and isoprene
reactions in the presence of 740 Torr of air. For the NO,
radical reaction with 2,3-dimethyl-2-butene, the oxirane
yield at 740-750 Torr of air has been measured by Skov

‘et al.% and Berndt and Boge,*® with the measured yields of

0.174%0.035% and ~0.20®® being in good agreement.
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The product studies of Bandow et al.,’”® Shepson et al.,”®
Dlugokencky and Howard,® Barnes er al.,81 Hjorth et al.,82
Wille ef al.,®> Skov ef al.,’**° Wingberg er al.,* Berndt and
Boge,¥® Benter ef al.,”° and Berndt ez al.,” and the theo-
retical interpretation by Olzmann er al.¥ allow the general
features of the reaction mechanisms to be understood. The
initial reaction involves addition of the NOj radical to the
>C=C< bond(s) to form an excited nitrooxyalkyl radical

NOs + RjRyC=CRsR; — =  [RiR;C(ONO;)CRIR(* —p  RiRyC

k | M
}

ROGER ATKINSON

which either decomposes to the oxirane plus NO, [reaction
(a)] or is collisionally stabilized to a thermalized nitrooxy-
alkyl radical [reaction (b)]. In addition, the data suggest thal
the thermalized nitrooxyalkyl radical can also decompose to
form the oxirane plus NO, [reaction (c)]. Under tropospheric
conditions, rapid addition of O, will occur to the nitrooxy-
alkyl radical [reaction (d)], leading to the formation of a
nitrooxyalkyl peroxy radical.

]

ka

CR3R4 + NO;

R;R;C(ONO,)CR3Ry

Kd¢ (6]

RyRoC(ONO;)COO)R3Ry

Berndt and Btigei”’88 derived rate constant ratios at room
temperature of ky/k,=(1.75+0.19)X107"° cm® molecule™!
and ky/k,=(1.30%0.34) X107 '® cm® molecule ™! for the reac-
tions of the NO;-2,3-dimethyl-2-butene adduct,®’” and rate
constant ratios kp/k, for the NO;-propene, NO;-1-butene,
NOs-trans-2-butene, NO,;-2-methylpropene, and
NO;-2-methyl-2-butene adducts of (in units of 107"
cm’ molecule_l) 1.53+0.17, 1.93%0.19, 3.26%0.23, and
4.37+0.17, respectively.®® Equating k, with the collision
frequency,¥” " the rate constant k, for the decomposition
of the activated [(CH;),C(ONO,)C(CH,),]* radical to tet-

|

NO,+CH,=C(CH;)CH=CH, —
1 O,

ramethyloxirane plus NO, has been estimated to be in the
range (2.0-4.4)x10° 571 87890 yhile the corresponding de-
composition rate constant for the activated NO;-isoprene ad-
duct is estimated to be 9x107 s™1.%

While the reactions of the NO; radical with monoaltkenes
will lead to B-nitrooxyalkyl and B-nitrooxyalkyl peroxy radi-
cals, the reactions of the NO; radical with 1,3-butadiene and
isoprene appear to proceed mainly (if not exclusively) by
addition to the terminal carbon, with subsequent O, addition
leading to B- or S-nitrooxyalkyl peroxy radicals.

0,NOCH,C(CH;)CH=CH,  O,NOCH,C(CH,)=CHCH,

| O,

-

When NO, radicals are present, NO concentrations will be
extremely low,’! and the B or &nitrooxyalkyl peroxy radi-
cals formed will then either react with HO, and other RO,
radicals, or reversibly add NO, to yield the thermally un-

J

CH,CH(OO)CH,0NO, +NO,=*CH,;CH(OONO,)CH,0NO,

1
stable nitrooxy-peroxynitrates.”$7881828 For example, for

the SB-nitrooxyalkyl peroxy radical CH,CH(OO)CH,0ONO,
formed from propene:

(a"a)

CH;CH(OO)CH,0NO, +HO0,—CH;CH(OOH)CH,0NO, +0, (b)
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aCH,CH(OH)CH,0ONO,+ (1 —a)
CH;C(0)CH,ONO, +0,+RO, products (c1)

CH,CH(OO)CH,0NO,+RO,

Blecause of the rapid thermal decomposition of peroxy
nilrates,? the nitrooXy-peroxynitrates act as a temporary res-
grvoir of the nitrooxyalkyl peroxy radicals. If NO is present
af sufficiently high concentrations to react with the peroxy

CH,;CH(O)CH,ONO,+RO+0, (2)

radicals (see Sec. 2.1), then the corresponding nitrooxy-
alkoxy radical will be formed together with NO,, and dini-
trates may be formed from the

RO,+NO reaction.

M
— CH,CH(ONO,)CH,ONO, (d1)
CH,CH(OO)CH,ONO, +NO
L » CH,CH(O)CH;ONO,+NO, (d2)

‘The nitrooxyalkoxy radicals formed from reactions (c2) and
{d2) can then react with O,, decompose or isomerize, as
discussed above and by Atkinson.>*> For example, for the
(CH,CH(O)CH,ONO, radical formed from propene.

CH;CH(0)CH,0NO,—CH;CHO+ CH,0NO,

1 (e)
HCHO+NO,

CH;CH(0)CH,ONO,+0,—CH;C(0)CH,0NO,+HO,
(f)

In addition, under laboratory conditions with high NO, con-
centrations, the nitrooxyalkoxy radicals can also react with
NO,

M
CH;CH(O)CH,0NO, +NO,—CH;CH(ONO,)CH,0ONO,
' (2

Based on this reaction scheme, in the absence of NO dini-
trates are expected to be formed from reaction (g) and their
yields should decrease with decreasing NO, concentration.
This is consistent with the studies of Shepson et al.?® and
Bandow et al.”® for propene and with the more recent data of
Barnes et al.®! and Hjorth et al.%? for other acyclic alkenes,
but not with the data of Wangberg®® for the reactions of the
NO; radical with cyclopentene, cyclohexene and
1-methylcyclohexene in the presence of initial NO, concen-
trations in the range (1.0-12)X10** molecule cm™>, where
the dinitrate yields were found to be invariant of the initial
NO, concentration. Under atmospheric conditions the forma-
tion of dinitrates from reaction {(g) is expected to be of no
importance. Neglecting isomerization of the alkoxy radicals,
the expected major products of the NO; radical initiated re-

-

actions of the simple alkenes are then oxiranes from the de-
composition of the initially formed activated nitrooxyalkyl
radical (in generally small yield apart from the 2,3-dimethyl-
2-butene reaction) carbonyl compounds [reaction (e)], ni-
trooxycarbonyls [reactions {c1) and (f)], nitrooxyalcohols
[reaction (c1)], and nitrooxyhydroperoxides [reaction (b)].
The products observed by Barnes et al.,’! Hjorth et al.,*?
Skov et al.,* and Berndt and Boge®”® from the gas-phase
reactions of the NO; radical with a series of acyclic
monoalkenes at room temperature and one atmosphere of air,
and their measured formation yields, are given in Table 25.
The products observed are generally consistent with the re-
actions schemes shown above, although hydroxynitrates ex-
pected to be formed from reaction (c1) have only been ob-
served from the 2-butene®® and 2-methyl-2-butene®®
reactions. There are clearly significant discrepancies con-
cerning the formation yields of the individual products
from the various reactions (Table 25), and it is possible
that these differences in the product yields may be due, at
least in part, to the fact that product yields of Bames
et al.®! and Berndt and Boge®® were obtained after addition
of NO 10 the reaction System to promote the thermal
decomposition of the nitrooxyalkyl-peroxynitrates such as
CH,CH(OONO,)CH,0ONO,, while the yields reported by
Hjorth ef al.’? were those after the peroxynitrates had been
allowed to thermally decompose, without addition of NO.
The addition of NO to the reaction systems leads to the for-
mation of alkoxy radicals in high yield [reaction (d2) above],
and OH radicals may also be formed from reaction of the
alkoxy radicals with O, in the presence of NO.%**? Indeed,
Shepson ez al.® observed enhanced formation of HCHO and
CH;CHO relative to CH;C(O)CH,0ONO, from a reacting
propene system after the addition of NO, and similar obser-
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vations were made by Wingberg® for the reactions of the
NO; radical with cyclopentene, cyclohexene, and
I-methylcyclohexene. The product data of Shepson ez al®
obtained prior to the addition of NO show that similar yields
of HCHO and CH;CHO are formed from propene, with the
yield of CH;C(O)CH,0ONO, being a factor of ~2 higher.
The products identified and measured by Wingberg®® from
the reactions of the NO; radical with cyclopentene, cyclo-
hexene, and 1-methylcyclohexene are consistent with the re-
action scheme outlined above. The data of WéingbergSG for
these cycloalkene reactions indicate that if reactions (c1) and
(c2) both occur {reaction (c1) clearly occurred because of the
observed formation of hydroxynitrates as well as nitrooxy-
carbonyls], then the nitrooxyalkoxy radicals formed from re-
action (c2) primarily decompose to form dicarbonyls plus
NO, [reaction (e)] rather than react with O, [reaction (f)].
The reactions of the NO; radical with conjugated dienes
have been studied by Barnes et al.,%! Skov et al.,*** Berndt
et al.’' and Kwok et al.®® Oxirane formation from the iso-
prene reaction has been shown to be of negligible importance
(<1%) at atmospheric pressure of air.*> At room temperature
and atmospheric pressure of air, Barnes et al.®! observed the
formation of CO, HCHO, acrolein (CH,=CHCHO), and
“‘total nitrates’’ from the 1,3-butadiene reaction, with yields
of 0.04, 0.12, 0.12, and ~0.60, respectively, and observed
CO, HCHO, and total nitrates from the isoprene reaction
with yields of 0.04, 0.11, and ~0.80, respectively. Skov
et al.® used FTIR absorption spectroscopy to investigate the

products of the reactions of the NO; radical with 1,3-

butadiene, 1,3-butadiene-1,1,4,4-d,, 1,3-butadiene-dg, iso-
prene  (2-methyl-1,3-butadiene), 2-methyi-1,3-butadiene-
4,4-d,, and 2,3-dimethyl-1,3-butadiene. The most definitive
data were obtained for the 1,3-butadiene and isoprene reac-
tions, and the absorption spectra of the products indicated
that terminal addition of the NO; radical dominated, with
initial addition to the 1- and 4-positions of isoprene being in
the ratio 3.5:1.% The major products observed® from the
1,3-butadiene and isoprene reactions at 295+2 K and 740£5
Torr total pressure of air were O,NOCH,CH=CHCHO (cis-
and trans-) and O,NOCH,C(O)CH=CH, from 1,3-butadiene
and 0O,NOCH,C(CH;3)=CHCHO (major) and
0,NOCH,CH=C(CH;)CHO, 0,NOCH,C(0)C(CH;)=CH,,
0,NOCH,CH(OH)C(CH;)=CH, and
0,NOCH,C(CH;)=CHCH,0OH from isoprene. Using gas
chromatography, Kwok ez al.”® showed that at room tem-
perature and atmospheric pressure of air, methacrolein and
methyl vinyl ketone were minor products of the NO; radical
initiated reaction of isoprene (with formation yields of 0.035
+0.014 each). The formation of Cs-nitrooxycarbonyls (for
example, O,NOCH,C(CH;)=CHCHO and its isomers),
Cs-hydroxynitrates  (for  example, O,NOCH,C(CH,)
=CHCH,O0H and its isomers}, nitrooxyhydroperoxides (for
example, O,NOCH,C(CH;)=CHCH,0O0H and its isomers),
and Cs-hydroxycarbonyls (for example,
HOCH,C(CH;)=CHCHO and its isomers) from the reac-
tions of the NO; radical with isoprene and isoprene-dg was
observed using atmospheric pressure ionization tandem mass
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spectrometry (API-MS/MS) at room temperature and 740
Torr total pressure of air.”® The product data of Skov et al.™
and Kwok ez al.*® are consistent with the reaction schemes
shown above, leading to the formation of nitrooxycarbonyls.
hydroxynitrates, and nitrooxyhydroperoxides. The formation
of the Cs-hydroxycarbonyl(s)®® is believed to arise from
isomerization of  the S-nitrooxyalkoxy radical
0,NOCH,C(CH,)=CHCH,0.*

0,NOCH,C(CH;)=CHCH,O

—0,NOCHC(CH;)=CHCH,0H

NO,+HC(0)C(CH;)=CHCH,OH

The product study of Barnes et al.®! for a- and B-pinene,
3-carene, and limonene led to the formation of aerosols, al-
though for a- and B-pinene IR spectral features indicated the
presence of >C=0 and —ONO, groups. Aerosol formation
could be expected because of the relatively high concentra-
tions of monoterpenes (~5x10'* molecule cm ) used.®!

It is clear that further product studies are required before
the reaction mechanisms and product yields of these NO;
radical reactions with the alkenes are reliably known. Fur-
thermore, and very importantly, it is not clear that the prod-
ucts identified and the measured product formation yields
from laboratory studies can be used for troposphere condi-
tions, because in the laboratory NO; radical reactions appear
to be dominated by nitrooxyalkyl peroxy radical
+nitrooxyalkyl peroxy radical reactions, while in the tropo-
sphere the dominant reactions of the nitroooxyalkyl peroxy
radicals are expected to be with HO, radicals, leading to
nitrooxyhydroperoxides.

2.2.3. O; Reaction

The kinetics and mechanisms of the gas-phase reactions of
0, with the alkenes, cycloalkenes, and dienes were last re-
viewed and evaluated by Atkinson,? and that review and
evaluation is updated in Sec. 5.2. The 298 K rate constants
and the temperature dependent parameters for the gas-phase
reactions of O; with alkenes are given in Table 26. These
reactions proceed by initial O, addition to the >C=C<
bond to yield an energy rich ozonide, which rapidly decom-
poses to a carbonyl and an initially energy rich biradical



GAS-PHASE TROPOSPHERIC CHEMISTRY OF ALKANES AND ALKENES

253

§a6ith: 25. Products and their yields observed from the gas-phase reactions of the NO; radical with acyclic monoalkenes at room temperature and atmospheric

ggssure of air

Yield (molar)

Hjorth ez al.®

Alkene Product Barnes et al.*! Skov et al.¥ Berndt and Boge®"®
Propene HCHO 0.08 0.10%0.05
CH,;CHO 0.12 0.10£0.05 0.60
Total nitrates ~0.58*
CH,C(0)CH,0NO, ~0.12
Methyloxirane 0.28
|-Butene HCHO 0.11
CH,;CH,CHO 0.12 0.65
Total nitrates ~0.60*
CH,CH,C(0O)CH,0NO, ~0.17
Ethyloxirane 0.18
2-Methylpropene HCHO 0.80 0.24+0.08
CH,;C(O)CH; 0.85 0.24+0.08 0.88
Total nitrates ~0.25°
(CH,),CHCHO ~0.05
2,2-dimethyloxirane 0.07
trans-2-Butene CH;CHO 0.70 0.34%0.12° ~1.00
CH;C(O)CH(ONO,)CH; 0.55 0.41%0.13° 0.38
CH;CH(ONO,)CH(ONO,)CHj 0.04 )
CH,CH(OH)CH(ONO,)CH; 0.15+0/05
2,3-dimethyloxirane =0.01° 0.12
2-Methyl-2-butene CH;CHO 0.22+0.06 0.70
CH;C(O)CH;, 0.22+0.06 0.70
CH;C(O)C(ONO,)(CH;), 0.10
Hydroxynitrate ~0.08
(CH5),CHC(O)CH; ~0.03
2,2,3-trimethyloxirane 0.09
2,3-Dimethyl-2-butene CH;C(O)CH; 1.04+0.26 1.60
(CH,3),C(ONO,)C(ONO,){CHs), 0.05+0.02
Tetramethyloxirane 0.174£0.035 0.20
*listimated from the use of IR absorption cross-sections for 14 compounds containing the —~ONO, group.
"Yjelds also apply for cis-2-butene.
—— —_1 %
/N
0] 0O
O; +RjR,C=CR3Ry — P Rl—-f IC'— R4
Ry R3
k, kp
e o « o
R;C(O)R; + [R3R4COO]* [RiR2COO]* + R3C(O)R4
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TABLE 26. Rate constants k at 298 K and Arrhenius parameters, k=A ¢~%/7, for the gas-phase reactions of O3
with alkenes, cycloalkenes, and dienes (see also Ref. 2 and Sec. 5.2)

10"8xk (298 K) 10%xA4 B
Alkene (cm® molecule™' s71) (cm® molecule™! s7) (X)
Ethene 1.59 9.14 2580
Propene 10.1 551 1878
1-Butene 9.64 . 3.36 1744
2-Methylpropene 11.3 2.70 1632
cis-2-Butene 125 3.22 968
trans-2-Butene 190 6.64 1059
1-Pentene 10.0
2-Methyl-1-butene 16
2-Methyl-2-butene 403 6.51 829
3-Methyl-1-butene 11
1-Hexene 11.0
cis-3-Hexene 150
trans-3-Hexene 170
2-Methyl-1-pentene 15
3-Methyl-1-pentene 4.9
4-Methyl-1-pentene 9.2
cis 3 Methyl 2 pentene 450
trans-3-Methyl-2-pentene 560
2,3-Dimethyl-1-butene 13
3,3-Dimethyl-1-butene 52
2,3-Dimcthyl-2-butene 1130 3.03 294
2-Ethyl-1-butene 13
1-Heptene 12
2,3,3-Trimethyl-1-butene 8.3
1-Octene 14
cis-4-Octene 95
trans-4-Octene 140
trans-2,5-Dimethyl-3-hexene 41
trans-2,2-Dimethyl-3-hexene 42
cis- +trans-3,4-Dimethyl-3-hexene =380
2,2,4-Trimethyl-2-pentene 140
3-Methyl-2-isopropyl-1-butene 33
1-Decene 9.3
cis-5-Decene 120
trans-5-Decene =130
3,4-Diethyl-2-hexene 4.2
1,2-Propadiene 0.19 1.54 2689
1,3-Butadiene 6.3 134 2283
2-Methyl-1,3-butadiene 12.8 7.86 1913
trans-1,3-Pentadiene 43
cis-2, trans-4-Hexadiene 310
trans-2, trans-4-Hexadiene 370
2-Methyl-1,4-pentadiene 13
2,3-Dimethyl-1,3-butadiene 26.5 6.9 1668
2,4-Dimethyl-1,3-butadiene 80
2,5-Dimethyl-1,5-hexadiene 14
cis-, trans-1,3,5-Hexatriene 26
Myrcene 470
cis-, trans-Ocimene 540
Cyclopentene 570 1.8 350
1-Methyl-1-cyclopentene 670
Cyclohexene 81.4 2.88 1063
1-Methyl-1-cyclohexene 165
4-Methyl-1-cyclohexene 7]
1,2-Dimethyl-1-cyclohexene 207
1,3-Cyclohexadiene 1220
1,4-Cyclohexadiene 46
Cycloheptene 245 1.29 494
Bicyclo[2.2.1]-2-heptene 1550
1,3-Cycloheptadiene 155
Bicyclo[2.2.1]-2,5-heptadiene 3550
1,3,5-Cycloheptatriene ~ 54
cis-Cyclooctene 375
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TABLE 26. Rate constants k at 298 K and Arrhenius parameters, k=A e¢~%'T, for the gas-phase reactions of O,
with alkenes, cycloalkenes, and dienes (see also Ref. 2 and Sec. 5.2)—Continued

108Xk (298 K) 10"°x A B
Alkene (cm® molecule™! s7Y) (cm® molecule™! s71) (K)
trans-Cyclooctene 29
Bicyclo[2.2.2]-2-octene 71
Camphene 0.90
2-Carene 230
3-Carene 37
Limonene 200
a-Pheliandrene 2980
-Phellandrene 47
a-Pinene 86.6 1.01 732
B-Pinene 15
Sabinene 86
a-Terpinene 21100
y-Terpinene 140
‘l'erpmolene 1880
. a-Cedrene 28
a-Copaene 160
B-Caryophyllene 11 600
a-Humulene 11700
Longifolene <0.5

where [ J* denotes an energy rich species. The carbonyl
gompound(s) formed in this decomposition of the ozonide
will be denoted as the primary carbonyl(s) in the discussion
below. While it was originally assumed that k,~k, for the
atkene reactions,” recent product studies have shown that
this is not generally the case.”"1% As discussed
previously” and below, OH radicals are generated from the
reactions of O3 with alkenes, and unless these OH radicals
are scavenged the products observed and measured from the
reactions of O3 with alkenes arise from the reactions of both
the OH radical and O; with the alkenes. Table 27 gives the
formation yields of the primary carbonyl compounds mea-
sured at room temperature and atmospheric pressure of air in
reaction systems where the OH radicals formed from the O,
reactions with the alkenes were scavenged, for alkenes which
can form two primary carbonyls [cycloalkenes containing
internal >C=C< bond(s) lead to the formation of carbonyl
substituted biradicals].

The formation yields of hoth of the primary carhonyls
have been measured for 33 monoalkenes in the presence of
an OH radical scavenger (Table 27),30’71’95'103 and in most
cases the measured sum of the two primary carbonyls is
within 20% of unity. Note that the carbonyl yields of
Grosjean et al.,'® apart from those for 2-ethyl-1-butene,
were obtained at low relative humidities of 3-7% and are in
some cases erroneously low because of less than unit collec-
tion and derivatization efficiencies at low relative
humidities.”® These data of Grosjean ez al.'” are superseded
by the more recent studies of Grosjean and Grosjean®>!®
and Grosjean et al.®” carried out at higher relative humidities
(55+10%). (Note that the primary carbonyl formation yields
are independent of relative humidity, as expected.)

Apart from earlier data reported by Grosjean and
Grosjean®® and Grosjean et al.'® for the O, reactions with

2-methyl-1-butene®® and 2-ethyl-1-butene,'® the sum of the
measured formation yields of the two primary carbonyls is in
the range 0.94—1.40 (Table 27). It is likely that observation
that the measured sum of the two primary carbonyls formed
is often slightly in excess of unity is due to additional for-
mation of one or more of the primary carbonyls from decom-
position and/or reactions of the biradicals (see below) 397,99
especially for those unsymmetrical alkenes with HCHO as
one of the primary carbonyls.”>*’ Obviously, symmetrical
alkenes lead to the formation of a single primary carbonyl
and the experimental data given in Table 27 shows that, as
expected, the yield of this primary carbonyl is unity within
the experimental uncertainties.***7%192 Although additional
reaction pathways to the formation of this carbonyl exist (see
below), these must be of minor importance.

For unsymmetrical alkenes, two primary carbonyls are
formed (Table 27). For many of the 1-alkenes RCH=CH,
(other than 1-butene®”), the two primary carbonyls RCHO
and HCHO are formed in essentially equal yields®?"101:1%2
(using the CH;CHO yield from propene and assuming that
the higher yield of HCHO arises from decomposition of the
[CH,;CHOOJ* biradical®’'°?) showing that for these alkenes
k,=k,. However, for the O, reactions with 3-methyl-]-
pentene, 4-methyl-1-pentene, and 3,3-dimethyl-1-butene,
there is a preference for formation of the aldehyde RCHO'"!
(Table 27). For alkenes of structure CH,=—CR|R,
(2-methylpropene,97’102 2-methyl-1-butene,’®!%  2-ethyl-1-
butene,'®®1%  2-methyl-1-pentene,!®®  2,3-dimethyl-1-
buterie,”*®  2,3,3-trimethyl-1-butene,'® and  3-methyl-2-
isopropyl-1-butene!®’) the primary ozonide decomposes
preferentially to form the di-substituted biradical (and hence
to HCHO+[R,R,COOJ¥). For alkenes of structure
R,CH=CR,R; (2-methyl-2-butene,””'*®? 2,4 4-trimethyl-

103
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TABLE 27. Primary carbonyls formed and their yields from the gas-phase reactions of O; with alkenes in the

ROGER ATKINSON

presence of an OH radical scavenger

Alkene Primary carbonyl Formation yield* Reference
Ethene HCHO 1.060£0.071 Grosjean et al.”’
0.992+0.061 Grosjean and Grosjean®
Propene HCHO 0.780=0.015 Grosjean et al.”
0.645£0.048°  Tuazon et al.'®
CH;CHO 0.520+0.026 Grosjean ez al.”’
0.446+0.092 Tuazon et al.10?
1-Butene HCHO 0.6300.031 Grosjean er al.”’?
CH;CH,CHO 0.350£0.018  Grosjean et al.”’
cis-2-Butene CH;CHO 1.19£0.14 Tuazon et al.'”
1.08+0.08° Tuazon et al.'®
trans-2-Butene CH,CHO 1.14%0.14 Tuazon et al.'®?
1.08-+0.00° Tuazon et al.'%2
2-Butene (cis+trans) CH;CHO 1.150%0.104  _ Grosjean er al.”’
2-Methylpropene HCHO 0.9500.098 Grosjean et al.”’
1.01£0.07° Tuazon et al.!”
CH,C(O)CH, 0.340+0.031 Grosjean et al.”’
03230030  Tuazon et al.'™
. 0.294+0.030°  Tuazon ez al.'®
1-Pentene HCHO 0.595+0.055 Atkinson et al.*®®
0.505+0.003 Grosjean and Grosjean®
CH;CH,CH,CHO 0.541+0.065  Atkinson et al.”
0.496+0.016 Grosjean and Grosjean®®
2-Methyl-1-butene HCHO 0.63+0.06 Grosjean and Grosjean™
0.657+0.064 Grosjean and Grosjean'®
CH,C(O)CH,CH, 0.214+0.009 Grosjean and Grosjean®®
0.346+0.007 Grosjean and Grosjean'®
2-Methyl-2-butene CH,CHO 0.685+0.019 Grosjean et al.”’
0.745+0.099 Tuazon et al.'®?
CH;C(O)CH, 0.302£0.006  Grosjean et al.”’
0.376+0.032 Tuazon ez al.'®
0.339£0.030°  Tuazon ez al.'®
3-Mcthyl-1-butene HCHO 0.4970.042 Grosjean and Grusjean!?!
(CH;),CHCHO 0.509+0.033 Grosjean and Grosjean'®*
1-Hexene HCHO 0.575+0.057 Atkinson et al.”
0.5010.006 Grosjean and Grosjean®®
CH,CH,CH,CH,CHO 0.518+0.095 Atkinson et al.%®
0.536+0.023 Grosjean and Grosjean®®
cis-3-Hexene CH,CH,CHO 1.022+0.077 Grosjean and Grosjean®
trans-3-Hexene CH,CH,CHO 1.011£0.049 Grosjean ez al.”
2-Methyl-1-pentene HCHO 0.618%0.022 Grosjean and Grosjean'®
CH,C(O)CH,CH,CH, 0.323+0.003 Grosjean and Grogjean'®
3-Methyl-1-pentene HCHO 0.394+0.012 Grosjean and Grosjean'”!
CH,CH,CH(CH;)CHO 0.6310.012 Grosjean and Grosjean'"!
4-Methyl-1-pentene HCHO 0.44120.012 Grosjean and Grosjean'®!
{CH,),CHCH,CHO 0.706+0.049 Grosjean and Grosjean'®!
2,3-Dimethyl-2-butene CH;C(O)CH; 1.02+0.13° Niki ef al.®
1.006+0.019 Grosjean et al.”!
0.977+0.086 Tuazon et al:'?
1.14+0.19" Tuazon ez al.'%
3,3-Dimethyl-1-butene HCHO 031620011 . Grosjean and Grosjean'"
{CH,);CCHO 0.670:£0.008 Grosjean and Grosjean'®!
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TABLE 27. Primary carbonyls formed and their yields from the gas-phase reactions of O; with alkenes in the
presence of an OH radical scavenger—Continued

Alkene Primary carbonyl Formation yield® Reference

2-Ethyl-1-butene HCHO 0.407£0.070  Grosjean et al.!®
0.582:0.002  Grosjean and Grosjean'®

CH,;CH,C(O)CH,CH; 0.178+0.017  Grosjean er al.'®
0.4290+0.004  Grosjean and Grosjean'®

1-Heptene HCHO 0.533+0.049  Atkinson er al.”®
0.511%0.014  Grosjean and Grosjean®®
CH;(CH,),CHO 0.582+0.078  Atkinson er al.*
0.512+0.049  Grosjean and Grosjean®®
2,3-Dimethyl-1-butene HCHO 0.776+0.071  Atkinson et al.®®
0.663+0.010  Grosjean and Grosjean®®
CH,C(O)CH(CHs,), 0.391+0.050  Atkinson et al.%
0.369+0.012  Grosjean and Grosjean®®
2,3,3-Trimethyl-1-butene HCHO 0.639+0.030  Grosjean and Grosjean'®
CH;C(0)C(CH,)3 0.352+0.022  Grosjean and Grosjean'®
1-Octene HCHO 0.519+0.054  Atkinson et al.”®
0.476+0.029  Grosjean et al.”!
CH;(CH,);CHO 0.527+0.070  Atkinson et al.%
0.473+0.023  Grosjean et al.”
cis-4-Octene CH,CH,CH,CHO 1.206+0.022  Grosjean and Grosjean®
trans-4-Octene CH,CH,CH,CHO 1.145+0.027  Grosjean and Grosjean®
trans-2,5-Dimethyl-3-hexene (CH3),CHCHO 1.398+0.085  Grosjean and Grosjean®
cis- +trans-3,4-Dimethyl-3-hexene ~ CH3C(O)CH,CH,4 1.159+0.064  Grosjean and Grosjean®
3-Methyl-2-isopropyl-1-butene HCHO 0.607+0.077  Grosjean and Grosjean'®
(CH,),CHC(O)CH(CH3),  0.425+0.029 Grosjean and Grosjean'®®
2,4,4-Trimethyl-2-pentene CH;C(0)CH; 0.187+0.010  Grosjean and Grosjean'®
(CH3),CCHO 0.839+0.040  Grosjean and Grosjean'®
1-Decene HCHO 0.529+0.014  Grosjean ez al.”
CH;(CH,),CHO 0.492+0.012  Grosjean ez al.”!
cis-5-Decene CH;CH,CH,CH,CHO 1.208%0.033  Grosjean and Grosjean®
trans-5-Decene CH;CH,CH,CH,CHO 1.093+£0.057  Grosjean and Grosjean®
3,4-Diethyl-2-hexene CH,CHO 0.705+0.041  Grosjean and Grosjean'®
CH;CH,C(O)CH(CH,CH;), 0.287+0.034  Grosjean and Grosjean'®
2-Methyl-1,3-butadiene HCHO 0.900.04 Grusjean er al.'™
CH;C(O)CH=CH, 0.17 Grosjean et al.'®
0.159+0.013  Aschmann and Atkinson'®
CH,—C(CH,)CHO 0.44 Grosjean et al.!®

0.387+0.030  Aschmann and Atkinson'®

. 100 . 100 . . . . .
llv-pu.ntene, and 3,4-diethyl-2-hexene™) the situation is 0;+R,;R,C=CH,— ~0.35(R,C(O)R,+[CH,00]*)
similar to the alkenes of structure CH,=—CR;R, in that the o
di-substituted biradical is formed preferentially. The data +~0.65(HCHO) +[R,R,COO0T*)

presented in Table 27 indicate that the initial products, after
decomposition of the initially formed ozonide, are: . .
0;+R;R,C=CHR;— ~0.35(R;C(O)R,+[R;CHOOTJ*)
03+R;R,C=CR,R;—R,C(O)R,+[R;R,COOT* +~0.65(R;CHO+[R;R,CO0]*)
0;+R,CH=CH,— ~0.5(R,CHO+[CH,001*) _ , ,
] . The cyclic monoterpenes camphene, SB-pinene and sabinene
+~0.5(HCHO+[RCHOO]*) are of the structural type CH,=—=CR;R,, and the formation

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997



258 ROGER ATKINSON

TABLE 27.  Primary carbonyls formed and their yields from the gas-phase reactions of O, with alkenes in the presence of an OH radical
scavenger -- Continued

Alkene Primary Carbonyl Formation Yield* Reference
Camphene Camphenilone
% ( 0.36 + 0.06 Hakola er al.™
Limonene* 4-Acetyl-1-methylcyciohexene
A E \3: <0.04 Hakola et al.®
S-Phellandrene’

4-Isopropyl-2-cyclohexen-1-one

i 0.29 + 0.06 Hakola et al.®

G-Pinene HCHO 0.42 Grosjean ef al.'®

Nopinone

0.22 Grosjean et al.'®
0.23 + 0.05 Hakola et al.®
;0%

Sabinene

0.50 + 0.09 Hakola ef al.™

Terpinolene® 4-Methyl-3-cyclohexen-1-one

AN @ 0.40 + 0.06 Hakola et al.®

*Measured by chromatographic methods, unless indicated otherwise.

*By FT-IR absorption spectroscopy.

“0, reaction with limonene expected to proceed mainly by O, addition to the >C=C< bond in the six-member ring.
‘O, reaction is expected to proceed, at least in part, by addition to the >C=C< bond in the six-member ring.
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wiehls of camphenilone from camphene’® and of nopinone
o B-pinene’*!% indicate that the di-substituted biradical
i furmed preferentially (similar to the case for the corre-
spunding acyclic monoalkenes). However, the primary ozo-
-nide formed from the reaction of O5 with sabinene appears to
decompose equally to the two sets of primary carbonyl plus
iradical.”

T'he reactions of O; with cycloalkenes containing internal
#{==C<C bond(s) lead to the formation of two (or, for sym-
welrical cycloalkenes, one) carbonyl substituted biradicals.
Far example, for 1-methylcyclohexene,

|
N

[CH3COD)CH,CH, CH, CH,CHOJ*

*

[CH3C{O)CH, CH2 CHz CH, CHOO*

and primary carbonyl formation does not occur from decom-
position of the initially formed ozonide. The major question
then concerns the fate of the initially energy rich biradicals.

The energy rich biradicals can be collisionally stabilized
or unimolecularly decompose.

[R,R,COO0T* +M—R,R,CO0+M

[R,R,COOT*—products
p

The fraction of the initially formed biradical which is colli-
sionally stabilized is pressure dependent.'"'® For trans-2-
butene, the fraction of the biradical which is stabilized was
observed to increase from essentially zero at zero total pres-
sure of air to a high pressure limit of 0.185, attained at ~600
Torr total pressure of air.!”” For ethene, however, a signifi-
cant fraction of the initially formed biradical is formed ther-
mally “‘cold”” at low pressures,'®!%® and - Hatakeyama
et al." determined this fraction to be 0.20=0.03 by extrapo-
lation of data obtained over the total pressure range 10—1140
Torr to zero pressure. At room temperature and one atmo-
sphere total pressure, the fractional yields of stabilized bi-
radicals formed from the alkenes studied to date are given in
Table 28. The yield of stabilized biradicals from ethene ob-
tained by Hatakeyama ez al.'?"1% is in excellent agreement
with values of 0.38, 0.37, and 0.35 obtained by Su ez al.!®
Kan et al.'"! and Niki er al.,''? respectively, and that for
trans-2-butene of Hatakeyama et al.'”” agrees well with the
stabilized biradical yield of 0.18 obtained by Niki ez al.!'
from cis-2-butene.

However, the biradical stabilization yields at room tem-
perature and atmospheric pressure determined by
Hatakeyama et al.’%”'% from the conversion of SO, to sul-
furic acid aerosol do not agree well with the yields reported
by Horie and Moortgat''* from a product analysis/modeling
study. In the absence of further data, it is recommended that
the biradical stabilization yield from ethene at 298 K and

TABLE 28. Yields of stabilized biradicals from the gas-phase reactions of O,
with alkenes at room temperature and atmospheric pressure

Alkene Yield Reference
Ethene 0.38 Su et al.''®
0.37+0.02° Kan er al'!
0.35+0.05 Niki ez al.'?
0.390+0.053 Hatakeyama et al.!91%8
0.47 Horie and Moortgat'!*
Propene 0.254+0.023 Hatakeyama et al.'”’
0.44 Horie and Moortgat'!*
2-Methylpropene 0.174%0.032 Hatakeyama ez al.'"’
cis-2-Butene 0.18 Niki er al.'??
trans-2-Butene 0.185£0.028 Hatakeyama et al.'%
0.42 Horie and Moortgat!'*
2,3-Dimethyl-2-butene ~ 0.30 Niki et al.3°

1-Octene 0.22 Paulson and Seinfeld®!

Cyclopentene 0.052x0.013 ‘Hatakeyama ez al.'"”
Cyclohexene 0.032+0.024 Hatakeyama ez al.'”’
Cycloheptene 0.029=0.015 Hatakeyama er al.'”’
1-Methyicyclohexene 0.104%=0.065 Hatakeyama et al.'”?
Methylenecyclohexane  0.216+0.026 Hatakeyama et al.'’
a-Pinene 0.125%+0.040 Hatakeyama ez al.'”
B-Pinene 0.249+0.024 Hatakeyama ez al.'”

“Independent of temperature over the range 283-304 K.

atmospheric pressure is 0.37, and for the other alkenes that
the data of Hatakeyama et al.'"” and Niki er al.>*'!? be used.
Thus, at ~760 Torr total pressure of air and ~298 K the
fractions of the [CH,001* and {CH;CHOO]J* biradicals
which are stabilized from the ethene and 2-butene systems
are 0.37 and 0.18, respectively. As recommended above,
k,=k, for decomposition of the ozonide formed from the
reaction of O, with propene and, assuming that the stabiliza-
tion yields of the [CH,00]* and [CH,CHOOT* biradicals
formed from the O reaction with propene are identical to
those formed from ethene and the 2-butenes, a total stabi-
lized biradical yield from propene (CH,00 plus CH;CHOO)
of 0.275 is predicted, in good agreement with the measured
yield of 0.254+0.023.17 However, the data of Hatakeyama
et al.'™ for the stabilized biradical yield from the O reaction
with 2-methylpropene, of 0.174 at room temperature and at-
mospheric pressure, are less consistent with the above data
for the stabilization yield of [CHZOO]* (0.37), the 'stabiliza-
tion yield of 0.30 for the [(CH,),COO]* biradical in the 2,3-
dimethyl-2-butene reaction,3° and the fractions of the O, re-
action leading to the two sets of carbony! plus biradical rec-
ommended above. This suggests that the stabilization yields
of the various biradicals depend on the alkene precursor, in
agreement with the differing [CH,OOT* biradical stabiliza-
tion yields observed from ethene (0.37) and vinyl chloride
(0.25).'1

Experimental data concerning the decomposition path-
ways of the energy rich biradicals arise mainly from the low
pressure (4—8 Torr) stopped flow mass spectrometric studies
of Herron and Huie,**!1® Martinez et al.,m’“8 Martinez,'®
and Martinez and Herron,'?*'?! and the atmospheric pressure
studies with Fourier infrared absorption spectroscopic and/or
gas chromatographic detection of reactants and products of
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Niki et al., 19113 Sy ¢f al.,'!° Horie and Moortgat,' 1 Horie
et al.,'** Paulson et al.,'” Paulson and Seinfeld,”" Atkinson
et czl.,%‘lz“’126 Grosjean et al.,”’glm4 Atkinson and
Aschmann,127 Aschmann and I‘thinson,]o5 Hakola et al.,”®
Shu and Atkinson,'*® Grosjean and Grosjean,”® % Chew and

[R,CHyCR)001* — = OCP) + RiCH,C(O)R

R,CH,CR,)00]* —#=  |RiCHy

PAN

Ry o)

:

e

Atkinson,'? Tuazon er al.,'® and Alvarado et al.*® Bascu
on these studies (and mainly on those of Niki ez al.® and
Martinez and Herron'?!), the energy rich biradicals can un
dergo decomposition by three pathways.

O-atom elimination ()

ester channel ®)

[RiCH,C(O)ORz}* ———  decomposition (including

[R1CHzé(Rz)Obl* —p [R;CH=C(OOBH)R;J*

N

R;CHC(O)R; + OH

'

While the O(°P)-atom elimination channel has been observed
for the reaction of O with rrans-1,2-dichloroethene,'®"! to
date there is no evidence for its occurrence in the reactions of
the biradicals formed from the reactions of O3 with monoalk-
enes (including cycloalkenes) at atmospheric pressure of
air, 3112613031 with upper limits to O('P) atom formation
yields of <0.04 for the propene reaction,126 <20.02 for each
of the 1-butene,'?® cis-2-butene,'?® trans-2-butene,'*® and
2,3—dimti:thyl-2-butene126 reactions, <0.03 for the a-pinene
reaction,’® and <0.04 for the 1.2-dimethylcyclohexene
reaction.”*® At low total pressure (4 Torr), Martinez and
Herron'?® obtained a fit between experimental and predicted
data for the Oy reaction with 2,3-dimethyl-2-butene when a
20% O(*P)-atom elimination channel was included.

Paulson ez al.'™ concluded from a product study of the

reaction of O3 with isoprene that O(CP) atom formation ac-

counted for 45+20% of the overall reaction
(A[OCP))/-Alisoprene]=0.45+0.20) at room temperature
and atmospheric pressure, based on the observed formation
of 2-ethenyl-2-methyl oxirane and 2-(1-
methylethenyl)oxirane. However, a study of the products
formed from the reaction of O; with isoprene in N, and air
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to RjCHaR, + CO7)

hydroperoxide channel ©

other products

diluents in the presence of an OH radical scavenger showed
that the formation of these two oxiranes was due to a direct
reaction channel not involving the intermediate formation of
O(P) atoms,'** and an upper limit to the O(’P) atom forma-
tion yield of <0.10 was obtained.'* The formation of ethe-
nyl oxirane was also observed from the reaction of O; with
1,3-butadiene,'*® and again experimenis in N, and air dilu-
ents showed that the oxirane is formed as a direct reaction
channel not involving O(P) atoms, with an upper limit to the
OCP) atom formation yield of <0.05.'*

Oxirane formation has been observed and measured from
the O; reactions " with isoprene,'? 1,3-butadiene,'*
a-pinene,'* and 1,2-dimethyl-1-cyclohexene,130 with forma-
tion yields of 0.039:0.008 (sum of both oxirane isomers),'®
0.023+0.004.'% 0.0180.004,'® and 0.019£0.007,"° re-
spectively. However, oxirane formation was not observed
from propene, 1-butene, cis-2-butene, and trans-2-butene,
with upper limits to the formation yields of <0.006.'% Tt
therefore appears that the formation of oxiranes by the reac-
tion pathway
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A
03+ RRyC=CR3Ry —» RRC—CR3R4+O;

s#anrs 10 a small extent for at least certain dienes and cy-

Foalkenes.

“T'he occurrence of the hydroperoxide channel was postu-
taied from the studies of Niki e al*® and Martinez and
Herron'? of the products and mechanism of the reaction of
{1, with 2,3-dimethyl-2-butene. For this reaction at room
emiperature and atmospheric pressure, ~30% of the initially
snergy rich biradical [(CH;),COOT* was observed to be
stabilized,® with the remainder isomerizing to the
hydroperoxide,*

M ..
—— (CH,),COO0
[(CH,),CO0T —
L » [CH;C(OOH)=CH,J*
followed by dissociation of the hydroperoxide to an OH radi-
cal and the CH,C(O)CH, radical,*

(30%)

(70%)

[CH,;C(OOH)=CH,]*—OH+CH;C(O)CH,.

Martinez and Herron'? postulated that at ~4 Torr total pres-
wure the hydroperoxide decomposes to an energy rich hy-
droxyacetone molecule which is either collisionally stabi-
lized or undergoes decomposition.'?

M
(CH;C{OOH)=CHz]* — [CH3C(O)CH,OH]* —m CH;3C(O)CH,OH

PN

CH;C(O)CHO + Hy CH3CO + CH,0H

Gutbrod et al.'> have recently carried out computations sup-
porting the hydroperoxide channel as the source of OH radi-
cals from the [(CH;),COO]T* biradical.

The product studies of Niki et al.,*° Paulson et al.,'>* At-
kinson et al.,*>'** Paulson and Seinfeld,”’ Atkinson and
Aschmarm,127 Shu and Atkimson,128 Chew and Atkinson,129
and Alvarado ef al.'® and the theoretical and experimental
study of Gutbrod er al.'** show that the reactions of O; with
alkenes are a source of OH radicals, and these
studies05195:123020127-130.132 06 obtained OH radical for-
mation yields from the reactions of O; with a wide range of
alkenes (Table 29). In the study of Niki et al.*® of the reac-
tion of O3 with 2,3-dimethyl-2-butene, the yield of the stabi-
lized biradical, of ~0.29, was obtained from the amount of
isobutene ozonide formed when HCHO was added to the
reactant mixtures and the OH radical formation yield was
derived from the measured reaction stoichiometry of
A[2,3-dimethyl-2-buteneJA[O5]=1.7%0.1 in the absence of
added OH radical scavengers. More recently, Paulson
et al.'® and Paulson and Seinfeld”' added trace concentra-
tions of 1-methylcyclohexane to Os;-alkene—air reactant
mixtures to monitor the OH radical concentrations during the

experiments, while Atkinson and co-workers®> 124127128130

have used cyclohexane to scavenge =90% of the OH radi-
cals formed from the O; reactions and derived the OH radi-
cal formation yields from the amounts of cyclohexanone plus
cyclohexanol produced. Both- of these methods have prob-
lems; the tracer method requires that all of the OH radical
loss processes be quantitatively known (including the reac-
tions of OH radicals with the products of the O; and OH
radical reactions with the alkene being studied) and the use
of cyclohexane as an OH radical scavenger suffers from the
fact that cyclohexanone and cyclohexanol are formed from
the OH radical reaction with cyclohexane by complex reac-
tion sequences which may depend on the specific reaction
system being studied.!?*127:12

More recently, Chew and Atkinson'?’ have used 2-butanol
to scavenge the OII radicals formed from the reactions of O,
with four alkenes, determining the OH radical formation
yields from the amounts of 2-butanone formed. Because the
formation vield of 2-butanone from the reaction of the OH
radical with 2-butanol proceeds through the intermediary of
the a-hydroxyalkyl radical CH,C(OH)CH,CH;,>!%

OH+CH3CH(OH)CH,CH3—H,0+CH;C(OH)CH,CH;
10,
CH;C(0O)CH,CH;+HO,

the 2-butanone formation yield from the OH radical reaction
with 2-butanol is independent of the presence or absence of
NO and does not involve peroxy radical reactions. The OH
radical formation yields from the reactions of O; with
2-methyl-2-butene,'? 2,3-dimethyl-2-butene,
1,2-dimethyl-1-cyclohexene,'*® a-pinene,'?® and sabinene'?
using 2-butanol as an OH radical scavenger are in good
agreement with those measured using cyclohexane as an OH
radical scavenger'?*1?7130 (Table 29), suggesting that the
OH radical formation yields previously measured by Atkin-
son and co-workers'24!27128 using cyclohexane as an OH
radical scavenger are correct within ~*+25%. For the simple
acyclic monoalkenes, the OH radical formation yields appear
to increase as the yield of di-substituted biradicals
increase,'?" with the OH radical formation yields increasing
along the series CH,—CH,, RCH—CH,, RR,C—CH,,
R,CH=CR,R, and R,R,C=CR;R,."?’ This behavior is con-
sistent with the smaller dialkyl substituted biradicals (for ex-
ample, [(CH;),COOT*) leading to the formation of OH radi-
cals by the hydroperoxide channel in high, close to unit,
yield.

In addition to the OH radical formation yields given in
Table 29, Grosjean and Grosjean%’%'lOl and Grosjean
et al."V971931%4 have observed the formation of cyclohex-
anone, a product of the reaction of the OH radical with cy-
clohexane, from the reactions of O; with many of the alkenes
listed in Table 29 and with 3-methyl-1-butene,'® cis-3-
hexene,” trans-3-hexene,”’ 2-methyl-1-pentene,'®
3-methyl-1-pentene,'”’  4-methyl-1-pentene,’ O 2-ethyl-1-
butene,'*'%® 3 3-dimethyl-1-butene,'”'  2,3,3-trimethyl-1-
butene,'® 3-methyl-2-isopropyl-l—butene,mo 2,4, 4-trimethyl-
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TaBLE 29. OH radical formation yields from the gas-phase reactions of O3
with alkenes at room temperature and atmospheric pressure

OH radical
Alkene formation yield® Reference
Ethene 0.12 Atkinson er al.'*
Propene 0.33 Atkinson and Aschmann'?’
1-Butene 0.41 Atkinson and Aschmann'?’
cis-2-Butene 0.41 Atkinson and Aschmann'?’
trans-2-Butene 0.64 Atkinson and Aschmann'?’
2-Methylpropene 0.84 Atkinson and Aschmann'?’
1-Pentene 0.37 Atkinson et al.”
2-Methyl-1-butene 0.83 Atkinson and Aschmann'?’
2-Methyl-2-butene 0.89 Atkinson and Aschmann'??
0.93+0.14* Chew and Atkinson'®®
1-Hexene 0.32 Atkinson er al.”
2,3-Dimethyl- | butene 0.50 Atkinson et al.%®
2,3-Dimethyl-2-butene 0.7+0.1° Niki er al.®
1.00 Atkinson and Aschmann'?
0.80+0.12° Chew and Atkinson'”
--0.54 Gutbrod et al.'??
1-Heptene 0.27 Atkinson ez al.®®
1-Octene 0.45+0.20° Paulson and Seinfeld”'
0.18 Atkinson et al.®
1,3-Butadienc 0.08 Atkinson and Aschmann!?’
Isoprene 0.68+0.15°  Paulson er al.'®
0.27 Atkinson er al.'?*
Cyclopentene 0.61 Atkinson er al.®®
Cyclohexene 0.68 Atkinson and Aschmann'?’
1-Methylcyclohexene 0.90 Atkinson et al.®
1,2-Dimethyl-1-cyclohexene 1.04 Alvarado et al.'®
1.02%0.16°  Alvarado et al.'®
Camphene <0.18 Atkinson et al.'**
3-Carene 1.06 Atkinson er al.'*
Limonene 0.86 Atkinson et al.'**
Myrcene 1.15 Atkinson er al.'**
cis- and frans-Ocimene 0.63 Atkinson et al.’*
[B-Phellandrene 0.14 Atkinson et al.'**
a-Pinene 0.85 Atkinson et al.'*
0.76+0.11°  Chew and Atkinson'?
B-Pinene 0.35 Atkinson ef al.'?*
Sabinene 0.26 Atkinson er al.'®
0.33+0.06° Chew and Atkinson'”
Terpinolene 1.03 Atkinson et al.'**
a-Cedrene 0.67 Shu and Aikinson'”®
a-Copaene 0.38 Shu and Atkinson'®
0.32 Shu and Atkinson'”®
B-Caryophyllene 0.06 Shu and Atkinson'?®
a-Humulene 0.22 Shu and Atkinson'®

*The estimated overall uncertainties for the OH radical formation yields
measured by Atkinson er al *'?* Atkinson and Aschmann,'”’ Shu and
Atkinson,'?® and Alvarado et al'®® from the amounts of cyclohexanone
plus cyclohexanol formed in the presence of cyclohexane as an OH radical
scavenger are a factor of ~1.5. Uniess noted otherwise, data are from
studies using cyclohexane as an OH radical scavenger.

*Using 2-butanol as an OH radical scavenger.

‘From a comprehensive product study.

No details of experimental techniques given.'"

*Using 1-methylcyclohexane as a tracer to monitor the OH radical concen-
tration.

00 99

2—pentene,1 cis—4-octene,99
dimethyl-3-hexene,” cis~l—trans-3,4-dimethyl-3-hexene,g9
l-decene,”! cis-5-decene,”® trans-5-decene,”® and 3.4-
diethyl-2-hexene,'® showing that OH radicals are also
formed during the reactions of O; with these alkenes.

trans-4-octene, trans-2,5-
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Decomposition of the energy rich biradicals through th
hydroperoxide channel'*? and/or the ester channel leads 1o
the formation of a variety of product species, including car
bonyl compounds with less carbons than the priman
carbonyls.mjﬁ’71‘95’97"101’103'133 For example, the
[(CH,),CHC(CH;)OOT* biradical formed from the reaction
of O, with 2,3-dimethyl-1-butene can isomerize to form two
hydroperoxides which, after decomposition to yield OH radi
cals, lead to the formation of a number of carbonyls and
radicals, as shown in Reaction Scheme 9.

[(CH3),CHE(CH3)O01* ~———3=  [(CH3),C=C(OOH)CH;]* and {(CH3),CHC(QOH)=CHa}*

l |

(CH:),0C(0)CH3 +OH  (CH3),CHC(O)CH, + OH

' v
f i

products including products including

(CH3%,C(OOH)C(O)CH3, (CH3)2CHC(O)CH,00H,
(CH;)2C(OH)C(0)CH3, (CH3);CHC(O)CHO,
CH3C(O)CH; and (CH3)2CHC(0)CH;0H,
HCHO HCHO, CO, and
(CH3)2CHO

These products arise from peroxy radical-+peroxy radical
and peroxy radical+HO, radical reactions, and the expected
formation of CH;C(O)CHj is consistent with the experimen-
tal observations of Grosjean and Grosjean,98 while a small
amount of HCHO formation from the initially formed biradi-
cals is suggested by the observations that the measured
yields of the primary carbonyls, HCHO plus 2-butanone, are
1.17+0.09% and 1.03.%® It should be noted that Grosjean and
coworkers”77101193 postulate that the hydroperoxide may
further isomerize to the S-hydroxycarbonyl, followed by de-
composition and/or stabilization (as postulated earlier by
Martinez and Herron'? to explain their low pressure data for
the Oj reaction with 2,3-dimethyl-2-butene). For example.
for the [(CH;),CHC(CH;)OO]* biradical the reaction se-
quence would be,

[(CHs)zCH'C(O('))CHﬂ* ——=  [(CH3);CHC(OOH)=CHj]* ——=  [(CH3),CHC(O)CHOHJ*

foliowed by

(CH3),CHC(O)CH,0H
- Hz + (CHs), CHC(O)CHO
OH + (CH;),CHC(O)CH,

(CH3LCHEO + CHyOH
@
HCHO + HO,
leading to the same products as expected from the subse-
quent reactions of the (CH;),CHC(O)CH, radical formed af-

ter decomposition of the hydroperoxide (Reaction Scheme
9). These two views of the biradical reactions by the hydro-
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weroxide channel therefore appear to be equivalent, although
_the formation of OH radicals directly from decomposition of
i hydroperoxide (Reaction Scheme 9) appears more likely
#an  through the intermediary of the energy rich
##-hydroxycarbonyl (see also Gutbrod ez al.'*?).

fiven for the reactions of O5 with ethene, propene, and the
#ibutenes, the fates of the initially formed biradicals are not
“¢ompletely understood. 12 For the reaction of O3 with
sthene, the reactions of the [CH,00]* biradical are postu-
Ised to include the following reaction channels.

M [
—  CH00 @)
" CO,+H, ®
[CH,000* —  CO+H0 ©
F—  CO;+ 2H @
L HCO+OH ®©

‘I'he studies of Herron and Huie''® (supposedly adjusted to be
applicable to atmospheric pressure®"'**), Su er al.'*® and Ho-
ri¢c and Moortgat''* lead to fractions of the pathways (a)
through (d) of: channel (a), 0.37; channel (b), ~0.13;3-11
channel  (c), 0.31-0.58*"11%114 454 channel (d),
0.06-0.10.3"1* However, Atkinson et al.'** have observed
()H radicals to be formed with an ~0.12 yield, presumably
via channel (e), and the JUPAC e_valuat.ion31 suggests that the
fractions of the reactions of the [CH,00]* biradical proceed-
ing by the various channels at room temperature and atmo-
spheric pressure are: channel (a), 0.37; channel (b), ~0.13;
channel (c), ~0.38; and channel (e), ~0.12. Significant dis-
crepancies between the various studies are apparent, even for
the reactions of the simplest biradical, [CH,00]*.

Tor the [CII;CHOOT* biradical furmed from the reactions
of O5 with propene and the 2-butenes, the following reac-
tions are postulated

—  CH;CHOO @
——  CHy+CO+OH ®)
cmduody _| Gt + 00y 8 @
L »  HCO+CH3O @
™ CHy+CO; ©
= CH;OH+CO ®

107,113,114.122 f the reaction

47,107,113,114,122

Previous evaluations*’ and studies
of 05 with propene*”'°"1'* and the 2-butenes
have concluded that channels (a)—(f) account for: channel
(a), 0.15-0.42; chaunel (b), 0.14-0.30; channel (c), 0.17—
0.32; channel (d), 0—0.07; channel (e) 0.14—0.17; and chan-
nel (f), 0-0.07, with the experimental data of Horie and
Moonga.t114
reaction proceeding by channels (a) through (f) of 0.40-0.42,
0.14-0.24, 0.17-0.21, 0, 0.12-0.17, and 0.06-0.07, respec-
tively. Thesc various studics Icad to differing product distri-
butions from the O; reaction with propene. As one example,
the OH radical formation yields vary from 0.10'!* to 0.15,47
while Atkinson and Aschmann'?’ have derived an OH radi-
cal formation yield of 0.33 (uncertain by a factor of ~1.5)
from monitoring the formation of cyclohexanane plus cyclo-
hexanol formed from the OH radical reaction with cyclohex-
ane in a reacting Os;—propene—cyclohexane—air mixture
(Table 29). The most recent IUPAC evaluation®’ suggests
that the fractions of the reactions of the [CH;CHOO]* bi-
radical proceeding by the various channels at room tempera-
ture and atmospheric pressure are: channel (a), 0.15; channel
(b), ~0.54; channels (c) plus (d), ~0.17; and channel (e),
~0.14.

The products of the reaction of Oz with isoprene in the
presence of an OH radical scavenger have been studied hy
Grosjean ef al.,'® Atkinson et al.,'"**'% and Aschmann and
Atkinson,'” and Aschmann and Atkinson'®® proposed the
following reaction mechanism:

and Horic ef ul.'? leading o fractions of the
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264 ROGER

O3 + CHy=C(CH3)CH=CH; —» 0.60

followed by

VAN

0 0

| | —_—
CH,=C(CH3)CH— CH;,
—
and
* A e
s O‘\
R
CH,— C(CH;)CH=CH, ]

e

The [CH,00T* biradical is assumed to react as discussed
and shown above, and the [CH,=CHC(CH,)O0]* biradical
is assumed'® to form OH radicals by the hydroperoxide
channel,

[CH,=CHC(CH,)00]*—[CH,=CHC(OOH)=CH,*

—OH+CH,=CHC(O)CH,

with the CH,= CHC(O)CH2 radical reacting to lead to the
formation of HCHO. The [CH,=C(CH,;)CHOOJ* biradical
was assumed'® not to lead to the formation of OH radicals
or HCHO; the formation of propene (as observed by Paulson
et al.'* in 7+3% yield and by Aschmann and Atkinson'® in
~43% yield) may arise from decomposition of the
[CH,=C(CH;)CHOO]* biradical.>

[CH,=C(CH;)CHOO*—CH;CH=CH,+CO,

A detailed chemical mechanism which includes the reaction
of O, with isoprene, based on the above mentioned
studies, 04103:123-125.135 pas peen formulated and tested by
Carter and Atkinson,”® and that article should be consuited
for further details of that mechanism.

The products of the gas-phase reactions of O; with cy-
cloalkenes (including cyclic monoterpenes) have been stud-
ied by Schuetzle and Rasmussen,'*® Hull,"¥’ Niki et al.,'
Hatakeyama er al.}3¥14% yokouchi and Ambe,'" Tzumi
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CH=C(CH3)CH— CH

ATKINSON
* *
/0\ /o\
o o 0

+ 0.40 | CH;— C(CH3)CH=CH,

[CH,00]* + CHy=C(CH3)CHO 39%
HCHO + [CH,=C(CH)CHOOJ* 20%
0
CH=C(CH3)C— CHy + O, 1.1%
[CH,00]* + CHyC(O)CH=CH, 16%
HCHO + [CH;=CHC(CH3)001* 20%
0
CHy—— C(CHs)CH=CH;, + O, 4.2%

f

et al.,'"*? Jay and Stieglitz,'*®> Hatakeyama and Akimoto,'*
Grosjean er al.,’"'% Hakola et al.®™ Atkinson er al.,”
Grosjean and Grosjean,”® and Alvarado er al."*® However,
only in the studies of Grosjean ef al.,”'% Hakola et al.,%™
Atkinson ef al.,”? Grosjean and Grosje:am,98 and Alvarado
et al.'® were the OH radicals formed from the reactions of
O, with the cycloalkenes scavenged and hence only these
stidies®®-71:9598,106,130 40 free from consumption of the cy-
cloalkenes by OH radicals and the formation of OH radical
reaction products. The products observed, and their mea-
sured formation yields, from these studies®-719398.106.130 gpe
given in Table 30 (the data for camphene, SB-pinene, li-
monene, B-phellandrene, sabinene, and terpinolene are also
given, at least in part, in Table 27).

No significant formation of products was observed by Ha-
kola er al.’® by gas chromatography-flame ionization detec-
tion (GC-FID) and gas chromatography-mass spectrometric
(GC-MS) analyses from the O; reactions with 3-carene or
limonene. For the cycloalkenes containing only internal
>C==C< bond(s), the initially formed energy rich ozonide
decomposes to two biradicals (or, for symmetrical cycloalk-
enes such as cyclopentene, cyclohexene and 1,2-dimethyl-1-
cyclohexene, to one biradical), and no primary carbonyls are
formed from the decomposition(s) of the ozonide. Hence the
reaction products are formed from the reactions of the biradi-
cal(s). As discussed above, these biradicals can then undergo
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<odlisional stabilization and reactions involving decomposi-
“#on and isomerization. For example, the potential reactions

of the biradical formed from cyclopentene are:

—— % HC(O)CH,CH;CH;CHOO (stabilization)
> €O, + CH;CH,CH,CHO (CO, elimination)
[HC(O)CH,CH,CH,CHOOJ*
——»  [HC(O)CH,CH,CH=CHOOH]*
\
HC(O)CH,CH,CHCHO + OH (OH formation)
—  HC(O)CHCH,CH,CHO + O(P) (OCP) elimination)

In addition to the formation of the biradical(s), the direct
formation of an oxirane from the reactions of O; with 1,2-
dimethyl-1-cyclohexene and a-pinene has been observed in
29 yield for each reaction.'*® Table 31 shows the fractions
uf the overall reactions of the biradical(s) proceeding by the
various possible pathways, derived from the reported product
yields."%7195:98130 The CO, elimination pathway, presumably
via the ester channel, is significant for the cyclopentene and
cyclohexene reactions; but less so for the 1-methyl-1-
vyclohexene reaction and not observed for the reactions of
the other three cycloalkenes listed in Table 31. This CO,
climination pathway therefore appears to occur only for

[CH;C(0)CH,CH,CH,CH,C(C0)CH, J*

followed by

biradicals of structure [RCHOOT*. For the O, reaction with
1-methyl-1-cyclohexene, the [[CH;C(0O)(CH,),CHOO]* bi-
radical leading to 2-hexanone® is expected to be formed in
lower yield than the dialkyl-substituted
[CH;C(00)(CH,),CHOJ* biradical.

The observed formation of S-oxohexanal
(CH;C(0)CH,CH,CH,CHO) from the reaction of O; with
1,2-dimethyl-1-cyclohexene'>® almost certainly occurs from
the subsequent _ reactions of the
CH;C(0O)CH,CH,CH,CH,C(O)CH, and
CH,C(0)CH,CH,CH,CHC(O)CH, radicals formed together
with the OH radical in the hydroperoxide channel:

[CH;C(0)CH,CH,CH,CH=C(OOH)CH, J*

[CH;C(O)CH,CH,CH,CH,C(OOH)=CH,]*—0H+CH,C(0)CH,CH,CH,CH,C(O)CH,

and

[CH;C(0)CH,CH,CH,CH=C(OOH)CH, ]*— OH+CH;C(O)CH,CH,CH,CHC(O)CHs,

Additional expected dicarbonyls and hydroxycarbonyls
formed from these radicals in the absence of NO, have been
observed by atmospheric pressure ionization
spectrometry.'>

As noted above, O(’P) atom formation from the reactions
of O3 with a-pinene and 1,2-dimethyl-1-cyclohexene have
not been observed, with the measured upper limits to the

mass

O(P) atom formation yields being given in Table 31."°" In-
terestingly however, the formation of 6-oxoheptanal from
1-methyl-1-cyclohexene, of 2,7-octanedione from 1,2-
dimethyl-1-cyclohexene, and of pinonaldehyde (3-acetyl-

- 2,2-dimethylcyclobutaneacetaldehyde) from a-pinene have

been observed’®*® (Table 31). These products are not
formed by the O(’P) atom elimination channel, and to date
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TABLE 30.  Carbonyl products observed, and their formation yields, from the gas-phase reactions TABLE 30.  Carbonyl products observed, and their formation yields, from the gas-phase reactions
of O, with cycloalk at room temp and heric p of air in the of O, with cycloalkenes at room temperature and atmospheric pressure of air in the
presence of an OH radical scavenger presence of an OH radical scavenger -- Continued (2)
Cycloalkene Product Yield Reference Cycloalkene Product Yield Reference
Cyclopentene butana} 0.195 + 0.027 Atkinson ef al.”
0.120 + 0.001 Grosjean and Grosjean®™
glyoxal 0.150 % 0.010 Grosjean and Grosjean®™
HC(O)CH,),C(0)0H a Grosjean and Grosjean™ Terpinolene 0.40 £ 0.06 Hakola ef al.®
Cyclohexene pentaral 0.156 + 0.004 Grosjean ef al.™
1-Methyl-1- 6-oxoheptanal 0.100 + 0.024 Atkinson er al.®
cyclohexene - 2-hexanone 0.040 % 0.010 Grosjean and Grosjean®™
CH,C(0)(CH,),C(0)OH a Grosjean and Grosjean™
cho <0.02 Hakola er al.®
1,2-Dirnethyl-1- 2,7 di 0.069 + 0.013 Alvarado et al.'*
b S-oxok ] 0.194 + 0.046 Alvarado er al.*®
Camphene 0.36 + 0.06 Hakola ef al.®
*No product yields reported.
~0.2 Hakola er al.® .
were varied by a factor of 3 such that 93% to 98% of the OH
radicals formed were calculated to be scavenged by cyclo-

3-Carenc Hakola ¢t a2.®

=0.08
HO

Limonene Hakola er al.®

B-Phellandrene @ 0.29 £ 0.06 Hakola ef al.®
o

o-Pinene 7®uo 0.19 + 0.04 Hakola ef al.®
0.143 + 0.024 Alvarado e al ¥

B-Pinene HCHO 0.42 Grosjean et al.'®
0.22 Grosjean et al."™
0.23 £ 0205 Hakola ef al.™®

Sahinene @ 0.50 + 0.09 Hakola ef al.®

the formation pathways leading to these products have not
been elucidated, although it is possible that they arise from
reactions of the stabilized biradical(s) since the biradical sta-
bilization yields and the C,-dicarbonyl yields for the
1-methyl-1-cyclohexene and a-pinene reactions are similar
(Table 31) [for the 1,2-dimethyl-1-cyclohexene reaction, the
concentrations of the cyclohexane OH radical scavenger
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hexane, with no effect on the 2,7-octanedione formation
yield'®°]. The product formation pathway yield data shown
in Table 31 suggest that; while a large fraction of the carbon
is not accounted for (primarily associated with OH radical
formation through the hydroperoxide channel), the majority
of the reaction pathways of the biradicals are accounted for.
For example, the sum of the oxirane formation, biradical
stabilization, CO, elimination, and OH radical formation
pathways account for 82% of the cyclopentene reaction, 87%
of the cyclohexene reaction, 104% of the 1-methyl-1-
cyclohexene reaction, 104+16% of the 1,2-dimethyl-1-
cyclohexene reaction (with no biradical stabilization yield
being available), 106% of the 3-carene reaction (with no bi-
radical stabilization yield being available), and 90+12% of
the a-pinene reaction, with the sum of the yields for the
cyclopentene, cyclohexene, 1-methyl-1-cyclohexene and
3-carene reactions being subject to significant uncertainties
(Table 31).

The formation of aerosols has been investigated from the
photooxidations of  l-octene,**®  jsoprene,’®?
cyclopentene,139 cyclohexene,138’l42- cycloheptene,139
1—methylcyclohexema.144 methylenecyclohexane,144
a-pinene, #1414 g pinene 616274140.141 4 g limonene, 4!
and these references should be consulted for further details.
The recent study of Zhang et al. 7 of the photooxidations of
a- and B-pinene at initial concentrations of (0.9-14)X10**
molecule cm ™ (37 to 582 parts-per-billion mixing ratios)
showed that the aerosol carbon yields varied from 0-5.3%
for a-pinene, depending on the initial alkene/NO, concentra-
tion ratio.

The stabilized biradicals are known to react with alde-
hydes, SO,, CO, H,0, and NO,,'* and it is expected that
‘they will also react with NO.'*!%° Based upon the available
data for the reactions of the CH,OO biradical with these
reactants, with rate constants relative to the reaction of the
CH,00 biradical with SO, of: HCHO, ~0.25;'"° CO,
0.0175;'"° H,0, (23*1)xX10™* (Ref. 150) and
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¥antk 31. Fractions of the overall biradical reactions proceeding by the various pathways, as derived from the product formation yields at room temperature

and atmospheric pressure of air

Co, OH ocp) C,-dicarbonyl
Cycloalkene Stabilization® ellimination® formatijon® elimination’ formation®

Cyélopentene 0.052:+0.013 0.16 0.61+33!
'yelohexene 0.032:0.024 0.16 0687533
1:Methyl-1-cyclohexene 0.104+0.065 0.04 0.9073% 0.10£0.03
$,2-Dimethyl-1-cyclohexene 1.02%0.16 <0.04 0.07£0.02
3Carene 1.063932 <0.08
a-Pinene 0.125+0.040 0.76£0.11 <0.03 0.17%0.05

*from Hatakeyama er al.'”
“Mirom Atkinson et al.,”’ Grosjean and Grosjean,” and Grosjean et al.”!
“¥rom Atkinson et al., %5 Atkinson and Aschmann,'¥” Chew and Atkinson,'?
“From Alvarado et al. 130
*from Hakola et al.,” Atkinson ef al.,*® and Alvarado er al.'®®

(8.3+3.6)x10™%"! and NO,, 0.014,'? it appears that the
reaction of stabilized biradicals with water vapor will be
their dominant loss process under atmosphcric conditions.
The rate constant ratios for the reactions of the CHZOO bi-
radical with water vapor and SO, derived by Suto et al.'
and Becker ef al.'®! are in reasonable agreement. Further-
more, the corresponding rate constant ratio for the reactions
of the (CH3)2COO biradical with water vapor and SO, of
(4.1+2.2)X10™* measured by Becker ez al.’! is similar to
the values for the CH,00 biradical.*>'*!

The reaction of the CHZOO biradical with acetaldehyde
and the reactions of the more complex biradicals such as
CH,CHOO and (ClIl3),COO with aldchydes lead to the for-

mation of secondary ozonides 30105113
O0—

CH3
(CH3,C00 + HCHO—» CHz c\

CH;

/o—— Q
CH,00 + CH;CHO — (g, CHCH;
. \0 /

However, the formation of ethene ozonide is not observed

during the reaction of O, with sthene, /99112 gnd the reaction

‘‘‘‘‘‘‘ £ e réaclicn oI Ly wilnn ng e reacion

of  the CHZOO biradical ~with HCHO  was
previously!®112114 proposed to lead to the formation of
HOCH,OCHO. The recent study of Neeb et al.'> indicates
that the reaction of the CH,OO biradical with HCHO does
not form HOCH,OCHO, and Neeb et al.’3 have shown that
the CH,00 biradical reacts with formic acid, HC(O)OH, to
form hydroperoxymethylformate,

CH,00+HC(0)OH—HOOCH,0CHO

which decomposes to formic acid anhydride, HC(O)OCHO,
plus H,0, and that HOOCH,OCHO was previously'®-112114
incorrectly identified as HOCH,OCHO.

9 and Alvarado er al.™*

The reaction of the CH,00 biradical with SO, is proposed

to proceed through an intermediate which can decompose or

1eact with SO, and water Vi‘lpUl,M7'154

o= °\ 50,
Hzc\ 0/ S0 ——® HCHO+S0;+ 805

CH,00+50; —»

f/

HC(O)OH + SO, HCHO +HyS04
and a rate constant ratio of kyk,=6.0X107® was
estimated.”* Under tropospheric conditions, the reaction of
the adduct with water. vapor will then dominate, leading to
the formation of sulfuric acid and HCHO.!*’

In addition to the formation of carboxylic acids from the
reactions of stabilized biradicals with H,0,

RCHOO+H,0—RC(0)OH+H,0,

the studies of Gab er al.,'> Becker et al.,’’"*® Simonaitis
et al.,"’" Hewitt and Kok, Hatakeyama et al.,'® and Horie
et al.'® have reported the formation of H,0,,""156-1% and
organic hydroperoxides'>>!37-1%0 from the reactions of O
with alkenes. There are significant quantitative discrepancies
between the studies of Becker et al.,'”''® Simonaitis
et al.,">’ Hatakeyama et al.' and Horie et al.,'® and these
may be related to the analytical methods used,'**!*® with
Becker et al.,'”'*° and Horie et al.'® using infrared absorp-
tion spectroscopy to measure H20215]'156’160 and hydroxym-
ethyl hydroperoxide'® while Simonaitis et al.!>’ and
Hatakeyama et al.'® used wet chemical methods for hydro-
peroxide measurements. The data of Becker et al.!>"!>® and
Horie et al.'%" show that for the alkenes studied the molar
formation yiclds of H,O, in thc prescnce of (3-5)x10"7
molecule cm > of water vapor are in the range 0.001-0.018.

A possible reaction sequence is, 154159160

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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= HCHO + Hy0,

CH,00 + H,0 ~——|

M
[HOCH,O0H]* ——»

'

HC(O)ORH + H;0

— HOCH,00H

with the reaction channel leading to H,O, being a minor
pathway.

2.2.4. Cl Atom Reactions

Cl atoms react rapidly with alkenes, and the literature rate
constants at room temperature and atmospheric pressure of
air are given in Table 32. Although the rate constants for
these Cl atom reactions are close to gas Kinetic, the ratios of
the rate constants for the reactions of alkenes with the Cl
atom relative to the rate constants for reaction with the OH
radical, kcfkoy, are ~10, a factor of ~10 lower than the
corresponding values of kq/koy ~100 for the =C, alkanes
(Table 3, Sec. 2.1). Hence the Cl atom reactions with the
alkenes are expected to be generally of minor or negligible
importance as a tropospheric loss process for the alkenes.

The reactions of the Cl atom with ethene and propene
proceed by Cl atom addition to the >C=C< bond and by
H-atom abstraction from the C—H bonds.'*>'*® At 298 K and
760 Toir total pressure of air, the Cl atom addition pathway
totally dominates for ethene'® and accounts for ~90% of the
Cl atom reaction with propene.’®® Both reactions are in the
falloff regime between second and third order kinetics at 298
K and <760 Torr total pressure of air. The parameters in the
Troe falloff expression derived by Kaiser and
Wallington'®>'%  at 298 K are: for ethene,'®
ko=1.42%x10"% cm® molecule 257!, k,=3.2%x1071" cm’
molecute 's ', F=0.6 (or, giving an equivalently good fit
to the experimental data, ko=1.64x10"%
cm® molecule 2s™Y, k,=57x1071° cm® molecule ™' 571,
and F=04) and for propene,'® ky=4.0x10"%
cm® molecule ™ s7!, k.=2.7X 1071% cm?® molecule™ 57,
F=0.6, and kg, =2.3%X10""" ¢m® molecule™' s~'. H-atom
abstraction from the vinyl C—H bonds is of negligible impor-
tance at room temperature and below,'%> and for propene
H-atom abstraction occurs from the C—H bonds of the me-
thyl substituent group.'

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997

2.2.5. NO, Reactions

NO, reacts with conjugated dienes with rate constants at
room temperature of >10"%  ¢m® molecule™! 571516
These reactions are of negligible importance as a tropo-
spheric loss process for alkenes and dienes, but may be of
some importance in environmental chamber experiments car-
ried out at high NO, concentrations.**

The only monoalkenes and nonconjugated dienes which
have been shown to react with NO, at room temperature at
an observable rate are 2,3-dimethyl—2-butene,92’169
B-caryophyllene,'™® and a-humulene,'” with the room tem-
perature rate constants for other nonconjugated alkenes being
<107% cm® molecule ™! s71.921% The room temperature rate
constants  for the gas-pliase reactions of NO, with 2,3-
dimethyl-2-butene, B-caryophyllene, and a-humulene and
selected dienes are given in Table 33. As shown by Atkinson
et ul.”? and Niki et al.,'® the reaction sequences are as fol-
lows, taking 1,3-butadiene as an example

M
NO; + CH,=CHCH=CH; —®  CH;=CHCHCH;NO;
-

i

CH,CH=CHCH;NO,

with the initial reaction being reversible, at least for
2,3-dimethyl-2-butene'®® and B-caryophyliene.'” In the case
of the reaction of NO, with B-caryophyllene, the nitroalkyl
radical decomposes, at least in part, to a sesquiterpene iso-
meric with S-caryophyllene and with very similar IR and MS
spectra.!’”

The initially formed nitroalkyl radical then adds O,

M
CH)=CHCHCHzNO; + O —® CH2=CHCH(OC.))CH2N02

M .
Ci-lzCH=CH2N02+02 — OOCH;CH=CH;NO,

to form a nitroalkyl peroxy radical, which can then react with
NO, NO,, organic peroxy radicals and/or HO, radicals (as
discussed above for hydroxyalkyl peroxy and nitrooxalkyl
peroxy radicals). For example, for the
OQNCHQCH=CHCHQOO radical, the reactions are:
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¢ 32, Rate constants & for the gas-phase reactions of the Cl atom with
vl 298+2 K and 740-760 Torr total pressure of air

10" Xk
Alkene (cm® molecule™! s71)? Reference
e 10.7 Atkinson and
Aschmann; 61162
Wallington et al ;163164
Kaiser and Wallington'®
AR 28 Atkinson and Aschmann;'®!
Wallington et al.;1o3
Kaiser and Wallington'%®
I"apadiene 42 Wallington er al.'®
Hutadiene 40b Bicrbach er al.!%7
“1ethyl-1.3-butadiene 48® Bierbach er al.'"’

i)

oo cunstants selative w rate constants fur the 1eactions of the Cl atoiu
b cthane and/or n-butane of 5.9%107" cm’ molecule™' s™' and
t= 10 ' cm® molecule™ 57!, respectively, (Table 3 in Sec. 2.1), unless
1o otherwise.

* lanve o a rate constant for the reaction of the Cl atom with propene of
1019 em® molecule ™ 57

M
—#  O;NCH;CH=CHCH;ONO,

;NCH,CH=CHCH,00 + NO—|

L »  0NCH,CH=CHCH;O +NO,

7
0,NCH,CH=CHCHO + HO,

M
O,NCH;CH=CHCH,00 +NO; — ™ O,NCH,CH=CHCH;00NO;

-

0;NCH;CH=CHCH;OH + O;NCH;CH=CHCHO + RG; products + Oy

),NCH,CH=CHCH,00 + RO,

0;NCH,CH=CHCH,O + RO + 0;
l 0
©O,NCILCII-CIICHIO + 110;

O;NCHyCH=CHCH00 + HO; ——#  O;NCH,CH-CHCHy00H + 0,

As  noted, the  dominant  reaction of the
1,NCH,CH=CHCH,O alkoxy radical is expected to be
with O, leading to the formation of the HO, radical, and
henee, in the presence of NO, to the OH radical, consistent
wilh the observations of OH radical formation from the dark
reactions of isoprene and 1,3-cyclohexadiene with NO, in
the presence of NO.*? The dominant reaction of the
('H,=CHCH(O)CH,NO, alkoxy radical is expected to be by
decomposition

CH;=CHCH(O)CH;NO; ———#~ CH,=CHCHO + EHzNoz

'
NO % NO,

6CH2N02

!

HCHO + NO;

to lead in the presence of NO to acrolein, HCHO and NO,,
but with no HO, (or OH) radical formation. The dark reac-
tion of NO, with isoprene leads to the formation of metha-
crolein, methyl vinyl ketone and HCHO,** and OH radicals
are also formed in the presence of NO.* These observations
suggest that in the presence of NO the intermediate alkoxy
radicals  include = O,NCH,C(O)(CH;)CH=CH, and
O,NCH,C(CH;)=CHCH,O0.

2.2.6, O(°P) Atom Reactions

The O(’P) atom reactions with the alkenes are of little
importance under atmospheric conditions, but can become
significant in laboratory irradiations of NO,.—alkene—air mix-
tures (see, for example, Paulson et al* and Paulson and
Seinfeld"). The kinetics, reaction mechanisms and products
formed under atmospheric conditions have been previously
reviewed by Cvetanovié and Singleton,!’* Atkinson and
Lloyd,]48 and Cvetanovi¢.'”> The rate constants have been
reviewed and evaluated by Cvetanovié,'” with more recent
kinetic studies being reported by Mahmud ez al.,'’® Klemm
et al.,'""7 Mahmud and }E‘ontijn,178 Ko etal,'” Knyazev
eral,'™ Adusei and Fontyyn,”®"'®* Biehl er al.,'™ Paulson
et al.,”® and Luo ez al.'® For ethene, propene, 1-butene, cis-
2-butene, trans-2-butene, 2-methylpropene, 2-methyl-2-
butene, 2,3-methyl-2-butenc, and 1,3-butadienc, the room
temperature rate constants from these more recent studies are
in generally excellent agreement (within ~=*10%) with the
recommendations of Cvetanovié.'” Table 34 gives the 298
K rate constants for alkenes, generally taken from the review
of Cvetanovi¢'” apart from the rate constants for isoprenc
and a number of monoterpenes which are based on the recent
studies of Paulson ef al.®® and Luo er «l.'™ and for the rate
constant for 2-methyl-2-butene which is based on the abso-
lute rate constant studies of Atkinson and Pitts'™ and Bichl
et al.'®

The initial reaction involves addition of the O(°P) atom to
the >C=C< bond, followed by collisional stabilization to a
carbonyl or oxirane, or decomposition. As generally recom-
mended by Atkinson and Lloyd,'*® at atmospheric pressure
and 298 K the products are, for ethene,!45:180:186

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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TABLE 33. Room temperature rate constants k for the gas-phase reactions of
NO, with selected alkenes and dienes at atmospheric pressure of air

ROGER ATKINSON

TABLE 34. Rate constants k at 298 K for the gas-phase reactions of the OCP)
atom with alkenes.

10%%k 102Xk
Alkene (cm® molecule™! sH)? Alkene (cm® molecule™ s71)?
2,3-Dimethyl-2-butene 1.0 Ethene 0.73
1,3-Butadiene 3.0 Propene 4.00
2-Methyl-1,3-butadiene 15 1-Butene 4.15
(isoprene) 2-Methylpropene 16.9
Myrcene 26 cis-2-Butene 17.6
Ocimene (cis- and trans-) 89 trans-2-Butene 21.8
a-Phellandrene 1300 1-Pentene 4.65
B-Phellandrene ~70 cis-2-Pentene 17
a-Terpinene 650 3-Methyl-1-butene 4.15
B-Caryophyliene 50 2-Methyl-2-butene 51°
a-Humulene 16 1-Hexene 4.65
2,3-Dimethyl-2-but X
*From Glasson and Tuesday,’”! Atkinson et al,”*'™ Gu et al,.¥ Ohta 12 Prxme d'ﬁn utene Zg:
er al.,'"*® Niki er al.,’® Shorees er al,'” Paulson er al,’ and Shu and 1’3-3 c;p:.l N 19.8
Atkinson.!”” Uncertainties are a factor of ~1.5, except for B-phellandrene 2’1\;[ ;al lfr;cb g .
and a-humulene, for which the uncertainties are a factor of ~2. -Methyl-1,5-butadiene 35
Cyclopentene 21
Cyclohexene 20
1-Methyl-1-cyclohexene 90
1,3-Cyclohexadiene 91
) 2-Carene 34de
— i +HCO (~60%) 3-Carene 32¢f
Camphene 25de
OCP)+CHs ——  CILCHO+H (~35%) Limonene 724e
a-Pinene 328
l—»  CH,CO+H, (~5%) f-Pinene 27%¢
y-Terpinene 86%
(o propene, 8 o Terpinolene 102%¢
—  cuCH— o, (30%) “Rate constant are those recommended by Cvetanovié,!” unless noted oth-
erwise.
bAverage of 298 K rate constants of Atkinson and Pitts'®> and Biehl ez al.'$3
CHCH,CHO (30%) °From Paulson et al.®
OCP)+ CHyCH=CHy— 9From Luo et al.'®
> CHCHO+CHs 20%) ®The measured rate constant ratios of Luo et al.'® at 302-307 K have been
placed on an absolute basis using the 298 X rate constant for the reaction of
oL OCP) atoms with 2-methyl-2-butene, assuming that the temperature depen-
| » HCO+Cm %) ’ . .
+ s ane dence of the rate constants for the reactions of the O(3P) atom with
2-methyl-2-butene and the monoterpenes are similar. The rate constants so
for 1-butene, 48 derived for the reactions of the O(’P) atom with 2-methylpropene, cis-2-
>  CHCHCH—CH, (44%) butene, trans-2-butene, 3-methyl-1-butene, and 2,3-dimethyl-2-butene are
in excellent agreement with the values recommended above.
OCP)+ CHyCH,CH;=CH, ——  CHyCHyCH,CHO @5% fAverage of rate constants of Paulson et al.*® and Luo er al.'
L—»  ChycHO + CoHs 7%)
methyl-oxirane, 2-(1-methylethenyl) oxirane and 2-methyl-
and for the 2-butenes, 148 2-butanal from the reaction of the OCP) atom with isoprene
0 at room temperature and atmospheric pressure of air, with
——»  CHCH— CHCH, 40%) formation yields of 0.63+0.08, 0.22+0.03, and 0.017
+0.008, respectively, together with fwo unidentified prod-
" (CHy);CHCHO as%) ucts which were calculated to account for 11+4% of the
OCP) + CHyCH=CHCH; — overall reaction products. These observed products and the
CHCOICH,CH @ relative importance of addition versus decomposition prod-
ucts are consistent with the data and the trend observed for
L CHyCHCHO+CHy (20%)

although other fragmentation pathways cannot be excluded
for the 2-butenes. It should be noted that the formation of
2-methylpropanal in the 2-butene reactions, involving migra-
tion of a methyl group from the energy rich oxirane, needs to
be verified in air diluent.'¥’

Pauison ef al.® observed the formation of 2-ethenyl-2-

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997

propene and the butenes (see above). The products of the
reaction of the OC’P) atom with a-pinene have been studied
by Alvarado er al.*® at 298 =2 K and 740 Tor total picssurc
of N, diluent. a-Pinene oxide and two unidentified isomeric
carbonyls were observed, with formation yields of 0.766
+0.059 for a-pinene oxide and 0.184x0.015 and 0.057
+0.007 for the two isomeric carbonyls.m The overall for-
mation yield of these three isomeric C;oH;cO products was
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13} :?:.().08',13_0 showing no evidence for the formation of de-
siposition products.
he atmospheric reactions of the carbonyl compounds and
wixides have been previously reviewed by Atkinson.? The
1,CHO (vinoxy) radical reacts with 0,,'33% NO,!38 and
,."™ Under atmospheric conditions, the only important
ssagtion is with O, . The rate constant for the O, reaction is in
e fulloff region between second and third order kinetics at
10~-300 Torr of He, N,, or SF, at room temperature. 3513

“e limiting high pressure rate constant for this reaction
o V189
k53

k(CH,CHO+0,)=2.5%10"13
cm® molecule ™' s71 at 298 K,

with litle or nu temperature dependence over the range 292—
d6 K'88 (see also Lorenz et al.'®). The magnitude of the
fate constant and the pressure dependence shows that the
feaction of the vinoxy radical with O, proceeds by initial
addition to form the OOCH,CHO radical (or its isomer).
While the products of this reaction have not been directly
sonitored, there is evidence from the OH radical initiated
_reaction of acetylene’®™'*? that OH radicals are produced.
‘Hence, based on the studies of Gutman and Nelson'®® and
Schmidt et al.,’”"'? the reaction possibly proceeds by:

" HCHO+CO+OH

CH,CHO+0,=[O0CH,CHO]
(CHO),+OH
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3. Kinetics and Mechanisms of the Gas-
Phase Reactions of the OH Radical
with Alkanes and Alkenes

Recent kinetic and mechanistic data for the gas-phase re-
actions of the OH radical with alkanes and alkenes are pre-
sented and discussed in this section.

3.1. Alkanes

The rate constants reported since the previous review of
Atkinson! are given in Table 35.

3.1.1. Methane

Absolute rate constants for the reaction of the OH radical
with methane have recently /been determined by Lancar
etal.? Sharkey and Smith,’ Dunlop and Tully,4 Saunders
et al.’ and Mellouki er al.® (Table 35). The absolute rate
constants of Bott and Cohen,'® Vaghjiani and
Ravishankara,”® Finlayson-Pitts ef al.,! Dunlop and Tully,*
and Mellouki ez al.® are plotted in Arrhenius form in Fig. 1
and are seen to be in generally excellent agreement. As also
discussed by Atkinson! (based on the data of Vaghjiani and
Ravishankara®® and Finlayson-Pitts et al.?!), these recent rate
constants are somewhat lower than those measured in earlier
studies over the temperature range ~290-420 K. Dunlop
and Tully* best fit their data® and those of Vaghjiani and
Ravishankara,?® covering the combined temperature range
223-800 K, and obtained the three parameter expression
k(methane)=9.65x 10720 7238 ¢~ 1082 )3 pholecule ™! s ™1
This expression is also plotted in Fig. 1, and the agreement
between (s expression and the rate constants of Bou and
Cohen,' Vaghjiani and Ravishankara,”® Finlayson-Pitts
et al.,?! Dunlop and Tully,4 and Mellouki er al.® is excellent.
Accordingly, it is recommended that

k(methane)=

—1082/T

9.65X10720 7238 ¢ cm’ molecule ™!

over the temperature range 223-1234 K, and

k(methane)=

6.18x107 15 cm® molecule ™' s7! at 298 K,

with an estimated overall uncertainty at 298 K of £15%.
This recommendation is significantly different than the pre-
vious recommendation’ of k(methane)=7.44x1071% T2
e BT cm® molecule™ ™! over the temperature range
223-1512 K, especially at ~400-500 K where the present
recommendation yields rate constants ~17% lower than the
previous recommendation.’
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3.1.2. Ethane

Absolute rate constants have been determined by Sharkey
and Smith,> E1 Maimouni ez al.,” Talukdar et al.,'® Koffend
and Cohen,'! and Donahue ef al.,'? and relative rate con-
stants have been measured by Finlayson-Pitts et al.® (Table
35). The rate constants of Finlayson-Pitts et al..® El Mai-
mouni ez al.,” Talukdar ef al.,'® and Donahue et al.'? are in
excellent agreement with the previous recommendation of
Atkinson,! and the absolute rate constants of Howard and
Evenson,” Leu,” Margitan and Watson,”* Tully et al.,25’26
Smith et al.,”” Devolder er al.,®® Baulch er al.,”® Stachnik
et al.,’° Bourmada et al.,’! Wallington et al.,’? Zabarnick
et al.,*® Abbatt e al.,>* Bott and Cohen,® Talukdar er al.,'°
and Koffend and Cohen!! are plotted in Arrhenius form in
Fig. 2.

The agreement between the studies of Howard and
Evenson,” Leu,? Margitan and Watson,?* Tully ez al. >
Smith et al.,” Devolder et al.,”® Baulch er al.,”, Stachnik
et al.*® Bourmada et al.,’) Wallington er al.,’?> Zabarnick
et al.,*® Abbatt et al.,34 Bott and Cohen,35 Talukdar et al.,IO
Koffend and Cohen.!! and Donahue er al.'? is generally ex-
cellent. Using the expression k= C7? ¢ 27, a unit weighted
least-squares analysis of these data'®!*?2-35 leads to the rec-
ommendation of

k{ethane)=

1.52X10717 72 ¢~ (498=20T (3 molecule™ 57!

over the temperature range 226—1225 K, where the indicated
error is two least-squares standard deviations, and

k(ethane)=
2.54% 1071 em® molecule ™! s7! at 298 X,

with an estimated overall uncertainty at 298 K of +15%.
This recommendation agrees, to within 2% over the entire
temperature range 226-1225 K, with the previous recom-
mendation of Atkinson' of k=1.51x10"" T2 e %7
em® molecule ™! s (which was for the more restricted tem-
perature range 226-800 K).

3.1.3. Propane

Absolute rate constants have been determined by Mellouki
et al..” and Talukdar ez al.'® and relative rate constants have
been measured by Finlayson-Pitts ez al.® and DeMore ez al.'?
(Table 35). These data®!%!® are in generally good agree-
ment with the previous recommendation of Atkinson.! The
ahsolute rate constants of Greiner,36 Rott and Cohen,?’ Smith
et al.,*® Baulch er al.,”® Droege and Tully,*® Abbatt er al.,*
Mac Leod et al.,** Mellouki et al.,® and Talukdar et al.'° and
the relative rate constants of Baker ef al.*** and Atkinson
et al.*™ (revised to be consistent with the present recommen-
dation for the rate constant for the reaction of the OH radical
with n-butane) are plotied in Arrhenius form in Fig. 3. The
agreement is good and, using the expression k=CT” ¢~ 7’7,
a unit weighted least-squares analysis of
data®1%:293436-43 Jeads to the recommendation of

these
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k(propane)=
1.55%10717 72 ¢~ (61=28)/T o3 molecule ™! 57!

over the temperature range 233-1220 K, where the indicate!
error is two least-squares standard deviations, and

k(propane)=
1.12%107'? cm® molecule™ s at 298 K,

with an estimated overall uncertainty at 298 K of *15%
This recommendation agrees to within 4% over the entir:
temperature range 233—1220 K with the previous recommen
dation of Atkinson' of k(propane)=1.50x1071" 7% ¢=*V
cm’ molecule ™' s (which covered the more restricted tem
perature range 293-1220 K), and significantly extends the
temperature range of the recommendation to lower tempera
tures characteristic of the upper troposphere.

3.1.4. n-Butane

The absolute rate constants of Talukdar er al.'® are given
in Table 35, and are plotted in Arrhenius form in Fig. 4
together with the absolute rate constants of Greiner,™
Stuhl,* Perry et al.,** Paraskevopoulos and Nip,*® Droege
and Tully,” and Abbatt ef al.* and the relative rate constant
of Baker et al.*'** The agreement is generally reasonable.
and, using the expression k=CT? ¢ 27, a unit weighted
least-squares analysis of these data!03436414244=47 Jaads 1o
the recommendation of

k(n-butane) =
1.69% 10717 72 ¢143246)T o3 molecule ™! s

over the temperature range 231-753 K, where the indicated
error is two least-squares standard deviations, and

k(n-butane) =
2.44%107"2 cm® molecule ™ 7! at 298 K,

with an estimated overall uncertainty at 298 K of *20%.
This recommendation is slightly different from the previous
recommendation of Atkinson' of k(n-butane)=1.51X 10747
72 "7 ¢m® molecule™ s™" over the more restricted tem-
perature range 294~753 K. In particular, the present recom-
mendation at 298 K is 4% lower than the previous
recommendation,’ and this affects the rate constants calcu-
lated tfrom a number of relative rate studies.

3.1.5. 2-Methyipropane

The absolute rate constants of Talukdar et al.'® are given
in Table 35 and are plotted, together with the absolute rate
constants of Greiner,”® Tully et al.,*® and Bott and Cohen'’
and the relative rate constants of Baker et al.*"* and Atkin-
son ef al.* (revised to be consistent with the present recom-
mendation for n-butane), in Arrhenius form in Fig. 5. The
agreement is seen (o be reasonable, although some of the rate
constants of Greiner*® at 297-338 K are ~20% higher than
the rate constants from other studies.!®®* Using the
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: 35, Rate constants & and temperature dependent parameters, C, n, and D in k= CT" e 2T for the gas-phase reactions of the OH radical with alkanes

Temperature
range
102%C D 102xk at T covered
(cm® molecule™ s71) n (K) (cm® molecule™' s71) (K) Technique Reference K)
Shethiane 0.0262+0.0027 378 DF-EPR Lancar et al.? 378-422
0.0427+0.0018 422
<0.0003 178 LP-LIF Sharkey and Smith? 178-298
0.00165+0.0002 216
0.00760.0003 298
0.005620.00043 293 LP-LIF Duniop and Tully* 293-800
0.0371+0.0022 409
0.0422+0.0023 420
0.101£0.004 498
0.152+0.010 547
0.237+0.014 602
0.367+0.022 654
0.47410.026 704
0.576+0.032 745
9.65x1078 2.58 1082 0.756+0.042 800
0.0054£0.0002 292 LP-LIF Saunders et al.’
0.001320.00005 233  LP-LIF Mellouki et al.® 233-343
0.00208:0.00030 243
0.00215+0.00030 252
0.00370::0.00020 273
000642 :0.00060 295
0.00634+0.00056 298
0.010520.0006 323
2.56+0.53 1765146 0.01680.0015 343
Methane-d, 1.06x1077 2.58 1157 0.00528 298 RR [relative to  DeMore’ 298-358
HHL D] k(methane)
=9.65x10"%
T2.58 e—IDBZ/T]a
1.58%x1077 2.58 1266 0.00546 298 RR [relative to  DeMore’ 293-361
’ k(methane)
=9.65x10"%
TZ.SS e—lDSZT]a
Methane-d, 0.000830.00008 293 LP-LIF Dunlop and Tully* 293-800
(en,l 0.00215+0.00018 333
0.004220.00032 365
0.009100.00058 409
0.01910.0011 459
0.0306=0.0022 498
0.0530%0.0032 547
0.0900+0.0056 602
0.150=0.010 654
0.197+0.012 704
0.302x0.018 753
8.70x10710 3.23 1334 0.385+0.024 800
Ethane 0.01320.002 138 LP-LIF Sharkey and Smith’ 138-298
0.025+0.003 178
0.078520.004 216
0.295+0.014 298
0.2833x0.007 298 RR [relative Finlayson-Pitts et al.® 298-373
0.278+0.013 298 to k(propane)
0.370+0.014 323 =1.55x10""
0.47420.013 348 T2 e OV
0.582+0.010 373
0.243 297+3 DF-RF El Maimouni e al.’
0.0882+0.0024 231 LP-LIF Talukdar er al.' 231-377
0.12690.0069 252
0.1303+0.0015 253
0.1778+0.0043 273
0.2461=0.0032 299
0.3380%0.0037 327
) 0.45890.0050 355
10.3+0.65 1108+40 0.56410.0082 377

1.53x1073 2 512+7
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TABLE 35. Rate constants k and temperature dependent parameters, C, n, and D in k=CT”" e

alkanes—Continued

ROGER ATKINSON

-DIT

for the gas-phase reactions of the OH radical wiik

Temperatur¢

range
102xC D 102Xk at T covered
Alkane (cm® molecule™'s™Y) (X) (cm® molecule™' s (K) Technique Reference (K)
8.37 970 SH-RA Koffend and Cohen"!
0.255+0.03 300 DF-LIF Donahue et al.”?
Propane 1.10£0.06 298 RR [relative to Finlayson-Pitts et al.®
1.11x0.06 298 k(n-butane)
=244x10712p
0.981£0.057 298 RR [relative to Finlayson-Pitts er al.®
1.14%0.04 298 k(2-methyl-
1.09%0.06 298 propane)=2.19
X1 O—IZ]a
0.965+0.097 208+2 RR [relative to DeMore!3
k(ethane)
=2.54x10"1p
0.6120.04 233 LP-LIF Mellouki et al.® 233-363
0.75x0.04 253
0.92+0.04 273
1.05£0.04 295
1.25%0.04 318
1.51+0.02 343
9.81+0.11 650*30 1.65x0.07 363
0.623+0.016 233 LP-LIF Talukdar et al.'” 233--376
0.7410.019 252 ’ ’
0.862+0.023 272
1.123%0.040 299
1.342+0.064 325
1.574+0.052 351
10.1x0.8 657*46 1.816*0.067 376
1.58%X1073 2 74225
n-Butane 1.560+0.015 231 LP-LIF Talukdar et al.'® 231-378
1.788+0.018 252
2.097+0.024 273
2.459+0.018 269
2.828+0.060 328
3.196+0.032 352
2.04%1073 2 —~85+8 3.647+0.022 378
11.8 47040
(231-298 K)
2-Methylpropane 1.55+0.18 213 LP-LIF Talukdar et al.'® 213-372
1.58+0.09 224
1.69+0.06 234
1.67+0.06 243
1.745+0.06 253
1.82%0.11 272
2.13*0.10 296
2.19£0.04 297
1.96x0.09 298
2.29+0.07 323
2.40%0.10 343
2.54+0.03 357
9.32x107¢ 2 —274=16 2.73*0.06 372
5.72 293+40
(213-298 K)
n-Pentane 3.99+0.05 302 RR [relative Donaghy er al.'*
to k(2-methyl-propane)
=2.23X107 2]
2.64+0.06 224 LP-LIF Talukdar et al.'® 224-372
2.67+0.14 233
2.75+0.10 233
2.85+0.10 233
3.11x0.09 253
3.54x0.11 272
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. "Rate constants k and temperature dependent parameters, C, #, and D in k=CT" e” 2/ for the gas-phase reactions of the OH radical with

Temperature
. - range
102%xC D , 102Xk atT covered
(cm® molecule ™' s71) (K) (cm® molecule™' 571 . (K) Technique Reference (K)
4.02%0.20 296
4.01x0.11 297
4.04x0.10 297
4.50+0.12 309
4.83+0.08 323
5.06+0.12 340
. o 5.540.26 358
3.13%1075 —116+24 5.81+0.16 372
15.0 392+40
(224-297 K)
witfexane 5.64+0.21 301£2  RR f{relative to  McLoughlin e al.'’
o k(n-pentane)
=4,06X 10717 .
21.8 7962 SH-RA Koffend and Cohen'!
dleptune” 334 1186 SH-RA Koffend and Cohen'’
. 7.49+0.32 295+2 RR {relative to Ferrari et al.’®
' k(n-octane)
. =8.65X10717 ]
HABNC 44.2 1078 SH-RA Koffend and Cohen'!
CHeponane 45.5 1wy SH-RA Koftend and Cohen'!
o 10.4+0.3 295+2  RR {relative to Ferrari et al.'®
k(n-octane)
=8.65x 107122
Reane 56.4 1109 SH-RA - Koffend and Cohen!!
Yihloliexane . 125 297+2 RR{relative to  Sommerlade ez al.”
k(n-hexane) :
: =35.44X10" P : :
. 6.770.9 298 DF-LIF- Saunders ez.al.'® .
, 7.6%0.8 300 DF-LIF Donahue et al.'?
! H#rom present recommendations.
N : 2 . —DIT . :
expression k=CT* e ,7 & .unit welghted least-
. Hjucs analysis of the rale constants of Greiner,*® Baker .
1al,f% Atkinson et al,® Tully efal,*® Bott . and il
“Cohen,” and Talukdar et al."’ leads to the recommen- *
“¢iniion of AR
" 012 |
k(2 methylpropane)—: _°F
R
116310717 72 ¢@25 23/ o molecule™! 5 g ol
"uver'the temperature range 2131146 K, where the indicated § oL
~@rror-1s two least-squares standard deviations,-and o™ =
k(Z-memylpropane)— .F
. . 1ot
2.19><»1'0-12 cm® molecule—l s~1 at298 K, wf

‘with an estimated overall uncertainty-at 298 K of +20% At
iemperatures <700 K- this recommendation leads to slighitly
lower rate constants than-does: the previous recommendation
. of Atkinson! of k(2-methylpropane)=1. 11X107Y7 72 2567

“em’ molecule™ s™! for the more restricted temperature
range 293-1146 K (by ~10% at 213 K).

FIG. 1..Arrhenius plot of selected rate constants for the reaction of the OH
radical with methane. (00) Bott and Cohen (Ref. 19); (O) Vaghjiani and
Ravishankara (Ref. 20); (V) Finlayson-Pitis er al., (Ref. 21); (A) Dunlop
and Tully (Ref. 4); (@) Mellouki et al: (Ref. 6); () recommendation (see
text). )
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FiG. 2. Arrhenius plot of selected rate constants for the reaction of the OH
radical with ethane. (+) Howard and Evenson (Ref. 22); (V) Leu (Ref. 23);
{ ) Margitan and Watson (Ref. 24); (V) Tully et al. (Ref. 25); (A) Smith
et al. (Ref. 27); (Q) Devolder et al. (Ref. 28); Baulch er al. (Ref. 29);
Bourmada et al. (Ref. 31); Zabarnick et al. (Ref. 33); (M) Tully et al. (Ref.
26); () Stachnik er af. (Ref. 30); (®) Wallington ef al. (Ref. 32); (x)
Abbatt er al. (Ref. 34); {O) Bott and Cohen (Ref. 35); (O) Talukdar et al.
(Ref. 10); (A) Koffend and Cohen (Ref. 11); (—) recommendation (see
text).

3.1.6. n-Pentane

The relative rate constant of Donaghy et al.'* and the ab-
solute rate constants of Talukdar er al.'” are given in Table
35. The absolute rate constants of Abbatt eral’® and
Talukdar ef al.'® and the relative rate constants of Baldwin
and Walker,*? Atkinson et al.*? (revised), and Behnke et al.*°
(revised) are plotted in Arrhenius form in Fig. 6.

The agreement between these studies is good and a unit
weighted least-squares analysis of these data,!%**#%43%0 yg
ing the expression k=CT? ¢” 27, leads to the recommenda-
tion of

k(n-pentane) =
244X107Y7 72 U84 o3 molecule ™ s

over the temperature range 224-753 K, where the indicated
error is two least-squares standard deviations, and

k(n-pentane) =
4.00%107"? cr® molecule ! s7F at 298 K,

with an estimated overall uncertainty at 298 K of =20%.
This recommendation agrees to within 10% over the entire
temperature range 224-753 K with the previous recommen-
dation of Atkinson' of k(n-pentane)=2.10x10""7 72 23T
em’® molecule™ s™! (which covered the more restricted tem-
perature range of 243-753 K).

3.1.7. n-Hexane

" The relative rate constant of McLoughlin ef al.'> and the
absolute rate constant of Koffend and Cohen'! are given in
Table 35. Using the expression k=C7? ¢ P7, a unit
weighted least-squares analysis of the room temperature rela-

J: Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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Fic. 3. Arrhenius plot of selected rate constants for the reaction of the OH
radical with propane. (M) Baker ef al. (Refs. 41 and 42); (V) Greiner (Ref, *
36); (¥) Atkinson er al. (Ref. 43); (¢) Bott and Cohen (Ref. 37); (#)*
Smith ez al. (Ref. 38); (A) Baulch et al. (Ref. 29); (®) Droege and Tully."
(Ref. 39); (O) Abbatt et al. (Ref. 34) and Mac Leod et al. (Ref. 40); (A) -
Mellouki et al. (Ref. 6); (O) Talukdar et al. (Ref. 10); (—) recommendation
(see text). .

tive rate constents of. Atkinson et al,”'”? Atkinson and
Aschmann,> and Behuke er al. %% (revised™®’ L5 when nec-
essary) and the absolute 962 X rate constant of Koffend and-
Cohen'! leads to the recommendation of

k(n-hexane)=
1.53x10717 72 ¢(4142220T o33 molecule ™ 57!

over the temperature range 295-962 K, where the indicated
exror is two least-squares standard deviations, and

k(n-hexanc) =
5.45x107"% cm® molecule ™! s at 298 K,

with an estimated overall uncertainty at 298 K of +25%. The
rate constant of Koffend and Cohen!! is the first reported
absolute rate constant for this reaction and the first rate con-
stant measured outside of a narrow temperature range around
room temperature (295-312 K).

3.1.8. 2,3-Dimethylbutane

No new data for this reaction have been reported. Consis-
tent with the review of Atkinson,' the recommendation for
the rate constant for this reaction uses the absolute rate con-
stants of Greiner’® and Bott and Cohen® and the relative rate
constants of Atkinson ef al.® and Harris and Kerr*® (revised
to be consistent with the present recommendations). How-
ever, the rate constants measured by Harris and Kerr*® rela-
tive to n-butane and n-pentane were used in the present
evaluation, whereas only the rate constants measured relative
to n-butane®® were used previously.'”’ The expression
k=CT? ¢ 2T was used, and a least-squares analysis of
these data®5>1>53 Jeads to the recommendation of

k(2,3-dimethylbutane) =

1.24X10717 72 (49426307 o3 molecule ™! 57}
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{46 4. Arrhenius plot of selected rate constants for the reaction of the OH
sadical with z-butane. (4 ) Baker et al. (Refs. 41 and 42); (€ ) Greiner (Ref.
10); (A) Stuhl (Ref. 44); (A) Perry et al. (Ref. 45); (O) Paraskevopoulos
and Nip (Ret. 46); (@) Droege and ‘lully (Ref. 47); (V) Abbait er al. (Ref.
44}, (O) Talukdar et al. (Ref. 10); (—) recommendation (see text).

over the temperature range 247-1220 K, where the indicated
error is two least-squares standard deviations, and

£(2,3-dimethylbutane)=
5.78%X10712 cm® molecule ™ s7! at 298 K,

with an estimated overall uncertainty at 298 K of +25%. The
present recommendation leads to rate constants over the tem-
perature range 247-1220 K which are within 5% of those
predicted from the previous recommendation of Atkinson,'
of  k(2,3-dimethylbutane)=1.21x10""7 712 2T cm?
molecule ™! s™! over the same temperature range.

3.1.9. n-Heptane

The absolute rate constant of Koffend and Cohen'! at
1186 K and the relative rate constant of Ferrari ef al.'® are
given in Table 35. The rate constant of Koffend and Cohen!!
is the first absolute rate constant measured for n-heptane, and
the first at temperatures other than room temperature. Using
the expression k=CT? ¢ 2’7, a unit weighted least-squares
analysis of the relative rate constants of Atkinson et al.*®
and Behnke er al.’®* (revised when needed to be consis-
tent with the present recommendations) and the absolute
rate constant of Koffend and Cohen'' leads to the recom-
mendation of

k(n—'heptane) =
1.59% 10717 72 ¢4783D/T o3 molecule ™ s 7!

over the temperature range 299-1146 K, where the indicated
error is two least-squares standard deviations, and

k(n-heptane) =
7.02%X10™ 12 cm® motecule ™' 57! at 298 K,

with an estimated overall uncertainty at 298 K of +25%.

SxioM [~

2-METHYLPROPANE

gt

k (em® molecute™! s°')

o2 ' ! !
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FiG. 5. Arrhenius plot of selected rate constants for the reaction of the OH
radical with 2-methylpropane. () Baker ef al. (Refs. 41 and 42); ()
Greiner {Ref. 36): {A) Atkinson ez al. (Ref. 49): (@) Tully ez al. (Ref. 48):
(#) Bott and Cohen (Ref. 19); (O) Talukdar et al. (Ref. 10); (—) recom-
mendation (see text).

;

3.1 10 n-Octane

The absolute rate constant of Koffend and Cohen'' at
1078 K is given in Table 35. The absolute rate constants of
Greiner®® and Koffend and Cohen'! and the relative rate con-
stants of Atkinson er al.*® and Behnke er al.*® (revised to be
consistent with the present recommendations) are plotted in
Arrhenius form in Fig. 7. Using the expression k=CT?
e T a unit weighted least-squares analysis of these

data'136%30 Jeads to the recommendation of
k(n-octane) =
2.76X10717 72 ¢B78=62VT 13 molecule ™! 57!

over the temperature range 296-1078 K, where the indicated
error is two least-squares standard deviations, and

k(n-octane)=8.71x1072 cm® molecule ! s™! at 298 X,

with an estimated overall uncertainty at 298 K of £20%.
This recommendation supersedes that of Atkinson' of
k(n-octane) = 3.15 X 107" 73T ¢m? molecule™ s7!
over the more restricted temperature range 296—497 K.

3.1.11. 2,3,4-Trimethylpentane

No new data have been reported for this reaction. How-
ever, the temperature dependent recommendation for the
n-hexane rate constant derived here allows the relative rate
constants of Harris and Kerr>® over the temperature range
243-313 K to be placed on a reliable absolute basis. A least-
squares analysis of these data>® leads to the Arrhenius ex-
pression

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997
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FiG. 6. Arthenius plot of selected rate constants for the reaction of the OH
radical with n-pentane. (¢ ) Baldwin and Walker (Ref. 42); (@) Atkinson
et al. (Ref. 43); (A) Dehnke er al. (Ref. 50); (V) Abbatt ot al. (Ref. 34);
(O) Talukdar er al. (Ref. 10); (—) recommendation (see text).

k(2,3,4-trimethylpentane) =
1.88X 10712 B397=139T o molecule ™ s7!

over the temperature range 243-313 K, where the indicated
error is two least-squares standard deviations, and

k(2,3 ,4-trimethylpentane) =
7.1X107"2 cm® molecule ™! s7! at 298 K,

with an estimated overall uncertainty at 298 K of *30%.
This recommended Arrhenius expression should not be used
outside of the temperature range 243-313 K.

3.1.12. n-Nonane and n-Decane

The absolute rate constants of Koffend and Cohen'' at
~1100 K for both n-nonane and n-decane and the relative
rate constant of Ferrari e al.'® at 295+2 K for n-nonane are
given in Table 35. The rate constants of Koffend and
Cohen'! are the first absolute rate constants for these two
alkanes and the first at elevated temperatures. Using the ex-
pression k= CT? ¢~ P/7, least-squares analyses of the abso-
lute rate constants of Koffend and Cohen'' and the relative
rate constants of Atkinson e al.,*> Behnke ez al.,* Nolting
et al.,”® and (for the n-nonane reaction only) Behnke ef al.”
lead to the recommendations of

k(n-nonane) =
2.51x1071772 *47=33/T ¢ molecule ™! s ™!

over the temperature range 299-1097 K, and

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997

k(n-decane)=
3.13X 10717 72 416276)/T o molecule ™! 57!

over the temperature range 299-1109 K, where the indicated
errors are two least-squares standard deviations, and

k(n-nonane) =
1.00% 10" cm® molecule ™’ s* at 298 K
and
k(n-decane)=
1.12x107"" cm> molecule™ s™! at 298 K,

with estimated overall uncertainties at 298 K of *£25% in
each case.

3.1.13. Cyclohexane

The ahsolnte and relative rate constants of Saunders
et al.,'8 Donahue et al.,'”? and Sommerlade ez al.'” are given
in Table 35. As discussed by Atkinson,”’ there is a signifi-
cant degree of scatter in the measured rate constants for this
reaction. The absolute rate constants of Droege and Tully™
and Donahue ez al.'? and the relative rate constants of Atkin-
son et al.,’ 160 Tuazon ef al..®! and Atkinson and Aschmann®
(revised when needed to be consistent with the present rec-
ommendations) have been used to evaluate the rate constant
for this reaction. Using the expression k=CT* e ?'7, a unit
weighted least-squares analysis of these data'>*"%7%2 leads
to the recommendation of

k{cyclohexane)=
2.88%X 10717 T2 ¢309=39)/T 3 molecule™ 57!

over the temperature range 292~491 K, where the indicated
error is two least-squares standard deviations, and

k(cyclohexane)=

7.21%107'2 cm? molecule ™! s7! at 298 K,

with an estimated overall uncertainty at 298 K of *=20%.
This recommendation leads to rate constants within 4% of
the previous recommendation'’ of
k(cyclohexane)=?..66><10—17 T2 7 cm® molecule™ s7*
over the temperature range 292-497 K.

3.1.14. Other Alkanes

For the reactions of the OH radical with 2-methylbutane,
2,2-dimethylpropane, 2- and 3-methylpentane, 2,2-dimethyl-
butane, 2,2,3-trimethylbutane, 2,2 4-trimethylpentane,
2.2,3,3-tetramethylbutane, n-undecane, 7 -dodecane, and
n-tridecane, the same data bases as used in the Atkinson
198957 and 1994! evaluations have been used, with the rate
constants from relative rate studies being reevaluated to be
consistent with the present recommendations. The results of
these reanalyses are given in Table 1 in Sec. 2.1. For alkanes
for which generally only single studies have been carried out
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/, Arrhenius plot of selected rate constants for the reaction of the OH
witl with n-octane, (O) Greiner (Ref. 36); (@) Atkinson et al. (Ref. 43);
3 Behnke er al. (Ref. 50); (¢} Koffend and Cohen (Ref. 11); (—) rec-

samendation (see text).

#14l no prior recommendations made, "% rate constants from
telative rate studies have also been recalculated to be consis-
el with the present recommendations.
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3.2. Alkenes

The rate constants for the gas-phase reactions of the OH
radical with alkenes at, or close to, the high pressure limit
reported since the review and evaluation of Atkinson' are
given in Table 36.

3.2.1. 1-Butene, cis-2-Butene and trans-2-Butene

The absolute rate constants of Sims et al.,2 obtained over
the temperature range 23-295 K, are given in Table 36. The
rate constants obtained by Sims et al’? are, apart from the
values at 295 K, for temperatures below those encountered in
earth’s atmosphere. The 295 K rate constants measured by
Sims et al.? are within 9% of the rate constants at 295 K

ROGER ATKINSON

recommended by Atkinson."® However, the rate constan
measured by Sims ez al? at 170 K are 25-34% lower thi
the rate constants calculated from the Arrhenius expression
recommended by Atkinson.!"® Clearly, Arrhenius expression
for the addition reactions of OH radicals to alkenes are onh
valid over the restricted temperature ranges of ~250-425 i
(see also below for isoprene), and Sims ez al.? fit their me:
sured rate constants. by the expression
k(1-butene)=5.2x10710 ¢ 00T ¢m3 molecule™' 5™
k(cis-2-butene)=4.7x10710 e70%T ¢m® molecule ™' s™ .
and k(trans-2-butene)=5.4x10"1° ¢ %%"T cmy® molecule
s~! for the temperature range 23-295 K.

The previous recommendations’® (given in Table 15 ol
Sec. 2.1) are unchanged, but should be recognized to be only

TABLE 36. Rate constants k and temperature dependent parameters k=A (7/298)", at, or close to, the high pressure limit for the gas-phase reactions of the Ol!

radical with alkenes

Temperature
102XA (cm? 102Xk (cm? atT Range
Alkene molecule™! s™1) n molecule™ s7) (K) Technique Reference (K)
1-Butene 427+56 23 LP-LIF Sims er al® 23-295
315x40 44
273+16 s
77.1+10.6 170
349=x1.1 295
33.0%x12 295
cis-2-Butene 389+23 23 LP-LIF Sims er al.? 23-295
328+33 44
302+14 75
130*13 170
61.8=5.7 295
trans-2-Butene 425+32 23 LP-LIF Sims et al.? 23-295
40344 44
317x24 75
169+8.3 170
68.3+2.2 295
2,3-Dimethyl-2-butene 104x7 296+2 RR [relative to Shu and Atkinson®
k(isoprene)
=1.01x10710
108%8 296+2 RR [relative to Atkinson et al.*
k(isoprene)
=1.01x107"p
2-Methyl-1,3-butadiene 97 —-1.36 97 298 FP-RF Siese er al.’ 249-438
(isoprene)
a-Cedrenc 66.9=190 206+2 RR [relative to Shu and Atkinson®
k(2,3-dimethyl-2-butene)
=1.10x1071°F
a-Copaene 89.9+4.9 296=2 RR [relative to Shu and Atkinson®
k(2 3-dimethyl-
2-butene)
=1.10x10710p
B-Caryophyliene 197£25 206+2 RR [relative to Shu and Atkinson®
k(2,3-dimethyl-
2-butene)
=1.10X 1071
a-Humulene 293+30 2962 RR [relative to Shu and Atkinson’
k{(2,3-dimethy}-
2-butene)
=1.10X1071°F
Longifolene 472+1.7 2962 RR [relative to Shu and Atkinson®

k(trans-2-butene)
=6.48X1071}

“From present and previous'® recommendations.
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siplicable for the temperature range ~250-425 K; at lower
swmmperatures the rate constants diverge from the simple

Asthenius expression (and are lower than predicted from the
“Arrhenius expression).

3.2.2. 2.3-Dimethyl-2-butene

“I'ie relative rate constants of Shu and Atkinson® and At-
kinson ef al.* (Table 36) are in excellent agreement with the
‘prévious  recommendation® of  k(2,3-dimethyl-2-butene)
“=:4,10x107" ¢m® molecule ™! s™! at 298 K, which is there-
fore unchanged.

3.2.3. 2-Methyl-1,3-butadiene (Isoprene)

Absolute rate constants have been determined by Siese
«'al.” over the temperature range 249-438 K (Table 36).
The individual rate constants are not tabulated, but shown
gtaphically.’ The temperature dependent expression reported
by Sicse eral® of K(isoprene)=9.7x107"" (T7298)" '3
sy’ molecule™ 57! agrees with the recommended Arrhenius
expression of Atkinson'® of k(isoprene)=2.54x1071! 107
em® malecule™ «7! to within 10% over the temperature
fange 250—425 K. As noted above, the Arrhenius expression
i» only applicable over restricted temperature ranges; how-
ever, the previous recommendation of Atkinson'® is appro-
priate for the temperature range 250—425 K.

3.2.4. Other alkenes

The rate constants for the sesquiterpenes a-cedrene,
- a-copaene, B-caryophyllene, a-humulene, and longifolene?
{Table 36) are the first reported.

'R, Atkinson, J. Phys. Chem. Ref. Data Monograph 2, 1 (1994).

‘1. R. Sims, L. W. M. Smith, P. Bocherel, A. Defrance, D. Travers, and B.
R. Rowe, J. Chem. Soc. Faraday Trans. 90, 1473 (1994).

“Y. Shu and R. Atkinson, J. Geophys. Res. 100, 7275 (1995).

*R. Atkinson, J. Arey, S. M. Aschmann, S. B. Corchnoy, and Y. Shu, Int.
1. Chem. Kinet. 27, 941 (1995).

*M. Siese, R. Koch, C. Fittschen, and C. Zetzsch, “‘Cycling of OH in the
Reaction Systems Toluene/O,/NO and Acetylene/O, and the Addition of
OH to Isoprene,” in Transport and Transformation of Poliutants in the
‘Troposphere, Proceedings of EUROTRAC Symposium ’94, edited by P.
M. Borrell, P. Borrell, T. Cvitas, and W. Seiler, Garnisch-Partenkirchen,
Germany (SPB Academic Publishing, 1994), pp. 115-119.

®R. Atkinson, J. Phys. Chem. Ref. Data Monograph 1 (1989).

4, Kinetics and Mechanisms of the Gas-Phase
Reactions of the NO; Radical
with Alkanes and Alkenes

4.1. Alkanes

The kinetic data reported since the last review and evalu-
ation of Atkinson' are given in Table 37.

4.1.1. 2-Methylbutane
The relative rate constant of Aschmann and Atkinson®

(Table 37) is in excellent agreement with the absolute room
temperature rate constant of Bagley er al.> The rate constants

of Bagley ez al.’ and Aschmann and Atkinson? are plotted in
Arrhenius form in Fig. 8, and a least-squares analysis of
these data® yields the recommended Arrhenius expression
of

k(2-methylbutane)=
2.99x 10712 = (2927=1T3MT o3 molecule ™ 571

over the temperature range 296-523 K, where the indicated
error is two least-squares standard deviations, and

k(2-methylbutane)=
1.62X107 ' cm® molecute ™! s™! at 298 K,

with an estimated overall uncertainty at 298 K of *=35%.

4.1.2. n-Nonane

The relative rate constant of Aschmann and Atkinson? at
296+2 K (Table 37) is 20% lower than (but in agreement
within the combined uncertainties with) the previous relative
rate constant of Atkinson ef al.® An average of these rate
constants™®  results  in  k(n-nonane)=2.17X107'
cm® molecule™ 57! at 296+2 K, with an estimated overall
uncertainty of *40%.

'R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 2, 1 (1994).

2S. M. Aschmann and R. Atkinson Atmos. Env. 29, 2311 (1995).

33. Langer, E. Ljungstrom, and 1. Wangberg, J. Chem. Soc. Faraday Trans.
89, 425 (1993).

“R. Atkinson, J. Phys. Chem. Ref. Data 20, 459 (1991).

%J. A. Bagley, C. Canosa-Mas, M. R. Little, A. D. Parr, S. J. Smith, S. J.
Waygood, and R. P. Wayne, J. Chem. Soc. Faraday Trans. 86, 2109
(1990).

SR. Atkinson, C. N. Plum, W. P. L. Carter, A. M. Winer, and J. N. Pitts, Jr.,
J. Phys. Chem. 88, 2361 (1984).

4.2. Alkenes

The rate constants reported since the previous review and
cvaluation of Atkinson! arc given in Table 38.

4.2.1. 1-Butene

The absolute rate constants of Rudich ez al.? are given in
Table 38 and are plotted, together with the absolute rate con-
stants of Canosa-Mas ez al.® and the relative rate constants of
Atkinson ef al>'® and Bamnes et al.'' in Arthenius form in
Fig. 9. The rate constants of Rudich ef al. are uniformly
higher than those of Canosa-Mas et al.® by ~30%. A unit
weighted least-squares analysis of the rate constant data of
Atkinson ef al.,>'® Barnes ez al.,!' Canosa-Mas et al.,® and
Rudich et al.? leads to the recommended Arrhenius expres-
sion of

k(1-butene)=
3.14X 10713 e~ (938=106)/T i3 polecule™ 57!

over the temperature range 232-437 K, where the indicated
errof is two least-squares standard deviations, and

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997



284

ROGER ATKINSON

TABLE 37. Rate constants k for the gas-phase reactions of the NO, radical with alkanes

10"xk

Alkane (cm® molecule™! s71)

at T

(K) Technique Reference

2-Methylbutane 1.56=0.16

n-Hexane
2-Methylpentane

=<(2.8%0.3)
1.71+0.18

3-Methylpentane 2.04x0.21

2,4-Dimethylipentane 1.44x0.45

2,2,3-Trimethylbutane 2.23+0.33

2,2,4-Trimethylpentane 0.75+0.32

2,2,3,3-Tetramethyl-

<0.49
butane ’

1.92+0.53

n-Nonane

n-Decane 2.59+0.61

2962

296*2
296x2

296x2

296x2

2962

2962

296+2

296+2

296*2

RR [relative to
k(2,3-dimethyl-
butane)
=4.08x 1076
DF-A
RR [relative to
k(2,3-dimethyl-
butane)
=4.08% 10716
RR [relative to
k(2,3-dimethyl-
butane)
=4.08x107 1]
RR [relative to
k(2,3-dimethyl-
butane)
=4.08X 10716
RR [relative to
k(2,3-dimethyl-
butane)
=4.08X107 ']
RR [relative to
k(2,3-dimethyl-
butane)
=4.08x 10716
RR [relative to
k(2,3-dimethyl-
butane)
=4.08Xx 10716~
RR [relative to
k(2,3-dimethyl-
butane)
=4.08X107'0]
RR [relative to
k(2.3-dimethyl-
butane)
=4.08% 10716}

Aschmann and Atkinson®

Langer er al.?
Aschmann and Atkinson?

Aschmann and Atkinson?

Aschmann and Atkinson?

Aschmann and Atkinson®

Aschmann and Atkinson>

Aschmann and Atkinson?

Aschmann and Atkinson®

Aschmann and Atkinson?

“From previous recommendations.'**

k(1-butene)=
1.35%X 107 cm® molecule ™! s7! at 298 K,

with an estimated overall uncertainty at 298 K of *=30%.
This recommendation leads to higher rate constants at tem-
peratures above 220 K than the previous recommendation of
Atkinson! of k(1-butene)=2.04x 1071 e 33T
cm® molecule™ 71,

4.2.2, trans-2-Butene

The absolute rate constants of Rudich er al.’ at 267 and
298 K (Table 38) are in excellent agreement (within 4%)
with the previous recommendation of Atkinson,"” which is
thercfore unchanged (Table 24 in Sec. 2.2).

4.2.3. Cyclopentene

The absolute room temperature rate constant of Ljung-
strom ef al.® is given in Table 38. This rate constant® is 27%

J. Phys. Chem. Ref. Data, Vol. 26, No. 2, 1997

higher than the relative rate constant of Atkinson ez al.,'? and
an average of these two rate constants>'? leads to the recom-
mendation of

k(cyclopentene)=
5.3% 10713 cm® molecule ™' s7! at 298 K,

with an estimated overall uncertainty of *+30%.

4.2.4. Cyclohexene

The absolute rate constants of Ljungstrom e al.,’ mea-
sured over the temperature range 267-349 K, are given in
Table 38 and show little temperature dependence over the
range studied. The room temperature rate constant of Ljung-
surdm er al.” is 19% higher than that of Atkinson et al.'™ An
average of the room temperature rate constants of Atkinson
et al.*® and Ljungstrom ef al.,® combined with a temperature
dependence calculated from a unit weighted least-squares
analysis of the data of Ljungstrom ef al.,’ leads to the rec-
ommendation of
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16, 8. Arrhenius plot of selected rate constants for the reaction of the NO,
radical with 2-methylbutane. (O) Bagley ef al. (Ref. 5); (®) Aschmann and
Atkinson (Ref. 2); (—) recommendation (see text).

k(cyclohexene)=
1.05%10712 e~ 74T ¢ molecule ™! s !
over the temperature range 267-349 K, and
k(cyclohexene)=
5.9%10713 cm® molecule ™! 57! at 298 K,
with an estimated overall uncertainty at 298 K of *=30%.

4.2,5. 1,3-Butadiene, 2-Methyl-1,3-Butadiene, and 2,3-
Dimethyl-1,3-butadiene

The absolute rate constants of Ellermann et al.* (which
were also included in the review of Atkinson') are given in
Table 38, and are higher than the recommendation- of
Atkinson" by factors of 1.8, 1.6, and 1.3, respectively. The
recommendations of Atkinson'"’ are unchanged.'

4.2.6. 1,3-Cyclohexadiene

The absolute and relative rate constants of Ellermann
et al.* and Berndt er al.’ are given in Table 38. These rate
constants™ are in excellent agreement with the previous rec-
ommendation . of k(l,3—cyclohexadiene)=1.16><10'11 cm®
molecule™! s7! at 298 K,!7 which is therefore unchanged.

4.2.7. a-Phellandrene and a-Terpinene

The relative rate constants of Berndt et al.’ (Table 38) for
a-phellandrene and a-terpinene are 30% and 45% lower, re-
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spectively, than the rate constants of Atkinson et al.'* Aver-

aging these rate constants>'* leads to rate constants at 298 K
of

k(a-phellandrene)=
7.3%x107 ! cm® molecule ™! 57!
with an estimated overall uncertainty of +40%, and
k(a-terpinene)=
1.4x107'° cm® molecule ™! 57!

with an estimated overall uncertainty of a factor of 2.

'R. Atkinson, J. Phys. Chem. Ref. Data Monograph 2, 1 (1994).

2Y. Rudich, R. K. Talukdar, R. W. Fox, and A. R. Ravishankara, J. Phys.
Chem. 100. 5374 (1996).

3E. Lungstrom, I. Wangberg, and S. Langer, J. Chem. Soc. Faraday Trans.
89, 2977 (1993).

4T. Ellermann, O. J. Nielsen, and H. Skov, Chem. Phys. Lett. 200, 224
(1992).

ST. Berndt, O. Boge, I. Kind, and W. Rolle, Ber. Bunsenges. Phys. Chem.
100, 462 (1996).

Y. Shu and R. Atkinson, J. Geophys. Res. 100, 7275 (1995).

7R. Atkinson, J. Phys. Chem. Ref. Data 20, 459 (1991).

3C. E. Canosa-Mas, P. S. Monks, and R. P. Wayne, J. Chem. Soc. fFaraday
Trans. 88, 11 (1992). —

9R. Atkinson, C. N. Plum, W. P. L. Carter, A. M. Winer, and J. N. Pitts, Jr.,
J. Phys. Chem. 88, 1210 (1984).

19R. Atkinson, S. M. Aschmann, and J. N. Pitts, Jr., J. Phys. Chem. 92, 3454
(1988).

117, Barnes, V. Bastian, K. H. Becker, and Z. Tong, J. Phys. Chem. 94, 2413
(1990).

2R. Atkinson, S. M. Aschmann, W. D. Long, and A. M. Winer, Int. J.
Chem. Kinet. 17, 957 (1985).

3R, Atkinson, S. M. Aschmann, A. M. Winer, and J. N. Pitts, Jr., Env. Sci.
Technol. 18, 370 (1984).

14R. Atkinson, S. M. Aschmann, A. M. Winer, and J. N. Pitts, Jr., Env. Sci.
Technol. 19, 159 (1985).

5. Kinetics and Mechanisms of the Gas-
Phase Reactions of O; with Alkanes
and Alkenes

5.1. Alkanes

The kinetic data reported since the previous review and
evaluation of Atkinson' are given in Table 39.

5.1.1. Cyclohexane

The upper limits to thc ratc constants dctermined by
Grosjean and Grosjean™>’® and Grosjean er al>®’ at
around room temperature (Table 39) are consistent with pre-
vious kinetic data for the reactions of O3 with alkanes'® and
with the recommended upper limits to the rate constants for

these reactions.'°

'R. Atkinson, J. Phys. Chem. Ref. Data Monograph 2, 1 (1994).

2D. Grosjean, E. Grosjean, and E. L. Williams II, Int. J. Chem. Kinet. 25,
783 {1993).

D. Grosjean, E. Grosjean, and E. L. Williams II, Env. Sci. Technol. 27,
2478 (1993).

‘E. Grosjean and D. Grosjean, Int. J. Chem. Kinet. 26, 1185 (1994).

5D. Grosjean and E. Grosjean, J. Geophys. Res. 100, 22 815 (1995).
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TABLE 38. Rate constants k and temperature dependent parameters, k=A e~ ®T_ for the gas-phase reactions of the NO, radical with alkenes

Temperaturc
102xA B k at T range
Alkene - (cm® molecule™! s7Y) K) {(cm® molecule™ 571 (K) Technique Reference covered (K)
1-Butene (5.7x0.6)x107" 232 DF-LIF Rudich et al? 232-401
(6.9x0.7)x1071> 249
9+0.9)x107% 263
(1.15+0.09)x 1071 279
(1.30£0.10yx 1071 296
(1.38+0.10)x 107 296
(1.35+0.10)x 10~ 296
(1.34+0.10)x 1071 296
(1.34x0.10)x 107 296
(1.7120.14)x 107 314
(2.25+0.19)x10™1 333
(1.88%0.19)x107™¢ 334
(1.92+0.19)x 1071 334
(2.48%0.25)x 10714 352
(3.03£0.31)x10714 374
(3.1620.33)x 107 377
(3.18£0.35)x 107 396
0.52 1067% 31 (3.82+0.42)x 1071 401
trans-2-Butene (3.55+0.33)x107" 267 DF-LIR Rudich ez al? 267-298
(4.06£0.36)x107" 298 :
Cyclopentene (5.9%+1.1)x10783 294 DF-A Ljungstrom et al.?
Cyclohexene (6.8x1.3)x10713 267 DF-A Ljungstrom et al3  267-349
(6.3x1.3)x107 1 294
(7.4x1.6)x1071 323
120+482 (7.7£1.4)x1071 349
1-Methylcyclohexene (1.7£0.6)x 1071 265 DF-A Ljungstrom et al.3  265-371
(1.5x0.5)x1071 293
(2.0x0.8)x10™ 1 324
(1.9+0.8)x107" 350
0+602 (1.4£0.5)x10™1 371
1,3-Butadiene (1.8+0.4)x10713  295+2 PR-A Ellermann et al.*
2-Methyl-1,3-butadiene (1.07+0.20)x10712  295+2 PR-A Ellermann et al.*
2,3-Dimethyl-1,3-butadiene (2.7£0.2)X10712  295%2 PR-A Ellermann ez al.*
cis-1,3-Pentadiene (14:0.1)X10712  295+2 PR-A Ellermann ez al.*
trans-1,3-Pentadiene (1.6x0.1)x10712  295*2 PR-A Ellermann et al.*
1,3-Cycohexadiene (12+0.2)x1071 2952 PR-A Ellermann et al.*
(1.08=0.3)x107" 298  RR [relative to Berndt et al.’
k(2-methyl-2-butene)
=9.37X 10717
trans, trans-2,4-Hexadiene (1.6£0.3)x07H" 2952 PR-A Ellermann et al.*
a-Phellandrene (5.98x0.21)x107! 208  RR [relative to Berndt et al.’
k(2,3-dimcthiyl-
2-butene)
=572x10"1P
a-Terpinene (1.03+0.06)x1071° 298  RR [relative to Berndt er al.’
k(2,3-dimcthyl-
2-butene)
=5.72X1071P
a-Cedrene (8.16+0.73)x107'2 296+2  RR [relative to  Shu and Atkinson®
k(2 methyl 2-butene)
=9.37x10712p
a-Copaene (1.61£0.08)x 107" 296+2 RR [relative to Shu and Atkinson®
k(2-methyl-2-butene)
=9,37x107 12
B-Caryophyllene (1.92+0.35)x10"!"" 296%2  RR[relative to  Shu and Atkinson®
k(2-methyl-2-butene)
=937x107 12
a-Humulene (3.53£0.27)x1071! 296%2  RR [relative to  Shu and Atkinson®
- k(2-methyl-2-butene)
=937X107 12
Longifolene (6.77+0.47)X1071 296+2  RR [relative to  Shu and Atkinson®

k(trans-2-butene)
=3.89x10" P

*From previous'’ and present recommendations.
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9, Arrhenius plot of selected rate constants for the reaction of the NO;
(| with 1-butene. (V) Atkinson et al. (Ref. 9); (@) Atkinson et al. (Ref.
#i;, (C]) Barnes ef al. (Ref. 11); (A) Canosa-Mas et al. (Ref. 8); (O) Ru-
shieh of al. (Ref. 2); (—) recommendation (see exu).

*f3, Grosjean, E. L. Williams II, E. Grosjean, J. M. Andino, and J. H.
%¢infeld, Env. Sci. Technol. 27, 2754 (1993).

“1;. Grosjean and D. Grosjean, Int. J. Chem. Kinet. 27, 1045 (1995).

#1i. Grosjean, D. Grosjean, and J. H. Seinfeld, Int. J. Chem. Kinet. 28, 373
{1996).

*1i, Grosjean and D. Grosjean, Int. J. Chem. Kinet. 28, 461 (1996).

*§, Atkinson and W. P. L. Carter, Chem. Rev. 84, 437 (1984).

5.2. Alkenes

The kinetic data reported since the previous review and
¢valuation of Atkinson! are given in Table 40.

5.2.1. cis-2-Butene

The 298 K absolute rate constant and Arrhenius param-
eters reported by Treacy and Sidebottom? (the individual rate
constants were not listed) are given in Table 40. Rate con-
stants calculated from the Arrhenius expression of Treacy
and Sidebottom? are in good agreement (within 7% over the
temperature range 240-324 K) with those from the previous

TABLE 39. Rate constants  for the gas-phase reactions of O3 with alkanes

k at T
Alkane (cm® molecule™!s™!)  (K)  Technique Reference
Cyclohexane <1.2X107% 290+5 S-UV  Grosjean er al;**
Grosjean and
Grosjean*’
<1.3x107% 295+1 S-UV  Grosjean ef al®
<3 x107% 200+1 S-UV  Grosjean and
Grosjean’
<2.0X107% 288+2 S-UV  Grosjean ef al.®
<1.7X107% 291+5 S$-UV  Grosjean and

Grosjean’

recommendation' of k(cis-2-butene)=3.22X1071> ¢~ %%87
cm” molecule ™! s™! over the temperature range 225-364 X,
which is therefore unchanged.

5.2.2. 2-Methyl-2-butene

The 298 K absolute rate constant and Arrhenius param-
eters reported by Treacy and Sidebottom? (the individual rate
constants were not listed) and the room temperature relative
rate constant of Kwok ef al.® are given in Table 40. Rate
constants calculated from the Arrhenius expression of Treacy
and Sidebottom® agree with those from the previous
recommendation! of  k(2-methyl-2-butene)=6.51x10""°
e %7 cm® molecule™! s™! over the temperature range 227—
363 K, to within 19% over the temperature range 240-324
K, while the rate constant of Kwok ez al? is in excellent
agreement {within 3%) with the previous recommendation.!
The previous recommendation’ is therefore unchanged.

5.2.3. 1-Pentene and 1-Hexene

The rate constants of Grosjean and Grosjean® (Table 40)
are in good agreement with the previous recommendations’
of k(1-pentene)=1.00x10"17 ¢m’® molecule™* s™! at 298 K
and k(1-hexene)=1.10X10""7 cm® molecule ™* s ! at 298 K,
which are therefore unchanged.:

5.2.4. Other Acyclic Monoalkenes

The rate constants of Grosjean and Grosjean™® and

Grosjean et al.” (Table 40) are preferred over previous room
temperature measurements'* for these alkenes. However, for
2-ethyl-1-butene, the studies of Grosjean et al.” and Grosjean
and Grosjean® differ by a factor of 1.7, well outside of the
cited combined uncertainties. The rate constants for these
alkenes,~ measured at ~285-295 K, have been extrapo-
lated to 298 K using values of B in k=A e 5T of 1600 K for
2-methyl-1-butene, 2-methyl-1-pentene, 2,3,3-trimethyl-1-
butene, and 3-methyl-2-isopropyl-1-butene; 1000 K for cis-
and trans-3-hexene, cis- and trans-4-octene, the dimethyl-3-
hexenes, 2,2,4-trimethyl-2-pentene, cis- and trans-5-decene,
and 3,4-diethyl-2-hexene; and 1800 K for 3-methyl-1-
butene, 3-methyl-1-pentene, 2,3-dimethyl-1-butene, 3,3-
dimethyl-1-butene, 2-ethyl-1-butene, 1-heptene, 1-octene
and 1-decene, and the resulting 298 K rate constants are
given in Table 26 in Sec. 2.2.

5.2.5. 2-Methyl-1,3-butadiene (isoprene) -

The rate constants of Grosjean er al® at 293x2 K and
Grosjean and GrosjcanS at 290.7+2.1 K (Table 40) are 22%
lower and 4% higher, respectively, than the rate constants
calculated from the recommendation of Atkinson,' of
k(isoprene)=7.86x10"" ¢ 13T cm3 molecule™' s~ over
the temperature range 240-324 K. The agreement with the
most recent measurement of Grosjean and Grosjean® is ex-
cellent, and the previous recommendation’ is therefore un-

changed.
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TABLE 40. Rate constants k and temperature dependent parameters, k=A e B/T, for the gas-phase reactions of O; with alkenes

Temperaturc
range
A B k atT covered
Alkene (cm® molecule™ s71) (K) (cm® molecule ™! 571 (K) Technique Reference (K)
cis-2-Butene (3.06x0.15)x10™ " 940+42 (1.31£0.05)x 107¢ 2984 S-CL Treacy and Sidebottom® 240324
1-Pentene (9.6x1.6)x107 1 286*1 S-uv Grosjean and Grosjean®
2-Methyl-1-butene (1.33x0.14)x 10717 288+1 S-Uv Grosjean and Grosjean®
2-Methyl-2-butene (5212050010715 734136 (4.50+0.15)X107'* 298x4 S-CL Treacy and Sidebottom”  240-324
(3.91£0.14)X107%6 297%2 RR [relative to Kwok er al?
k(cis-2-butene)
=1.24Xx107 16
3-Methyl-1-butene (9.50+1.23)X1078  292.8+1.6 S-uv Grosjean and Grosjean’
1-Hexene (9.7x1.4)x10718 2871 S-Uv Grosjean and Grosjean®
cis-3-Hexene (1.4420.17)X107'6  294.7+1.9 S-Uv Grosjean and Grosjean®
trans-3-Hexene (1.57£0.25)X1071¢  289.7+238 S-UV Grosjean and Grosjean®
2-Methyl-I-pentene (1.25x0.11)x10717 2871 S-UV Grosjean and Grosjean®
(1.31£0.18)x10717  288.8%3.9 S-Uv Grosjean and Grosjean®
3-Methyl-1-pentene (3.84+0.57)X107 % 2862 s-uv Grosjean and Grosjean®
4-Methyl-1-pentene (7.3120.67)x107'8 2871 S-Uv Grosjean and Grosjean®
2,3-Dimethyl-1-butene (1.00£0.03)x10™"7 285=1 s-uv Grosjean and Grosjean®
3,3-Dimethyl-1-butene (3.93£0.93)x107 "2 285%1 S-Uv Grosjean and Grosjean®
2-Ethyl-1-butene (8.1£0.3)x10718 293:+1 S-Uv Grosjean et al.
(1.372£0.09)x10717 287+1 S-Uv Grosjean and Grosjean®
1-Heptene (9.4+0.4)x107'% 287+2 S-Uv Grosiean and Grosjean®
2.3,3-Trimethyl-1-butene (7.75%1.08)x 10718 294227 S-uv , Grosjean and Grosjean®
1-Octene (1.25+0.04)x107"7 293+1 S-Uv Grosjean and Grosjean’
cis-4-Octene (8.98+0.97)x107"7  2033x1.3 S-Uv Grosjean and Grosjean®
trans-4-Octene (1.31+0.15)X107'  290.1+0.2 S-uv Grosjean and Grosjean®
trans-2,5-Dimethyl-3-hexene (3.83x0.50)x 10717 291.1=1.9 S-uv Grosjean and Grosjean®
trans-2,2-Dimethyl-3-hexene (4.0320.67)x107'7  295.2x1.0 s-Uv Grosjean and Grosjean®
cis- + trans-3,4- =3,70X1071 295.8+0.5 S-Uv Grosjean and Grosjean’
Dimethyl-3-hexene
2,4,4-Trimethyl-2-pentene (1.3920.17)x1071%  296.6=1.8 S-Uv Grosjean and Grosjean®
3-Methyl-2-isopropyl-1-butene (3.02+0.52)X107'8  293.6x1.2 S-Uv Grosjean and Grosjean®
1-Decene (8.0£1.4)x10718 2912 S-uv Grosjean and Grosjean®
cis-5-Decene (1.14£0.13)x10716 292.7+2.3 S-uv Grosjean and Grosjean®
trans-5-Decene =1.30x1071¢ 294.8+0.3 S-uv Grosjean and Grosjean®
3.4-Diethyl-2-hexene (3.98+0.43)x10718  293.2+14 S-uv Grosjean and Grosjean®
2-Methyl-1,3-butadiene (8.95£0.25)x107'8 293£2 S-uv Grosjean er al®
(1132032010717 200.7%2.1 S-Uuv Grosjean and Grosiean’
Cyclopentene (1.620.3)x107%3 349+44 (4.9120.40)x 10710 2984 S-CL Treacy and Sidebottors>  240-~324
1-Methyl-1-cyclopentene 6.7320.99)x1071¢ 2984 S-CL Treacy and Sidebottom?
Cyclohexene (2.60£0.40)x10715 1063 +267 (8.520.8)x107"7 298+4 S-CL Treacy and Sidebottom®>  240-324
(8.46£0.10)x10~" 2911 S-Uv Grosjean and Grosjean®
1,3-Cyclohexadiene (1.22£0.05)x 1073 296:+2 RR [relative to Greene and Atkinson®
k(2,3-dimethyl-2-butene)
=1.12X 1071
Cycloheptene (1.28+040)x1071%  494+106  (2.37x0.21)x107'® 298+4 S-CL Treacy and Sidebottom®  240-324
(2.2620.04)x 10716 296+2 RR [relative to Greene and Atkinson’
k(cis-2-butene)
=122X1071
1,3-Cycloheptadiene (1.54£0.03)x10716 296+2 RR [relative to Greene and Atkinson®
k(cis-2-butene)
=1.22X107 16
1-Methyl-1-cyclohexene (5.25£0.50)x107"%  1040+137  (1.66=0.12)X107"¢ 298+4 S-CL Treacy and Sidebottom®  240-324
4-Methyl-1-cyclohexene (2.16£0.40)x 10713 952+45 (8.2+0.3)x107"7 298:+4 S-CL Treacy and Sidebottom®  240-324
Bicyclo[2,2,1]-2-heptene (1.5520.05) %1073 2962 RR [relative to Greene and Atkinson®
k(2,3-dimethyl-2-butene)
=1.12X1075p
Bicyclo[2,2,1]-2,5-heptadiene (3.55£0.07)x1071% 296+2 RR [relative to Greene and Atkinson’
k(2,3-dimethyl-2-butene} :
=1.12x107 P
cis-Cyclooctene (7.8+0.3)x107'¢ 21751 (3.74+0.11)X 10716 2984 S-CL Treacy and Sidebottom”  240-324
cis-Cyclodecene (1.08£0.57)x107"  1081%171 (2.9=0.2)x107"7 298+4 S-CL Treacy and Sidebottom”  240-324
1,2-Dimethyl-1-cyclohexene (2.07£0.04)x 1071 2962 RR [relative to Alvarado er al.'”

k(2-methyl-2-butene)
=3.96X 10716
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TABLE 40. .Rate constants ¥ and temperature dependent parameters, k=A e

—BIT

, for the gas-phase reactions of O; with alkenes—Continued

A

Alkene (cm® molecute™! s71)

k

(cm® molecule™ s77)

at T
K)

Technique

Temperature
range
covered

Reference (K) 4-Vinylcyclohexene

4-Vinylcyclohexene
licyclo[2,2,2]-2-octene

{.imonene

a-Phellandrene

{-Pinene
w-Terpinena

Terpinolene

«-Cedrene

«w-Copaene

f3-Caryophyliene

a-Humulene

Longifolene

2.7X10716
(7.0920.10)x 10~

3.5X10716
(2.0120.07)x 10716

(2.98+0.09)x 10713

(1.22+0.13)x107Y
(2.69:0.90)X 1071

(2.11£0.07)x 1071

(1.88+0.08)x1071

(2.87+0.86)x 10717

(2.78+0.14)x 10717

(1.58%0.07)x10716

(8.70%1.30)x107'3

(1.1220.07)x 107 %

(1.20+0.04)x107%

(1.15+0.18)x 1071

(1.19£0.10)x 1071

<7x107'%

<5x1071°

296.7
2962

2973
296=2

2962

295%1
296%2

296x2

296+2

2962

296=2

2962

2962

2962

2962

2962

2962

296%2

2062

S-CL
RR [relative to
k(cis-2-butene)=
1.22X 10716
S-CL
RR [relative to
k(cis-2-butene)
=1.22X107 6
RR [relative to
k(2,3-dimethy}-2-butene)
=1.12X10" 19
S-Uv
RR [relative to
k(2,3-dimethyl-2-butene)
=1.12X10" 5
RR [relative to
k{B-caryophyllene)
=1.16X10" 16
RR [relative to
k(2,3-dimethyi-2-butene)
=1.12x107 13
RR [relative to
k{(2-methyl-2-butene)
=3.96X 1076
RR [relative to
k(cis-Z-butene)
=1,22X10710]2
RR [relative to
k(2-methyl-2-butene)
~3.96% 10716
RR [relative to
k(2-methyl-2-butene)
=3.96X10" %]
RR [relative to
k(2,3-dimethyl-2-butene)
=1.12X10" P}
RR [relative to
k(ierpinolene)
=1.88x107 15
RR [relative to
k(2,3-dimethyl-2-butene)
=1.12%x1071F
RR [relative to
k{a-terpinene)
=2.11%107 4]
RR [relative to
k(cis-2-butene)
=1.22%10716
RR [relative to
k(propene)
=9.68X107 )

Zhang et al™!
Greene and Atkinson®

Zhang et al'l

Shu and Atkinson'?
Shu and Atkinson'?

Grosjean et al?
Shu and Atkinson'

Shu and Atkinson'?
Shu and Atkinson'?
Shu 23pd Atkinson'?
Shu and Atkinson'?
Shu and Atkinson'?
Shu and Atkinson'?
Shu and Atkinson'?
Shu and Atkinson!?
Shu and Atkinson'?
Shu and Atkinson'?
Shu and Atkinson'?

Shu and Atkinson'?

“From previous™'* and present recommendations.

5.2.6. Cyciopentene

The absolute rate constant at 298 K and the Arrhenius
parameters of Treacy and Sidebottom? are given in Table 40.
The room temperature rate constant of Treacy and
Sidebottom? is 22% lower than the previous recommendation
of Atkinson,! and an average of the room temperature rate
constants of Nolting ef al.,'* Greene and Atkinson,'® and
Treacy and Sidebottom? is recommended, of

k(cyclopentene)=
; 5.7%1071% cm® molecule ™! s at 298 K,

with an estimated overall uncertainty of +35%. This recom-
mendation supersedes the previous recommendation’ of
k(cyclopentene)=6.3x107'¢ cm® molecule ™' s~ ! at 298 K.
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5.2.7. Cyclohexene

The rate constants of Treacy and Sidebottom® and
Grosjean and Grosjean® are given in Table 40. These rate
constants®® are in reasonable agreement with the previous
recommendation of k(cyclohexene)=7.2x10""7
cm® molecule™ s7! at 298 K.! Using the value of B=—1063
K?to extrapolate the measured rate constants to 298 K, a unit
weighted average of the room temperature rate constants of
Nolting et al.,’® Greene and Atkinson,16 Treacy and
Sidebottom,? and Grosjean and Grosjean® leads to the
recommendation of

k(cyclohexene)=

8.1x10717 cm® molecule™! 57! at 298 K,

with an estimated overall uncertainty of +25%.

5.2.8. Cycloheptene

The rate constants of Treacy and Sidebottom® and Greene
and Atkinson® are given in Table 40. The room temperature
rate constants of Nolting ef al.,”” Treacy and Sidebottom,?
and Greene and Atkinson® are in good agreement, and a unit
weighted average leads to the recommendation of

k(cycloheptene)=
2.45x107"7 cm® molecule ™! st at 298 K,

with an estimated overall uncertainty of =25%. This recom-
mendation supersedes the previous recommendation' of
k(cycloheptene)=2.9X107*° cm® molecule ™! s™! at 298 K.

5.2.9. Limonene

The rate constant of Shu and Atkinson'? for limonene
(Table 40) is in excellent agreement with the previous mea-
surement of Atkinson et al.!” of k(limonene)=2.04x107'°
cm® molecule ™' s7! at 296+2 K.''7 Based on these two
studies'!7 it is recommended that

k(limonene)=
2.03X107 ' ¢cm?® molecule ™! s™! at 298 K,
with an cstimatcd ovcrall uncertainty of =25%.
5.2.10. B-Pinene

The rate constant of Grosjean et al."? for B-pinene (Table
40) is in reasonable agreement with the previous recommen-
dation of  Atkinson' of  k(B-pinene)=1.5x10""
cm® molecule™! s7! at 298 K, which is therefore unchanged.

5.2.11. Other cycloalkenes (inciuding monoterpenes)

The rate constants of Greene and Atkinson® (Table 40)
supercede the previous data of Atkinson ez al.'®!® For
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a-phellandrene, a-terpinene and terpinolene, the rate con-
stants of Shu and Atkinson'? (Table 40) supercede the pre-
vious data of Atkinson ef al,'® as discussed by Shu and
Atkinson."?

'R. Atkinson, J. Phys. Chem. Ref. Data Monograph 2, 1 (1994).

2. Treacy and H. Sidebottom, ‘‘Kinetics and Mechanisms for the Reaction
of Ozone with Cycloalkenes,”” in EUROTRAC Annual Report 1993, Part
8, LACTOZ, International Scientific Secretariat, Garmisch-Partenkirchen,
July 1994, pp. 200-204.
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