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Foreword

The Journal of Physical and Chemical Reference Data is published jointly by the
American Institute of Physics and the American Chemical Society for the National
Institute of Standards and Technology. Its objective is to provide critically
evaluated physical and chemical property data, fully documented as to the original
sources and the criteria used for evaluation. One of the principal sources of material
for the journal is the National Standard Reference Data System (NSRDS), a
program coordinated by NIST for the purpose of promoting the compilation and
critical evaluation of property data.

The regular issues of the Journal of Physical and Chemical Reference Data are
published bimonthly and contain compilations and critical data reviews of moder-
ate length. Longer works, volumes of collected tables, and other material unsuited
to a periodical format have previously been published as Supplements to the
Journal. Beginning in 1989 the generic title of these works has been changed to
Monograph, which reflects their character as independent publications. This
volume, “Kinetics and Mechanisms of the Gas-Phase Reactions of the Hydroxyl
Radical with Organic Compounds” by Roger Atkinson, is presented as Monograph
No. 1 of the Journal of Physical and Chemical Reference Data.

David R. Lide, Jr., Editor
Journal of Physical and Chemical Reference Data
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The literature kinetic and mechanistic data for the gas-phase reactions of the OH

radical with organic compounds (through 1988) have been tabulated, reviewed and
cvaluated over the entire temperature ranges for which data are available.
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1. Introduction

The hydroxyl (OH) radical is a key reactive intermediate
in both combustion'™ and atmospheric chemistry.'*"'*
T'hus, recent computer modeling studies of the combustion
of organic compounds show that the major reaction routes of
these organics are by reaction with O(°P) and H atoms and
OH radicals, with the relative importance of these reaction
pathways depending on the particular combustion condi-
tions, for example, on the fuel/oxygen ratio.”>° At combus-
tion temperatures these reactive species are interconverted,
at least in part, through the H,-O, reactions.

OCP) + H,=OH + H

OH+ H,=H,0O+H

H + O, = OH + O(’P)
OH + OH = H,0 + O(C’P)

which are common to all high temperature organic com-
bustion systems.” Measurements of OH radical concen-
trations, and of their temporal profiles, are now routinely
carried out in flames and other combustion media.”"’

The hydroxyl radical has also been shown to play a
pivotal role in the chemistry of the atmosphere,'®"” and
apparently reliable ambient OH radical concentrations in
the troposphere®® and stratosphere®?® are now avail-
able from in situ measurements, in addition to the global
tropospheric average OH radical concentration derived
from halocarbon lifetime measurements.”” In the clean
troposphere, hydroxyl radicals are generated through
the reaction sequence,

O; + hv(A<319 nm) — O('D) + O,('A,)
Oo('D) + H,0 —2 OH
O('D) + M — OCP) + M (M = air)

with additional formation processes occurring in pol-
luted urban areas.

For the majority of organic compounds emitted into
the troposphere from either biogenic or anthropogenic
sources, reaction with the OH radical is their major, if
not sole, chemical loss process.”” Indeed, in the tropo-
sphere the chemical reactions responsible for the degra-
dation of organic compounds comprise, in essence, a
low-temperature combustion system. For these chemi-
cals reaction with the OH radical leads to their removal
{from the atmosphere and limits their atmospheric con-
centrations, and this removal process (or the lack of it) is
critical to the ongoing discussion of the effects of present
and future anthropogenic halocarbons on the strato-
spheric ozone layer.

Clearly, OH radical kinetics and reaction mechanisms
need to be known under the temperature, pressure and
third-body conditions encountered in combustion sys-

tems and in the atmosphere. During the past several
years major research efforts have been carried out to
obtain these necessary experimental data. As an example,
at room temperature reaction rate constants have been
measured for over 350 organic compounds,’? while at the
higher temperatures (>>1000 K) representative of com-
bustion chemistry flash photolysis and pulsed radiolysis
techniques are now providing absolute kinetic data, ob-
tained in many cases over large temperature ranges.’**
This accelerating acquisition of kinetic and mechanistic
data will surely continue, especially at combustion tem-
peratures.

However, in order to provide a consistent and inte-
grated overview and to allow the available data base to
be effectively used by other scientists (for example,
chemical modelers), this data base must be reviewed and
critically evaluated on an ongoing basis. This is crucial
to both combustion chemistry as well as to the chemistry
of the troposphere and stratosphere. In addition to
providing a recommended set of kinetic data, such re-
views and evaluations provide an up-to-date status of the
kinetic and mechanistic information available and are the
most reliable source of data for the development of tech-
niques for rate constant and mechanism estimations. As
the information base continues to grow, these ongoing
evaluations become increasingly necessary, and they
must be viewed as an integral part of the experimental
and theoretical research efforts in combustion and atmo-
spheric chemistry.

Unfortunately, to date this has not been the case.
Thus, while the reactions of OH radicals with the inor-
ganic reactants of atmospheric importance and certain
C,-C; organics (mainly the haloalkanes) are now being
included in the NASA* and CODATA/IUPAC* evalu-
ations, there is no ongoing review and evaluation of the
literature kinetic and mechanistic data for the reactions
of the OH radical with the other organic compounds
which comprise the vast majority of combustion fuels
and atmospheric emissions. Indeed, for the reactions of
the OH radical with organic compounds, few reviews
have been carried out during the past decade, despite the
relevance of these reactions to combustion and atmo-
spheric chemistry.

For atmospheric purposes, Atkinson et al * compiled
and reviewed the literature kinetic and mechanistic data
(through mid-1978) for organic compounds at tempera-
tures <500 K. No recommendations were given, and the
emphasis was on atmospheric chemistry. In 1981, Baulch
and Campbell* published a review covering the litera-
ture for the period 1972 through October 1979, and, be-
cause of the Atkinson et al article,* dealt in most detail
with inorganic compounds and those aspects of the reac-
tions with organic compounds, such as high temperature
data, which Atkinson ez al ® did not cover. In addition,
Cohen and Westberg® included the reactions of the OH
radical with alkanes in their evaluation of the kinetics of
selected reactions involved in combustion chemistry.

More recently, two evaluations and reviews have ap-
peared which deal with organic compounds; one by
Baulch et al. * dealing with the kinetics of the gas-phase
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reactions of the OH radical with alkanes over the tem-
perature range ~200-2000 K, covering the literature
data through October 1984, and the other by Atkinson'?
dealing with the kinetics and mechanisms of the gas-
phase reactions of the OH radical with organic com-
pounds under atmospheric conditions, with the literature
being covered through late 1985/early 1986.. Although
the review of Atkinson'” focused on OH radical reac-
tions under atmospheric conditions and, in general, only
kinetic and mechanistic data below 500 K were re-
viewed, data at higher temperatures (up to ~ 1500 K)
were included if these data were obtained in studies ex-
tending to temperatures below 500 K. An analogous
review of the gas-phase reactions of the OH radical with
inorganic compounds has been carried out by
Paraskevopoulos and Singleton.*’

In this article, the review of Atkinson'? has been up-
dated and extended to cover the entire temperature
ranges for which kinetic and mechanistic data are avail-
able. The present article deals with the kinetics and
mechanisms of the initial OH radical reactions with or-
ganic compounds, and the subsequent reactions of the
initially-formed product species are not dealt with. In the
remainder of this section, the major experimental tech-
niques which have been used to obtain kinetic data are
briefly discussed, together with the methods of presenta-
tion of the kinetic data in Sec. 2.

1.1. Experimental Techniques Used

Two general experimental approaches, namely abso-
lute and relative rate constant measurement methods,
have been used to determine rate constants for the reac-
tions of the OH radical with organic compounds. In the
absolute technique, for the bimolecular reaction,

A + B — products
either the psuedo-first order decay of one species is mea-
sured in the presence of a known excess concentration of
the other reactant, with

—dIn[A]/dt = k[B],

or the concentrations of both species are measured and
the rate constant £ derived from the equation

dlproduct] —d[A] —d[B]
dt T dt dr

l

= k[A][B]

At lower temperatures, typically 51000 K, the dis-
charge flow and flash (or laser) photolysis techniques
interfaced to a variety of detection systems have been,
and continue to be, widely used. To date, these detection
systems for OH radical reactions have included mass
spectrometry,* electron paramagnetic resonance,* laser
magnetic resonance,” resonance absorption®'* (includ-
ing laser absorption™) and resonance fluorescence®®*’ (in-
cluding laser induced fluorescence™*).

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

Relevant to this article was the determination by
Kaufman and co-workers®'"* that the initially-used elec-
tric discharge in water vapor in a fast flow system®'
was subject to secondary reactions regenerating OH rad-
icals, hence yielding erroneous kinetic data. This find-
ing>'™ then invalidates any data obtained in this manner,
and such studies are not included in this evaluation. All
more recent discharge flow studies have used the reac-
tion of H atoms with NO,

H + NO, —- OH + NO

as a clean source of electronically and vibrationally
ground state OH radicals.®” The characteristics of these
discharge flow and flash (or laser) photolysis methods
are discussed by Howard,* Michael and Lee,* Kauf-
man®® and Atkinson,'? and these articles should be con-
sulted for more details.

At the higher temperatures characteristic of flames,
OH radical concentrations have been measured by mass-
spectrometry,® laser induced fluorescence® and reso-
nance absorption,® and have also been calculated from
equilibrium considerations.®

In the relative rate method, the rate constant of inter-
est is determined relative to that for another reaction,
normally a reaction of the OH radical with a second, or
reference, species. Generally, the decay rates of two or
more compounds are monitored in the presence of OH
radicals, with other loss processes (chemical or physical)
of these reactants being either quantitatively known or
minimized.” Hydroxyl radicals have been generated by
numerous methods, including photolysis of NO-NO,-or-
ganic-air,”” HONO-NO-air,’""* and CH,ONO-NQ-air”
mixtures, photolysis of H,0,,’*" the dark reaction of
N,H, with O,,”® the thermal decomposition of H,0,” (at
elevated temperatures) or HOONO,,” and the heteroge-
neous reaction of H,0, with NO,.” Detection methods
for the reactant organic and the reference species have
included gas chromatography,””” Fourier transform
infrared absorption spectroscopy’’ and differential op-
tical absorption spectroscopy.®” The methods utilized at
around room temperature for the determination of OH
radical reaction rate constants using relative rate tech-
niques have been discussed in detail by Atkinson."

At elevated temperatures, relative rate constants have
been derived from studies utilizing the thermal decom-
position of H,0, as a source of OH radicals”” and from
the effects of small amounts of added organic to the H,-
O, reaction system.®' In flames, numerous studies (see,
for example, Refs. 82 and 83) have been carried out in
which the decay rate of the organic, presumed to be due
to reaction with the OH radical, was measured and the
OH radical concentration calculated from the formation
rate of CQO,, produced from the reaction.

OH + CO - H + CO,

In these studies the rate constants derived were thus rel-
ative to the rate constant for the reaction of OH radicals
with CO.
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1.2. Presentation of Kinetic Data

In Sec. 2, the kinetic data for the reactions of OH and
OD radicals with the various classes of organic com-
pounds [alkanes (including cycloalkanes), haloalkanes,
alkenes (including di- and tri-alkenes and cycloalkenes),
haloalkenes, alkynes, oxygen-, sulfur-, nitrogen-, phos-
phorus- and silicon-containing organics, aromatics,
organometallics and organic radicals] are presented and
discussed. As far as possible, the initial reaction mecha-
nisms are discussed in conjunction with the compilations
and evaluations of the available rate constant data. Data
from relative rate constant studies have been reevaluated
on the basis of the recommended rate constants for the
reference reactions at the temperatures employed in the
relative rate studies.

Three OH radical reactions with inorganic com-
pounds have been used in more than one study as the
reference reaction; namely the reactions of OH radicals
with H,, CO, and HONO. The rate constant for the reac-
tion of OH radicals with H, has been reviewed and eval-
uated by Cohen and Westberg,”” and their
recommendation (also accepted by the recent evaluation
of Tsang and Hampson®) of

k(OH + H,) = 1.06

X 1077T? =7 om® molecule™! s~!

over the temperature range 240-2400 K is utilized in this
evaluation.

For the reaction of OH radicals with CO, the “low
pressure” rate constant recommended in the evaluation
of Baulch et al. ** of

k(OH + CO) = 1.12

X 10-13 e0.0009077' —1

cm’® molecule™ s

is employed. This low total pressure rate constant is con-
sistent with the most recent NASA*' and CODATA /IU-
PAC* room temperature evaluations and agrees with
the recent temperature-dependent study of Ravishankara
and Thompson.*® At around room temperature this rate
constant is pressure dependent for the more effective
third body gases such as N,, O,, CF, and SF* and at
298 K the most recent NASA* and IUPAC* evaluations
recommend that for M = O,, N, and air

k(OH + CO) = 1.5
X 1072 (1 4 0.6 P) cm’® molecule™! s~

where P is the total pressure in atmospheres. This pres-
sure dependence is essentially independent of tempera-
ture for temperatures <300 K,*? although Hynes et al
have observed that the pressure dependence of the rate
constant for this reaction for M = air at 371 K is some-
what less than at 299 K or 262 K. Golden and co-work-
ers” have also carried out a theoretical study of this

reaction, showing that, as expected, the pressure-depen-
dent portion of this reaction becomes less important at
elevated temperatures.

In this review article, a rate constant for the reaction
of OH radicals with CO of

k(OH + CO) = 1.12 X 103 2077

X [1 + 2.4 x 107 [M](T/298)""] cm® molecule ! s~

is used for M = O, and/or N,, with the term in square
brackets being an empirical relationship to take into ac-
count the pressure dependence of this rate constant over
the temperature range ~290-1000 K. This expression es-
sentially reproduces the NASA* and TUPAC* evalua-
tions at 298 K and the data reported by Hynes et al.,”
and exhibits the behavior predicted by Golden and co-
workers.” It should be noted, however, that the pres-
sure-dependence of the rate constant at temperatures
below ~298 K calculated from this equation appears to
be more temperature dependent than shown by the data
cited by Hynes et al ** [This is of no real consequence to
the present evaluation since the reaction of OH radicals
with CO has not been used as a reference reaction in
relative rate studies carried out at temperatures below
~290 K.]

As noted above, the pressure dependence of this rate
constant for the reaction of OH radicals with CO is de-
pendent on the third body M,*-** with no pressure de-
pendence being observed for M = He or Ar at around
room temperature.***>*' This pressure dependence of the
rate constant for the reaction of OH radicals with CO,
and its dependence on the temperature and the particular
third-body or third-bodies employed, introduces added
uncertainties into the derivation of rate constants from
relative rate studies employing CO as the reference com-
pound. Accordingly, the rate constants derived from
these relative rate studies utilizing CO as the reference
compound are given a lower weight in the evaluations.

For the reaction of OH radicals with HONOQO, the re-
cent data of Jenkin and Cox’* are used, with

k(OH+HONO)=1.80x 10" " ¢ *¥7 cm’molecule ™' s~

In the data tabulations in Sec. 2, the experimental tech-
niques used are denoted by abbreviations such as (for
example) DF-RF, where the first letters denote: DF, dis-
charge flow; FP, flash photolysis; LP, laser photolysis;
LH, laser heating; SH, shock heating; MPS, modulation-
phase shift; PR, pulsed radiolysis; and the second set of
letters denote the detection technique; MS, mass-spec-
troscopy (including photoionization-mass spectroscopy);
EPR, celectron paramagnetic resonance; KS, Kinetic
spectroscopy; LMR, laser magnetic resonance; RA, res-
onance absorption; RF, resonance fluorescence; and
LIF, laser induced fluorescence. Relative rate studies are
denoted by the abbreviation RR, and the reference com-
pound and the OH radical reaction rate constant used for
the reference reaction are given.
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The tables list, whenever available, the rate constants
obtained at the various temperatures studied. Through-
out this article, cm® molecule™" s™' units are used for
bimolecular reactions, and pressures are expressed in
Torr (1 Torr = 133.3 Pa). The cited Arrhenius preexpo-
nential factors 4 and temperature dependent parameters
B in the expression kK = Ae~ %7 are also listed, where B is
in K. In some studies covering wide temperature ranges,
the simple Arrhenius expression has, as expected, been
shown not to hold, with pronounced curvature in the
Arrhenius plots being observed.'>****% In these cases a
three-parameter expression of the form

k= AT"e ™" 4y

has been used (where n = 0 for the Arrhenius expres-
sion) and the reported values of 4, B and » are tabulated.
Since to date most of the available OH radical rate con-
stant data have been obtained over relatively limited
temperature ranges, the simple Arrhenius expression, al-
though obviously too simplistic, is often adequate and
convenient for expressing these experimental data over
the limited temperature ranges studied.

In those cases where data are available over only lim-
ited temperature ranges (for example, at temperatures
<500 K) and no obvious non-Arrhenius behavior of the
data is evident, recommendations are given in the form
of the Arrhenius equation

k=Ade®T ()

For organic compounds for which reliable data exist
covering large temperature ranges, for example, from
<300 to 1000 K, or for which their Arrhenius plots
exhibit obvious curvature, a more realistic expression is
used for the recommendations. The expression

k = CT%P7 (11T

has been chosen in these evaluations since this has been
used in the recent NASA evaluation® and is consistent
with the experimental data. Furthermore, values of n ~2
in the above three parameter expression have been
derived from previous experimental studies®* and theo-
retical evaluations® of these reactions over wide temper-
ature ranges. It should be noted, however, that Cohen
and Benson®"* have used transition state theory to calcu-
late values of n =1.1-1.8 in Eq. (I) for the reactions of
the OH radical with a series of halomethanes and
haloethanes, although the differences between these for-
mulations of the three-parameter expression, i.e., with
n = 1l or n = 2, are likely to be within the uncertainties
of the experimental data. The expression k = CT"e 27
can be transformed into an Arrhenius expression,
k = Ae 7, centered at a temperature T with 4 =
CeT)' and B = D + nT.

In the rate constant data tables, the error limits cited
are those reported. In many cases these are one or two
least-squares standard deviations and in others they are
the estimated overall error limits. While for relative rate
constant studies the use of two least-squares standard de-
viations may be a realistic estimation of the overall error
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limits with respect to the reference reaction rate con-
stant, with additional systematic uncertainties being asso-
ciated with the rate constant used for the reference
reaction, the overall error limits for the absolute rate
constant determinations are expected to be of the order
of ~10-15%, except for some of the most recent studies
for which the overall error limits may have been re-
duced to ~6-10%.

For the alkenes, haloalkenes, alkynes and aromatics,
which react with the OH radical at around room temper-
ature, at least partially, by initial OH radical addition to
the C=C and C=C bonds or to the aromatic ring(s), the
measured rate constants are often in the fall-off regime
between second- and third-order kinetics. For these
classes of organic compounds, in general only the data
obtained (or thought to have been obtained) at, or close
to, the high-pressure limit are tabulated, and data which
were obtained (or now realized to have been obtained) in
the fall-off region are not explicitly given. However, the
pressure ranges at which the high-pressure region are
(effectively) attained are discussed and, where sufficient
experimental data are available, the parameters in the
Troe fall-off expression,” 1!

ko[M]

k=117 k. M)/k.,

FZ

z = [ 1 + {log(k,[M)/k )} ]!

where k, and k,, are the limiting low pressure third-or-
der and high pressure second-order rate constants, re-
spectively, are derived (mainly for M = N,, O,, air or
Ar). [These rate constants &, and k are given in units of
cm® molecule ? s~! and cm® molecule ~! s/, respectively,
in this article]. The broadening coefficient, F, is also
temperature dependent, and can be approximately repre-
sented by42,100,101

F = e——T/T‘ + e—4T‘/T

where T* is a constant (in K) for a given reactant. This
treatment then allows the effects of fall-off behavior, es-
pecially at elevated temperatures, to be taken into ac-
count.
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2. Kinetic and Mechanistic Data

In this section, the kinetics and mechanisms of the re-
actions of the OH and OD radical with the various
classes of organic compounds (alkanes, haloalkanes,
alkenes, haloalkenes, alkynes, oxygen-, sulfur-, nitrogen-,
phosphorus- and silicon-containing organics, aromatics,
organometallics and organic radicals) are dealt with sep-
arately. Only the gas-phase reactions of OH(X’II),_,
radicals are dealt with in these sections, since few kinetic
data exist for the reactions of vibrationally excited OH
radicals,'" and these measurements are mainly for vibra-
tional quenching"*” rather than for chemical reaction.
Indeed, only for the reaction of the OH(X’II),_, radical
with CH, is a rate constant for chemical reaction avail-
able, with an upper limit to the rate constant of <3 X
10" cm® molecule ' s~! being reported by Spencer et
al. at 295 + 2 K2

As far as possible, the initial reaction mechanisms are
discussed together with the tabulations and evaluations
of the available rate constant data. As noted above, for
the relative rate studies the data have been reevaluated
on the basis of the recommended rate constants for the
reference reactions at the temperatures and, if necessary,
the pressures employed in those relative rate studies. If
such a reevaluation was not possible, then the data from
these relative rate studies are not tabulated or considered
in the evaluations. As also noted above, those relative
rate studies employing the reaction of OH radicals with
CO as the reference reaction are subject to additional
uncertainties due to the dependence of the rate constant
for this reference reaction on the total pressure and the
diluent gas(es) present, especially at temperatures <500
K.” This introduces additional uncertainties into the
derivation of rate constants from relative rate studies em-
ploying CO, and accordingly, rate constants from these
studies are given a lower weight in the evaluations.
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2.1. Alkanes
a. Kinetics and Mechanisms

The literature rate constant data for the reactions of
the OH radical with the alkanes are given in Tables 1
(acyclic alkanes) and 2 (cycloalkanes). The available rate
constants for the reactions of the OD radical with alka-
nes are given in Table 3. In these tables, the rate con-
stants given are those for the overall reactions. These
OH radical reactions with the alkanes and cycloal-
kanes proceed by H-atom abstraction from the C—H
bOHds,“MZl

OH + RH - H,O + R

and hence in general a variety of alkyl radicals are
formed with differing rate constants. Only for propane,
n-butane and 2-methylpropane are sufficient experimen-
tal data available to allow the rate constants for the for-
mation of the differing alkyl radicals to be derived in any
direct manner.

In the evaluations of the rate constants for the individ-
ual alkanes and cycloalkanes, the previous reviews of
Atkinson et al. '’ and Atkinson'® are utilized to aid in the
assessment of those studies which are judged (possibly
subjectively) to be free of systematic errors and are
hence used for the evaluations. The kinetic data for the
individual alkanes and cycloalkanes are discussed below.
For methane and ethane a sufficient number of absolute
rate constant data are available over a large temperature
range that the recommended rate expressions can be
derived solely from these absolute data, and the reliabil-
ity of the relative rate studies for these alkanes can be
assessed. For propane, n-butane, 2-methylpropane and
the higher alkanes, relative rate data judged to be reli-
able (for example, from identical or related studies to
those which agreed with the recommended absolute rate
constant data for methane and ethane) were utilized to-
gether with absolute rate data in the evaluations.

(1) Methane

The available rate constant data are tabulated in Table
1. A large number of kinetic studies have been carried
out for methane using both absolute and, especially at
elevated temperatures, relative rate methods. In view of
the large number of absolute rate data available, cover-
ing the temperature range from 240 to 1900 K, the rec-
ommended rate constant expression for methane is based
solely upon the absolute rate data.
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TABLE 1. Rate constants k and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes

Tempera-
10”2 X 4 ture range
(cm® mole- B 10" X k (cm’ covered
Alkane cule 's™") =n (K)  molecule™!s" ") at T (K) Technique Reference (K)
Methane 17 1650-1840 RR [relative to k(CO) Westenberg and Fristrom' 1650-1840
— 112 X 10—1360.0009077]:1
9.8 1445 RR [relative to £(CO) Fenimore and Jones? 1225-1800
10 1560 = 1.12 X 10~ 130009077
8.7 1580
10 1690
13 1800
0.171 673 RR [relative to k(CO) Hoare* 673-923
0.238 723 = 1.12 X 107130090772
0.49 798
0.67 873
0.88 923
22 1370-1680 RR [relative to k(CO) Fristrom* 1370-1680
— 112 < 107136().()()09077]3
041 = 0.21 773 RR [relative to k(CO) Blundell er al.®
’ =226 X 107"
0.175 673 RR [relative to k(CO) Hoare® 673-923
0.270 723 = 1.12 x 10~ Hehows077]a
0.49 798
0.69 873
0.93 923
0.53 798 RR [relative to £(CO) Hoare and Peacock’
=231 x 1079
0.92 = 0.19 773 RR [relative to k(H,) Baldwin et al.®
=922 x 10-1
50 1.7 1285 Flame - RA Dixon-Lewis and
Williams®
0.0108 + 0.0025 300 DF-EPR Wilson and Westenberg!®
0.00880 = 0.00033 301 =1 FP-KS Greiner"!
83 2516 0.0179 298 FP-KS Horne and Norrish'? 298-423
14+ 3 1750-2000 RR [relative to £(CO) Wilson et al. ' 1750-2000
= 1.12 x 10~ 100017
0.00848 + 0.00071 295 FP-KS Greiner'? 295-498
0.00953 =+ 0.00028 295
0.0106 + 0.00025 296
0.0103 = 0.00053 296
0.00804 + 0.00020 301
0.00805 =+ 0.00041 301
0.00903 = 0.00088 302
0.0154 + 0.0006 333
0.0352 + 0.0007 370
0.0611 = 0.0023 424
0.121 =+ 0.004 492
0.121 #+ 0.003 493
0.120 &= 0.003 493
0.113 = 0.002 497
5.5%0¢ 1898 = 51 0.122 =+ 0.003 498

T 06
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TABLE 1. Rate constants k and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
107 x 4 ture range
(cm® mole- B 102 X k (cm? covered
Alkane cule™'s™') =» (K) molecule~!s~") at T (K) Technique Reference (K)
1.0 £ 0.1 773 RR [relative to k(H,) Baldwin et al 1*
= 9.22 X 1071
0.18%)° 548 RR [relative to K(CO)  Simonaitis er al.'*
= 1.84 X 107Vp
50 3020 6.7 1500 Flame - MS Peeters and Mahnen'’ 1100-1900
0.00204 £ 0.00036° 240 FP-RF Davis et al '8 240-373
0.00508 -+ 0.00020° 276
0.00775 + 0.00063" 298
2.36 = 0.21 1711 = 88 0.0242 + 0.0037° 373
0.00715 £ 0.00042 293 DF-RF Margitan et al. ”° 293-427
0.0212 + 0.0004 359
0.0306 + 0.0001 384
0.0422 = 0.0018 407
3.83 = 0.20 1842 + 20 0.0521 =+ 0.0016 427
0.0261 =+ 0.0027 381 PR-RA Gordon and Mulac® 381-416
0.0548 + 0.0017 416
0.00651 + 0.00027 295 + 2 FP-RA Overend et al. ™
0.0095 + 0.0014 296 DF-LMR Howard and Evenson?
0.0088 + 0.0007 298 FP-RA Zellner and Steinert® 298-892
0.0148 330
0.020 358
0.028 381
0.061 444
0.070 453
0.113 498
0.174 525
0.257 564
0.251 =+ 0.033 576
0.276 + 0.033 584
0.335 622
0.551 629
0.822 671
0.830 680
1.12 738
1.21 756
1.51 776
576", X 107 3.08 1010 271 892
1804 = 120
(300-500 K)
0.0063 = 0.0008 296 &+ 2 RR [relative to k(H,) Cox et al
= 6.05 x 10~
9.6 1300 RR [relative to k(H,) Bradley et al
=5.69 X 1077
3.82 1140 SH/FP-RA Ernst et al. % 1140-1505
3.82 1160
448 1165
3.49 1188
3.49 1192
4.82 1203
4.15 1220
3.82 1245
3.99 1260
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TaBLE 1. Rate constants k& and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes - — Continued
Tempera-
102 x 4 ture range
(cm® mole- B 102 X k (cm’ covered
Alkane cule”'s™!) »n (K) molecule ' s~ at 7 (K) Technique Reference X)
4.15 1260
349 1265
448 1270
4.65 1270
3.82 1275
3.99 1275
3.99 1303
4.32 1313
5.65 1335
5.31 1404
5.15 1410
4.48 1415
5.65 1500
5.31 1505
0.0070 = 0.00067 296 FP-RA (of CH3) Sworski et al. ¥
with computer modeling
0.00750 + 0.00060 298 FP-RF Tully and Ravishankara®  298-1020
0.0473 & 0.0045 398
0.081 = 0.011 448
0.145 £ 0.012 511
0.167 £ 0.006 529
0.314 = 0.040 600
0.275 £ 0.044 619
0.578 =+ 0.058 696
0.84 = 0.15 772
1.50 = 0.15 915
1.32 X 107° 1.92 1355 2.00 = 0.20 1020
0.00766 + 0.00064 300 FP-RF Husain et al.*®
1.25 + 0.45 830 = 50  LH-LIF Fairchild et al *° 830-1400
1.3 =04 1030 %= 50
43 = 1.0 1400 = 50
0.00557 + 0.00054 269 DF-RF Jeong and Kaufman®'? 269-473
0.00789 £ 0.00049 297
0.0178 =+ 0.0012 339
0.0347 + 0.0023 389
0.0549 = 0.0035 419
1.28 X 10712 423 453 = 775 0.102 & 0.007 473
5.26 = 0.88 1917 = 60
0.0392 + 0.0033 413 RR [relative to k(CO) Baulch et al. * 413-693
0.0555 =+ 0.0033 417 = 1.12 x 10" "} gh00%077]a
0.0369 = 0.0030 422
0.0654 =+ 0.0066 443
0.0792 = 0.0073 471
0.0981 =+ 0.0063 505
0.103 + 0.018 517
0.0936 = 0.0179 521
0.112 =% 0.006 546
0.165 = 0.004 553
0.267 + 0.015 603
0.349 = 0.020 663
0.589 = 0.060 693
0.00650 298 PR-RA Jonah et al.** 298-1229
0.00846 298
0.0189 348
0.0351 373
0.106 398
0.0938 415
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TABLE 1. Rate constants & and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
10”2 x 4 ture range
(cm® mole- B 102 x k (cm’ covered
Alkane cule”'s™!) =n X) molecule ! s™") at T (K) Technique Reference (K)
0.175 424
0.124 450
0.209 483
0.174 483
0.336 543
0.584 571
0.545 613
0.760 667
0.893 709
0.991 712
1.04 769
1.52 858
2.48 873
2.27 974
2.01 974
4.50 1071
3.22 1125
4.19 1125
4.93 1229
0.0085 = 0.0006 298 =3 FP-RF Madronich and Felder® 298-1512
0.0228 + 0.0043 362 £ 10
0.0463 + 0.0034 407 = 5
0.0629 = 0.009 410 + 14
0.154 = 0.014 510 £ 10
0.177 £ 0.017 525 £ 10
0.202 = 0.010 546 = 5
0.439 + 0.038 626 = 16
0.478 + 0.07 698 + 22
1.48 = 0.08 900 + 12
212 £ 023 967 £+ 35
2.16 = 0.11 1005 £+ 15
272 = 0.15 1103 £+ 17
3.34 = 0.20 1164 & 17
241 +£0.22 1174 £ 22
3.18 = 0.17 1176 = 17
3.89 = 025 1196 + 17
426 = 0.39 1196 = 37
3.77 = 0.32 1238 + 18
3.68 = 023 1244 + 17
3.58 + 0.27 1261 *= 23
3.80 = 0.37 1261 + 18
4.74 = 0.20 1300 = 18
4.20 + 0.21 1307 + 18
4.84 + 0.50 1314 = 23
5.32 + 0.31 1345 = 18
5.61 *+ 0.34 1365 £ 19
6.44 = 0.53 1396 = 19
5.98 + 0.69 1455 + 20
6.52 = 1.15 1510 = 20
2.6i:1: X 107° 1.83 1396 + 134 6.74 + 0.35 1512 = 20
3 1220 SH-RA Cohen and Bott*
1.25 = 0.6 830 LH-LIF Smith et al. ¥’ 830-1412
225 £ 1.0 870
1.55 = 0.7 930
20X+ 10 966
21 +12 975
1.33 £ 05 1030
3.6 =09 1120
1.7 £ 0.7 1150
235 £ 0.7 1176
3310 1200
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TaBLE 1. Rate constants & and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
10" x 4 ture range
(cm® mole- B 102 % k (cm’ covered
Alkane cule”'s") n (K) molecule~'s™ 1) at T (K) Technique Reference (K)
2.9 + 0.35 1240
4.4 £+ 0.8 1400
42 + 0.8 1412
Methane-'3C 0.00833 c RR [relative to k(CH,)  Rust and Stevens®
— 836 X 105
0.00810 =+ 0.00006 297 =3 RR {relative to k(CH,)  Davidson et al ¥
= 8.18 x 10~
Methane-d, 0.0365 = 0.0017 416 PR-RA Gordon and Mulac®
Methane-d, 0.0299 + 0.0017 416 PR-RA Gordon and Mulac?
Methane-d; 0.0111 = 0.0005 416 PR-RA Gordon and Mulac®
Methane-d; 0.0050 + 0.0002 416 PR-RA Gordon and Mulac?
Ethane 14.0 813 RR [relative to k(H,) Baldwin and Simmons*
=112 X 10~
11.9 1420 RR [relative to k(CO) Fenimore and Jones*' 1420-1610
13.4 1440 = 1.12 X 107 13eb000%077]s
16.3 1600
16.3 1600
19.3 1610
~4.5 1300-1550 RR [relative to k(CO) Westenberg 1300-1550
= 1.12 X 1078l and Fristrom™*
210730 1812 =+ 302 0.478 298 FP-KS Horne and Norrish"? 298-423
0.292 #+ 0.038 302 =2 FP-KS Greiner®
<1.0 300 DF-EPR Wilson and Westenberg'®
6.8 734 RR [relative to k<(CH,)  Hoare and Patel* 734-798
7.9 773 = 6.95 X 107877
10.7 798 e 1287
5.26 773 RR [relative to k(H,) Baldwin et al. ,*
= 9.22 X 1071 Baldwin and Walker*
0.310 = 0.007 297 FP-KS Greiner'* 297-493
0.340 £ 0.010 298
0.282 = 0.007 299
0.239 # 0.013 299
0.304 + 0.035 300
0.224 = 0.042 301
0.457 = 0.010 335
0.750 + 0.050 369
0.936 = 0.058 424
18.677 1232 + 53 1.55 + 0.033 493
0.664 + 0.033 381 PR-RA Gordon and Mulac® 381-416
0.797 =+ 0.050 416
3.74 + 1.2 653 RR [relative to k(CHs)  Hucknall et al. ¥’
=416 x 10-"
0.264 + 0.017 295 £ 2 FP-RA Overend et al.?!
0.290 = 0.060 296 DF-LMR Howard and Evenson*
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24 ROGER ATKINSON
TaBLE 1. Rate constants & and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
102 % A4 ture range
(cm® mole- B 107 X k (cm’ covered
Alkane cule”'s™!) »n (K) molecule™!s™") at T (K) Technique Reference X)
27.8 1300 RR [relative to k(H;) Bradley et al. ®
= 569 X 10717
0.26 + 0.04 298 DF-RF Leu®
0.112 = 0.018 250 DF-RF Anderson and Stephens®®  250-364
0.176 £+ 0.022 275
0.257 = 0.031 298
0.349 + 0.051 322
164 = 2.6 1245 + 46 0.526 + 0.080 364
0.231 + 0.040 295 + 1 DF-RF Lee and Tang®!
0.080 238 LP-RF Margitan and Watson*?
0.259 £ 0.021 297 FP-RF Tully et al.® 297-800
0.771 £ 0.076 400
1.58 = 0.10 499
2.61 = 0.33 609
3.65 = 0.25 697
1.43 x 107% 1.05 911 5.07 + 0.34 800
0.679 + 0.048 403 RR [relative to k(CO) Baulch er al 403-683
1.21 = 0.12 443 = 1.12 X 10~ 13¢0000%077)a
1.30 = 0.09 493
2.51 = 0.18 561
2.26 & 0.25 595
447 + 0.51 683
0.196 £ 0.013 248 DF-RF Jeong et al. 248-472
0.228 + 0.014 273
0.310 = 0.020 294
0.306 + 0.021 298
0.426 + 0.027 333
0.403 = 0.027 333
0.538 =+ 0.035 375
0.529 + 0.034 375
0.799 + 0.054 428
0.770 £ 0.048 429
0.993 + 0.068 464
3.87 X 107° 3.09 -171 = 342 1.03 = 0.067 472
6.11 + 0.60 886 + 35
16.1 1173 0.324 300 PR-RA Nielsen et al. ** ~300-400
0.105 + 0.004 240 FP-RF Smith ez al. 240-295
0.137 £ 0.006 251
0.205 = 0.009 273
18.0 = 25 1240 + 110 0.263 + 0.010 295
0.275 295 DF-RF Devolder et al. >
0.22 + 0.03 295 LP-LIF Schmidt et al ¥
0.267 £ 0.040 295 =2 DF-RF Baulch ez al.®®
0.239 = 0.010 292.5 LP-LIF Tully ef al * 293-705
0.407 = 0.017 340
0.651 + 0.027 396
1.15 = 0.048 478
1.23 + 0.051 484
2.01 = 0.083 577
2.11 = 0.088 586
8.51 x 10=% 2.06 430 3.48 + 0.144 705
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KINETICS OF HYDROXYL RADICAL REACTIONS 25

TaBLE 1. Rate constants k& and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
102 x A4 ture range
(cm?® mole- B 10”2 X k (cm?® covered
Alkane cule”'s'') n (K) molecule!s™') at T (K) Technique Reference (K)
0.298 + 0.021 295 PR-RA Nielsen et al. %
0.127 £ 0.008 248 LP-RA Stachnik et al 248-297
0.129 £ 0.009 248
0.251 = 0.006 297
0.250 %= 0.006 297
0.32 + 0.06 296 RR [relative to k(pro- Edney et al ©

pane) = 1.13 x 10 ¢

0.277 & 0.03 296 + 2 DF-RF Bourmada et al.
0.088 =% 0.013 226 FP-RF Wallington et al * 226-363
0.107 £+ 0.010 241
0.162 # 0.018 261
0.230 =+ 0.026 296
8.4 + 3.1 1050 = 100  0.487 %= 0.055 363
0.261 = 0.013 296 LP-LIF Zabarnick et al. ®
Ethane-d; 0.142 = 0.007 293 LP-LIF Tully et al ™ 293-705
(CH,CD,) 0.250 =+ 0.011 338
0.419 = 0.018 396
0.794 + 0.033 478
1.52 = 0.063 586
7.65 X 1077 2.38 411 2.65 = 0.110 705
Ethane-d, 0.0523 =+ 0.0060 293 LP-LIF Tully et al. ¥ 293-705
(C:Do) 0.105 = 0.007 339.5
0.199 #+ 0.010 396
0.435 %= 0.020 478
0.965 * 0.041 586
2.43 x 1077 2.56 663 1.83 + 0.077 705
Propane 275 793 RR [relative to k(Hy) Baldwin®
= 1.02 x 10~
1.37 = 0.21 298 + 1 FP-KS Greiner®
8.23 753 RR [relative to k(H,) Baker et al. |’
= 831 X 1078 Baldwin and Waltker*
1.21 % 0.08 296 FP-KS Greiner'* 296-497
1.26 = 0.14 298
1.19 4= 0.04 298
1.01 %+ 0.03 299
1.10 = 0.05 299
1.30 £ 0.02 299
1.30 = 0.13 299
1.44 - 0.04 335
1.91 & 0.05 375
2.19 %= 0.07 423
2.92 + 0.12 497
3.19 = 0.15 497
3.15 # 0.07 497
2.97 £ 0.15 497
12077 679 + 38 3.39 = 0.15 497
0.83 + 0.17 300 DF-EPR Bradley et al %
2.1 + 06 298 RR [relative to k(CO) Gorse and Volman®
= 149 x 107"
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26 ROGER ATKINSON

TABLE 1. Rate constants k and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
102 x A4 ture range
(cm*mole- B 102 X k (cm’® covered
Alkane cule”!s”") » (K) molecule™! s ) at 7' (K) Technique Reference (X)
2.16 = 0.10 381 PR-RA Gordon and Mulac® 381-416
1.91 + 0.08 416
53 £ 0.8 613 RR [relative to Hucknall et al. ¥ 613-653
6.5 653 k(cthane) = 1.42
X 10~V 2e—46¥/T}d
2.02 = 0.11 295 + 2 FP-RA Overend et al.?!
1.98 + 0.08 329 £ 5 MPS Harker and Burton™
1.49 + 0.21 300 + 1 RR [relative to Darnall et al.”!
k(n-butane) = 2.56
X 10—]2]d
2.0 300 RR [relative to Cox et al. ™
k(ethene) — 8.44
x 10~
0.686 = 0.107 253 DF-RF Anderson and Stephens®  253-365
0.879 = 0.123 273
0.929 + 0.121 297
1.126 &= 0.163 329
6.21 = 2.37 552 + 113 1.409 =+ 0.195 365
1.21 + 0.05 299 + 2 RR [relative to Atkinson et al. ™
k(n-butane) = 2.55
x 10-12¢
1.05 = 0.04 297 FP-RF Tully et al. % 297-690
1.48 £ 0.06 326
2.51 = 0.20 378
3.37 = 0.23 469
478 = 0.34 554
1.59 X 10~% 1.40 428 8.78 = 0.97 690
1.91 = 0.15 428 RR ([relative to k(CO) Baulch et al * 428-696
2.81 = 0.23 489 = 1.12 X 10~ 13gho0%077]a
2.84 = 0.08 538
4.02 = 0.22 589
4.77 + 0.51 641
7.11 £ 0.68 696
26.2 £ 6.7 1220 £ 15 SH-RA Bott and Cohen™
21.9 + 6.0 1074 LH-LIF Smith et al. ¥
1.0 = 0.2 295 LP-LIF Schmidt et al. ¥’
1.20 = 0.18 295 + 2 DF-RF Baulch et al. *®
1.10 + 0.04 293 LP-LIF Droege and Tully™ 293-854
1.52 = 0.06 342
1.61 + 0.07 351.5
2.14 = 0.09 401
249 = 0.10 428
3.24 = 0.13 491
3.36 = 0.14 501.5
3.34 = 0.14 505
4.84 + 0.20 602
4.84 + 0.20 603
7.28 = 0.30 732
1.04 x 107* 1.72 145 9.31 = 0.38 854
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KINETICS OF HYDROXYL RADICAL REACTIONS 27
TaBLE 1. Rate constants & and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
10 x 4 ture range
(cm® mole- 8 10 X k {(em® covered
Alkane cule™'s™ =& (K) molecuie 's7h) at T(X) Technigue Reference K
i.14 + 0.15 296 RR [relative to Edney et al.
k{n-butane) = 2.51
> 1072
1.38 300 + 3 RR [relative to Behnke ef af. 7
k(n-butane) = 2.56
X 10
1.27 &+ 0.11 295 = 2 PR-RA Nielsen ef al.”’
1.27 = 0.09 300 RR {relative to Behnke ei al
k(series of organics)]
Propane-d» 0.610 + 0.028 295 LP-LIF Droege and Tully” 295-854
(CH,;CD,CH3) (0.802 + 0.034 328.5
1.20 £ 0.05 376.5
1.72 = 0.07 437.2
2.47 = 0.10 503.5
3.79 + 0.16 603
592 £ 0.24 732
2,02 % 10 * 1.63 383 7.86 = 0.32 854
Propane-d; 0.984 + 0.050 295 LP-LIF Droege and Tully” 295-854
(CH;CH,CDsj 1.28 = 0.06 328.5
1.62 = 0.07 376.5
2.17 = 0.09 437.2
2.88 &= 0.12 503.5
4.19 + 0.18 603
6.20 = 0.26 728
226 x 10°° 1.90 40 8.06 = 0.34 854
Propane-ds 0.478 £ 0.021 295 LP-LIF Droege and Tully” 295-840
(CH,CD,CD3) 0.621 £+ 0.026 328.5
0.950 = 0.040 376.5
1.38 = 0.06 4372
1.96 + 0.08 503.5
313 £ 0.13 603
493 = 0.20 728
2.59 x 107° 191 303 6.60 = 0.27 840
Propane-d; 0.826 + 0.040 295 LP-LIF Droege and Tully”™ 295-840
(CD;CH,CD3) 0.999 =+ 0.045 328.5
1.37 + 0.06 376.5
1.79 = 0.08 437.2
2.46 = 0.10 503.5
3.55 = 0.15 603
531 = 0.22 728
1.03 % 107> 2.00 23 6.78 = 0.28 340
Propane-d 0.408 + 0.045 295 LP-LIF Droege and Tully” 295-854
(C;Dy) 0.527 & 0.043 328.5
0.746 + 0.047 376.5
1.09 + 0.06 437.2
1.50 £ 0.07 503.5
2.55 + 0.11 603
425 + 0.18 732
2.36 x 1077 2.53 i5 5.88 + 0.25 854
n-Butane 36.7 793 RR [relative to k(H,) Baldwin and Walker”
= 1.02 x 10" 2
11.0 753 RR [relative to k(H,) Baker et al. "

= 831 x 107"

Baldwin and Walker*
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28 ROGER ATKINSON
TABLE 1. Rate constants k and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
10" x 4 ture range
(cm® mole- B 10" X k (cm? covered
Alkane cule”'s™') n (K) molecule~!s~") at T (K) Technique Reference (K)
2.56 = 0.08 298 FP-KS Greiner™ 298-495
2.59 + 0.22 301
2.79 = 0.32 336
2.96 + 0.10 373
4.85 + 0.18 425
4.12 = 0.15 428
14.1°7] 524 =93 490 + 0.17 495
4.1 298 DF-M$S Morris and Niki®
2.35 £ 0.35 298 FP-RF Stuhl®!
29+ 07 298 RR [relative to k(CO) Gorse and Volman®
= 149 X 10-P]
4.22 = 0.17 298 PR-RA Gordon and Mulac® 298-416
4.15 = 0.17 381
498 + 0.17 416
9.21 = 0.78 653 RR [relative to Hucknall et al. ¥
k(propane)
= 5.98 X 1017
2.34 £ 0.15 292 +2 RR [relative to £(CO) Campbell et al ¥
= 1.58 X 101
2.72 = 0.27 297.7 FP-RF Perry et al.® 298-420
3.54 = 0.35 351.0
17.6 559 + 151 4.69 + 047 419.6
2.67 = 0.22 297 + 2 FP-RA Paraskevopoulos and Nip®
2.52 + 0.25 299 + 2 RR [relative to Atkinson et al. %
k(propene)
=262 X 107"}
1.46 = 0.22 250 DF-RF Anderson and Stephens®  250-365
1.63 = 0.21 274
1.68 = 0.23 297
2.10 = 0.34 329
8.17 = 4.03 443 + 143 2.57 = 0.38 365
2.71 £ 0.32 295 + 1 RR [relative to Atkinson and Aschmann®
k(propene)
= 2.68 X 1011
2.3 +03 295 LP-LIF Schmidt er al
2.42 = 0.10 294 LP-LIF Droege and Tully®’ 294-509
295 = 0.12 332
3.53 £ 0.15 377
4.56 = 0.19 439
2.34 x 107° 1.95 —134 5.84 * 0.25 509
2.70 + 0.34 300 RR [relative to Barnes et al.
k(ethene)
= 8.44 X 10717
2.53 = 0.04 300 RR [relative to Behnke et al.*
k(n-octane)
= 8.76 X 10-'2¢
n-Butane-d 0.697 = 0.068 297 =2 FP-RA Paraskevopoulos and
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KINETICS OF HYDROXYL RADICAL REACTIONS 29

TaBLE 1. Rate constants k and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
102 x 4 ture range
(cm® mole- B 10”2 X k (cm® covered
Alkane cule~!'s"') n X) molecule~'s™") at T(K) Technique Reference (K)
0.893 + 0.037 294 LP-LIF Droege and Tully" 294-599
1.13 &= 0.05 332
1.49 = 0.06 377
2.07 &= 0.09 439
2.87 = 0.12 509
2.92 X 107° 2.20 —33 398 + 0.17 599
2-Methylpropane 20.4 793 RR [relative to k(H,) Baldwin and Walker”™
= 1.02 X 1071
2.13 = 0.12 297 + 1 FP-KS Greiner®
10.5 753 RR [relative to k(H,) Baker er al.,*’
= 831 x 107" Baldwin and Walker*
2.14 = 0.12 297 FP-KS Greiner™ 297-498
2.22 = 0.05 297
2.67 + 0.17 298
2.56 = 0.05 304
2.69 = 0.15 305
3.01 = 0.07 338
2.87 = 0.07 371
3.04 = 0.13 374
3.57 = 0.15 425
8.7°% 387 + 63 425 + 0.22 498
3.5 + 0.9 298 RR [relative to k(CO) Gorse and Volman®°
=149 x 10 "
7.65 + 0.42 653 RR [relative to Hucknalil er al ¥
k(propane) = 5.98
% 10120
2.2 303 RR [relative to Wu et al.”
k (cis-2-butene)
= 549 x 107"}
2.2f 305 RR [relative 1o k(CO) Butler et al.
= 1.59 x 107V
2.36 + 0.05 300 = 1 RR [relative to Darnall et al. !
k(n-butane) = 2.56
% 107728
1.31 £ 0.19 251 DF-RF Anderson and Stephens® 251-360
1.46 + 0.19 274
1.73 &£ 0.25 299
1.95 = 0.25 326
7.67 + 1.12 448 + 42 2.21 = 0.39 360
2.70 = 0.20 267 DF-RF Trevor et al.* 267-324
3.6 298
3.62 = 0.40 324
2.24 + 0.06 297 + 2 RR [relative to Atkinson er al.**
k{(n-butane) = 2.53
X 10—12](]
1.83 =+ 0.34 296 LP-LMR Bohland er al.”
1.9 = 03 295 LP-LIF Schmidt et al.”
2.19 = 0.11 293 LP-LIF Tully et al. 293-864
2,59 + 0.13 342
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30 ROGER ATKINSON
TaBLE 1. Rate constants k and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
10 x 4 ture range
(cm® mole- B 10" X k (cm? covered
Alkane cule”'s™!) =n (K) molecule~!s™!) at T (K) Technique Reference (K)
3.21 = 0.16 403
349 + 0.17 424
4.03 = 0.20 470
4.58 + 0.23 509.5
5.49 + 0.27 574
7.40 = 0.37 705
431 x 10~° 1.80 —175 10.13 + 0.51 864
2.35 + 0.34 298 RR [relative to Edney et al. ©
k(n-butane) = 2.54
x 10~ 17
2-Methylpropane-d, 1.70 = 0.09 293.5 LP-LIF Tully et al.® 294-864
[(CD;);CH] 1.91 + 0.10 343
227 = 0.11 403
2.81 = 0.14 471
3.64 = 0.18 574
528 = 0.26 705
1.08 x 1077 2.57 —569 7.61 = 0.38 864
2-Methyl- 1.36 + 0.07 293.5 LP-LIF Tully et al * 294-864
propane-d, 1.81 = 0.09 344
[(CH3);CD] 244 + 0.12 403
335 = 0.17 473
4.84 + 0.24 574
7.12 = 0.36 705
1.20 X 107* 1.69 85 9.90 + 0.49 864
2-Methyl- 0.956 = 0.067 2935 LP-LIF Tully et al.® 294-864
propane-dyo 1.21 = 0.08 340.5
[(CD3);CD] 1.58 % 0.09 403
2.10 = 0.12 473
3.09 = 0.15 574
492 + 0.25 705
9.12 x 1078 2.63 —352 7.30 = 0.37 864
n-Pentane 15.0 753 RR [relative to k(H,) Baldwin and Walker*
= 831 X 10-9p
6.6 303 RR [relative to Wu et al.”!
k(cis-2-butene) = 5.49
X 101}
3.51 = 0.13 300 £ 1 RR [relative to Darnall er al.”!
k(n-butane) = 2.56
X 10~
5.3 300 RR [relative to Cox et al.™
k(ethene)
= 8.44 X 10 ¢
4.1 300 RR [relative to Barnes et al.”’
k(ethene)
= 8.44 x 10~1¢
4.08 = 0.08 299 + 2 RR [relative to Atkinson et al.
k(n-butane)
= 2.55 X 107"
4.16 300 = 3 RR [relative to Behnke et al.™
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KINETICS OF HYDROXYL RADICAL REACTIONS 31

TABLE 1. Rate constants k and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
107 % 4 ture range
(cm® mole- B 107 X k (cm? covered
Alkane cule”!'s™) n (K) molecule!s™!) at T (K) Technique Reference (K)
427 + 0.16 312 RR [relative to Nolting et al. %
k(n-heptane)
— 7.48 % 10-7J¢
4.12 + 0.05 300 RR [relative to Behnke et al ¥
k(n-octane)
= 8.76 X 10~V
2.88 + 0.37 243 RR [relative to Harris and Kerr® 243-325
295 £ 0.23 263 k(2-methylpropane)
3.40 £+ 0.33 273 = 1.04 x 1077722718
4.05 = 0.19 298
4.34 = 0.40 314
477 = 0.21 325
3.58 + 0.82 247 RR [relative to Harris and Kerr” 247-327
3.14 + 0.37 253 k(r-butane)
3.25 £ 0.28 263 = 1.51 X 10772/ md
3.37 = 0.21 273
3.60 = 0.28 275
3.61 = 022 282
4.25 = 0.15 295
4.22 + 0.37 305
4.01 = 0.36 314
449 = 0.12 325
442 + 0.35 327
4.09 + 0.08 300 RR [relative to Behnke et al ™
k(series of organics)]®
2-Methylbutane 29 + 0.6 305 + 2 RR [relative to Lloyd et al. '®
k(n-butane) = 2.62
X 10712
3.54 = 0.07 300 = 1 RR {relative to Darnall et al. "
k(n-butane) = 2.56
X 10—12]d
3.7 300 RR [relative to Cox et al ?
k(ethene) = 8.44
e 10—[2](1
3.90 + 0.11 297 + 2 RR [relative to Atkinson et al.**
k(n-butane)
=253 X 1077
2,2-Dimethyl- 13.3 753 RR f{relative to k(H,) Baker er al ¢’
propane = 8.31 x 107"
0.740 + 0.020 292 FP-KS Greiner 292-493
0.858 = 0.038 292
0.875 %= 0.025 298
1.16 3= 0.08 335
1.41 = 0.04 370
2.11 = 0.10 424
4.1 844 + 44 2.54 + 0.08 493
8.48 753 RR [relative to k(H,) Baker et al.,'"!
= 831 X 107V Baldwin and Walker*®
0.98 + 0.16 300 + 1 RR [relative to Darnall ez al.”!
k(n-butane)
= 2,56 x 107
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TABLE 1. Rate constants k and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
102 x 4 ture range
(cm® mole- B 102 X k (cm’ covered
Alkane cule”!'s™!) =n (X) molecule ™! s~1) at T (K) Technique Reference (K)
0.91 £+ 0.10 297 =2 FP-RA Paraskevopoulos and

0.76 = 0.05

0.414 = 0.071
0.460 + 0.089
0.533 + 0.098
0.772 = 0.153
6.0 = 4.1 684 + 187 0.987 = 0.231

0.909 £ 0.115
1.27 £ 0.14
2.08 = 0.19
3.17 £ 0.25
4.46 = 0.38
7.02 &= 0.67
10.1 = 1.1
8.60 X 10~° 3.05 —340 125 £ 1.5

0.67 = 0.15

2,2-Dimethyl- 0.180 %= 0.012
propane-di; 0.375 + 0.025
0.728 = 0.048

1.30 £+ 0.09

2.19 = 0.17

394 + 0.34

5.62 = 0.55

1.08 x 1077 2.71 307 8.09 = 0.89

n-Hexane 55 £ 1.1

6.0

5.8 04

5.63 = 0.09

5.55 = 0.20

5.31 = 046

5.58 = 0.55
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299 + 2

249
271
296
327
364

287
350
431
518
600
705
812
901

300
290
352
430
508.5
598
705
812
903

305 =2

303

292

299 + 2

298 + 2

295 £ 1

295

RR [relative to
k(n-butane)
= 2.55 x 107134

DF-RF

LP-LIF

RR [relative to

k(series of organics)]®

LP-LIF

RR [relative to
k(n-butane) = 2.62
X 10—12)(!

RR [relative to
k (cis-2-butene)
= 549 x 107"}

RR [relative to
k(n-butane)
= 247 X 107174

RR [relative to
k(n-butane) = 2.55
X 107174

RR [relative to
k (propene)
= 2.63 x 107"

RR [relative to
k(propene)
= 2.68 X 10~"]¢

RR [relative to
k(n-butane)
=250 x 10774

Nip“

Atkinson et al. %

Anderson and Stephens®  249-364

Tully et gl 3% 287-901

Behnke er al

Tully et al. ' 290-903

Lloyd et al.'®

Wu et al.”

1A 82

Campbell et a

Atkinson et al. '

Atkinson et al. '%

Atkinson and Aschmann®

Klein et al.'®
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KINETICS OF HYDROXYL RADICAL REACTIONS 33
TaBLE 1. Rate constants & and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-~
102 X A4 ture range
(cm® mole- B 102 X k (cm’ covered
Alkane cule”'s™) n (K) molecule ™' s71) at T(K) Technique Reference (K)
6.6 300 RR {relative to Klopffer et al '
k (toluene)
=591 x 10~
5.91 & 0.68 300 RR [relative to Barnes et al. %
k(ethene) = 8.44
X 10- IZ]d
5.60 300 = 3 RR [relative to Behnke et al ™
k (n-butane)
= 256 x 1017
6.2 = 0.6 312 RR [relative to Nolting et al.*®
k(n-heptane)
= 7.48 x 1077
5.66 = 0.04 300 RR [relative to Behnke et al %
k(n-octane)
= 8.76 x 10~
2-Methylpentane 46 + 1.0 305 =2 RR [relative to Lloyd et al '™
k(n-butane)
— 262 x 1012
5.3 300 RR [relative to Cox et al”?
k (ethene)
= 8.44 x 10712)¢
5.57 = 0.23 297 + 2 RR [relative to Atkinson et al.**
k{(n-butane)
= 2,53 x 1012
3-Methylpentane 63+ 1.3 305 £ 2 RR [relative to Lloyd et al '®
k(n-butane)
=262 x 1012
5.67 = 0.11 297 =2 RR [relative to Atkinson et al.®*
k (n-butane)
=253 x 102
2,2-Dimethyl- 2.61 = 0.08 297 + 2 RR [relative to Atkinson et al. **
butane k{n-butane)
= 2.53 x 101
1.28 + 0.26 245 RR [relative to Harris and Kerr® 245-328
1.47 = 0.19 247 k (n-pentane)
1.44 + 0.26 253 = 2.10 x 10177223/ 7d
1.69 = 0.21 263
1.93 = 0.36 273
1.89 = 0.30 283
222 + 0.36 299
2.29 = 0.33 303
244 + 0.25 303
2.62 = 0.26 313
295 + 045 326
2.84 = 0.27 328
2.32 + 0.06 300 RR [relative to Behnke er al. ™
k(series of organics)]®
2,3-Dimethyl- 7.45 + 0.22 300 FP-KS Greiner'* 300-498
butane 6.71 = 0.22 336
6.81 = 0.35 372
7.11 = 0.65 424
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TABLE 1. Rate constants k& and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
10" x 4 ture range
(cm® mole- B 10" X k (cm® covered
Alkane cule~'s™) (K) molecule™'s~') at T (K) Technique Reference X)
4.8%! —129 + 67 594 = 125 498
49 + 10 305 =2 RR {relative to Darnall et al. '
k(2-methylpropene)
= 4.94 x 10~
5.32 £+ 0.28 300 + 1 RR [relative to Darnall et al.”!
k(n-butane)
= 2.56 X 10~
4.0 300 RR [relative to Cox et al. ™
k(ethene) = 8.44
X 10—I2]d
6.18 + 0.05 299 = 2 RR [relative to Atkinson et al. '?
k(n-butane)
= 2.55 x 1014
6.95 + 1.20 247 RR [relative to Harris and Kerr® 247-327
5.66 = 1.21 253 k(n-butane) = 1.51
6.02 * 0.69 263 X 10~V 72!/
5.72 £ 0.95 273
5.75 £ 1.17 275
5.78 + 0.36 282
590 + 0.23 295
595 + 0.42 305
494 = 0.77 314
598 = 0.12 325
5.75 = 0.53 327
n-Heptane 7.21 £ 0.16 299 + 2 RR [relative to Atkinson et al. ™
k{(n-butane)
= 2.55 x 10~
8.2 300 RR [relative to Klopffer et al. %
k(toluene) = 5.91
x 10—12]d
7.10 300 =3 RR [relative to Behnke et al.’®
k(n-butane)
= 2.56 x 10179
7.29 + 0.08 300 RR [relative to Behnke et al. %
k(n-octane)
= 8.76 X 10~ 12
7.28 + 0.08 300 RR [relative to k Behnke er al.”®
(series of organics)]®
2,2-Dimethyl- 3.37 £ 0.03 300 RR [relative to Behnke et al.™®
pentane k(series of organics)]®
2,4-Dimethyl- 5.16 = 0.11 297 + 2 RR [relative to Atkinson et al. **
pentane k(n-butane)
= 2.53 % 10~ 1)
2,2,3-Trimethyl- 523 £ 0.12 296 FP-KS Greiner™ 296-497
butane 4.86 = 0.12 303
4.50 * 0.33 371
4.60 = 0.27 373
7.9*%! 115+ 73 6.33 % 0.19 497

16
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TaBLE 1. Rate constants k& and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
102 x A ture range
{cm® mole- B 10" X k (cm’? covered
Alkane cule's™') n (K) molecule~!s~") at T (X) Technique Reference (X)
3.7 + 038 305 + RR [relative to Darnall er al. '
k (2-methylpropene)
= 4.94 x 10-"]¢
10.1 = 1.3 753 RR [relative to k(H;) Baldwin et al '®
= 831 x 10
4.12 = 0.08 297 + RR [relative to Atkinson er al.**
k(n-butane)
= 2.53 x 10~
3.22 + 0.48 263 RR [relative to Harris and Kerr” 263-303
433 = 041 283 k(n-pentane) = 2.10
4.18 = 0.25 303 X 1071 T?e/1)d
4.02 + 0.57 303
4.40 * 0.60 243 RR [relative to Harris and Kerr” 243-324
4.17 = 0.26 244 k{(n-hexane)
4.03 £ 0.39 253 = 1.35 X 107 e-2/T}d
4.36 = 0.54 263
4.23 + 0.76 273
4.27 + 0.60 282
4.19 = 0.19 295
4.04 + 0.20 314
4.11 = 0.50 324
396 = 0.16 324
n-Octane 842 + 1.25 296 FP-KS Greiner' 296-497
12.0 = 0.7 371
10.8 = 0.5 371
29.5%5% 364 = 60 143 = 04 497
8.89 £ 0.18 299 + RR [relative to Atkinson et al,?
k(n-butane)
= 2.55 X 10712
8.63 300 + RR [relative to Behnke er al.”®
k (n-butane)
= 2.56 X 1017
8.8 =03 312 RR [relative to Nolting et al.*®
k{(n-heptane)
= 7.48 X 1017
2,2-Dimethyl- 4.83 + 0.04 300 RR [relative to Behnke et al ™
hexane k (series of organics)]®
2,2,4- 3.90 + 0.15 298 FP-KS Greiner'* 298-493
Trimethylpentane 3.55 + 0.12 305
4.37 £ 0.23 339
5.25 + 0.15 373
543 + 0.13 423
15.5%3 426 = 63 6.62 + 0.42 493
3.59 + 0.16 297 + RR [relative to Atkinson et al.**
k (n-butane)
= 2.53 x 107
2,3,4- 9.18 = 0.23 243 RR [relative to Harris and Kerr® 243-313
Trimethylpentane 9.10 = 0.96 253 k(n-hexane) = 1.35 X
7.58 * 0.45 263 10~ e —262/7}¢
7.81 &= 0.42 273
6.99 + 0.23 295
6.94 + 0.12 303
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TABLE 1. Rate constants k£ and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
102 x 4 ture range
(cm® mole- B 102 X k (cm? covered
Alkane cule 's™!) =» (X) molecule ' s7!) at T (K) Technique Reference (K)
6.96 = 0.59 313
7.61 £ 0.18 313
2,2,3,3-Tetra- 1.08 = 0.02 294 FP-KS Greiner'* 294-495
methylbutane 1.16 = 0.10 301
1.42 = 0.04 335
2.04 = 0.08 370
2.21 = 0.07 424
162457 802 = 63 352+ 0.12 495
6.65 + 0.83 753 RR [relative to k(H,) Baldwin et al.,'”
= 831 x 10~ Baldwin and Walker*®
1.04 + 0.08 297 =2 RR [relative to Atkinson et al. **
k(n-butane) = 2.53
x 1017
0.948 + 0.020 290 LP-LIF Tully et al.'® 290-738
1.48 = 0.04 348.5
238 = 0.03 423.5
3.58 = 0.05 506
5.27 = 0.09 606
475 x 107 2.20 68 9.36 = 0.35 737.5
n-Nonane 10.5 + 0.4 299 + 2 RR ([relative to Atkinson et al. ™
k(n-butane)
=255 x 10717
10.4 300 £ 3 RR [relative to Behnke et al. 7
k(n-butane)
= 2.56 x 10~17¢
10.1 = 0.3 312 RR [relative to Nolting et al.
k(n-heptane)
= 7.48 x 10-'"7¢
10.3 = 0.2 300 RR [relative to Behnke et al.®
k(n-octane)
= 8.76 x 10~'¢
10.3 = 0.2 300 RR [relative to Behnke er al.™®
k(series of organics)]®
2-Methyloctane 10.1 = 0.12 300 RR [relative to Behnke ef al.
k(series of organics)]®
4-Methyloctane 9.72 £ 0.12 300 RR [relative to Behnke et al.”®
k(series of organics)]®
2,3,5-Trimethyl- 7.88 + 0.09 300 RR [relative to Behnke er al. 7*
hexane k(series of organics)]°
n-Decane 11.3 = 0.6 299 + 2 RR [relative to Atkinson et al.
k{n-butane)
= 2.55 x 10~
11.6 + 0.4 312 RR [relative to Nolting et al.*®
k(n-heptane)
= 7.48 x 1071?7¢
12.4 £ 0.2 300 RR [relative to Behnke er al ¥
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TaBLE 1. Rate constants k and temperature-dependent parameters for the gas-phase reactions of the OH radical with alkanes — Continued
Tempera-
102 x A ture range
(cm® mole- B 10V X k (cm® covered
Alkane cule's™") »n (K) molecule~!s™") at T (K) Technique Reference (K)
124 + 0.3 300 RR [relative to Behnke et al.

k(series of organics)]®

n-Undecane 13.6 = 0.3 312 RR (refative to Nolting et al. *®
k{n-heptane)
— 748 x 107
13.3 0.2 300 RR ({relative to Behnke ef al ®

k(n-octane)
= 876 x 10 "¢

n-Dodecane 15.0 + 0.5 312 RR [relative to Nolting et al. *®
k (n-heptane)
= 7.48 x 10~ 7

13.9 £ 0.2 300 RR [relative to Behnke et al. ¥
k(n-octane)
=876 x 10-17)¢

n-Tridecane 174 = 0.6 312 RR [relative to Nolting et al **
k(n-heptane)
— 748 x 107

15.4 = 0.2 300 RR [relative to Behnke er al. ¥
k(n-octane)
= 8.76 x 10~ !¢

n-Tetradecane 19.2 + 0.7 312 RR [relative to Noilting et al.*®
k(n-heptane)
= 7.48 x 10~

n-Pentadecane 222+ 1.0 312 RR [relative to Nolting et al.*®
k(n-heptane)
= 7.48 x 1071

n-Hexadecane 249 + 1.3 312 RR [relative to Nolting et al.*®
k{(n-heptane)
= 7.48 x 10717)¢

*See Introduction.

®Calculated by least-squares analyses of the cited first-order OH radical decay rates against the CH, concentration.

‘Room temperature, not reported.

9From present recommendations, see text.

“The reference organics and the rate constants (in units of 102 cm® molecule™' s™') used were: #-butane, 2.55; #-hexane, 5.63; n-octane, 8.79;
2,2,3,3-tetramethylbutane, 1.08; 2,2,4-trimethylpentane, 3.70; and hexafluorobenzene, 0.219."

From the data obtained at 100 Torr total pressure. Rate constants derived from the higher pressure data decrease monotonically with increasing
pressure, for unknown reasons.

—1
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TABLE 2. Rate constants k and temperature-dependent parameters for the gas-phase reactions of the OH radical with cycloalkanes

Tempera-
107 x 4 ture range
(cm?® mole- B 102 X k (cm® covered
Alkane cule=!s~) n X) molecule™' s~ 1) at T (K) Technique Reference K)
Cyclopropane 0.08 £ 0.02 295 FP-RF Zetzsch'®
0.062 + 0.014 298 + 2 FP-RA Jolly et al.'!!
Isopropyl- 2.84 + 0.06 298 + 2 RR [relative to Atkinson and Aschmann!!?
cyclopropane k(n-butane)
=254 x 10-7
Cyclobutane 1.2 £03 298 RR [relative to k(CO) Gorse and Volman®
= 1.49 X 10-9p
Cyclopentane 6.1 298 RR [relative to k(CO) Volman'"
= 149 x 105
443 + 0.27 300 £ 1 RR [relative to Darnall et al. ™
k(n-butane)
= 2.56 X 10~
5.26 £ 0.07 299 + 2 RR [relative to Atkinson et al.'®
k(n-butane)
=255 X 10713
5.18 = 0.38 298 =+ 2 FP-RA Jolly et al '
5.02 + 0.22 295 LP-LIF Droege and Tully''* 295-491
6.12 + 0.27 344
723 £ 032 402.5
6.04 X 107* 1.52 —111 945 + 0.41 491
Cyclopentane-dig 1.83 =+ 0.08 295 LP-LIF Droege and Tully''* 295-602
2.46 = 0.11 342
333 £0.15 401
4.81 = 0.21 491
450 x 1073 1.21 257 6.75 £ 0.29 602
Cyclohexane 7.95 + 043 295 FP-KS Greiner" 295-497
8.40 = 0.55 338
7.70 = 0.72 338
11.8 + 0.6 370
9.93 = 0.23 373
10.4 = 0.6 425
10.1 = 0.6 425
2357 319 + 73 124 + 0.4 497
6.7 + 1.7 298 RR [relative to k(CO) Gorse and Volman®
= 149 x 1079
6.6 303 RR [relative to Wu et al.®!
k(cis-2-butene)
= 549 x 10~"]?
7.48 £ 0.05 299 + 2 RR [relative to Atkinson et al. '®
7.43 + 0.26 299 = 2 k{(n-butane)
= 2.55 x 10717
7.07 + 0.42 299 + 2 RR [relative to Atkinson et al. '’
k(propene)
= 2.62 X 107!
7.38 = 0.11 300 + 3 RR [relative to Tuazon et al '
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TABLE 2. Rate constants & and temperature-dependent parameters for the gas-phase reactions of the OH radical with cycloalkanes Continued
Tempera-
10 X 4 ture range
(cm’® mole- 10" X k (cm? covered
Alkane cule”!'s™) n molecule ' s71) at T (K) Technique Reference (K)
5.24 + 0.36 295 PR-RA Nielsen et al. ®
6.22 + 0.45 298 RR [relative to Edney et al.
k(n-butane)
=254 X 10~
8.6 £ 0.8 296 £ 2 DF-RF Bourmada et al. ®
7.14 = 0.31 292 LP-LIF Droege and Tully'"* 292-491
8.49 + 0.37 342
10.1 = 0.44 401
1.09 x 1073 12.9 = 0.56 491
Cyclohexane-dy, 2.76 = 0.12 292 LP-LIF Droege and Tully'"* 292-603
3.64 + 0.16 342
4,83 + 0.21 401
6.94 + 0.30 491
3.48 x 10 9.78 = 0.42 603
Cycloheptane 13.1 + 2.1 298 £2 FP-RA Jolly et al '
11.8 + 0.2 300 RR [relative to Behnke et al ™
k(series of organics)]®
Methylcyclo- 104 = 0.3 297 =2 RR [relative to Atkinson et al %
hexane k (n-butane)
=253 X 10~
Cyclooctane 13.7 + 03 300 RR [relative to Behnke et al. ™
k(series of organics)]®
1,1,3-Trimethyl- 8.73 + 0.09 300 RR [relative to Behnke et al.®
cyclohexane k(series of organics)]®
Bicyclo[2.2.1]- 549 + 0.14 299 + 2 RR [relative to Atkinson et al. '
heptane k{cyclohexane)
= 7.51 X 10~
Bicyclof2.2.2]- 147 £ 1.0 299 + 2 RR [relative to Atkinson et al.'V’
octane k(cyclohexane)
=751 x 10-7
Bicyclo[3.3.0]- 11.0 = 0.6 299 + 2 RR [relative to Atkinson et al. '’
octane k(cyclohexane)
= 7.51 X 1012
cis- 172 = 1.3 299 + 2 RR [relative to Atkinson et al 'V
Bicyclo[4.3.0]- k(cyclohexane)
nonane = 7.51 x 107"
trans- 17.6 = 1.3 299 & 2 RR [relative to Atkinson et al 'V
Bicyclo[4.3.0]- k(cyclohexane)
nonane = 7.51 X 1072
cis- 199 = 14 299 + 2 RR [relative to Atkinson et al. '"7
Bicyclo{4.4.0]- k(cyclohexane)
decane = 7.51 X 1077
trans- 204 + 1.3 299 =2 RR [relative to Atkinson et al. 'V’
Bicyclo[4.4.0}- k(cyclohexane)
decane = 7.51 X 1077
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TABLE 2. Rate constants k and temperature-dependent parameters for the gas-phase reactions of the OH radical with cycloalkanes

Tempera-
102 x 4 ture range
(cm® mole- B 10”2 X k (cm?® covered
Alkane cule™'s7Y) (K) molecule ™! s~1) at T (K) Technique Reference (K)
Tricyclo- 11.3 = 0.4 299 + 2 RR [relative to Atkinson et al '
[5.2.1.0%]- k(cyclohexane)
decane’ = 7.51 x 1071
Tricyclo- 23.1 = 2.1 299 + 2 RR [relative to Atkinson et al 'V
[3.3.1.1%7}- k(cyclohexane)
decane® = 7.51 X 1079
22.1 £ 03 300 RR [relative to Behnke et al. ™

k(series of organics)]®

*From present recommendations (see text).

See Introduction.

°The reference organics and the rate constants (in units of 1072 cm® molecule~

s~') used were: n-butane, 2.55; n-hexane, 5.63; n-octane, 8.79;
2,2,3,3-tetramethylbutane, 1.08; 2,2,4-trimethylpentane, 3.70; and hexafluorobenzene, 0.219.7

TABLE 3. Rate constants & for the gas-phase reactions of the OD radical with alkanes

12
Alkane (cm? llx?ole>c<ullfe*' s at T (K) Technique Reference
Methane 0.0080 =+ 0.0003 300 FP-KS Greiner'®®
Ethane 0.274 + 0.027 300 FP-KS Greiner'®
n-Butane 2.76 + 0.22 297 % 2 FP-RA Paraskevopoulos and Nip*
n-Butane-djo 0.804 + 0.063 297 =2 FP-RA Paraskevopoulos and Nip*
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The absolute rate data of Wilson and Westenberg, '
Horne and Norrish,"? Greiner® (which supersedes the
earlier Toom temperature study of Greiner''), Peeters
and Mahnen,'” Davis et al ,'* Margitan et al.,”® Zellner
and Steinert,” Ernst et g/ ,” Tully and Ravishankara,®
Jeong and Kaufman,*? Jonah er al ,** Madronich and
Felder” and Smith et al*" (which supersedes the earlier
preliminary data reported by Fairchild et al. *°) are plot-
ted in Fig. ! (the absolute room temperature rate con-
stants of Overend er al,”! Howard and Evenson,?
Husain et al.*® and those obtained at elevated tempera-
tures by Dixon-Lewis and Williams,” Gordon and Mu-
lac?® and Cohen and Bott* are not included for reasons
of clarity), while all of the available rate constants ob-
tained at around 298 K are plotted in Fig. 2.

The rate constants obtained from the relative rate
studies of Westenberg and Fristrom,! Fenimore and
Jones,” Fristrom,* Blundell et al.,> Hoare® (which super-
sedes the earlier study of Hoare®), Wilson et al.," Bald-

5x107" -

Ixi07" b N

k(cm3® molecule™! s 1)

| LR

T T

T

N
T

win et al." (which is judged to supersede the earlier
study of Baldwin ef al. ), Simonaitis et al. ,'* Cox et al. ,**
Bradley et al® and Baulch et al,” together with the
absolute rate constants determined by Dixon-Lewis and
Williams,” Gordon and Mulac® and Cohen and Bott,*
are plotted in Fig. 3.

The rate constants obtained by Horne and Norrish'?
for methane (and also ethane, see below) are significantly
higher than the other data, probably due to the occur-
rence of secondary reactions at the high initial OH radi-
cal concentrations used.'* Otherwise, it can be seen from
Figs. 1 and 2 that the data obtained from the absolute
rate constant studies’'''!172326383233 are in general
agreement, although there are certain areas of dis-
crepancy. Thus, the room temperature rate constants
(Fig. 2) range over a factor of 1.7, and at temperatures
>625 K the rate constants obtained by Zellner and
Steinert™ are up to a factor of ~2 higher than those of
Tully and Ravishankara,”® Madronich and Felder” and

METHANE

| | 1 | | | | | | L |
04 0.8 .2 1.6 2.0 24 28 32 36 40 44

1000/ T (K)

Ix107'®
0

F1G. 1. Arrhenius plot of selected absolute rate constants for the reaction of the OH radical with
methane. () Wilson and Westenberg;'® (——— ) Horne and Norrish;'? () Greiner;™ (— — —)
Peeters and Mahnen!’; (l) Davis ef al. ;'* (W) Margitan et al.;'° (V) Zellner and Steinert;> (x)
Ernst et al ;** ((]) Tully and Ravishankara;** (@) Jeong and Kaufman;*'*2 (+) Jonah er al ;**

(A) Madronich and Felder;** (A) Smith ez al. ;%7 ( ) recommendation (see text).
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5x107'% —

METHANE

k(cm3® molecute™! s™1)

IXIO_MLO\‘U'O\&.\'Qg\
- o
@ u)

5x'o—l5 ! s i i
3.30 3.35 340

1000/T (K)

FiG. 2. Arrhenius plot of rate constants for the reaction of the OH
radical with methane at around room temperature. (@)
Wilson and Westenberg;'® (@) Greiner;"' (-—-) Horne and
Norrish;? () Greiner;'* (W) Davis et al;'* (W) Margitan et
al.;”® (A ) Overend et al.;* () Howard and Evenson;2 (V)
Zellner and Steinert;?* (x) Cox et al. ;* (0) Sworski ef al. ;¥
() Tully and Ravishankara;*® (§8) Husain ef al. ;** (@) Jeong
and Kaufman;* (+) Jonah et al;* (A) Madronich and

Felder; ( ) recommendation (see text).

METHANE

k(cm® molecule™ s~}
N
-

1 x107'3 | 1 | | 1 1 1 1 1 1 J
[o] 04 08 1.2 16 20 24 28 32 36 40 a4

1000/ T (K)

FI1G. 3. Arrhenius plot of the relative and selected absolute rate con-
stants for the reaction of the OH radical with methane. (}H)
Westenberg and Fristrom;' () Fenimore and Jones;? (- - -)
Fristrom;* (A) Blundell et al ;° (@) Hoare;® (4) Dixon-Lewis
and Williams;® (—) Wilson et al.;'* (A) Baldwin et al. ;"® (<>)
Simonaitis ez al. ;'° (x) Gordon and Mulac;® (W) Cox et al.
(W) Bradley er al;*® ([]) Baulch er al;** (¢) Cohen and
Bott;* ( ) recommendation (see text).
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Smith et al. ¥ (although the rate constants of Smith et
al.¥’ exhibit a relatively high degree of scatter). These
higher rate constants of Zellner and Steinert® at temper-
atures > 625 K are also probably due to the occurrence
of secondary reactions, as discussed by Tully and Ravis-
hankara.”®

Furthermore, the kinetic data of Jonah et al ,* ob-
tained using a pulsed radiolysis-resonance absorption
technique, yield a linear Arrhenius plot over the entire
temperature range studied (298-1229 K). These rate con-
stants,* while in agreement with other literature data at
~300-380 K and > 600 K, are significantly higher in the
intermediate temperature range of ~400-600 K. Unfor-
tunately, the reasons for these discrepancies are not
presently known.

The remaining absolute rate constant data
23337 are in good agreement, and it is apparent from
these data that the Arrhenius plot of In k vs T~! exhibits
a significant degree of curvature (Fig. 1). The rate con-
stants obtained by Gordon and Mulac® at 381 and 416 K,
while in good agreement with the other literature data
for methane, exhibit significant differences from the liter-
ature rate constants for certain of the other alkanes and
alkenes studied (for example, for »-butane and propene)
and are hence not used in the evaluation of the rate ex-
pression. The datum of Wilson and Westenberg'® has
also been excluded from the evaluation since a stoichio-
metric factor was necessary to derive the rate constant
for the elementary reaction from the measured rate coef-
ficient." Peeters and Mahnen'’ cited only an Arrhenius
expression, not tabulating the individual rate constants,
and hence their data could not be used in deriving the
recommended rate expression.

Thus, the kinetic data of Dixon-Lewis and Williams,’
Greiner," Davis et al.,'® Margitan et al.," Overend et
al. ' Howard and Evenson,” Ernst et al,® Tully and
Ravishankara,”® Husain et al.,” Jeong and Kaufman,*"
Madronich and Felder,” Cohen and Bott*® and Smith ez
al.”” have been used to evaluate the rate constant for the
reaction of OH radicals with methane. A unit-weighted
least-squares analysis of these data,”!4!81921:22.262829,31,32,35-37
using the expression k = CT% 7, yields the recom-
mendation of

9-11,14,17-22,26,28-

k(methane) = (6.957 %)
X 10718 T? =282 £39/T o3 molecule™! s~

over the temperature range 240-1512 K, where the error
limits are two least-squares standard deviations, and

k(methane) = 8.36 X 10~ cm® molecule ' s~! at 298 K,

with an estimated overall uncertainty at 298 K of +20%.
This recommendation is almost identical with that of

k(methane) = 6.95

X 107" T2 =2 o3 molecule ! s~
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derived by Atkinson'® from an evaluation of the abso-
lute rate constant data over the more restricted tempera-
ture range <1250 K, and is ~10% higher than that of
Bauich et al '*' of

k(methane) = 2.5
X 10—18 T2.13 e—lZ}O/T Cm3 molecule—] Svl

over this temperature range of 240-1500 K.

As shown in Fig. 3, the rate constants derived from
the relative rate studies of Westenberg and Fristrom,'
Fenimore and Jones,” Wilson et al,'* Baldwin et al ,®
Cox et al.** and Baulch et al.** are in reasonably good
agreement with the recommended rate constant expres-
sion. This good agreement allows the related studies of
these groups to be used in the evaluations of the rate
constant data for those organic compounds for which
less accurate absolute rate data are available or for
which absolute rate data are available only for a re-
stricted temperature range around 298 K. However, the
rate constants obtained by Fristrom," Hoare and co-
workers,>®” Blundell et al,’ Simonaitis et al '° and Bra-
dley et al®® show significant discrepancies with the
present recommendation, and related studies by these
groups are hence given less weight in the evaluations of
the rate data for other organic compounds in this article.

(2) Methane-'*C, Methane-d,, Methane-d, and Methane-d,

The limited data available (Table 1) show that there is
no significant isotope effect for the reaction of OH radi-
cals with *CH,, when compared to *CH,.*** The mag-
nitude of this isotope effect is of importance with regards
to the enrichment of atmospheric methane in “C relative
to its sources, and the most recent determination of
Davidson et al. ¥ of

k (methane-"*C)/k (methane-"C)
= 1.010 &= 0.007 at 297 = 3 K

is recommended.

As expected because of the increased bond dissocia-
tion energy for C—D bonds versus C—H bonds, the rate
constants for the reaction of OH radicals with methane
and the deuterated methanes are observed to decrease
monotonically along the series CH, > CH;D > CH,D,
> CHD; > CD,, by a factor of ~1.8 per C—D wvs.
C—H bond at 416 K.

(3) Ethane
The available literature rate constants are given in

Table 1, and are plotted in Arrhenius form in Figs. 4 and
5. As for methane, the rate constants obtained by Horne

and Norrish" are significantly higher than the more re-
cent absolute rate data, presumably due to the occur-
rence of secondary reactions at the high initial OH
radical concentrations used.* The absolute rate constant
studies of Greiner,'* Gordon and Mulac,” Overend et
al. ' Howard and Evenson,”® Leu,” Anderson and
Stephens™ (but see below), Lee and Tang,”’ Martigan
and Watson,” Tully et al. ,*** Jeong et al. ** (at tempera-
tures >273 K, see below), Nielsen et al ,**® Smith et
al.,”® Devolder et al ,’® Schmidt et al.,”” Baulch et al. ,*®
Stachnik et al ,* Bourmada et al ,* Wallington et al *
and Zabarnick et al ® are in generally good agreement.
Many of these rate constant determinations were carried
out to assess the reliabilities of experimental systems for
the determination of OH radical reaction rate constants
for other reactant molecules.

However, somewhat disturbing is the marked dis-
agreement at temperatures 5250 K between the rate
constant determined by Jeong et al* and those of
Margitan and Watson,” Anderson and Stephens™
(though it should be noted that for n-butane, 2-methyl-
propane, 2,2-dimethylpropane and, to a lesser extent,
propane, the rate constants determined by Anderson and
Stephens™ are significantly lower than other literature
data), Smith ez al.,” Stachnik et al ' and Wallington et
al. ® This discrepancy at low temperatures (i.e., 5270 K)
may suggest that erroneously high rate constants were
measured in this temperature regime for methane, ethane
and a series of haloalkanes by Jeong and Kaufman®' and
Jeong et al.,** thus leading to an exaggerated curvature
in their Arrhenius plots (see also the section below
dealing with the reactions of OH radicals with the
haloalkanes). Clearly, further experimental data are
needed for the reaction of OH radicals with ethane at
temperatures <275 K.

Since the rate constants obtained by Gordon and
Mulac,” Anderson and Stephens,™ Lee and Tang,”' and
Nielsen et al. **® for certain other organic reactants do
not agree with the recommendations (see below), the
data from these studies have not been used in the present
evaluation. Furthermore, due to a lack of experimental
details, the rate constant of Schmidt ez al > has also been
omitted from the data set used in the evaluation. Thus,
the absolute kinetic data of Greiner,'* Overend et al ,*!
Howard and Evenson,® Leu,” Margitan and Watson,”
Tully et al ,*** Jeong et al.,** Smith et al.,** Devolder et
al. ,”® Baulch et al. ,*® Stachnik ez al. %' Bourmada et al ,%
Wallington et al. * and Zabarnick et al. % have been uti-
lized. A unit-weighted least-squares fit of these data, us-
ing the expression k = CT% ?7, vyields the
recommendation of

k(ethane) = (1.427%%))

—0.18
X 1077 T? e 2 =4Tem’ molecule ™' s7!
over the temperature range 226-800 K, where the indi-

cated error limits are two least-squares standard devia-
tions, and
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k(ethane) = 2.68 X 10" cm® molecule' s~' at 298 K,
with an estimated overall uncertainty at 298 K of +20%.
This recommendation is essentially identical to that of
Atkinson'?® of

k(ethane) = 1.37 X 107" T? =T cm® molecule™! s~!
over the temperature range 238-800 K, but is signifi-
cantly different, especially at 1000 K, from that rec-

ommended by Baulch et al. '*! of

k(ethane) = 2.3 X 107" ¢~ 3%T cm® molecule ™! s,

The rate constants obtained by Fenimore and Jones,*'
Westenberg and Fristrom,” Hoare and Patel* and Bra-
dley et al. ” from relative rate studies exhibit a significant
degree of scatter about the recommended rate expression
(Fig. 4), with the rate constant derived from the study of
Bradley et al.* being significantly dependent on which
reference reaction of OH radicals (with H, or CO) is
utilized. However, the relative rate data of Baldwin er
al. *** Hucknall et al.,* Baulch et al. ** and Edney et al. @
are in good agreement with the recommendation, sug-
gesting that the related studies of Baldwin and co-work-
ers* and Edney et al® for more complex organic
compounds can be used with some confidence in the rate
constant evaluations.
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Fic. 4. Arrhenius plot of rate constants for the reaction of the OH radical with

ethane. (¥ ) Fenimore and Jones;*' (}H) Westenberg and Fristrom;* (- . -)
Horne and Norrish;"? (@) Hoare and Patel;* (<>) Baldwin et al. ;% (Q)
Greiner; (+) Gordon and Mulac;* (@) Hucknall ef al ;¥ ((J) Bradley et
al. ;¥ (V) Anderson and Stephens;* (¢ ) Margitan and Watson;* (x) Tully ez
al.;* (@) Baulch ef al ;** (A) Jeong et al.;* (— — —) Nielsen ez al.;** (A)
Smith er al.;** (W) Tully et al;® () Stachnik et al ;%' (@) Wallington et
al. ;% ( ) recommendation (see text).
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Fic. 5. Arrhenius plot of the rate constants for the reaction of the OH

radical with ethane at around room temperature. (- - -) Horne
and Norrish;'? (@) Greiner;* () Greiner;'" (#) Overend ez
al 2! Smith et al. ) Baulch er al.;*® (<)) Howard and Even-
son;*® (@) Leu;* (V) Anderson and Stephens;™ (W) Lee and
Tang;”' (x) Tully et al.;** (A) Jeong et al.;** (— — —) Nielsen
et al. ;> (<>) Devolder ef al.;* (+) Schmidt ef al. ;> (M) Tully
et al.;* (®) Nielsen et al ;% ((7]) Stachnik er al ;* (I>) Edney
et al.;* (@) Bourmada et al. ;% (0) Wallington et al. ;* (Q)
Zabarnick et al.;% ( ) recommendation (see text).

(4) Ethane-d; (CH,CD;) and Ethane-d;

Rate constants for CH;CD; and C,Dy (as well as C,Hy)
have been determined by Tully et al * using a laser pho-
tolysis-laser induced fluorescence technique (Table 1).
From these data, Tully et al*® observed that the rate
constants for the —CH,; and/or —CD; groups
[k(—CH,) and k(—CD,), respectively] could be treated
as being independent of the neighboring —CH; or
—CD; group, and hence that for CH;CD,; the rate con-
stant is given to a very good approximation by,

k(CH,CD;) = k(—CHz) + k(—CDy)
with a deuterium isotope effect of™

k(—CHy)/k(—CDs) = (1.01 = 0.06) e = 20/7
(5) Propane

The available kinetic data for propane, propane-d; and
a series of partially deuterated propanes are given in
Table 1, and the rate constants for propane of Baker ef
al. ,**¢7 Greiner,"* Bradley et al.,*® Gorse and Volman,*
Gordon and Mulac,”® Hucknall ef al.,¥ Overend et al. ,*!
Harker and Burton,” Cox et al,” Anderson and
Stephens,™ Atkinson et al.,” Baulch et al.,”**® Bott and
Cohen,”* Smith er al,” Schmidt et al,”” Droege and
Tully”™ and Behnke et al ™ are plotted in Arrhenius form
in Fig. 6. For reasons which are not understood, a signif-

icant amount of scatter in these rate constants is ob-
served (up to a factor of >2 at room temperature). The
absolute rate constants determined by Anderson and
Stephens50 at >298 K are consistently lower, by ~20%,
than those of Greiner'* and Droege and Tully.” (This
most recent study of Droege and Tully” supersedes the
earlier work of Tully ef al.,> which is believed to be in
error due to a temperature calibration error”). Addition-
ally, the rate constants at around room temperature of
Bradley et al.,® Gorse and Volman,® Overend et al ,*!
Harker and Burton™ and Cox et al.” disagree with the
remaining absolute rate constant data by significant fac-
tors.

PROPANE
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Fi1G. 6. Arrhenius plot of the rate constants for the reaction of the OH

radical with propane. (4) Baker et al.;**®” () Greiner;"* (W)
Bradley et al ;% (O) Gorse and Volman;® (4) Gordon and
Mulac;® (@) Hucknall er al;*" (W) Overend et al;” (©)
Harker and Burton; (@) Cox et al;? (V) Anderson and
Stephens;™ (@) Atkinson et al.;” (A) Baulch er al.;** (A) Bott
and Cohen;”* (@) Smith er al;¥’ (x) Baulch er al;* ()
Schmidt et al.;*” ((]) Droege and Tully;” ({}) Behnke et al. ;"
() recommendation (see text).

The absolute rate constants of Greiner,"* Bott and
Cohen,™ Smith et al ,*’ Baulch e al ** and Droege and
Tully” and the relative rate constants of Baker et al. **
and Atkinson et al. * (which supersedes the study of Dar-
nall et al. ") are utilized for the evaluation of the overall
rate constant for this reaction. Using the expression
k=CT? "7, a unit-weighted least-squares analysis of
these data yields the recommendation of

k(propane) = (1.507%"")

—0.16
X 1077 T? e~ * /T cm® molecule™' s~
over the temperature range 293-1220 K, where the indi-

cated error limits are two least-squares standard devia-
tions, and
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k(propane) = 1.15
X 1072 cm® molecule™! s~} at 298 K,

with an estimated uncertainty at 298 K of +30%. Over
the temperature range ~290-1200 K this recommenda-
tion is similar to those of

k(propane) = 1.27 X 107" T? ¢'*7 cm® molecule ™' s~!
recommended by Atkinson'” and
k(propane) = 1.8 X 1072 T>% ¢*¥T cm® molecule ™' s~

recommended by Baulch ez al. '*!

As for methane and ethane, the relative rate constant
data of Baulch et al. * are in reasonably good agreement
with this recommendation. Furthermore, the rate con-
stants derived from the recent relative rate studies of
Edney et al. ® and Behnke et al.”® [which is relative to a
series of organic compounds and cannot be readily
reevaluated using the present recommendations (though
the rate constants used” for the alkane reference com-
pounds are within 2% of the present recommendations)]
are in good agreement with the present recommenda-
tion.

Knox et a carried out competitive oxidations of
ethane and propane over the temperature range 547-
768 K, and determined that the relative disappearance
rates of ethane and propane were essentially independent
of temperature over this range, with a value of 0.44 +
0.03. It is likely that the major loss process for these
alkanes in the experimental system used was by reaction
with the OH radical,® and this relative rate constant of

l 122

k(ethane)/k(propane) = 0.44 = 0.03

is in reasonable agreement with that of 0.44 at 547 K,
increasing to 0.55 at 768 K, calculated from the present
recommendations for ethane and propane.

Since propane contains non-equivalent C—H bonds,
the overall rate constant is the sum of the contributions
from the two primary —CH, groups and the secondary
—CH,— group, with

k = 2k(_CH3) + k(—CH2_) = kprimary + ksecondary-

Using the absolute rate constants determined for C;H,,
CH,;CD,CH,, CH;CH,CD,;, CH,CD,CD;, CD;CH,CD;,
and C;D, Droege and Tully” showed that the —CHj,,
—CD;, —CH,— and —CD,— groups could be treated
as having group rate constants which were independent
of the H/D isotopic nature of the neighboring group(s).
Utilizing the deuterium isotope ratio of k(—CHs)/
k (—CD:;) obtained from their related kinetic study of the

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

OH radical reactions with C,Hs,, CH,CD; and C,D,,*
Droege and Tully” obtained

2k(—CH;) = 1.75
X 107 7% =T cm® molecule™! s,
k(—CH,—) = 7.76

X 10717 T8 T cm? molecule ™! !
and

k(—CH,—)/k(—CD,—) = (1.13 % 0.19) @2 * /T

Thus, from these data,”

k("’CHZ_) _ ksecondarx _ .64 _816/T
2k(—CHD (—CH)) = Kyinuy — 0.00443 T°% ¢

for propane, and hence K .condary/ Kprimary = 0.91 at 753 K.
This ratio derived from kinetic measurements is in rea-
sonable agreement with that of 1.2 = 0.1 obtained by
Baker et al '* from a product study at 753 K.

Over the temperature range 250-1000 K, this ratio of
Ksecondary/ Kprimary fOT propane of 0.00443 7°% e¥%T can be
well approximated by the Arrhenius expression of

S60/T
ksecondary/kprimary = 039 [ s

centered at 400 K. This K.condary/ Kprimary Tatio can then be
combined with the recommended expression for the
overall rate constant of (Kpimary + Ksecondary) to yield the
individual OH radical reaction rate constants for H-
atom abstraction from the primary and secondary C—H
bonds in propane at any temperature in the range ~290-
850 K.

(6) n-Butane and n-Butane-dy

The available kinetic data for n-butane are given in
Table 1, and the rate constants of Baker et al ,**¢
Greiner," Morris and Niki,*® Stuhl,*® Gorse and
Volman,” Gordon and Mulac,” Hucknall ef al.,* Camp-
bell et al.,** Perry et al,*® Paraskevopoulos and Nip,*
Atkinson e al. ,** Anderson and Stephens,*® Atkinson and
Aschmann,®® Schmidt et al,” Droege and Tully,”
Barnes ef al. ® and Behnke et al. ® are plotted in Fig. 7.
Unfortunately, the degree of scatter of these reported
data is almost a factor of 2.5 at room temperature. The
absolute rate constant data of Gordon and Mulac®
(which also show significant discrepancies with more re-
cent data for propene), Anderson and Stephens® (which
are also significantly lower than other reported data for
2-methylpropane and 2,2-dimethylpropane), Schmidt et
al.’” and Morris and Niki,* together with the relative
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FiG. 7. Arrhenius plot of the rate constants for the reaction of the OH

radical with n-butane. (4) Baker et al.;**” (O) Greiner;"* (x)
Morris and Niki;* (A) Stuhl;*' (w) Gorse and Volman;®® (4)
Gordon and Mulac;® (@) Hucknall et al.;*’ ((®) Campbell er
al. ;¥ (@) Perry et al. ;¥ (A) Paraskevopoulos and Nip,** Atkin-
son and Aschmann;® (<>) Atkinson et al.,** Behnke et al ;%
(V) Anderson and Stephens;® ((}) Schmidt ez al;* ()
Droege and Tully;¥ (@) Barnes et al.;* ( ) recommen-
dation (see text).

rate constants of Gorse and Volman,® Hucknall et al ¥
and Campbell et al ,* have not been used in the evalua-
tion. Furthermore, due to the availability of apparently
reliable absolute rate constant data and the frequent use
of n-butane as a reference compound in relative rate
studies, the room temperature rate constants of Atkinson
et al ¥ Atkinson and Aschmann,® Barnes er al % and
Behnke et al.* derived from relative rate studies were
also not utilized to derive the recommended rate expres-
sion.

Thus, a unit-weighted least-squares analysis of the ab-
solute rate constants of Greiner," Stuhl,®' Perry et al ,%
Paraskevopoulos and Nip* and Droege and Tully®*’ and
the relative rate constant of Baker e al.,**® using the
expression k = CT? 7, yields the recommendation of

k(n-butane) = (1.517°%%)

—0.25

X 10717 T? 10+ /T om3 molecule ™ s7!

over the temperature range 294-753 K, where the indi-
cated error limits are two least-squares standard devia-
tions, and

k(n-butane) = 2.54
% 107" cm® molecule ! s~ ! at 298 K,

with an estimated overall uncertainty at 298 K of =20%.
This recommendation is almost identical to the three-
parameter expression of

k(n-butane) = 1.49 x 10=7 77 ¢'*7 cm’ molecule ' s~!

obtained by Atkinson'” (and is very similar over the
temperature range ~290-510 K to the Arrhenius expres-
sion of

k(n-butane) = 1.55 X 107" e~ *¥T cm’® molecule™' s~'

recommended by Atkinson'”) and over the range 298-
1000 K agrees to within 409% with that of

k(n-butane) = 1.7 X 10~ T** cm® molecule ' s~

recommended by Baulch et al '

The absolute rate constant of Schmidt et al* is in
good agreement with the recommendation, as are the
rate constants obtained from the relative rate studies of
Hucknall et al,” Campbell et al ,** Atkinson et al ,*
Atkinson and Aschmann,® Barnes et al. ®® and Behnke et
al.® The rate constants reported by Morris and Niki,*
Gordon and Mulac,” and Anderson and Stephens™ ex-
hibit significant discrepancies with the recommended
rate expression.

For n-butane-d;,, the room temperature rate constant
determined by Paraskevopoulos and Nip* is ~20%
lower than the more recent measurements of Droege and
Tully.” From their experimental data for n-butane and
n-butane-d,,* the deuterium isotope ratio obtained for
ethane™ and the rate constant ratio for H-atom abstrac-
tion from the primary and secondary C—H bonds in #-
butane of

kprimary/ksecondary - k(_CH3)/k(—CH2_) = 1035 67536/7‘
estimated by Atkinson,'”* Droege and Tully* derived the
rate constants for H-atom abstraction from the —CH,;
and — CH,— groups in n-butane of
Kprimary = 2k(—CH3) = 6.86

% 10717 T'B 73T cm?® molecule™ s,

ksecondary - 2k(_ CH2 —) = 1.20

X 10718 7184 o 24T om3 molecule ™! 57!
and

k(—CH,—)/k(—CD,—) = (1.31 = 0.12) %6 *3/7

At 753 K, the ratio of kecondary/Kprimary = 1.88 calculated
from the above expressions for K, imary, and Kecondary 18, a8 it
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should be, similar to that of 1.97 estimated by Atkin-
son,'”* and is in reasonably good agreement with the ra-
ti0 Of Kecondary/Kprimary = 2.2 determined by Baker er al. '
from a product study.

As expected, these individual rate constants for H-
atom abstraction from the primary and secondary C—H

bonds in #-butane are totally consistent with the ratio of

k k(—CH,—)
secondary __ 2 _ 536/T
—EConcary A(—CHY (—CHy — 0.966 ¢

kprimary

estimated by Atkinson'* for the temperature range 250-
1000 K. Use of this expression, together with the recom-
mendation for the overall OH radical reaction rate
constant with xn-butane, allows the individual rate con-
stants for H-atom abstraction from the —CH,; and
—CH,— groups in r-butane to be calculated.

(7) 2-Methylpropane and 2-Methylpropane-d,, -d, and -dy,

The available kinetic data are given in Table 1, and the
rate constants of Baker et al ,**®” Greiner,'* Hucknall et
al.,Y” Wu et al.,”) Anderson and Stephens,® Trevor et
al. ,* Atkinson et al.,** Bohland et al ,”> Schmidt et al.,”’
Tully et al. *® and Edney et al. ® for 2-methylpropane are
plotted in Fig. 8. The relative rate constant of Butler et
al ** is only of an approximate nature, and those of Bald-
win and Walker,” Greiner,” and Darnall e al” have
been superseded by the more recent studies of these
groups.'***% Significant discrepancies still exist, how-
ever, with the data of Anderson and Stephens™ being a
factor of ~ 1.5 lower, and those of Trevor et al. ** being a
factor of ~ 1.5 higher, than the data of Greiner,'* Atkin-
son et al.* and Tully et al. *

In accordance with the criteria used to evaluate the
rate constants for methane, ethane, propane and r-bu-
tane, the data of Baker er al ,***” Greiner,' Atkinson er
al.®* and Tully et al.*® have been used to derive the rec-
ommended rate expression. The Arrhenius plot (Fig. 8)
exhibits curvature, and a unit-weighted least-squares fit
of these data,'****% ysing the expression k = CT% 27,
yields the recommended expression of

k (2-methylpropane) = (1.04"")

—0.13
X 10717 T? 7 = ¥T cm?® molecule ™! 57!
over the temperature range 293-864 K, where the indi-
cated error limits are two least-squares standard devia-
tions, and
k(2-methylpropane) = 2.34 X 10~'? cm® molecule™! s~!
at 298 K, with an estimated overall uncertainty at 298 K

of *+25%. This recommended expression is essentially
identical to that of
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Fi1G. 8. Arrhenius plot of rate constants for the reaction of the OH

radical with 2-methylpropane. (4) Baker et al;**7 ()
Greiner;'* (<>) Hucknall et al. ;*” (W) Wu et al. ;*' (V) Anderson
and Stephens;™ (W) Trevor et al.;* (@) Atkinson et al. ;** (A)
Bohland et al.;* (A) Schmidt et al ;¥ () Tully ez al ;* (x)
Edney et al. ;% ( ) recommendation (see text).

k(2-methylpropane) = 9.58
X 107" T? &7 cm® molecule ' s~!

recommended by Atkinson'® over this same temperature
range, and agrees well with that of Baulch ef al ' of

k(2-methylpropane) = 3.2
X 10721 731 3T cm?® molecule ™! s™!

over the temperature range 298-1000 K, but diverges
rapidly at temperatures below 298 K.

The room temperature absolute rate constants of Boh-
land et al,” Schmidt et al® and the rate constants
derived from the relative rate studies of Hucknall ez al. ,*’
and Edney et al. ® are in reasonable’”® or good*”* agree-
ment with the present recommendation.

From the study of Falconer et al. '* of the competitive
oxidations of a series of alkanes, and assuming that the
major loss process for these alkanes was by reaction with
the OH radical, a rate constant ratio of

k(propane)/k(2-methylpropane) = 0.67

was obtained over the temperature range 583-693 K.
This rate constant ratio is in reasonable agreement with
that derived from the present recommendations of 0.83
at 583 K, increasing to 0.91 at 693 K.
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Tully et al® also determined rate constants for the
reactions of the OH radical with (CH;);CD, (CD;);CH
and (CD;);CD. As expected, at a given temperature the
rate constants for these partially or fully deuterated 2-
methylpropanes are significantly lower than that for
(CH;);CH. These rate constant data were shown to be
accurately expressed by

k = kprimary + kleniary

where Kjimay and K., are the rate constants for H-
atom abstraction from the primary C—H or C—D bonds
[= 3k(—CH,) or 3k(—CD,)] and the tertiary C—H or
C—D bonds [= k(>CH-—) or k(>CD—)], respec-
tively.’® Values of

3k(—CH,) = 3.81

X 107" T YT cm’ molecule™! s7',
3k(—CD;) = 4.13

X 1072 777 e 2™7T cm’ molecule ™' 57/,
k(>CH-) = 9.52

X 1071 795 =37 om® molecule ™! s~}
and

k(>CD—-) = 1.05 X 107 7" "7 cm® molecule™' s !

were obtained.”® For (CH;);CH, a ratio of the rate con-
stants for H-atom abstraction from the primary and
tertiary C—H bonds of

Kiexii k(>CH-) _ 7

tertiary __ — 1.02 \359/7

kprimary 3k(_CH3) 250 T ©

was obtained, and over the temperature range 250-1000

K this is reasonably well approximated by the Arrhenius
expression of

kter“ary/kprimary = 0.200 8767/7")

centered at 400 K. Use of this ratio of kieiary/Kprimarys t0-
gether with the recommended overall rate constant ex-
pression, allows the individual rate constants for H-atom
abstraction from the primary and tertiary C—H bonds in
2-methylpropane to be calculated over the temperature
range ~290-860 K.

(8) n-Pentane

The available rate constant data are given in Table 1,
and the rate constants obtained by Baldwin and
Walker,* Wu et al),”! Cox et al.,”* Barnes et al. ,*” Atkin-
son et al.  (which supersedes the earlier study of Darnall
et al. "), Behnke et al.,’** Nolting et al.*® and Harris and
Kerr” are plotted in Fig. 9. All of these rate constants

were obtained from relative rate studies, with those of
Wu et al.”" and Cox et al. ™ being subject to significant
uncertainties. At room temperature the relative rate con-
stants of Barnes et al,” Atkinson et al,”* Behnke er
al.,”*™% Nolting et al. ** and Harris and Kerr® are in ex-
cellent agreement. Furthermore, the rate constants
derived by Harris and Kerr” relative to those for the
reactions of OH radicals with n-butane and 2-methyl-
propane are in good agreement, showing that the rate
constants for n-butane, #-pentane and 2-methylpropane
are self-consistent.
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FiG. 9. Arrhenius plot of rate constants for the reaction of the OH

radical with n-pentane. (4) Baldwin and Walker;* (A ) Wu
et al.;*' (W) Cox er al;”* ([]) Barnes et al.” and Atkinson er
al. ;" (A) Behnke er al. ;"% (V) Nolting et al. ;> (O) Harris and
Kerr,” relative to n-butane; (@) Harris and Kerr,” relative to
2-methylpropane; ( ) recommendation (see text).

The rate constants of Baldwin and Walker,*® Atkinson
et al.,” Behnke et al.,”** Nolting et al. *® and Harris and
Kerr®” have been used in the rate constant evaluation. A
unit-weighted least-squares analysis of these data, using
the equation k = CT’¢ 7, yields the recommendation
of

k(n-pentane) = (2.107°%)

—-0.33
X 10717 T2 @2 9T om’ molecule ™! s!
over the temperature range 243-753 K, where the indi-

cated errors are two least-squares standard deviations,
and

1

k(n-pentane) = 3.94 X 107'"* cm® molecule ™' s~'
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at 298 K, with an estimated overall uncertainty at 298 K
of +25%. Over the temperature range 250-1000 K, the
rate constants given by this recommended rate expres-
sion are in good agreement (within 5%) with those cal-
culated using the estimation method of Atkinson,?*'?’
indicating that the above recommendation is self-consis-
tent with those for the other alkanes. This point is dis-
cussed in more detail below.

(9) 2-Methylbutane

Rate constants for 2-methylbutane are only available
at around room temperature (Table 1), and all are
derived from relative rate studies.”"’>**'® The agreement
is reasonable, and a rate constant of

k(2-methylbutane) = 3.9 X 107" cm® molecule™! s~!

at 298 K is recommended from the most recent study of
Atkinson et al.,** with an estimated overall uncertainty
of +40%.

(10) 2,2-Dimethylpropane and 2,2-Dimethylpropane-d,,

The available data are given in Table 1, and those of
Greiner,'* Baker et al ,*'' Paraskevopoulos and Nip,*
Atkinson et al.,'” Anderson and Stephens,” and Tully et
al.® (which supersede the data reported earlier by Tully
et al.'®) for 2,2-dimethylpropane are plotted in Fig. 10.
The rate constant of Darnall ez al ™ has not been in-
cluded since this work has been superseded by the more
recent study of Atkinson et al ' using a more reliable
and precise technique. Consistent with the data for
propane, n-butane and 2-methylpropane, the rate con-
stants obtained by Anderson and Stephens® for 2,2-
dimethylpropane are ~30% lower than those of
Greiner," Paraskevopoulos and Nip,* Atkinson ez al. ,'?
and Tully et al,” all of which are in excellent agree-
ment.

The rate constant for this reaction is evaluated from
the data of Greiner,!* Baldwin and Walker,* Paraskevo-
poulos and Nip,* Atkinson et al. ' and Tully et al. ® The
Arrhenius expression clearly exhibits significant
curvature (Fig. 10), and a unit-weighted least-squares
analysis of these data,'**%812 yging the expression
k = CT?% 7, yields the recommendation of

k(2,2-dimethylpropane) = (1.79%°%)

—0.21

X 10717 T? =18 = 4WT o3 molecule ™' s~

over the temperature range 287-901 K, where the indi-
cated errors are two least-squares standard deviations,
and
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k(2,2-dimethylpropane) = 8.49

X 107" cm® molecule~! s~! at 298 K,
with an estimated overall uncertainty at 298 K of £20%.
This recommended expression is virtually identical to
that of
k(2,2-dimethylpropane) = 1.75

X 1077 T* e="T cm® molecule ™! s~!
recommended by Atkinson'? over this same temperature
range and is in good agreement (within ~20% over the
temperature range 290-750 K) with that of
k(2,2-dimethylpropane) = 7.5

X 107¥ T*% =T cm3 molecule ™! s~}

recommended by Baulch et al '*
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FiG. 10. Arrhenius plot of rate constants for the reaction of the OH
radical with 2,2-dimethylpropane. () Greiner;' (¢) Baker
et al.;**'%" (M) Paraskevopoulos and Nip;* (@) Atkinson
et al ;' (V) Anderson and Stephens;® (A) Tully et al ;¥
( ) recommendation (see text).

From the study of Falconer et al. '* of the competitive
oxidations of a series of alkanes, and assuming that the
major loss process for these alkanes was by reaction with
the OH radical, rate constant ratios of
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k(ethane)/k (2,2-dimethylpropane) = 0.14 &*®'7
over the temperature range 601-768 K and
k(2,2-dimethylpropane)/k (2-methylpropane)
= 0.26 ™7

over the temperature range 599-765 K were obtained.'”
These rate constant ratios of

k (ethane)/k (2,2-dimethylpropane) = 0.53 to 0.40
and
k(2,2-dimethylpropane)/k (2-methylpropane)
= 0.50 to 0.60

over the temperature ranges studied are in reasonably
good agreement with the values of 0.50 to 0.55 and 0.79
to 0.94, respectively, calculated from the above rate con-
stant recommendations.

As expected from the higher bond dissociation energy
for C—D versus C—H bonds, the rate constants for the
reaction of the OH radical with 2,2-dimethylpropane-d,,
are significantly lower than those for 2,2-dimethyl-
propane.” The deuterium isotope ratio of

k(—CH,)/k(—CD;) = (0.94 = 0.09) @7 = 4/7

is very similar to that for ethane.”

(11) n-Hexane

Rate constants for n-hexane are available only at
around room temperature (Table 1), and all have been
derived from relative rate studies. These room tempera-
ture rate constants’®$2868889,9198100102104-106 p6 in reason-
ably good agreement. The data of Atkinson and
co-workers®!>'% and Zetzsch and co-workers™** have
been used to derive the 298 K rate constant, using a tem-
perature dependence of B = 262 K (calculated from the
estimation method of Atkinson'**'”’ for the temperature
range 250-333 K) to normalize these rate constants to
298 K. This procedure yields the recommended rate con-
stant of

k(n-hexane) = 5.61 X 107 cm® molecule™ s~!

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

This rate constant is in good agreement with the re-
cent relative rate data of Klein et al. ' and Barnes er al. ¥
and with the less precise relative rate data of Lloyd et
al. '™ and Wu et al.** Combining this 298 K rate constant

with the temperature dependence calculated from the
estimation method of Atkinson'**'” leads to the Arrhe-
nius expression of

k(n-hexane) = 1.35 x 107" ¢ *¥7 cm® molecule ' s~,

which is applicable only over the restricted temperature
range of ~250-335 K. Over a larger temperature range
non-Arrhenius behavior is expected, consistent with the
rate constants calculated by the estimation methods of
Atkinson,"”'?” Walker'® and Cohen.'” The above
Arrhenius expression has been used in this evaluation to
place the relative rate data of Harris and Kerr® for 2,2,3-
trimethylbutane and 2,3,4-trimethylpentane on an abso-
lute basis.

(12) 2-Methylpentane and 3-Methylpentane

Rate constants for 2- and 3-methylpentane, all derived
from relative rate studies,”**'® are available only at
room temperature (Table 1). Based upon the data of
Atkinson et al ,’* rate constants of

k(2-methylpentane) = 5.6 X 10~"* cm® molecule™' 57!

and

k(3-methylpentane) = 5.7 X 107> cm’ molecule ™' s~!

are recommended at 298 K, with estimated overall un-
certainty limits of +=30%.

(13) 2,2-Dimethylbutane

Rate constants for the reaction of the OH radical with
2,2-dimethylbutane have been obtained by Atkinson et
al. ,** Harris and Kerr® and Behnke e al ™ from relative
rate studies carried out at 297 = 2 K, 245-328 K and 300
K, respectively. The rate constants derived from these
studies are given in Table 1 and those of Atkinson et al **
and Harris and Kerr®” are plotted in Fig. 11 (the rate
constant of Behnke et al. ™ cannot be readily reevaluated
to be consistent with the present recommendations for
the reference organics used, although it is not expected
to change by more than 1-2%). A unit-weighted least-
squares analysis of these data,”*® using the Arrhenius
equation, yields the recommended expression of

k(2,2-dimethylbutane) = (2.847 ")
X 1071 e~ E9T o’ molecule ™ s7!
applicable only over the temperature range 245-328 K,

where the indicated errors are two least-squares standard
deviations, and

J. Phys. Chem. Ref. Data, Monograph 1 (1989)
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k(2,2-dimethylbutane) = 2.32
X 107" cm® molecule™! s~! at 298 K,

with an estimated overall uncertainty at 298 K of +30%.
The rate constant reported by Behnke ef al. 7 at 300 K is
in excellent agreement with this recommendation.

The temperature dependence of this rate constant ap-
pears to be somewhat high, based upon the data for
other alkanes and the temperature dependence calcu-
lated from the estimation technique of Atkinson'?*'?” of
B = 475 K over this same temperature range of 250-333
K. Hence, the temperature dependence obtained from
the experimental data is not recommended for use out-
side of the range ~240-330 K.
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Fic. 11.  Arrhenius plot of rate constants for the reaction of the OH

radical with 2,2-dimethylbutane. (@) Atkinson et al.;* (Q)
Harris and Kerr;* ( ) recommendation (see text).

(14) 2,3-Dimethylbutane

The available rate constant data of Greiner,' Darnall
et al. /"' Cox et al.,”* Atkinson et al.'® and Harris and
Kerr® are given in Table 1 and those of Greiner,'* Dar-
nall et al.,'”” Cox et al.,”* Atkinson et al. ' (which super-
sedes the earlier study of Darnall ef al. ") and Harris and
Kerr®® are plotted in Arrhenius form in Fig. 12. The sole
absolute rate constant study is that of Greiner."* The
room temperature rate constant determined by Greiner'
is ~20% higher than those derived by Atkinson et al. '*
and Harris and Kerr,”® which are the most recent and
precise of the relative rate studies.

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

The rate constants determined by Greiner,'* Atkinson
et al.'” and Harris and Kerr® are independent of temper-
ature, within one least-squares standard deviation, and it
is recommended for the temperature range 247-498 K
that

k(2,3-dimethylbutane) = 6.2

X 107 cm® molecule~! s,

independent of temperature, with an estimated uncer-
tainty at 298 K of +25%. This recommendation is iden-
tical to that of Atkinson,' although the present
recommendation covers a wider temperature range
(247-498 K versus 299-498 K).
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F1G. 12.  Arrhenius plot of rate constants for the reaction of the OH
radical with 2,3-dimethylbutane. () Greiner;"* (@) Darnall
et al;' () Cox et al.;”* (@) Atkinson er al. ;' (A) Harris
and Kerr;” ( ) recommendation (see text).

(15) n-Heptane

The available rate constants for the reaction of the OH
radical with n-heptane are all from relative rate stud-
ieg” 767889106 carried out at room temperature. Based
upon the studies of Atkinson ef al.” and Behnke et al. %
(the study of Klopffer et al ' not being used in the eval-

uation due to a lack of details), a rate constant of
k(n-heptane) = 7.20 X 107" cm’ molecule™' 57!

is recommended at 300 K. This recommendation is in
excellent agreement with the rate constant reported
from the relative rate study of Behnke er al.,”® within the
uncertainties due to experimental errors and reevaluation
to be consistent with the present recommendations for
the reference organics used.
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The estimation method of Atkinson'**'?" predicts that

over the temperature range 290-320 K the temperature
dependence of this reaction rate constant is B =~ 300 K,
and using this temperature dependence leads to the rec-
ommendation of

k(n-heptane) = 7.15 X 107" cm® molecule ! s7!

at 298 K, with an estimated overall uncertainty of
+25%. At 312 K, the temperature at which the Nolting
et al.”® relative rate study was carried out, a rate constant
of 7.48 X 1077 cm® molecule™ s™! is then calculated
and used to place their relative rate data® on an absolute
basis.

(16) 2,2,3-Trimethylbutane

The available rate constants of Greiner,'* Darnall et
al.,'"” Baldwin et al.,'™ Atkinson et al.** and Harris and
Kerr” are given in Table 1 and are plotted in Arrhenius
form in Fig. 13. There is seen to be a significant degree
of scatter in the reported data for temperatures < 305 K.
A unit-weighted least-squares analysis of the rate
constant data of Greiner,' Baldwin et al. ,'® Atkinson et
al.’* and Harris and Kerr,” using the expression k =
CT?e "7, leads to the recommendation of

k(2,2,3-trimethylbutane) = (9.04"%%)

~1.70

X 10718 7% ¥ =T om3 molecule ™' s~!

over the temperature range 243-753 K, where the indi-
cated errors are two least-squares standard deviations,
and

k(2,2,3-trimethylbutane) = 4.23
X 107" cm® molecule ™! s~ ! at 298 K,

with an estimated overall uncertainty at 298 K of #30%.
In the absence of further experimental data at or below
250 K, the above expression should be used with caution
at temperatures below ~275 K.

{17) n-Octane

The available kinetic data of Greiner,'* Atkinson et
al.,” Behnke et al.’® and Nolting et al®® are given in
Table 1 and are plotted in Arrhenius form in Fig. 14.
These data are in excellent agreement. Since there is no
evidence of curvature in the Arrhenius plot (Fig. 14), a
unit-weighted least-squares analysis of the data of
Greiner,' Atkinson et al.”* and Behnke ef al. ° [the rate
constant of Nolting et al®® at 312 K is relative to the
less-well studied reaction of the OH radical with #-hep-
tane (see above), and is hence not used in the evaluation]
yields the recommended Arrhenius expression of

_ —+0.7
k(n-octane) = (3.157)7%
X 107" e G =TT o3 molecule ! st

over the temperature range 296-497 K, where the indi-
cated error limits are two least-squares standard devia-
tions, and

k(n-octane) = 8.68
X 107" cm® molecule ™' s~} at 298 K,

with an estimated overall uncertainty at 298 K of +20%.
This recommendation is essentially identical to that of

k(n-octane) = 3.12 X 107" ¢ 7 cm?® molecule ™! s~

of Atkinson'® over the same temperature range. Al-
though, as seen from Fig. 14, the Arrhenius expression
provides a satisfactory fit over this restricted tempera-
ture range, this is not expected to be the case over a
wider temperature range extending to higher or lower
temperatures, and this point is discussed below.

(18) 2,2,4-Trimethylpentane

The available rate constants'** are given in Table |
and are plotted in Arrhenius form in Fig. 14. The rela-
tive rate measurement of Atkinson ef al.’* at room tem-
perature is in excellent agreement with that determined
by Greiner'* using flash photolysis-kinetic spectroscopy.
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FI1G. 13.  Arrhenius plot of rate constants for the reaction of the OH

radical with 2,2,3-trimethylbutane. () Greiner;'* (M) Dar-
nall et al. ;' (@) Baldwin ez ol ;' (@) Atkinson er al ;** (A)
Harris and Kerr,” relative to n-pentane; (A) Harris and
Kerr,” relative to n-hexane; ( ) recommendation (see
text).
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FiG. 14. Arrhenius plots of rate constants for the reactions of the OH
radical with n-octane and 2,2,4-trimethylpentane. (Q)
Greiner;'* (@) Atkinson et al.” (n-octane), Atkinson et al.**
(2,2,4-trimethylpentane); (A) Behnke ef al. ;" (A) Nolting et
al. ;% ( ) recommendations (see text).

A unit-weighted least-squares analysis of these data'*™
yields the recommended Arrhenius expression of

k(2,2,4-trimethylpentane) = (1.61%%%)

—0.35
X 1071 e=®0 =T o’ molecule ™! 57!
over the temperature range 297-493 K, where the indi-
cated error limits are two least-squares standard devia-
tions, and
k(2,2,4-trimethylpentane) = 3.68
X 102 cm® molecule' s~! at 298 K,
with an estimated overall uncertainty at 298 K of +20%.
This expression is virtually identical to that recom-
mended by Atkinson'®® of
k(2,2,4-trimethylpentane) = 1.62
X 107" e7*¥T cm® molecule™' s~!
over the same temperature range (the slight difference

arising from reevaluating the relative rate constant of
Atkinson et al. *%).

(19) 2,2,3,3-Tetramethylbutane

The available rate constant data of Greiner,'* Baldwin
et al. **'® Atkinson et al. ** and Tully et al. ' are given in

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

Table 1 and are plotted in Arrhenius form in Fig. 15.
Again, the agreement between these kinetic studies is
generally excellent. The Arrhenius plot (Fig. 15) clearly
exhibits curvature and hence a unit-weighted least-
squares analysis of these data of Greiner,'* Baldwin et
al. ,** Atkinson et al.** and Tully et al.,'"™ using the ex-

pression k = CT’~?'7, yields the recommendation of

k(2,2,3,3-tetramethylbutane) = (1.63 J_rg;:)

X 10717 T? =®6=7/T cm? molecule ™ 57!
over the temperature range 290-753 K, where the indi-
cated error limits are two least-squares standard devia-
tions, and
k(2,2,3,3-tetramethylbutane) = 1.08

X 107" cm® molecule ! s at 298 K,

with an estimated overall uncertainty at 298 K of +-20%.
This recommendation agrees to within 10% over this
temperature range with that of Atkinson'® of
k(2,2,3,3-tetramethylbutane) = 1.87

X 1077 T? e~ ¥7 cm® molecule™! s,

derived over the temperature range 290-738 K.
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Fi1G. 15. Arrhenius plot of rate constants for the reaction of the OH

radical with 2,2,3,3-tetramethylbutane. () Greiner;' “*
Baldwin et al. ;*'® (@) Atkinson et al. ;** (A) Tully et al.;'®
( ) recommendation (see text).
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(20) n-Nonane through n-Tridecane

For these n-alkanes, the only rate constant data avail-
able are from the relative rate studies of Zetzsch and
co-workers’*"*®% and, for »n-nonane and n-decane, of
Atkinson et al.,”* all carried out at around room tempera-
ture. The agreement between these studies is good. For
these alkanes, the temperature dependence of the rate
constant around 300 K is calculated to be approximately
equivalent to B = 225 K,"”'”" and hence the rate con-
stants at 312 K should be ~3% higher than those at
299-300 K. From the data of Behnke et al ,’** Nolting et
al.®® and Atkinson et al,” the recommended rate con-
stants at 298 K are:

k(n-nonane) = 1.02 X 107" cm’ molecule™ s},

k(n-decane) = 1.16 X 107! cm® molecule ™' s/,
-

k(n-undecane) = 1.32 X 107" cm® molecule ' s/,

k(n-dodecane) = 1.42 X 107" cm’ molecule™' s™!
and
k(n-tridecane) = 1.6 X 10" cm’® molecule™ s},

all with estimated overall uncertainties at 298 K of
+25%.

(21) Cyclopentane

The rate constant data of Volman,''*> Darnall et al ,”
Atkinson et al. ' (which supersedes the earlier rate con-
stant of Darnall er al. ™), Jolly et al. "' and Droege and
Tully'" are given in Table 2 and are plotted in Arrhenius
form in Fig. 16. No details are available concerning the
rate constant obtained by Volman'" from a relative rate
study and, as noted above, the study of Darnall et al ™'
has been superseded by the more recent kinetic investi-
gation of Atkinson et al. ' At room temperature the ab-
solute rate constants of Jolly et al.'" and Droege and
Tully'"* and the relative rate measurement of Atkinson et
al.'” are in excellent agreement. A unit-weighted least-
squares analysis of these data,'”''""'* using the equation
k = CT?% 7, leads to the recommendation of

k(cyclopentane) = (2.13+0'16)

—0.14
X 10717 T? % =2/T cm?® molecule™ s7!
over the temperature range 295-491 K, where the indi-
cated error limits are two least-squares standard devia-
tions, and

k(cyclopentane) = 5.16 X 107" ¢cm® molecule ' s~!

at 298 K, with an estimated overall uncertainty at 298 K
of +=20%.

Droege and Tully''* also determined rate constants for

cyclopentane-d,;, (Table 2) and, from their data for cy-
clopentane and cyclopentane-d,,, obtained the deuterium
isotope ratio of

k(cyclopentane)  k(—CH,—)
k(cyclopentane-dyy) = k(—CD,—)

= (1.16 & 0.10) e@* =197,
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FiG. 16. Arrhenius plot of rate constants for the reaction of the OH

radical with cyclopentane. (A) Volman;'"’ (W) Darnall et
al.;’' (@) Atkinson et al ;' () Jolly et al;'""! (A) Droege
and Tully;""* (_.___) recommendation (see text).

(22) Cyclohexane

The available rate constant data of Greiner,'* Gorse
and Volman,®” Wu er al.,’' Atkinson et al. ,'”'"* Tuazon er
al. ' Nielsen et al.,** Edney et al ,** Bourmada et al ®
and Droege and Tully'"* are given in Table 2 and are
plotted in Arrhenius form in Fig. 17. There is an appre-
ciable degree of scatter in the rate constants determined
at around room temperature. The relative rate constants
of Gorse and Volman® and Wu et al®' are subject to
large uncertainties (of the order of £20-25%) and the
absolute rate constant reported by Nielsen ef al. © is sig-
nificantly lower than the other room temperature data.
Hence, the rate constants of Greiner,'* Atkinson et
al. """ Tuazon et al. ,''"* Edney et al.,** Bourmada et al. ©
and Droege and Tully'** have been used in the evalua-
tion of this rate constant. A unit-weighted least-squares
analysis of these rate constants, using the equation k =
CT% ™7 yields the recommendation of

k(cyclohexane) = (2.66"°%)

—0.65

X 10717 72 eB% £ 9VT om3 molecule ™! 5!
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over the temperature range 292-497 K, where the indi-
cated error limits are two least-squares standard devia-
tions, and

k(cyclohexane) = 7.49

X 1072 cm® molecule! s~ at 298 K,

with an estimated overall uncertainty at 298 K of +=25%.
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FIG. 17. Arrhenius plot of rate constants for the reaction of the OH

radical with cyclohexane. () Greiner;* (V) Gorse and Vol-
man;® () Wu er al.;*! (@) Atkinson ef al ' and Tuazon et
al.;"'® (x) Atkinson et al. ;' (A) Nielsen et al ;** (W) Edney
et al;* (@) Bourmada et al;*® (A) Droege and Tully;'
( ) recommendation (see text).

This recommendation yields similar rate constants
over the temperature range 290-500 K to those calcu-
lated from the Arrhenius expression of

k(cyclohexane) = 2.73

X 107" e ¥T cm?® molecule™! s!

recommended by Atkinson,' although it yields signifi-
cantly different rate constants at temperatures above 500
K and below 290 K.

From their rate constants for cyclohexane and cyclo-
hexane-d;,, Droege and Tully'* derived the deuterium
isotope effect of

k(cyclohexane).  k(—CH,—)
k(cyclohexane-d;, = k(—CD,—)

= (1.16 % 0.06) e®7 =T,

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

(23) Other Acyclic and Cycloalkanes

For the remaining acyclic alkanes and cycloalkanes
for which rate constants are available (Tables 1 and 2),
data are available only at room temperature or from only
one study. No specific recommendations are made for
these alkanes based upon the experimental data, although
it should be noted that the data of Jolly et al ' and
Behnke er al.™ for cycloheptane are in good agreement,
and those of Atkinson et al'” and Behnke et al ™ for
tricyclo[3.3.1.1%"]decane (adamantane) are in excellent
agreement.

In the above evaluation and recommendation of OH
radical reaction rate constants for the alkanes, data are
available in many cases over only restricted temperature
ranges (for example, ~300-500 K) and then often only
for the overall reaction. For the majority of alkanes, the
C—H bonds are non-equivalent, and hence multiple re-
action pathways are operative leading to a variety of
alkyl radicals. While the experimental data generally do
not distinguish between these initial OH radical reaction
routes, estimation methods are now available'**1?7-'%
which do allow the overall reaction rate constants and
the distribution of alkyl radicals formed to be estimated,
apparently with reasonable accuracy.

In the recent estimation technique of Atkinson,'**'?’
H-atom abstraction from C—H bonds is dealt with in
terms of H-atom abstraction from —CH,, —CH,— and
>CH— groups, with:

k(CH;—X) = kpim F(X)

k(X—CH,—Y) = ki F(X) F(Y)

and
/Y
k(X-CH )=k FX)F(Y)F(Z)
N
Z
where

Kprims» ke and kg, are the group rate constants for H-
atom abstraction from primary, secondary and tertiary
groups, respectively, for a standard substituent, and
F(X), F(Y) and F(Z) are the factors for substituent
groups X, Y and Z, respectively. The standard sub-
stituent is taken to be —CH;, with F(—CH;) = 1.00 at
all temperatures. From the previous review and evalua-
tion of Atkinson,'” the following parameters were ob-
tained:'**1?

kgim = 447 X 1078 T? 7 cm’ molecule™ s/,
koo = 4.32 X 1078 T? 27 cm® molecule ™! s,
ko = 1.89 X 1078 7?7 'V" cm® molecule™' s,

and

F(—CH,—) = F(>CH—-) = F(>C<) = &7,
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applicable for the temperature range ~250-1000 K. For
three- to seven-membered cyclic rings, the factors Fj,,
of F, = e 12T F, = e‘4SI/T’ F, = e Tand F, = F, =
1.00 were derived (these ring strain factors are applica-
ble only to the C—H bonds involved in the ring struc-
ture, and not to substituent side-chains).'"” Figures 18-20
show the fits of the rate constants calculated in this man-
ner with the recommended rate constants for those alka-
nes (apart from methane and ethane) for which
recommendations have been made as a function of tem-
perature. The fits are seen to be generally excellent over
the temperature ranges for which experimental data and
recommendations are available (~250-1000 K). Thus,
this estignation method can be used to provide the rate
constants and/or temperature dependencies of the rate
constants for these alkanes for which either no data are
available or only room temperature rate constants are
available.

In addition, this estimation technique allows the distri-
bution of alkyl radicals formed in these OH radical reac-
tions to be calculated at temperatures in the range
~250-1000 K. Thus, the calculated distributions of the
individual reaction pathways for H-atom abstraction
from the primary, secondary and tertiary C—H bonds
for propane, n-butane and 2-methylpropane agree well
with those derived from the kinetic studies of Tully and
co-workers.”>#7%

Based upon the kinetic studies of Tully and co-work-
ers for the reactions of OH radicals with ethane,”
propane,” n-butane,” 2-methylpropane,*® 2,2-dimethyl-
propane,” cyclopentane''* and cyclohexane,'™* the deu-
terium isotope effects for H- or D-atom abstraction from
primary, secondary and tertiary C—H or C—D bonds
depend predominantly on whether the C—H or C—D
bond is primary, secondary or tertiary, and not on the
neighboring groups. Based upon the experimental data
of Tully and co-workers,®">#79611% the ratios k(abstrac-
tion from C—H bonds)/k(abstraction from C-—-D
bonds) = kH/kP of

kH/kP = e*¥T for primary bonds,

k¥/kP = e®7 for secondary bonds

and

kP/kP ~ "7 for tertiary bonds,

are applicable over the temperature range ~290-800 K.
These deuterium isotope ratios can be combined with the
—CH;, —CH,— and >CH-— group rate constants dis-
cussed above to allow the OH radical reaction rate con-
stants to be calculated for fully or partially deuterated
alkanes for which no experimental data are available.
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n-PENTANE

T~ PROPANE
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1.2 16 20 24 2.8 32 36 40 44
1000/T (T)

Arrhenius plot of rate constants for the reactions of the OH
radical with propane, n-butane, n-pentane, and n-octane.
(O, @) Recommended rate constants; (. , — — —)
calculated from the estimation technique of Atkinson'?*!?
(solid lines define the temperature ranges encompassed by
the recommendations).
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o

2,2-DIME THYLPROPANE

| | | 1 1 | | l
1.2 1.6 2.0 24 28 3.2 36

1000/ T (K)

Arrhenius plots of rate constants for the reactions of the OH
radical with 2,2-dimethylpropane, 2-methylpentane, 2,2,4-
trimethylpentane and cyclopentane. (), @) Recommended
rate constants; ( , — — —) calculated from the estima-
tion technique of Atkinson'**'?’ (solid lines define the tem-
perature ranges encompassed by the recommendations).
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Fi1G. 20. Arrhenius plots of rate constants for the reactions of the OH

radical with 2,3-dimethylbutane, 2,2,3-trimethylbutane,
2,2,3,3-tetramethylbutane and cyclohexane. (O, @) Recom-
mended rate constants; ( , — — —) calculated from
the estimation technique of Atkinson'**'?’ (solid lines define
the temperature ranges encompassed by the recommenda-
tions).

(24) Reactions of OD Radicals with Alkanes

To date, kinetic data are available (Table 3) for only
four alkanes, and then only at room temperature. By
comparison with the data given in Table 1, it is evident
that the rate constants at room temperature for the reac-
tions of the OD radical with methane, ethane and »-bu-
tane are essentially identical to those for the reactions of
the OH radical with these alkanes. This is to be expected,
since the thermochemistries of these OD radical reac-
tions are essentially identical to those for the correspond-
ing OH radical reactions.'* Moreover, as with the OH
radical reactions, the rate constant for the reaction of
OD radicals with n-butane-d,,* is lower by a factor of
~3 than that for the reaction of OD radicals with n-bu-
tane, and is essentially identical to that for the reaction of
OH radicals with n-butane-d,,. This is again expected on
thermochemical grounds, since the abstraction of D-
atoms from C—D bonds by OH or OD radicals are less
exothermic by ~0.9 kcal mole™' than are the corre-
sponding abstractions of H-atoms from C—H bonds."*°
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