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The carbon kinetic isotope effects (KIEs) of the room-temperature reactions of several light alkanes and
ethene with OH radicals were measured in a 30 L PTFE reaction chamber at ambient pressure using gas
chromatography coupled with online combustion and isotope ratio mass spectrometry (GCC-IRMS). For
simplicity, KIEs are reported in per mil according toε (‰) ) (k12/k13 - 1) × 1000. The following average
KIEs were obtained, (all in ‰): ethane, 8.57( 1.95; propane, 5.46( 0.35; n-butane, 5.16( 0.67;
methylpropane, 8.45( 1.49; n-pentane, 2.85( 0.79; methylbutane, 2.91( 0.43; n-hexane, 2.20( 0.07;
n-heptane, 1.96( 0.26; n-octane, 2.13( 0.39; cyclopentane, 1.84( 0.13; cyclohexane, 4.46( 0.51;
methylcyclopentane, 1.77( 0.53; ethene, 18.6( 2.9. As well, the room-temperature rate constant for the
reaction of methylcyclopentane+ OH, not previously reported in the literature, was determined using relative
rates: (8.6( 2.2) × 10-12 cm3 molecule-1 s-1, including the estimated 25% uncertainty in the rate constant
for cyclopentane+ OH. KIE values for propane,n-butane andn-hexane have been reported previously [J.
Geophys. Res. [Atmos.]2000, 105, 29329]. Our KIE for n-hexane is in agreement with the previous
measurement, but our values for propane andn-butane are both higher. The dependence between the KIE
and chemical structure is discussed, and a method for estimating unknown carbon KIEs for the reactions of
light alkanes with OH radicals is presented. With only one exception, predictions using this method agree
within a factor of 2 of the experimental KIE results.

Introduction

Light alkanes and alkenes are present in the atmosphere from
high parts per billion by volume (ppbV) levels in urban areas
to mid- to low-parts per trillion by volume (pptV) levels in
remote locations. Both alkanes and ethene are emitted from
primarily anthropogenic sources.2,3 Oxidation by OH radicals
is the primary removal mechanism for alkanes and ethene from
the atmosphere, although the reaction of ethene with ozone also
has a significant impact on ethene loss from the lower
troposphere. Reactions of hydrocarbons with OH radicals have
been widely studied.4 These reactions are of atmospheric
importance, producing precursors for ozone formation and
atmospheric peroxides as well as aldehydes and organic nitrates.

The usefulness of stable carbon isotope ratio measurements
of nonmethane hydrocarbons (NMHC) to study atmospheric
processes involving NMHC has been demonstrated in a number
of publications.1,5-11 To utilize isotope ratio measurements in
this manner, reliable measurements of the isotopic fractionations
associated with the atmospheric loss of NMHC are essential.
In this paper, laboratory measurements of the carbon kinetic
isotope effects (KIEs) associated with the reactions of light C2-
C8 alkanes and ethene with OH radicals are presented. To the
authors’ knowledge, the carbon KIE for the reaction of ethene

with OH radicals has not yet been reported. Ethene is somewhat
unique in tropospheric processes due to its high concentrations
and, compared to other alkenes, relatively low reactivity. The
only laboratory measurements of alkane-OH carbon KIEs
previously reported were for reactions with propane,n-butane,
andn-hexane.1 In this paper we present measurements of the
stable carbon KIEs for the reactions of ethane and several
alkanes with OH in the gas phase and use the results to study
the dependence between chemical structure and KIE.

Measurement

The OH-reaction KIEs of ethene and 12 different alkanes
were studied in synthetic air at atmospheric pressure at 296(
4 K. Between one and three alkanes were studied in each of
the 16 experiments conducted. Ethene was studied in only one
experiment together with two alkanes. Some experiments also
included aromatic hydrocarbons; however, the KIEs obtained
for aromatic compounds are not included in this paper. The KIEs
were measured using a previously described method12 so only
a brief outline of the procedure follows. Hydrocarbons were
injected into a 30 L PTFE reaction chamber to generate mixing
ratios between 13 and 325 ppmV. The hydrocarbons were 97+%
grade chemicals from Sigma Aldrich, Air Products, and Mathe-
son Gas. OH radicals were generated in situ through photolysis
of isopropyl nitrite in the presence of high parts per million
by volume (ppmV) NO. The isopropyl nitrite was prepared
in a manner similar to the synthesis described by Noyes13 and
the NO was added from a 1% NO in N2 mixture from Air
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Products. Photolysis was achieved through the use of individu-
ally controllable UV lights (emitting atλmax ) 350 nm)
positioned next to the chamber. Using an automated sampling
system, 5 mL samples from the chamber were analyzed by gas
chromatography coupled with online combustion and isotope
ratio mass spectrometry (GCC-IRMS).

The samples were separated by gas chromatography (GC)
using an HP-1 column (Agilent Technologies, 60 m, 0.32 mm
i.d., 5µm film thickness) and, using 2D chromatography where
necessary for further separation, either a GS-GasPro PLOT
column (J&W Scientific Inc., 60 m, 0.32 mm i.d.) or a PoraPlot
Q column (Chromatographic Specialties Inc., 60 m, 0.32 mm
i.d.). The GC temperature program varied depending on the
hydrocarbons being separated, but all began at 243 K. An
electronic pressure control unit maintained the carrier gas flow
rate (He, Air Products, 99.995%) at 1.5 mL min-1. Ap-
proximately 0.3 mL min-1 of the GC effluent went to a Saturn
2000 ion trap mass spectrometer for peak identification and peak
purity verification. The remaining 1.2 mL min-1 of the effluent
passed through a combustion interface and then a Nafion
permeation dryer for conversion to carbon dioxide and water
removal. Approximately 0.4 mL min-1 of this flow was then
transferred via an open split to the ion source of the isotope
ratio mass spectrometer (Finnigan MAT 252) for stable carbon
isotope ratio measurement.

For each experiment, at least two measurements were made
with the reaction chamber in the dark (i.e., no generation of
OH radicals), but otherwise under conditions identical to the
experiments. From these prereaction measurements, not includ-
ing the results for ethane, the average relative standard deviation
of the concentration values for each experiment was 1.6%, with
all values lower than 6.5%. The average standard deviation of
theδ13C values for each experiment was 0.13‰, and all standard
deviations were lower than 0.4‰. After initiating the reaction
by turning on the UV lamps, 3-14 samples were analyzed. All
measurements, both before and after the reaction initiation took
approximately 1.5-2 h. Hydrocarbon concentrations at the end
of the experiment were generally depleted to<50% of their
initial values with the exception of ethane, which had an average
25% depletion due to its slower reaction rate in comparison to
that of the other hydrocarbons being studied.

Using the traces generated by the IRMS, stable carbon isotope
ratios and concentrations were determined. Stable carbon isotope
ratios were calibrated against an offline CO2 standard before
and after each run to maintain consistent isotope ratio measure-
ment within an experiment. Absolute carbon isotope ratio
determination was not necessary, as only relative changes in
isotope ratio are necessary for KIE measurements. Hydrocarbon
concentrations were derived from the abundance of the12C
atoms in the sample. The KIE is defined as the ratio of the rate
constants for the species containing only12C atoms and those
containing a13C atom,k12/k13. This ratio can be determined from
the slope of the linear least-squares fit of the relationship
between concentration and isotope ratios described12 as

where Ct and C0 correspond to the abundance of carbon atoms
at timet andt ) 0, respectively. The experimental uncertainty
for an individual experiment is determined from the uncertainty
in the slope of (1).

In the experiments containing ethane, poor reproducibility
was found in the measurements of the12C abundance for the

ethane peak. In contrast to this, the average standard deviation
of the isotope ratios of the three or more prereaction measure-
ments made during each of the four ethane KIE experiments
was only 0.15‰. This shows that the problem that plagued the
concentration measurements had no significant effect on the
stable carbon isotope ratio determinations. The most likely
explanation is insufficient and yet nonisotopically fractionating
trapping of ethane, which has the highest volatility of all studied
compounds, in the low-temperature preconcentration trap. To
avoid the large uncertainties that would result from the high
variability of the ethane concentration values, we used a slightly
different procedure for the determination of the ethane KIE.

The dependence between time, OH-radical concentration, and
the stable carbon isotope ratio of ethane can be described by
the following equation:

or

For each of the data points∫0
t [OH] dt can be determined from

the change in propane concentration, which in our experiments
has been measured simultaneously with the ethane isotope ratios:

and we obtain

Rearranging and dividing by12kethane gives the following
equation, which allows for the determination of the KIE from
plots analogous to our standard procedure.

The disadvantage of (2e) is the propagation of the uncertainty
of 12kethane/12kpropanefrom literature values4 into the error of the
KIE.

Relative reaction rate analyses were performed for each
experiment to verify that NMHC loss was primarily due to
reaction with OH radicals. For the ethene KIE, the relative rate
analysis showed that the loss rate of ethene was approximately
2 times greater than expected from the loss rates of the two
alkanes present in the same experiment. This can be explained
by the reaction of ethene with ozone, produced in the chamber
during the course of the reaction. Consequently, a correction
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was applied to the results to determine the OH-reaction KIE.
Knowing that the change in stable carbon isotope ratio over a
given timet for an alkenez is dependent on both the OH- and
O3-reaction KIEs, the radical concentrations and the rate
constants for each reaction are such that

Here δz and 0δz are the stable carbon isotope ratios of
compoundsz at time t and t ) 0, respectively, and [OH] and
[O3] are the average concentrations for the time period between
t ) 0 andt. To correct for the impact of the presence of ozone,
a relative rate analysis was used to compare the loss rate of
ethene due to reaction with both OH radicals and ozone, with
the loss rate of cyclohexane due to reaction with only OH
radicals according to the following:

The rate constant for the reaction of ozone with cyclohexane is
sufficiently small that even when [O3] is as high as 108[OH],
OHkcyclohexane[OH] . O3kcyclohexane[O3]. Because in our experiment
the ratio of [O3]/[OH] was well below 108 (see below), this
reaction can be ignored without introducing bias. This allows
for the determination of the ratio [O3]/[OH] using (4) for each
interval between two measurementsn andm within an experi-
ment. The average [O3]/[OH] ratio was (4.4( 2.0) × 106 (1σ
standard deviation). Using eq 3 with the literature rate constant
values from Atkinson and Arey,4 the O3εethenefrom Iannone et
al.14 of (18.85( 1.10)‰, and [OH] and [O3] determined from
the loss rate of cyclohexane and (4), we determined theOHεethene

value for each interval and then averaged them.

Results

Using the method described for determining the ethene-OH
KIE from our measurements, we determined the KIE for the
reaction of ethene+ OH to be (18.6( 2.9)‰. Selecting other
differently defined intervals for the calculation led to results
with larger uncertainties that were statistically not different from
the above KIE value; thus this value is a fair representation of
the KIE value for the reaction of ethene+ OH.

The results of the alkane KIE measurements are summarized
in Table 1. A summary of the resultant experimental rate
constants and uncertainties from the reaction rate analysis is
also included in Table 1. The uncertainty for each experimentally
derived OHk was determined using the standard error of the
relative rate analyses and the literature rate constant and its
uncertainty of the reference compound.4 All OHk calculated from
the relative rate analysis are in agreement with the literature
rate constants (Table 2). The average KIEs and the error of the
mean KIE for each hydrocarbon were averaged and compiled
in Table 2. The errors of the mean were determined using 1σ(n
- 1)-1/2, where 1σ is the 1σ standard deviation of the KIE values
and n is the number of KIE measurements made. For hydro-
carbons measured more than once, but excluding the KIE
measurements for ethane due to its considerable uncertainties,
the average error of the mean KIEs was(0.44‰. Also included
in Table 2 is the average experimentally determined rate
constant. For compounds with more than one measurement, the
uncertainty reported for the experimental rate constant is the
1σ standard deviation of the mean.

Discussion

Alkane KIEs. The KIE of the reaction of ethane with OH
radicals is by far the most uncertain of the alkane KIEs. This
is mainly due to the very slow reaction rate of ethane with
OH. The difficulty of maintaining reactant stability within
the chamber for extended time periods while photolyzing
large concentrations of isopropyl nitrite is a very real limita-
tion of the method. As a result, the reactions involving ethane
never had more than 50% depletion in ethane concentration
and an average depletion of only 26%. Additionally, there was
poor reproducibility in the ethane concentration measure-
ments.

The KIEs measured for the reactions of propane,n-butane,
andn-hexane with OH radicals were all larger than the KIEs
reported by Rudolph et al.1 The literature value (1.41( 0.92)‰
for the n-hexane-OH KIE has a considerable uncertainty and
consequently the difference of (0.79( 0.92)‰ is statistically
not significant. Of the five propane-OH KIE measurements
presented here, only one was in agreement with the literature
value (3.44( 0.26)‰. The average KIE of (5.46( 0.35)‰
reported here is (2.02( 0.44)‰ greater. A similar difference
of (2.32 ( 0.69)‰ exists between the only measurement for
the n-butane-OH KIE in this work, (5.16( 0.67)‰ and the

δz - 0δz ) t(OHkz[OH]OH
εz + O3kz[O3]

O3εz) (3)

ln(etheneCn/etheneCm)

ln(cyclohexaneCn/cyclohexaneCm)
)

OHkethene[OH] + O3kethene[O3]
OHkcyclohexane[OH]

(4)

TABLE 1: Measurements of the Kinetic Isotope Effects for
the Reactions of Alkanes with OH Radicals at 1013 mbar
Total Pressure in Air

alkane
temp,
(3 K

εa,
‰ R2

1012kb,
cm3 molecule-1 s-1

ethane 295c 8.5( 3.1 0.663
296c 6.6( 2.2 0.738
297c 13.4( 3.9 0.969
298c 5.8( 1.7 0.942

propane 293 5.4( 2.5 0.614 1.2( 0.3d

295c 4.7( 0.5 0.895
296c 5.2( 0.4 0.920
297c 6.6( 0.3 0.974
298c 5.3( 0.5 0.941

methylpropane 292 5.0( 0.5 0.960 2.1( 0.4e

293 11.2( 2.0 0.884 1.8( 0.4f

293 8.7( 1.8 0.775 2.1( 0.6g

293 9.0( 2.4 0.740 1.8( 0.5g

n-butane 292 5.2( 0.7 0.952 2.5( 0.6h

cyclopentane 293 1.9( 0.3 0.841 4.4( 1.1d

293 1.8( 0.3 0.908 5.1( 1.3d

methylbutane 293 2.6( 0.3 0.935 3.4( 0.8i

298 3.2( 0.3 0.965 3.4( 0.7j

n-pentane 292 3.4( 0.6 0.907 3.6( 0.7e

293 2.3( 0.1 0.988 3.7( 0.8k

cyclohexane 298 4.5( 0.5 0.951 7.2( 2.3l

methylcyclopentane 293 2.2( 0.3 0.907 8.6( 2.2g

293 1.4( 0.2 0.935 8.6( 2.2g

n-hexane 292 2.3( 0.5 0.803 3.1( 0.7k

293 2.2( 0.2 0.978 4.4( 0.9k

300 2.1( 0.6 0.637 6.1( 1.2k

n-heptane 292 2.3( 0.2 0.974 7.0( 1.8m

293 1.6( 0.2 0.945 6.1( 1.2k

300 1.94( 0.05 0.997 7.3( 1.5k

n-octane 292 2.0( 0.3 0.901 7.8( 1.6k

292 1.85( 0.07 0.922 8.6( 1.7k

292 3.1( 0.2 0.983 8.8( 2.2m

300 1.6( 0.2 0.926 9.1( 1.8k

a Error given is the uncertainty in the plot of eq 1 with the exception
of the ethane data, which includes the literature uncertainty of12kpropane/
12kethane.4 b Calculated using literature rate constants and uncertainties
for the reference compound4 and the standard error of the relative rate
analysis.c Ethane concentration loss rate corrected relative to propane.
d Methylpropane used as reference compound.e n-Butane used as
reference compound.f Propane used as reference compound.g Cyclo-
pentane used as reference compound.h n-Pentane used as reference
compound.i Benzene used as reference compound.j Cyclohexane used
as reference compound.k Toluene used as reference compound.l Me-
thylbutane used as reference compound.m p-Xylene used as reference
compound.
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literature value (2.84( 0.17)‰. Due to the nature of the KIE
measurement method, it is entirely possible that even with
multiple measurements, a persistent systematic leak or diffu-
sional loss from the reaction chamber over the duration of a
reaction may have led to consistently lower KIE measurements.
The other two previously measured alkane-OH KIEs, propane
and n-hexane, were measured 5 and 3 times, respectively, in
this work. From the previous measurements to this work, there
is a systematic increase in the average KIEs that is similar to
the increase in then-butane KIE. Due to more thorough chamber
leak-testing procedures and a more reliable cryogenic trapping
system than in the system used by Rudolph et al.,1 we have
reason to believe that these more recent OH KIE measurements
are more reliable for these slower-reacting alkanes than those
previously reported.

As a first approximation, the average room-temperature KIEs
of then-alkanes reported in Table 2 can be described using an
inverse dependence on the number of carbon atomsNC: ε (‰)
) (16.6( 1.0)NC

1- with an R2 value of 0.756. The exclusion
of the ethane data point, which has the highest uncertainty, has
only a small effect, givingε (‰) ) (16.1 ( 0.7)NC

-1 and an
R2 value of 0.848. On average, KIEs derived from this relation
will be nearly 70% higher than those calculated from the
previously published dependenceε (‰) ) (10.0( 2.2)NC

-1.1

For one of the alkanes measured, methylcyclopentane, there
is noOHk value reported in the literature. Using the relative rate
technique relative to cyclopentane from two separate experi-
ments, our rate constant for this reaction is (8.6( 2.2)× 10-12

cm3 molecule-1 s-1, including the estimated 25% uncertainty
in the rate constant for cyclopentane+ OH.

13C Structure-Reactivity Relationship (SRR).Although
it serves as a good first approximation, the simpleNC

-1

dependence is limited to then-alkanes, and it does not
differentiate between fractionations due to reactions at different
types of carbon atoms: primary, secondary, and in the case of
branched alkanes, tertiary. As discussed by Atkinson,15 the
hydrogen-abstraction rate constant for an alkane can be de-
scribed using the site-specific rate constants for the H-atom
abstraction from primary, secondary, and tertiary carbon atoms
and the individual substituent factorsF(X) ) 1.00 andF(Y) )
F(Z) ) 1.23, where substituents are X) -CH3, Y ) -CH2-,
and Z) >CH-. As an example, the rate constant forn-butane
can be described as

wherek1° andk2° are the group rate constants for reactions at
-CH3 and-CH2- groups, respectively. Here we will extend
the concept of group specific reaction rate constants by
introducing carbon isotope specific group rate constants,k1°13,
k2°13, andk3°13. Such a concept has already been successfully
used for deuterium labeled alkanes.16-18 The value forF is
assumed to be independent of the carbon isotope composition
of the hydrocarbon. Considering that the literature recommenda-
tion15 is F(Y) ) F(Z), this should be a valid assumption for the
degree of accuracy possible for such approximations.

For n-alkane reactions in which the compound has only12C
atoms, the rate constant can be written as the sum of the
individual reaction rate constants and numbers of primary and
secondary carbon atoms as follows:

wherek1°12 andk2°12 are the group rate constants for reactions
at primary and secondary12C atoms andF is F(Y) ) 1.23.15

The rate constant for the reaction of OH radicals with an
n-alkane containing one13C atom can then be described by the
sum of the products of the probabilities that a molecule is labeled
at a specific site and the rate constants of the molecules with a
13C atom at the given site. The latter can be calculated from
the group rate constants. For a random distribution of the13C
atom in then-alkane we obtain the following relations, which
will allow for determination of the group specific fractionation
effects from experimental data:

The two rate constants,k12 andk13, can now be combined with

TABLE 2: Summary of the Kinetic Isotope Effect Measurements for the Reactions of Alkanes with OH Radicals at 296( 4 K
at Total Pressure 1013 mbar in Air

hydrocarbon
averageε,

‰
error of mean,

‰
95% confidence

interval, ‰
1012kexperimental,d

cm3 molecule-1 s-1
1012kliterature,4

cm3 molecule-1 s-1

ethanea 8.57 1.95 5.26-11.89 0.25( 0.05
propane 5.46 0.35 4.85-6.07 1.2( 0.3e 1.1( 0.2
n-butaneb 5.16 0.67c 2.5( 0.6 2.4( 0.5
methylpropane 8.45 1.49 5.93-10.97 2.0( 0.2 2.1( 0.4
n-pentane 2.85 0.79 1.76-3.95 3.7( 0.1 3.8( 1.0
methylbutane 2.91 0.43 2.31-3.51 3.4( 0.1 3.6( 1.1
n-hexane 2.20 0.07 2.09-2.32 4.5( 1.5 5.2( 1.0
n-heptane 1.96 0.26 1.55-2.38 6.8( 0.6 6.8( 1.4
n-octane 2.13 0.39 1.47-2.80 8.6( 0.6 8.1( 1.6
cyclopentane 1.84 0.13 1.66-2.02 4.8( 0.6 5.0( 1.2
cyclohexaneb 4.46 0.51c 7.2( 2.3 7.0( 1.4
methylcyclopentane 1.77 0.53 1.04-2.50 8.6( 2.2 5.7( 2.8f

a kexperimentalcannot be determined as concentration loss rate was determined relative to propane.b Confidence interval cannot be calculated as
results are available for only one experiment.c Error is uncertainty in the slope of eq 1.d Meank calculated using relative rate analysis; uncertainties
show the error of the mean for compounds with multiple measurements.e Only one value available.f Estimated using the structure-reactivity
relationship method outlined in Atkinson, with error estimated at(50%.15

k ) k1°F(Y) + k2°F(X) F(Y) + k2°F(X) F(Y) + k1°F(Y)
(5)

NC ) 2 k12 ) 2k1°12 (6a)

NC ) 3 k12 ) 2Fk1°12 + k2°12 (6b)

NC g 4 k12 ) 2Fk1°12 + [2F + (NC - 4)F2]k2°12 (6c)

NC ) 2 k13 ) k1°12 + k1°13 (7a)

NC ) 3 k13 ) (2/3)(Fk1°13 + Fk1°12 + k2°12) +
(1/3)(k2°13 + 2Fk1°12) (7b)

NC g 4 k13 ) 2NC
-1{Fk1°13 + Fk1°12 +

[2F + (NC - 4)F2]k2°12} + 2NC
-1{Fk2°13 +

[F+ (NC - 4)F2]k2°12+ 2Fk1°12} +

(NC - 4)NC
-1{F2k2°13 + [2F + (NC - 5)F2]k2°12+ 2Fk1°12}

(7c)
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the introduction of the13C-SRR values∆1°13 ) k1°13 - k1°12,
∆2°13 ) k2°13 - k2°12, and ∆3°13 ) k3°13 - k3°12. To our
knowledge, there are no published values for13C specific group
rate constants, but the difference between rate constants for
labeled and unlabeled compounds can be derived from our
experimental results,k13 - k12 ) -k12ε/(1000 + ε), which
allows for the derivation of estimates of the group specific values
for 13C. For ethane, substituting eq 7a into eq 6a and replacing
k1°13 - k1°12 with ∆1°13 gives

wherek12 is assumed to be equal tok, which can then be either
calculated using the SRR method, or taken from the literature.
From the KIE results for ethane, an average value for∆1°13 of
(-2.1 ( 0.8) × 10-15 cm3 molecule-1 s-1 is obtained when
OHk is taken from the literature value,4 and (-2.3 ( 0.9) ×
10-15 cm3 molecule-1 s-1 is obtained whenOHk is derived using
the SRR method.15 In both cases, the uncertainties were
determined from the uncertainties of the measured KIE and the
rate constants. For the SRR-determined rate constant, the
uncertainty was estimated to be( 50%.

For propane, substituting eq 6b into eq 7b gives

and for the generaln-alkane withNC g 4, by combining eqs 6c
and 7c, we obtain

Thus, a plot of-kε/(1000+ ε) againstNC
-1 for NC g 4 should

give a straight line with a slope of [2F∆1°13 + (2F - 4F2)∆2°13]
and an intercept ofF2∆2°13. Using the C4-C8 n-alkane KIE data,
∆1°13 ) (0.0( 1.2)× 10-14 and∆2°13 ) (-1.4( 0.3)× 10-14,
both in cm3 molecule-1 s-1 using the literature rate constant
data, and∆1°13 ) (-0.2 ( 1.3) × 10-14 and∆2°13 ) (-1.4 (
0.3) × 10-14, both in cm3 molecule-1 s-1 using rate constants
from SRR were derived.

In addition to then-alkanes, there were a number of KIE
results for branched and cyclic alkanes. From the cyclic alkanes,
we further refined our estimation of∆2°13, and from the branched
alkanes, methylpropane and methylbutane, we determined∆3°13

) k3°13 - k3°12, wherek3° is the rate constant for the H-atom
abstraction from a>CH- group. First, for the simple cyclic
hydrocarbons cyclopentane and cyclohexane, the total rate
constant is the sum of the secondary rate constants for each
hydrocarbon, with a ring strain factorF5 ) 0.64 on each carbon
in the five-atom ring cyclopentane. As an example, the following
relationship can be written for the reaction of OH radicals with
a cyclopentane molecule containing only12C:

Likewise, we can write an equation for the reaction with a
cyclopentane molecule containing one carbon-13 atom:

By combining eqs 9 and 10:

From the two KIE measurements for the reaction of cyclopen-
tane with OH radicals we obtain∆2°13 ) (-9.4( 0.7)× 10-15

cm3 molecule-1 s-1 using literature rate constant values, and
∆2°13 ) (-8.6 ( 0.6) × 10-15 cm3 molecule-1 s-1 using the
rate constant derived from SRR values. Likewise, from the
single cyclohexane point,∆2°13 ) (-2.0 ( 1.0) × 10-14 cm3

molecule-1 s-1 using the literature rate constant and∆2°13 )
(-2.5 ( 1.3) × 10-14 cm3 molecule-1 s-1 using the SRR-
calculatedk value. At this point, error-weighted averages can
be calculated for∆2°13: (-9.7( 0.7)× 10-15 cm3 molecule-1

s-1 using the literature rate constant data and (-8.8 ( 0.6) ×
10-15 cm3 molecule-1 s-1 using SRR-calculated rate constants.

With the error-weighted average∆2°13 value,∆1°13 can now
be determined for the propane results using eq 8b: (-3.3 (
1.2) × 10-15 cm3 molecule-1 s-1 using the literature rate
constant data and (-4.8 ( 1.3) × 10-15 cm3 molecule-1 s-1

using the SRR-determined rate constant for propane. The error-
weighted average13C-SRR values for∆1°13, therefore, are (-2.5
( 0.7)× 10-15 cm3 molecule-1 s-1 using literature rate constant
data and (-3.1( 0.7)× 10-15 cm3 molecule-1 s-1 using SRR-
calculated rate constants. The uncertainty in the primary13C-
SRR value is due in part to the uncertainty in the ethane KIE
values, but also to the inclusion of the uncertainty of∆2°13 in
the ∆1°13 determination from both the propane KIEs and the
C4-C8 alkane KIEs.

Finally, to determine the isotopic effect on the structure-
reactivity relationship for tertiary carbon atoms,∆3°13, the
measured KIEs for methylcyclopentane, methylpropane, and
methylbutane were used. From these three hydrocarbon KIEs,
using the error-weighted averages for∆1°13 and∆2°13 determined
from the room-temperature KIE measurements of then-alkanes,
cyclopentane, and cyclohexane, three values for∆3°13 were
determined: methylpropane (-6.2 ( 2.2) × 10-14 [(-7.1 (
2.5) × 10-14], methylbutane (-2.5 ( 0.7) × 10-14 [(-3.0 (
0.7) × 10-14], and methylcyclopentane (-2.0 ( 1.9) × 10-14

[(-2.3 ( 1.9) × 10-14], all in cm3 molecule-1 s-1, with the
values calculated using the SRR-determined rate constants in
brackets. The error-weighted average for∆3°13 is (-2.8 ( 0.6)
× 10-14 using literature rate constants, and (-3.2 ( 0.7) ×
10-14 using SRR-determined rate constants, both in cm3

molecule-1 s-1. The differences in isotopic reactivities for
tertiary carbon atoms in the three branched alkanes is at least
partly due to the limited number of results available for
hydrocarbons with tertiary carbon atoms and the experimental
errors of these values. However, it can also not be excluded
that our assumption of identical ring strain factors for labeled
and unlabeled cyclic alkanes is an oversimplification. The
individual contributions as well as the final error-weighted
averages for∆1°13, ∆2°13, and∆3°13 are summarized in Table 3.

The 13C-SRR values reported in Table 3 were determined
using the onen-butane+ OH KIE measurement from this work.
Because of the large difference between the previous KIEs for
this reaction and the KIE reported in this work, a repeat of the
calculations for the13C-SRR values was also made using the
four previousn-butane KIEs to determine how sensitive the13C-
SRR values are to this difference. The values from this repeat
calculation are all within(7% of the values determined using
the KIE from this work. This is within the reported uncertainty
of the measurements, showing that the overall13C-SRR calcula-
tions are not highly sensitive to the uncertainty of then-butane
KIE.

k13 - k12 ) -kε/(1000+ ε) ) ∆1°13 (8a)

-kε/(1000+ ε) ) (1/3)(2F∆1°13 + ∆2°13) (8b)

-kε/(1000+ ε) ) NC
-1{2F∆1°13 +

[2F + (NC - 4)F2]∆2°13}

) NC
-1[2F∆1°13 +

(2F - 4F2)∆2°13] + F2∆2°13 (8c)

k12 ) 5k2°12F(-CH2-) F(-CH2-)

F(five-member ring)) 5k2°12F
2F5 (9)

k13 ) k2°13F
2F5 + 4k2°12F

2F5 (10)

-kε/(1000+ ε) ) F2F5∆2°13 (11)
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Using the three weighted averages for∆1°13, ∆2°13, and∆3°13,
the primary, secondary, and tertiary values for the13C-SRR,
KIEs can be calculated for alkane reactions that have not yet
been measured. To check to the validity of this method, a
comparison of the experimental alkane-OH KIEs from this
work was made with the KIEs calculated using theNC

-1

approximation and the average13C-SRR values calculated from
both literature rate constants and SRR-determined rate constants
(Figure 1). In Figure 1b, the methylcyclopentaneOHk from this
work was used because no literature value is available.

From the 12 different alkane-OH reactions studied, all KIEs
calculated using theNC

-1 approximation and all KIEs calculated
using the two sets of13C-SRR values with the exception of the
cyclohexane-OH KIE fall within a factor of 2 of the experi-
mental KIE values. The 1σ standard deviation in the percent
differences between the experimental and calculated values are
37%, 23%, and 29% for the KIEs calculated usingNC

-1, kliterature
13C-SRR values, andkSRR

13C-SRR values, respectively.R2

values calculated for the relationships between experimental
values and calculated values are 0.63, 0.67, and 0.62 for the
KIEs calculated using theNC

-1 approximation,kliterature
13C-

SRR values, andkSRR
13C-SRR values, respectively. Thus, the

13C-SRR determined KIEs are closer on average to the
experimental value than those determined using a simpleNC

-1

relationship. SRR-calculated rate constants forn-alkane reactions

with OH radicals are all higher than the accepted literature
values, and as a result, the average value for∆1°13 calculated
using thekSRR values is higher than the value calculated using
the literaturek’s, and the value for∆2°13 calculated using the
kSRRvalues is lower than the value calculated using the literature
k’s. This leads to slight differences in the calculated KIEs. There
is slightly better agreement between the KIEs calculated using
literature rate constant data and the experimental KIEs (Figure
1b). Because the SRR calculatedk’s are merely approximations
and accurate to only within a factor of 2, the literaturek values,
which are more widely accepted as the actual values, provide
us with more accurate13C-SRR values. The only calculated KIEs
that are not within a factor of 2 of the experimental KIEs are
for the reaction of cyclohexane with OH. Because there is only
one KIE measurement of the cyclohexane-OH KIE, it is
difficult to determine the cause of the deviation. Our13C-SRR
method does not differentiate between cyclic and noncyclic
secondary carbon atoms, which could contribute to this dis-
crepancy.

There is also a significant deviation between the experimental
and calculated values for two of the compounds containing
tertiary carbon atoms; methylpropane and methylcyclopentane.
For methylpropane, this deviation is independent of the calcula-
tion method, whereas for methylcyclopentane the deviation is
only for the KIE calculated using theNC

-1 approximation. These

TABLE 3: Summary of the Carbon Isotope Structure Reactivity Relationship Values Determined from Measured13C-Kinetic
Isotope Effects in the Reactions of Alkanes with Hydroxyl Radicals at Room Temperature and 1013 mbar

1015∆1°13,
cm3 molecule-1 s-1

1015∆2°13,
cm3 molecule-1 s-1

1015∆3°13,
cm3 molecule-1 s-1

hydrocarbon or
hydrocarbon group kliterature

a kSRR
b kliterature

a kSRR
b kliterature

a kSRR
b

ethane -2.1( 0.8 -2.3( 0.9
propane -3.3( 1.2 -4.8( 1.3
C4-C8 alkanes 0( 12 -2 ( 13 -14 ( 3 -14 ( 3
cyclopentane -9.4( 0.7 -8.6( 0.6
cyclohexane -20 ( 10 -25 ( 13
methylpropane -62 ( 22 -71 ( 25
methylbutane -25 ( 7 -30 ( 7
methylcyclopentane -20 ( 19 -23 ( 19
error-weighted average -2.5( 0.7 -3.1( 0.7 -9.7( 0.7 -8.8( 0.6 -28 ( 6 -32 ( 7

a Determined using literature rate constant values as shown in Table 2.b Determined using rate constants derived from Structure Reactivity
Relationship values.15

Figure 1. Comparison of the measured KIEs and the KIE values calculated using (a)NC
-1 approximation, (b)13C-SRR values calculated using

literature rate constants, and (c)13C-SRR values calculated using rate constants determined using SRR approximation for the gas-phase reactions
of light alkanes with OH radicals. The solid lines show they ) x line and the dotted lines show they ) 2x andy ) 0.5x lines.
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deviations are understandable for theNC
-1 approximation,

derived solely from then-alkanes. The deviation from the
experimental KIE for the methylpropane reaction from the KIEs
calculated using both of the13C-SRR values is due in large part
to the low number of KIE measurements that were made for
hydrocarbons with tertiary carbon atoms. The two∆3°13 values
determined using the methylpropane KIE have much larger
uncertainties and are a factor of 2 greater than the∆3°13 values
determined for the other compounds containing a tertiary carbon
atom. The error-weighted average∆3°13 value thus predicts a
much smaller than the measured KIE. With additional KIE
measurements of branched alkane-OH reactions, the uncertainty
for ∆3°13 should decrease, improving the accuracy of the13C-
SRR calculations for compounds with tertiary carbon atoms.

Using the13C-SRR values determined using the literature rate
constants in combination with the group rate constants reported
by Atkinson,15 the group KIEs for hydrogen atom abstraction
by OH radicals were determined. Not accounting for errors
within the group rate constants, because none are reported, the
KIEs for hydrogen atom abstractions from primary, secondary,
and tertiary carbon atoms areε1° ) 18.7 ( 5.2, ε2° ) 10.5 (
0.7, andε3° ) 14.4 ( 3.2, all in ‰.

Donahue et al.19 present an expression for the temperature
dependence of the reaction of light alkanes with the OH radical,
which is based on a simplified transition state theory. Their
expression includes two vibration frequencies, one for the CHO
and one for the HOH bend. Because the second vibration does
not involve a carbon atom, it will not be directly affected by a
change in the carbon atom mass. The frequency of the
degenerate CHO bend is 300 cm-1. On the basis of the
expression presented by Donahue et al., the site specific KIEs
above correspond to changes in vibration frequency to 289( 4,
294( 1, and 292( 2 cm-1, respectively. On the basis of the
Teller-Redlich product rule, the frequency of the13CHO bend
calculated from the 300 cm-1 12CHO bend frequency is 288
cm-1. The corresponding KIE is 20.8‰. Thus, as a first
approximation, our findings are consistent with the simplified
transition state treatment of Donahue and colleagues. However,
the treatment they present does not include a site dependence
of the CHO bend frequency and thus does not predict any
differences between the site specific KIEs. Our results indicate
the existence of such differences although it should be noted
that most of the site-specific KIE values have substantial
uncertainties and the differences between them are only
significant at a 1σ confidence level. A possible qualitative
explanation is a dependence of the CHO bend frequency on
the CH bond strength in the alkane, which is decreasing from
primary to tertiary carbon atoms but also changes in CC and
CCH vibration frequencies, which are not treated explicitly in
the transition state presented by Donahue et al., can contribute
to the KIEs.

For the above determination and application of the carbon
isotope SRR values, the basic assumption is that the13C
distribution in the hydrocarbons is completely random. Strictly
speaking, site-specific enrichment or depletion of13C will
change the KIE value, although we expect that for hydrocarbons
without artificial 13C enrichment or depletion such an effect will
be very small. To test this assumption, a calculation for
consideration of site-specific enrichment was made. It is well
established that carbon isotope effects are quite small, between
a few per mille to a few 10 per mille. For our calculations, we
changed the13C distribution in 2-methylbutane by(100 ‰
((10%), a likely overestimation of possible enrichment. With
a random distribution, the KIE is calculated to be 2.73 ‰. With

a (10% enrichment of the primary carbon atoms, the resultant
KIEs were(0.30 ‰ from the KIE determined for random13C
distribution. Enrichments of(10% of the secondary and tertiary
atoms resulted in even smaller differences. The reported KIE
for methylbutane from this work, from two separate measure-
ments, is (2.91( 0.43)‰. Clearly, the expected impact of
deviations from a random distribution of13C in hydrocarbons
on carbon KIEs is less than the uncertainty of present day
measurements.

Ethene KIE. To the authors’ knowledge, the only previous
measurements of alkene-OH KIEs were made by Rudolph et
al.1 From their measurements, an inverse dependence onNC

can be approximated atε (‰) ) (33.4( 1.3)NC
-1 with an R2

value of 0.878. Adding the ethene-OH KIE (18.6 ( 2.9)‰
from this work, the inverse dependence becomes:ε (‰) ) (34.9
( 1.2)NC

-1 with anR2 value of 0.957. This indicates very good
agreement between the ethene KIE and the alkene KIEs
previously reported.

Conclusions

For the 12 alkane-OH reaction KIEs that have been
measured, the KIEs calculated using13C-SRR values derived
from the literature rate constant values fork12 agree within a
factor of 2 for all alkane-OH reactions except the OH-oxidation
of cyclohexane. The13C-SRR concept allows for the calculation
of the group specifick13 values at 298 K:k1°13 ) (1.342 (
0.002)× 10-13, k2°13 ) (9.203( 0.006)× 10-13, andk3°13 )
(1.898( 0.009)× 10-12, all with units cm3 molecule-1 s-1.
The13C-SRR values based on measured literature rate constants
for k12 result in KIEs that are in better agreement with the
measured KIEs than the values determined using rate constants
calculated using the SRR method. Using the group rate constant
values reported by Atkinson15 ask12, the k12/k13 ratios can be
determined such that the group specific kinetic isotope effects
are (all in ‰): ε1° ) 18.7( 5.2, ε2° ) 10.5( 0.7, andε3° )
14.4 ( 3.2. The difference in the group kinetic isotope effect
for the abstraction of a hydrogen atom from a primary carbon
atom is statistically similar to the effect for abstraction from a
tertiary carbon atom. However, there are indications that
hydrogen atom abstractions from secondary carbon atoms lead
to smaller carbon isotope fractionations than those reactions at
primary and tertiary atoms, even within the uncertainties of our
measurements.

The KIEs presented in this paper, including the measurement
of the KIE for the reaction of ethene with OH radicals, are
necessary for the accurate interpretation of ambient stable carbon
isotope ratio measurements. The development of the13C-SRR
values allow for the calculation of alkane-OH KIEs not yet
measured, although for branched and cyclic alkanes there are
still significant uncertainties in the KIEs derived from the13C-
SRR.

In the measurement of ethene, the competitive reaction
between OH and ozone decreased the reliability of the OH KIE
measurement. For future alkene-OH KIE measurements,
characterization of the predominant reactions within the chamber
may be made possible by varying the concentration of O2 in
the chamber. This would allow for better control over the
production of ozone, and the subsequent competitive alkene
reactions that may occur between OH radicals and ozone.
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