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The carbon kinetic isotope effects (KIEs) of the reactions of several light non-methane hydrocarbons (NMHC)
with Cl atoms were determined at room temperature and ambient pressure. All measured KIEs, defined as
the ratio of the Cl reaction rate constants of the light isotopologue over that of the heavy isotop6&logle (

Clk13) are greater than unity or normal KIEs. For simplicity, measured KIEs are reported in per mil according
to Cle = (C'k12/%k13 —1) x 1000%o unless noted otherwise. The following average KIEs were obtained (all in
%o): 10.73+ 0.20 (ethane), 6.44 0.14 (propane), 6.1& 0.18 (methylpropane), 3.94 0.01 (-butane),

1.794 0.42 (methylbutane), 3.22 0.17 f-pentane), 2.0 0.40 (-hexane), 2.06- 0.19 (-heptane), 1.54

+ 0.15 (-octane), 3.04t 0.09 (cyclopentane), 2.3® 0.09 (cyclohexane), and 2.56 0.25 (methylcyclo-
pentane). Measurements of tHE/C KIEs for the Cl atom reactions of the,€Cg n-alkanes were also

made at 348 K, and no significant temperature dependence was observed. To our knowleddéCfRi€se

KIE measurements for alkanesCl reactions are the first of their kind. Simultaneous to the KIE measurement,
the rate constant for the reaction of each alkane with Cl atoms was measured using a relative rate method.
Our measurements agree with published values witt20%. The measured rate constant for methylcyclo-
pentane, for which no literature value is available, is (2:88.11) x 10°1° cm?® molecule* s, 1o standard

error. The®e values presented here for the-Cg alkanes are an order of magnitude smaller than reported
methane’e values Geophys. Res. Let00Q 27, 1715), in contrast to reporteétfe values for methanel(
Geophys. Res. (Atmos29001, 106 23, 127) and €-Cg alkanes J. Phys. Chem. A2004 108 11537),

which are all smaller than 10%.. This has important implications for atmospheric modeling of saturated NMHC
stable carbon isotope ratioSC-structure reactivity relationship valuéSG—SRR) for alkane-Cl reactions

have been determined and are similar to previously reported values for aldheeactions.

Introduction boundary layer may contribute to chemical removal of hydro-
) carbons from coastal environmef#s26 Depending on the
Over 1the past decade, the usefulness of stable carbon iSotop&agnitude of the Cl reaction KIEs, however, chlorine chemistry
ratio (0 3C) measurements to investigate the chemistry of ., 14 also have an impact on NMHE3C in regions with low
atmospheric nonmethane hydrocarbon (NMHC) has been .oncentrations of Cl atom&C/A3C KIE measurements for the
demonstrated-® The majority of these investigations have dealt OH reactions of many NMHC have been reportéd23but to
specifically with the OH radical chemistry of NMHC, which knowledge, there are no publish&C/3C KIEs for the

are on a global average the most important atmospheric reactiongesctions of saturated NMHC with Cl atoms. Here we present
of NMHC. It has been established, however, that the use of ¢ first KIE measurements for the reactions of Cl atoms with

carbon isotopes in the methane budget should include Cl-atomgat;rated NMHC.
chemistry due to the relatively large carbon kinetic isotope effect Unlike hydrogen isotope effects that can generate substantial
(*2C3C KIE) of the ClI reactio®’~14 in comparison to that of KIEs (ki/ko > 2) 1CA3C KIEs for saturated NMHC with
616 Thic i i . . ;o ‘ _
the QH reacn_or%. This is in spite of the '_s,mall impact of  a¢ral abundance isotope ratios are typically less than 10%o..
chlorine chemistry on the overall atmospheric loss of methane. Nevertheless, these carbon KIEs for the reactions of hydrocar-
Similarly, to quantify the impact of Cl-atom chemistry on  pons without artificial enrichment or depletion 8C can be
theélac of NMHC, aCCUI’aIéZCfBC KIEs for Cl atom reactions determined with very good precision' typicau;o_s%o, using
must be known. It is understood that reactions with Cl atoms gas chromatography and combustion coupled with isotope ratio
play a key role in the oxidation g NMHC at high latitudes mass spectrometry (GCC-IRM&).The KIE measurement
during polar sunrise conditiort$:?* As well, there is some  technique used in this work allows for very precise determination
by directly and simultaneously measuring change in NMHC
* To whom correspondence should be addressed. E-mail: rsa@ucar.educoncentration and isotope ratios. This eliminates the large
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TNow at National Center for Atmospheric Research, Atmospheric uncertainty that is introduced by comparlng separate measure
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* Atmospheric Science and Technology Directorate. coefficients.
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Experimental Method the IRMS dynamic range. Each reaction chamber measurement
took approximately 1.52 h, depending on details of the GC
separation. Measurements were made until less than 50% of
the original hydrocarbon concentration remained. Following the
initiation of the CI atom reaction, at least three additional

4 - measurements of the reaction chamber contents were made.
atoms rather than OH radicals. Hydrocarbons of inteee87 0o From the traces generated by the IRMS software, stable

purity grade from Slgma—AIdr]ch, Air Products, and Mat'ht.ason carbon isotope ratios and hydrocarbon concentrations were
Gas) with naturally occurring isotope abundances were injected yotermined. For hydrocarbons without artificial enrichment of
int_o a 30 L PTFE reaction chamber filled wit_h synthetic air 13C, the abundance of tH&C atoms in the sample is effectively
(Air Products, 99‘9%), tp generate concentrations betwee.n 50proportional to the hydrocarbon concentration and could there-
and 450 parts per million by volume (ppmV). The reaction 46 e ysed directly to monitor the change of hydrocarbon
chamber was housed in a modified drying oven that could ¢qncentration with time. The KIE, defined as the ratio of the
regulate the temperature to W'th'&s K between room rate constants for the species containing oy atoms and
temperature and 473 K. Chlorme a“?ms were genergted Y those containing &C atom,k;2/kis, was determined from the
photolyzing molecular Gl (Sigma-Aldrich, =299.5% purity) = gjne of the linear least-squares fit of the relationship between

injected into the reaction chamber using between 1 and 12 ., centrations and isotope ratios described by Andersor?t al.
fluorescent lights mounted on the back of the drying oven and

The technique used for measuring Cl react&®/*3C KIEs
is very similar to the technique for measuring OH reactgy
13C KIEs, described in detail in a previous publication by our
group?® and required only a few modifications to generate Cl

emitting in the ultraviolet range,max = 350 nm. An automated as:

system sampled 5 mL aliquots of the reaction chamber contents, 12c K,k 18¢ 120

which were separated using gas chromatography, converted to In Tt —-_12718 — t12 t 1)
CO, on a combustion interface, and finally analyzed using an c) 1- KyofKys Cy C,

isotope ratio mass spectrometer (GCC-IRMS).

Samples were separated on an HP1 column (Agilent Tech- WhereC; andC, are the abundances of carbon atoms at ime
nologies, 60 m, 0.32 mm i.d., &m film thickness) and, using ~ andt = 0, respectively. The experimental uncertainty for an
two-dimensional chromatography when necessary for further individual experiment is determined from the uncertainty in the
separation of the £and G hydrocarbons, on a PoraPlot Q Slope of eq 1 using an average of the pre-reaction-initiation
column (Chromatographic Specialties, 60 m, 0.32 mm i.d.). The Measurements as the value for 0. For the compounds with
GC temperature programming varied depending on the hydro- !I’]Itla| concentrations that exceed_ed the IRM_S linear range f(_)r
carbons being separated, with all programs beginning at 2431SOtope ratio measurement, the flrst_dat_a point that was within
K. An electronic pressure control unit adjusted the column head the linear range following the reaction initiation was used as
pressure with the temperature to maintain a constant 1.5 mL the value fort =0. . )
min~t flow of helium carrier gas (Air Products, 99.995%). A 1o verify that reaction with Cl atoms was the primary loss
small portion of the GC effluent, approximately 0.3 mL min mechanism within th(_a reactlon_chamber, the relative loss rates
was diverted to a Saturn 2000 ion trap mass spectrometer for0f €ach hydrocarbon in comparison to a reference hydrocarbon,
peak identification and for verification of peak purity. The Selected from the other hydrocarbons in the experiment, were
remaining portion of the GC effluent passed through a combus- determined for each experiment. From this loss rate and the
tion interface for quantitative conversion of all carbon species literature rate coefficient for the reference hydrocarbon, an
to carbon dioxide, followed by a Nafion permeation dryer for experlmentgl rate constant for each hydrocarbon was detgrmlned
water removal. Approximately 0.4 mL mif of the dried gas for comparison against literature values. For the experiments
was then transferred through an open split interface into the performed at 348 K, literature rate constant data is only available

ion source of a Finnigan MAT 252 IRMS for stable carbon for propane andr-butane, for which the reported values are
isotope ratio measurement. independent of temperature over the ranges—2D K and

i 0
Prior to the reaction initiation, between two and four 290-600 K, respectively:

measurements were made of the contents of the reaction
chamber to establish stability in concentration and stable carbon
isotope ratio of the hydrocarbons. From these measurements, In seven experiments with between two and six hydrocarbons
the mean relative standard deviation of the individual hydro- each, the Cl reactio®C/*3C KIEs for 12 light alkanes were
carbon concentration values was 1.4%, with all values lower measured at 298 3 K and atmospheric pressure. In two
than 5.0%. The mean standard deviation of the stable carbonexperiments containing & Cg n-alkanes,o-xylene was also
isotope ratio §*3C) values was 0.14%o., and all values were lower present and was used as a reference compound. As well, the
than 0.4%.. However, in four separate experiments, the initial KIEs for the reactions of the-alkanes from g—Cg with CI
concentration of a single hydrocarbon species, specifically atoms were measured in one experiment at-84BK, also at
propanen-butane, methylbutane, amehexane, was higher than  atmospheric pressure. A summary of the KIE measurements is
the dynamic range of the isotope ratio measurement on thegiven in Table 1.

IRMS. For these measurements, the initial concentrations of the For each compound, the experimental rate constant was
compounds could be measured by @0, mass 44 Faraday  determined relative to a reference compound. The measured rate
cup of the IRMS, but due to the limited dynamic range of the coefficients and the reference hydrocarbon for each measurement
mass 45 and 46 signals, necessary for quantification ofe  are also shown in Table 1. The KIE results from all room-
signal, the initial'3C/*2C measurements were not reliable. For temperature experiments were averaged for each hydrocarbon
these four experiments, the variability of th&C of the other and are reported in Table 2, with the uncertainty reported as
NMHC in each experiment was relied on to verify isotopic the error of the mean KIE for each hydrocarbon with more than
stability within the reaction chamber prior to reaction, and the one measurement. The more conservative mean KIE value is
initial isotope ratio data point for the KIE analysis was taken reported rather than an error-weighted average KIE, as the
from a subsequent data point once the measurements fell withinuncertainties derived from the regression plots of eq 1 are

Results and Discussion
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TABLE 1: Carbon Kinetic Isotope Effects for the Reactions rate constants determined from the relative rate analyses along
of Light-Saturated Nonmethane Hydrocarbons with CI with published rate constants. Although the hydrocarbon
Atoms Measured at 100 kPa Total Pressure in Air concentrations used in the experiments were significantly higher

temp, 10t Ck,p cm? than ambient concentrations, the measured first-order reaction

alkane K Cle, %o R molecule’s™ rate coefficients at these concentrations are consistent with

ethane 299 10.5¢0.13 0.999 0.4% 0.03 reported measurements.

300 10.88-0.48 0.987 0.4%0.1Z For compounds with multiple KIE measurements, the vari-
propane 295 622017 0.997 13% 0-03: ability in the measurements was within the experimental

ggg g:ggi 8:22 é:ggg i:g& 8:%8 uncertainties of the method, with the exception of tHeexane

348 6.044 0.11 0.997 1.28 0.08 KIE. The KIE for the reaction ofi-hexane with Cl was measured
methylpropane 298  6.180.18 0.995 1.38& 0.03 four times at room temperature. The mean and the standard error
n-butane 295 395015 0.996 2.1%0.06 of the KIE for n-hexanet+ Cl was (2.02+ 0.40)%o, while the

295  3.94£0.10 0.997 2.0 0.02 range of KIEs measured is 1.54%.. The lowest KIE observed
methylbutane 3‘2138 4'18_% 8:‘113 8:328 ig?st 8:(1)‘_; (1.13 + O.Q6)%o was from an experiment Whgre the initial
n-pentane 205 318019 0993 264 0.06 concentration ofi-hexane was above the dynamic range of the

205 3.34+0.11 0.997 2.59 0.03 isotope ratio measurement capability of the IRMS such that the

348  2.914+0.11 0.986 3.05-0.2C isotope ratio measurements made prior to the reaction initiation
gyg:gﬁg)r:;fée ggg ggﬁ 8-83 8-83625 g-gi 8-(1)% were unreliable. However, the variability of the isotope ratios
n¥ethy|cyc|opentane 298 556025 0.955 282 0.11 for the rema_un_der of the hyd_rO(_:arbons within the experiment
n-hexane 295 246006 0999 316 007 were well within acceptable limits for these measurements, as

205 268+0.09 0995 3.4 0.1X discussed by Anderson et@lTherefore, it is unlikely that in

299  1.13+0.06 0.995 3.18 0.50 this experiment th@-hexane isotope ratio measurements have

301  1.80+0.34 0.933 3.3%0.48 larger uncertainties than usual. Furthermore, this value was

348 155£0.13 0947 4.180.28 tested for outlier status using the Q-test, but did not qualify as
n-heptane 2325 215%% 8'22 8'838 g'gi 8'%2 an outlier from a purely statistical standpoint. Similarly, the

209 193020 0948 361057 experimental rate constant determined rielnexane from this

301 1.84+0.46 0.888 3.3#0.52 experiment was in agreement with the literature value within

348  1.58+0.13 0.949 456 0.3r an uncertainty o#20%. Thus, all measured KIE values for
n-octane 295  1.5¢:0.07 0.996 4.030.09 the room-temperature reactionmhexane with Cl atoms were

ggg iégi 8'22 8'863 g'gi 8'23 used for the calculation of the mean KIE.

301 178022 0970 365 057 Relative Rate Analysis From 26 measurements of the room-

348 1.91+ 0.13 0.962 4.42-0.3L temperature experimental rate constants for the reactions of

a ' , alkanes with Cl atoms, all were in agreement with the literature
Error shown is calculated from the standard error in the plot of eq ¢ tants to Withie-20%. Th fident that i
1. b Experimental rate constant calculated using literature rate constants' 2t€ constants to withi 0. Thus we are confident that in
and uncertainties for the reference compd@at22 and the standard ~ all our experiments the primary loss mechanism for each
error of the relative rate analysfsPropane used as reference compound. hydrocarbon was due to reaction with Cl atoms.
dn-Hexane used as reference compoufifethane used as reference For the reaction of methylcyclopentane with Cl atoms, there

compound! n-Butane used as reference compouh@yclopentane s no known published rate constant. Our rate constant, measured
used as reference compoufici-Heptane used as reference compound. relative to cyclohexan® is (2.82 + 0.11) x 10710 cm?

 Methylpropane used as reference compoui@jclohexane used as | 11 . . .
reference compound.n-Octane used as reference compourd. molecule™ s™%. The uncertainty in the rate Constar_1t is the 1
Xylene used aspreference compound. P standard error calculated from the standard error in the plot of

the relative loss rates and the uncertainty in the literature rate
generally smaller than the errors derived from the reproducibility constant for the reaction of cyclohexane with chlorine atoms.
of the measurements. Also reported in Table 2 are the averageBy using the group rate constants discussed by Atkid3tmg

TABLE 2: Summary of the Carbon Kinetic Isotope Effects and Rate Constants for the Reactions of Nonmethane
Hydrocarbons with Cl Atoms at 298 + 3 K and 100 kPa Total Pressure in Air

1010 Clklileralura 1010 Clkexperimentalc
alkane averag®€e,? %o OHe b %o cm® molecule st cm® molecule! st
ethane 10.73 0.20 8.57+ 1.95 0.593+ 0.03% 0.48+0.01
propane 6.44t 0.14 5.46+ 0.35 1.4+ 0.28 1.59+ 0.23
methylpropang 6.184+0.18 8.45+ 1.49 1.30+ 0.01f 1.38+ 0.05
n-butane 3.94+ 0.01 5.16+ 0.67 2.1+ 0.1° 2.09+ 0.03
methylbutané 1.794+ 0.42 2.91+0.43 1.96+ 0.02 1.93+0.07
n-pentane 3.220.17 2.85+:0.79 2.51+ 0.02 2.62+0.03
cyclopentané 3.04+ 0.09 1.844+0.13 3.3+ 0.19 3.05+ 0.06
n-hexane 2.02: 0.40 2.204+ 0.07 3.06+ 0.03 3.20+0.15
cyclohexang 2.30+0.09 4.46+ 0.51 3.1+ 0.1 3.83+0.12
methylcyclopentarfe 2.56+ 0.25 1.77+ 0.53 3.0+£1.5 2.82+0.11
n-heptane 2.06:0.19 1.96+ 0.26 3.65+ 0.07 3.50+0.13
n-octane 1.54+0.15 2.13+0.39 4.1+ 0.1 3.82+0.18

a Uncertainty reported is the error of the mean KIE value for compounds with more than one KIE measurement, and the uncertainty from the
standard error of the plot of eq 1 for compounds with only one measureffemt.comparison, the reported KIEs for reaction with OH radicals
at 298+ 3 K are included? °Average experimentdlk value and & standard error of the rate constants determined using relative rate analysis
for compounds measured more than orfdérrors given are the errors derived from the slope of the relative rate plots as only one measurement
was made® Atkinson et af® f Hooshiyar and Nik?! 9 Wallington et a® " Aschmann and Atkinso#f. ' Calculated using group rate constants as
described by Atkinsof?
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12 modified by Atkinsons® similar to thel3C and H/D structure
¢ reactivity relationships for the reactions of OH radicals and ClI
atoms with alkanes described previously’ 4! Atkinson
discussed the use of SRR for approximating the rate constants
of the reactions of Cl atoms with alkanes using the group rate
constantse = 3.5 x 1071, ky = 9.3 x 10711, andks- = 6.8
x 10711, all in cm® molecule® s71,35 for the H-atom abstraction
by a Cl atom from a primary, secondary, and tertiary carbon
atom, respectively, along with individual substituent facte(ps)
0 ‘ ‘ = 1.00,F(Y) = F(Z) = 0.79, where substituents aresX—CHj,

1 3 5 7 9 Y = —CH,— and Z= >CH-. For example, the rate constant

Number of Carbon Atoms: N¢ for the reaction of propane with Cl atoms is:

Figure 1. Plot of the!?C/*%C KIEs for the reactions of saturated NMHC
Wigt]h Cl atoms. The solid curve is thEc! linear least-squares fit k=F(Y)k;: + F(X)F(X)ky + F(Y)kyo 2)
determined using all the alkane KIE data, and the dashed and dotted
curves are th&c! linear least-squares fits using all thealkane data which can be simplified to:
and then-alkane data with four or more carbon atoms, respectively.

10

The error bars are the error of the mean KIE for compounds with more k= 2Fky. + ko 3)
than one KIE measurement and the standard error in the plot of eq 1
for compounds with only one KIE measurement. whereF = F(Y) = F(Z) = 0.79. In analogy to this, the rate

rate constant for this reaction can be estimated. Although thereconSIantg(lz for propane can be written using the following:

are recommended ring strain factors for the OH radical reactions K., = 2FK.., + k (4)
. . . 12 1°12 °12
of cyclic alkanes, there are no recommended ring strain factors

for Cl atom reactions of three-, four-, or five-membered rings. Similarly, the rate constaris for the reaction of a Cl atom

By using the literature rate constant for the reaction of jth a molecule containing or€C atom can be written as the

cyclopentane with Cl atoms, 3.3610*°cn® molecule s71,33 sum of the products of probabilities for each carbon atom being

the measured rate constant for methylcyclopentane from this|abeled and the resultant rate constant for that particular

work, 2.82x 107 cm® molecule® s™%, and published group  possibility determined using the appropriate group rate constants.

rate constants for hydrogen atom abstraction from primary, The probability that one hydrocarbon molecule contains more

secondary, and tertiary carbon atoms by a chlorine &tome that onel3C atom is very low and therefore can be ignored

estimate a five-membered ring strain fackgrof 1.02. Thisis  without introducing any significant error. We also assume that

close enough to unity to estimate that ring strain has no effect the 13C atom is randomly distributed between the carbon atoms

on this rate constant. Without considering ring strain, the of the heavier isotopologue. Strictly speaking, this is a simpli-

calculated rate constants for cyclopentane and methylcyclopen-fication, as fractionation during the formation processes as well

tane of 2.90x 10*° and 3.02x 1071, respectively, both i as during reactions in the atmosphere may lead to nonrandom

cm® molecule® s, are both withint-15% of the experimentally  gistribution. However, it has been shown that the error

determined rate constants. introduced by this assumption depends on the extent of site-
Carbon Number Dependence of KIEsA plot of the mean  gpecific isotope enrichment and the magnitude of site-specific

KIEs against the number of carbon atohsis shown in Figure  K|Es 3% Because of the small isotope effects observed3or

1. On the basis of the assumption that the probability of a it can be expected that, for molecules without artificial enrich-

reaction occurring at th&C atom is inversely proportional to  ment or depletion of3C, such effects will be well within the

Nc and that the isotope fractionation is independent of the yncertainties in thé?C/A3C KIE measurements at this time.

reaction site, the KIEs for all measured alkai@ reactions Therefore, again using propane as an example, the rate constant

can be described & = (18.3+ 1.2)%0 x Nc™* with an R? kys for reaction of Cl atoms with propane containitig is:

value of 0.846. The same relationship for only thalkane data

gives a similar dependence 8 = (18.9 4+ 1.3)%0 x Nc™! Kz = 5(FKyor3 + FKpopp + Kpepo) + l/3(|< o153+ 2Fkper) (5)

with an R? value of 0.923. As shown in Figure 1, these curves

give a reasonable first-order description of the measured Cl |t is assumed that thE factors are independent of the mass

reaction KIEs, but they overestimate KIEs fdi > 3 and of the carbon atom. Th&C-specific group rate constants for

neglect potential differences between reactions at primary, the reactions of Cl atoms with saturated hydrocarbons can be

secondary, and tertiary carbon atoms. A third relationship for estimated from our measured KIEs. The difference between the

the carbon number dependence of the-Cg n-alkanes‘le = rate constants for labeled and unlabeled compounds can be

(14.7 £ 0.8)%0 x Nc™! with an R? value of 0.891, is also  derived from our experimental resulksz — kyz = —ky2¢/(1000

included in Figure 1. Considering the difference between the + ¢). For propane, combining eqs 4 and 5, repladings —

constant for the latter relationship and that of the relationship k.1, with Aje13, andkaeis — koe1o With Ax1s, gives:

that includes all the-alkane data, it appears that the reactions

with ethane and propane may have Cl-atom reaction mechanismsk,; — k;, = —k;,€/(1000+ €) = (/)(2FA o153+ Apys) (6)

that fall between those of methane and the remainder of the

n-alkanes. This may be simply due to the difference of primary With the same approach used by Anderson €t élis assumed

and secondary carbon atoms, which is discussed in the followingthat the group rate constanks:, k-, and ks- discussed by

section. AtkinsorP? arekie1o, koe1o, andkseqo for reactions at?C atoms
13C-Structure Reactivity Relationship. A better description and that the rate constaktderived from the SRR method is

of the alkane-CI KIE values was made using an approach based the rate constank;, for the reaction of Cl atoms with a

on the structure reactivity relationship (SRR) for the reactions hydrocarbon containing onh?C atoms. This is a simplification

of Cl atoms with alkanes described by Greffeand later because, typically, rate constants are determined using com-
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TABLE 3: ¥C—SRR Values for the Reactions of Hydrocarbons with CI Atoms at 298 K and 100 kPa Total Pressure in Air

hydrocarbon or 1088 CIA1°13, 108 CIA2°13, 1088 CIA3°13,
hydrocarbon group cm® moleculet st cm?® moleculet st cm® moleculet st
ethane —6.3£0.1
propane —12.1+ 1.2
C,—Cgn-alkanes —3.8+£5.0 —7.8+22
cyclopentane —-15.8+0.7
cyclohexane —11.3+ 0.6
methylpropane —17+1°
methylbutane 10+ 52b
methylcyclopentane —8 £ 8ab
average —6.0+£ 0.1 —13.2+ 0.6 —16+1

a Calculated using the avera§i\ .13 value. Calculated using the avera§e\ ;13 value.© Determined using error-weighted averaging.

pounds with natural carbon isotope ratios, which means that

they contain about 1.1%°C atoms. However, because the

carbon KIEs are small in comparison to the rate constants for

the individual isotopologues, the relative difference betwaen
and the measured value for natural abundance compounds is
approximately 0.01%, which is more than an order of magnitude
lower than typical uncertainties of experimental rate constants.
Rate constants determined for natural abundance NMHC, such
as literature rate constants, are therefore valid approximations
for kyo. From eq 6 and similar relations for other hydrocarbons
or hydrocarbon group¥,the group rate constankge;s, koe13,
andks-13 for reactions at primary, secondary, and terti&i@

atoms can be derived using measured KIEs and known literature

rate constants.

The group®C—SRR valuesAse1s, Az and Aziz were
determined using the method described in detail previdlsly
and are summarized in Table 3. From the KIE results for the
reaction of ethane with Cl atom&ys — ki» = Aze13 and kqo
taken from literature, thé3C—SRR value was determined
directly as 6.3+ 0.1) x 10713 cm?® molecule! s71, with the
uncertainty determined from the uncertaintiesClénane and
the literature rate constaftkethane From the KIE results for
the G—Cg n-alkanes®A;.13and® A3 were determined using
the general equation derived by Anderson etal.:

—k;€/(1000+ ¢€) =
No [2FA o3+ (2F — 4FA)A g + FPAs (7)

From a linear least-squares fit to the measured KIE d&{as
= (—3.8+£5.0) x 108 andAy13 = (—-7.84+ 2.2) x 10713,
both in units of c molecule s, were derived from the
standard errors of the slope apthtercept. The large uncertainty
of this A1e13 value is attributed to the small contribution of the
methyl groups to the overall reactivity ofalkanes with four
or more carbon atoms.

From the KIEs for the CI reactions of cyclopentane and
cyclohexaneA-13 values were determined to be15.8+ 0.7)
x 10738 and 11.3+ 0. 6) x 10713 both cnf molecule’®
s™1, respectively. For propane, because eq 6 contains/gth
and A3, the averageAzisz (—13.2 £ 0.6) x 10713 cm?®
molecule! s™! was used to determingye;z at (—8.7 &= 0.5) x
10718 cm? molecule? s71. The uncertainty was determined using
the uncertainties in'epropane aNd “Koropane as well as the
uncertainty in the averagk,-13 value. The averagé,-;3 and
Arer3, (—6.4 £ 0.1) x 1012 cm® molecule® s, were then
used to determine values fadrs:13 from the Cl reaction KIEs
for alkanes with tertiary carbon atoms. Theg-13 values were
calculated as{17 & 1) x 10713, (10 £ 5) x 10713 and (8
+ 8) x 10713 all in cm® molecule! s71 from the KIE values

for methylpropane, methylbutane, and methylcyclopentane,

respectively. The resultant error-weighted averages is (—16
+ 1) x 10713 cm?® molecule! s,

12 v
*1/Nc approxin}a/tion
101 o13C-SRR %
£ 81
3
T 6 / -
3 / e
F.0 S8 -
oAy o T
// (u] et
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Figure 2. Comparison of the measured and calculdf&l'’C KIEs

for the reactions of chlorine atoms with saturated hydrocarbons. The
calculated KIEs are determined using tRe * approximatione (%o)

= (18.3+ 1.3) x Nc™* and the averag€C—SRR values reported in
Table 3 with theAz13 value from cyclopentane. A comparison of the
cyclopentane KIE values is excluded as by definition the calculated
value is the experimental value. The solid line is the x line, and

the dotted lines show thg= 0.5« andy = 2x lines.

The high uncertainty in thés-13 value calculated using the
methylcyclopentane KIE is due in part to the uncertainty of the
KIE measurement, but also the small contribution of the reaction
at the tertiary carbon atom to the overall rate constant,
contributing approximately 14% to the overall rate constant.
As well, there is poor agreement between thg;s; values
determined from methylpropane and methylbutane. It is clear
from the uncertainties in the experimental data and=healue
from the KIE determination that the methylbutane KIE is far
more uncertain than the methylpropane KIE. Error-weighted
averaging leads to Az-13 value with a relative small uncertainty,
but this is predominantly based on one measurement with a
small uncertainty.

A comparison of the measuré#C/3C KIEs for the reactions
of Cl atoms with saturated hydrocarbons against the KIEs
determined using th&lc™! approximation and thé3C—SRR
values is shown in Figure 2. With the only exception being the
KIE for the reaction of Cl atoms with methylbutane from both
calculation methods, the calculated values are all witti0%
of the measured values, which is the acceptable tolerance
suggested by AtkinséAdfor SRR-determined rate constants. The
average percent deviations between measured KIEs and KIEs
calculated using®C—SRR values or thé&c~! approximation
are (-4 + 11)% and (16+ 26)%, respectively.

Site-Specific Isotope Fractionation.By using each of the
average*C—SRR values and the SRR:, ky-, andks- values
from Atkinsor?® as the values forkieis, ko1z, and ks,
respectively, the site-specific isotope fractionation can be
expressed as relative difference similar to ¢tierminology for
KIES: €10 = (18.6:l: 0.3)%0, €0 = (14.4:|: 0.7)%0, and63° =
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12 - The isotope fractionations at primary carbon atoms by reaction
10| wnakanes S—— with OH and Cl are essentially identical. The abstractions of a
Abranched anﬁf’cyc.ic alkanes hydrogen atom from a secondary carbon atom by both OH and
g / Cl have smaller effects than abstractions from a primary carbon
3 atom, with a slightly larger fractionation by the ClI reaction than
°\w. 6 S s by the OH reaction. There is a more significant difference in
o the group isotope fractionation values for abstraction from a
4 —— tertiary carbon atom, again with a larger fractionation due to
5| y et hydrogen abstraction by a Cl atom. It should be kept in mind,
/e however, that the number of KIE measurements used to
o K determine the tertiary group KIE values is quite small.

o 2 4 6 8 10 12 Although the rate constants for the OH and ClI reactions with
OHe o, saturated NMHC are 2 orders of magnitude apart, the KIEs are

Figure 3. Comparison of thé’C/*3C KIEs for the reactions of Cl atoms oyerall quite Similar. in magnitude. This, while not .surprisir?g
(this work) and OH radica8with saturated &-Cs NMHC. Error bars given that both reactions occur as hydrogen abstraction reactions,
are the errors of the mean KIE for compounds with more than one emphasizes the difference between the reactions with methane

measurement and the standard error in the least-squares regression linend NMHC. Significant theoretical work has been done to
of eq 1 for compounds with only one measurement. The solid line shows calculate thel2C/A3C KIEs in the OH and Cl reactions with
the relationshipy = x, and the dotted lines show the relationshyps methane, confirming experimental results that demonstrate that
2candy = Hx. Cl + methane KIE is a factor of 10 greater than the GH
methane KIEL®-1® Gupta et al! attribute the 10-fold difference

in the KIEs to the differences in the geometries in the transition
states of the reactions. They calculate that the lengthenig H

TABLE 4: Group Kinetic Isotope Effects and Group Rate
Constants for Cl and OH Reactions with Saturated
Hydrocarbons at 298 K and 100 kPa Total Pressure in Air

101 Ck.b cm? 1013 OH d e -*HX bond, where X is—OH or —Cl, is approximately 0.2 A
groug Cle, %  moleculels™ ©OH¢c%, moleculets™ longer in the more productlike4@---H---Cl transition state than
methane 65 5e 0.01 3.9+ 04 0.064 in the HC---H---OH transition state. This is in agreement with
primary  18.6+0.3 35 18. 74 5.2 1.4 the fact that the methane Cl reaction is endothermic, while
secondary 14.40.7 9.3 10.5£ 0.7 9.3 the OH reaction is slightly exothermic. The longesG+-HCI
tertiary  23.6£1.6 6.8 14.4:32 195 bond results in more movement of the carbon atom, producing

a tunneling factor for the KIE that is an order of magnitude
greater than that of the OH reaction transition state.

Unlike the endothermic methareCl reaction, the reactions
of alkanes with Cl atoms are slightly exotherrffcyvhich
corresponds with their KIEs that are on the order 6fL0%o.

The similarity between the KIEs for reactions of alkanes with
Cl atoms and OH radicals also suggests that the sum of varying
(23.6 + 1.6)%0. As there were no literature uncertainties inverse and normal effects contributing to the overall KIEs have
provided for the SRR values for reactions at specific types of magnitudes such that, when combined, result in similar KIEs.
carbon atoms, the uncertainties in the above site-specific To examine these KIEs and to understand the differences in
fractionation effects take into account only the uncertainties in the group isotope effects, we use transition state theory (355T).
the averagé3C—SRR values. On the basis of TST, the bimolecular reaction rate constant

Comparison of OH- and Cl-Reaction KIEs. In contrast to kis:
the OH and Cl reactions of methane, whekeis more than an
order of magnitude larger thdttle,10-16 the KIEs for the OH
and Cl reactions of alkanes are similar, as shown in Figure 3.

A least-squares regression of all measured NMHC-reaction KIEs for the formation of the transition state from the reactants, where
givesCe (%) = (0.954 0.17) x OHe + (0.04+ 0.80) with an « andh are Boltzmann’s and Planck’s constants, respectively,
R2 of 0.749. Although there is some scatter and some of the ASF and AH*, the standard entropy and standard enthalpy,
data have significant experimental errors, in genétaland respectivelyR is the ideal gas constant, ailds the absolute
OH¢ differ by less than a factor of 2. Likewise, the constants temperature. Equation 8 can be written kas andkis:

describing the average carbon number dependence of the KIEs

for the OH and ClI reactions of-alkanes, (18.9t 1.3)%. and
(16.6+ 1.0)%02" respectively, are very similar. The difference
of 2.3%o is statistically not significant. Even for ethane, the
second-lightest member of the alkanes, the valu&efs well
within a factor of 2 of e, although there is substantial
uncertainty in the measured OH reaction KIE. This clearly
shows that there is a significant difference in group isotope
fractionation between reactions of methane and reactions of
saturated NMHC. such thanAS" = ASJ_2¢ - Aslg* andAAH* = AH12¢ - AH13¢.

In Table 4, the site-specific isotope fractionation effects for For a largeAAH* where the difference in the zero-point energies
the reaction of alkanes with Cl atoms are compared with (ZPES)AEg between the two isotopologues and their transition
previously reported site-specific fractionation for alkat@H states is large, the KIE will be substantial. This is the case for
reactions, including the values for OH and Cl reactions with many measured H/D-KIEs for alkan®©H reactions’3841|n
methane. Also included in Table 4 are the group rate constants.these situations, small differences betwaeh,* andAS;5s* can

aGroup from which a hydrogen atom is abstracteHrom Atkin-
sort® and Atkinson et at?> ¢ Methane+ OH KIE from Saueressig et
al18 Other group KIEs from Anderson et &l. ¢ From Atkinsori® and
Atkinson and Arey*® © Average methane- Cl KIE from Tyler et al.1®
Saueressig et al4,and Crowley et al*® with 20 standard deviation
uncertainty.

k= (<T/h) x exp(AS/R) x expAH/RT)  (8)

k;, = (cT/h) x exp(AS,,’/R) x exp(—AH,,/RT) (9a)
ki3 = (kT/h) x exp(AS;5/R) x exp(—AH,,/RT) (9b)
Thus, the KIE is:

KIE = k/k;; = exp(AASTR) x exp(—AAH'/RT) (10)
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be ignored. However, for reactions whetd, is small, the entropy partition functions for the stable carbon isotopologues
overall KIE will be small, and contributions from differences is therefore dependent on the ratios of the moments of inertia
in the reaction entropies can be significant. On the basis of of the isotopologues and their transition states and on the
fundamental statistical mechanics, the reaction entropy can beexternal symmetries of the isotopologues and their transition
considered to be the sum of the individual entropy partition states, such that:

functions: 13, 3 12, 3 12 13 1/2
Iy~ x 1 X 0, X 7O,
S= Stran+ Srot + S/ib + Selec (11) exp(AAS;‘otfexllR) = 12, M3 3 M’Ti 13 . 12 &
™ X Tlyrs” X 0 X 0g 15
such that each entropy partition function can be investigated (15)
individually to estimate the impact of each degree of freedom
and the overall impact on the KIE from the entropy term. In general, for hydrocarbons, the ratitv®/*2y?® is greater than
Because eq 10 involves the difference\i for hydrocar- unity, and significant in terms of per mil effects. The ratio is
bons Containing a3C atom from those with On|)}2C atoms, estimated to be 1.03 for ethane, 1.04 for propane, and 1.05 for

the electronic entropy partition functioBsec need not be n-butane. For the transition state, the external rotation component
considered, as the isotopologues are electronically identical. depends on both the labeled site or isotopomer and the reaction
Similarly, the other entropy partition functions must be con- Site, making the calculation even more complex. An estimate
sidered in light of the differences between the isotopologues, of the average impact may be derived by employing a two-
which allows for the elimination of all partition functions that ~atom model, assuming two spheres with mad3dsor 3M for

are not affected by replacing oAeC atom with al3C atom. the alkane component of the transition state and the mass of
The translational entropy partition functi®a, of an ideal the radical for the radical component. The average ratio of the
gas is: moments of inertia of the transition states will be slightly smaller

than those of the reactants due to increased overall mass and
S, = 37_0+§ RIn(M) +§ Rln(z_gg) +RINM)  (12) decreased sensitivity to one amu differences such ha#/

2 40 2 218 > 13, 131y 13 This results in overall normal KIE
) o . contributions according to eq 15.
whereM is the molecular weight in amu, amdis the number The contribution to the overall KIE from the vibrational

of optical isomers. Thus, for the carbon KIE, differences entropy partition function is unity for strong bonds with vibration
between the translational entropy partition functions for the frequenciess wherexT < hcv.45 For weaker bonds wherel
isotopologues are dependent on the molecular masses of thes not< hey, such as the newly formed HCI or HOH bonds in
entire molecules, and not on the reaction site, such that: the transition state, the contribution may be significant. For each
a2 vibrational degree of freedom, the vibrational entropy partition
MlZ,TéVIlS

exp(AAS,.{R) = (Wz) (13) function is:

For ethane-OH and—Cl reactions, this gives a contribution to

the overall KIE in eq 10, regardless of the reaction site, of 1.0178 where is the frequency of the vibration in crh Thus, the
and 1.0268, respectively. Here we use the actual ratia#f  entropy contribution to the KIE function can be written for each
kis rather than ar value in per mil. This is not insignificant  of these weaker vibration frequencies
compared to the measured KIEs. For reactions with propane
and butane, the exp@S‘fra,/R) term for reactions with Cl exp(AAs’éib/R) =
atoms contributes progressively smaller factors of 1.0151 and
1.0097, respectivelg, a%d for regctions with OH radicals 1.0094 [1 — exp(—hc”/kD][1 — exp(—hc'™; rdkT)]
and 1.0058, respectively. [1- exp(—hcl3vi/;c'l')][1 — exp(—hclzvi K]
In contrast to the translational partition function, the rotational '
partition function for a Complex nonlinear labeled molecule, A|th0ugh all bonds with carbon atoms contribute to the
which is comprised of both external and internal rotations, vibrational partition function, it is only fromy; values of the
depends not only on the mass of the molecule but also on thedegenerate weak bonds formed in the transition state that the
labeled position. For the transition state, the internal and externalyipration frequencies will contribute significantly to the overall
rotational components are dependent on both the labeled site|E. For reactions of alkanes, Donahue and co-workers
and the reaction site. For molecules with several carbon atoms,estimated that the primary impact is due to the vibration
this creates a very complex situation that cannot be easily frequencies of the newly formed CHO and CHCI bends, 300
reduced to differences in site labeling. cm ! and 250 cm?, respectively#54” Assuming that these
For a complex nonlinear molecule, the rotational entropy frequencies are for théC bends, thé3C bend frequencies can
partition function is the sum of the external and internal pe determined using TelleRedlich theory® 1% = 12 x

rotations. The external componéhis: V/12/13 = 288 cnt! and 240 cml. Thus, the vibration
entropy partition function contributes factors of approximately
E ( TB) (14)

S, =RIn[1 — "™ +R (16)

17)

I

Oe

+3RIn 1 — 0.0356Nc"tand 1— 0.0409N:"1 for reactions of alkanes
2 with OH radicals and Cl atoms, respectively.

Of course, changes in vibration frequencies also result in
whereoe is the external symmetry number of the molecule and changes in zero-point energies. Using the estimated vibration
Im3 is the product of the three principle moments of inertia, frequency for the degeneraf®CHCI| and'3CHCI bends of 288
Ib, andl¢, the effective moments of inertia of the rotations about cm~! and 240 cm?, the changes in zero-point energies would
the a-, b-, and c- principle inertial axes, respectively. The resultin KIE contributions of approximately 1.0485 and 1.0585
differences between the changes in the external rotationalfor a hydrogen-atom abstraction fromi%C atom by a Cl atom

S = 11.5+ Rin

t—ext — 2

29
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TABLE 5: Estimated Stable Carbon KIE Contributions for ~
the Reactions of Light Alkanes with CI Atoms and OH
Radicals
KIE contribution alkane Obbg Class Class &
AZPE ethane 1.0293 1.0243 1.0207 2 é/’
propane 1.0195 1.0162  1.0138 $
n-butane 1.0146 1.0121 1.0104 w 6
eXpAAS,/R) ethane 09822 09795  0.9774
propane  0.9881  0.9864  0.9850 .
n-butane 0.9911 0.9898 0.9887 .
ZPE andS;i,° ethane 1.0109 1.0033 0.9976
propane 1.0074 1.0023 0.9986
n-butane  1.0056  1.0018  0.9990 2 4 6 8
exp@AS{Ear/R) ethane 1.0178 1.0268 1.0268 €298, %o
propane 1.0094  1.0151  1.0151  Figure 4. Comparison of th&C/*3C KIEs for the reactions of £ Cs
n-butane  1.0058  1.0097  1.0097  p-glkanes with Cl atoms at 298 and 348 K. Error bars show the error
expAAS, /R’  ethane 1.009 1.006 1.006 in the mean KIE for the KIEs measured at room temperature and the
propane 1.017 1.015 1.015 uncertainty determined using the standard error in the plot of eq 1 for
n-butane  1.023 1.021 1.021 the KIEs measured at 348 K. Also shown is the= x line.

a Calculated using only the newly formed CHO and CHCI bends,

with estimated?CHO = 300 cntt and*?CHCI = 250 cn114647 The

overall zero-point energy contribution to the KIE, including the

weakened &H bonds, would be slightly closer to unityCombined

stable carbon isotope effects of the contributions from the zero-point
energy differences of the newly formed bonds and the vibrational

entropy functions¢ Estimated as described in the text.

and an OH radical, respectively. Accounting for thig™!

probability of the reaction occurring at the labeled carbon atom
for ethane+ ClI, this would result in a zero-point energy

contribution to the overall KIE of approximately 24%.. However,

the combined calculated isotope effects due to the differences’ "™
in vibration frequencies for both entropy and enthalpy contribu- _M"’) -
tions for ethane, propane, and butane are all closer to unity,
with values of 1.0033, 1.0023, and 1.0018, respectively,
atom reactions, and 1.0110, 1.0074, and 1.0056, respectively

for OH radical reactions.

In addition to the differences in the zero-point energies o
the newly formed bonds, there would also be a small influence

impact for the reaction with ethane, propane, and butane from
1.0033, 1.0023, and 1.0018, respectively, to 0.9977, 0.9986, and
0.9990. This suggests significant temperature dependence in the
isotope effects, strongest for the reaction of Cl atoms with

ethane.

A comparison of the KIEs measured at 348 K for the reactions
of C3—Cg n-alkanes with Cl atoms to the KIEsS measured at
298 K is shown in Figure 4. With only one KIE measurement
for eachn-alkane at 50 K above ambient temperature, there is
overall very little indication for a significant change in the KIEs.
A linear least-squares fit to the data gives the relationship

(0.994 0.07) x €98 With an R? value of 0.900. There

is no predicted temperature dependence for the other entropy

for ¢ contributions to the isotope effect to explain the discrepancy

between the predicted and measured temperature dependence.

Thus, either the vibration frequency estimated by Donahue et
¢ al4” for the newly formed CHCI bend is an overestimate or

other vibration frequencies contribute to the ZPE such that the
overall predicted temperature dependence from ZPEs is rela-

from the differences in the zero-point energies of the weakened
12C—H and'3C—H bonds. These would have inverse effects,
smaller than the normal effects from the new CHCI or CHO
bends, but the extent to which these vibration frequencies are
changed during the formation of the transition states is unknown.  The carbon kinetic isotope effects for the reactions Cl atoms
However, analysis of the temperature dependence of theseand NMHC with naturat®C abundance are small in comparison
reactions provides a means for elucidating this information, as to the KIE for the reaction of Cl atoms with methane; the largest
shown in the next section. isotope effect is found for ethane, for which the reaction of the
Table 5 shows a summary of the estimated isotope effectsheavier isotopologue is less than 11%. slower than for the light
due to one degree of freedom from each enthalpy componentisotopologue. The kinetic isotope effects decrease with increas-
and the ZPE contribution of the newly formed CHO or CHCI ing carbon number and a first-order estimate can be obtained
bend for reactions with ethane, propane, amdutane. The from a simple inverse dependence on carbon number. Although
estimated contributions are all relatively small and of similar this simple approach does not allow prediction of the observed
magnitudes, such that the KIEs are not highly dominated by differences between-alkanes and branched alkanes or cyclic
any particular component. In general, because atk&rte and and noncyclic alkanes with identical carbon number, it provides
alkane-ClI KIEs are influenced by both reaction enthalpies and a good first approximation of the-alkanes with four or more
reaction entropies, and because some of these contributions arearbon atoms.
dependent on site-labeling while others are not, it is clear that A better description of the measured carbon KIEs can be
attempting to predict overal’C/**C KIEs using site-specific  derived from site-specific isotope effects, similar to the SRR
isotope effects will not provide highly reliable estimates but concept used for calculating rate constants. Although there are
rather only a general approximation. still several NMHC where predictions and experimental obser-
Temperature DependenceAs shown in Table 5, because vations differ significantly, this method allows predictions of
of the ZPE differences of the newly formed CHCI bends over KIEs with better accuracy than a simple inverse carbon number
the given reaction temperatures, a reduction of the isotope effectdependence. One limitation of the isotope SRR concept is the
is predicted. Only a very small increase in the inverse kinetic relatively small number of available KIE measurements, which
isotope effect due to the vibrational partition function is results in uncertainties of derived site-specific KIEs as well as
calculated over the temperature range. The combined temperthe necessity to limit the number of carbon mass dependent
ature dependence of these two effects changes their overallparameters in the isotope SRR. It is expected that such

tively small.

Conclusions
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