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Rate Constants and Kinetic Isotope Effects in the Reactions of Atomic Chlorine with
n-Butane and Simple Alkenes at Room Temperature
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Rate constants for the reactions of chlorine atoms witlutane and simple alkenes, as well as most of their
deuterated analogs, were studied at room temperature using two independent techniques. Using a fast flow
discharge system (FFDS), the decay of chlorine atoms in 1 Torr He was followed using resonance fluorescence
at 135 nm. In relative rate (RR) studies the decay of the organic was followed, relative to a reference compound,
using GC-FID when they both reacted with chlorine atoms. These RR measurements were performed at 1
Torr in N; and at 1 atm in both Nand air. The results of the FFDS and RR studies at 1 Torr were generally

in excellent agreement with each other and, where available, with literature data. Discrepancies appear to
exist at 1 atm for isoprene, where the addition portion of the rate constant measured in this laboratory is 40%
higher than a value fdk. reported recently by Bedjanian et“@l.Our rate constant for 1,3-butadiene is 25%
smaller than that of Bierbach et#l.Rate constants measured in these studies which have not been previously
reported in the literature are as follows (in units ofamolecule® s™%, with the errors being the statistical

20 errors): GDg (4.14+0.8) x 10 in 1 Torr He, (4.3+ 1.0) x 10 in 1 Torr N,, and (2.3+0.3) x 10710

in 1 atm N or air; 1-GHg (1.0£ 0.1) x 10 %in 1 Torr He, (1.2 0.2) x 10 %in 1 Torr N,, and (2.2+

0.3) x 10 %at 1 atm N or air; 1-GDg (1.0+ 0.2) x 10 %%in 1 Torr He, (1.24 0.2) x 107%in 1 Torr Ny,

and (2.0+ 0.4) x 10 %in 1 atm N or air; n-C4Dy0 (1.6 + 0.1) x 10'° averaged over all pressures and
carrier gases. Deuteration results in a normal kinetic isotope effect (KIE) for direct hydrogen abstraction,
but an inverse kinetic isotope effect for addition to the double bond. The KIK&P) for n-butane was
measured to be 1.4 0.2. For ethene, an inverse KIE was measured, 8706 at 1 atm in N or air
compared to an average of 0.35 at 1 Torr indd He reported in earlier studié$. The KIEs for the larger
alkenes were unity within experimental error. For propene at 1 Torr, the inverse KIE for addition is largely
counterbalanced by a normal KIE for abstraction of an allylic hydrogen. For the larger alkenes, this result
is consistent with expectations because addition is close to the high-pressure limit even at 1 Torr and abstraction
is expected to play a minor role in the overall reaction. The atmospheric implications of these measurements

are discussed.

Introduction atoms is the photolysis of species generated by reactions of sea
salt aerosols or other salt-covered surfaces. For example, the
reaction of NOs on a salt surface forms gaseous CH®
which photolyzes to Cl and NO Recently, the production of

Cl, from the reaction of ozone with wet sea salt aerosols in the
presence of ultraviolet light was observed in this laborafory.

It is a pleasure to contribute to this special issue in honor of
Professor Benson’s 80th birthday. Professor Benson's seminal
work in the fields of kinetics and thermodynamics has provided
key insights into many reaction systems in laboratories through-
out the world in the past and continues to do so today. His

books have educated several generations of kineticists, phmo_cr?gt((:)'lem;atfllgr::shlg:'n:pc;gta;r??] pcp;mggar;%sp:rgﬁgi ﬁtohgrl as
chemists, and atmospheric chemists and are “must haves” orP yZ ine- Ining pou u

the bookshelves of colleagues and students in these fields. Thevell) have bl%en measurétiin the marine boundary layer and
work presented here is in an area in which Professor Benson'" the Arctic® Photolysis of these species is expected to result

and his group have played a major role, that of chlorine atom in ega_\k concentrations of chlorine atoms as high dsatms

reactions with hydrocarbons. As will be evident in the cm " in th? marine boundary 'ay‘?r at dawn. .

following, his insights into chlorine atom chemistry have greatly Th? main fates OT Cl atoms in thelstroposphere are their

aided in understanding the reactions with a variety of organics, reactions with organics or with ozoR&:

and we look forward to continuing to benefit from his scientific

insights and collegiality for many years to come. Cl+ RH— products @)
While chlorine atoms are known to play an important role in Cl+0O;—CIO+ 0O, (2)

the stratospherk,their importance in the troposphere is

controversiak™* The most likely source of tropospheric Cl  Even small chlorine atom concentrations can play a role in the

- — - — - destruction of organics in the marine boundary layer since the

INF:%‘gr?%%i%’ﬁéiégfgé‘:;'f%“;‘,’r"ﬁgﬁ;‘ys'k' University of Heidelberg,  rate constants for chlorine atom reactions with species such as

| . ' e-mail alkanes and dimethyl sulfide are much larger than those for other

* Author to whom correspondence should be addressed: - !
bifinlay@uci.edu; phone (949) 824-7670; fax (949) 824-3168. atmospheric oxidants such as GH®3
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The kinetics and mechanisms of the reactions of alkanes with Here we present measurements of rate constants of chlorine
chlorine atoms, which proceed by direct abstraction to produce atoms with a series of small alkenes: ethene, propene, 1-butene,
HCI, have been studied in the past (see refs 11 and 13 for recentrans-2-butene, isobutene, 1,3-butadiene, isoprene, and most of
reviews). There have also been a number of studies of simplethe corresponding fully deuterated analogs. Effects of deutera-
alkenes, including etherié; 3! propeng-? 203237 jsoprene’®—42 tion and total pressure on the rate constants provide insights
1,3-butadien®394142and the butene¥. These reactions are into the reaction mechanisms. We show that the rate constants
pressure dependent. For example, Wallington €tahd Kaiser and KIE for chlorine atom reactions with simple alkenes are
and WallingtoR® observed that the rate constant for€£C,H, consistent with a combination of addition to the double bond
increases by more than 3 orders of magnitude from 0.3 to 3000and, where allylic hydrogen atoms are present, with a contribu-
Torr. Over the same pressure range, the rate constant for theion from abstraction and additierelimination reactions.
propene reaction increases only by a factor &f &nd that for
isoprene by less than3:42 This difference is consistent with  Experimental Section

addition of chiorine atoms to the double bond: Two different methods were used: (1) a fast flow discharge

system at 1 Torr in He and (2) a relative rate technique at 1

— *
N Y, C|I . Torr (in Ny) and at 1 atm total pressure (irp r air).
c=c_ + Cg*» |—-C—cC— (3,-3) Fast Flow Discharge Studies. The fast flow discharge
/ N | | system (FFDSY consisted of a water-jacketed Pyrex flow tube
— - 25 mm in diameter and-1 m in length, which was coated with
— al * cl halocarbon wax (Halocarbon Products, Series 1500) to minimize

| . | i wall reactions. The temperature was held af20 A flow of
—Cc—Cc— M _c—c— 4) He carrier gas (32@mol s1) was maintained by a rotary pump
l \ | | (Leybold TRIVAC D25B) and a mass flow controller (MKS
— - 1259C). The pressure was measured as £.091 Torr using

a capacitance manometer (MKS 690A, 1000 Torr). The linear
Larger alkenes have greater numbers of degrees of freedom ovefioyy speed was) = 1114+ 25 cm s,

which the energy in the excited adduct can be distributed and,  chorine atoms were formed via the fast reactios-FHCI
hence, reach their high-pressure limit at lower total pressures._. yr 4 ¢ (k= 1.1x 10~ cm™3),*5where the fluorine atoms
Abstraction may also oceur when a weakly bound allylic \yere produced by a microwave discharge of 1%ir He.
hydrogen atom is present, as in propene and isoprene: Excess HCl was added downstream of the discharge to react
all F atoms, forming Cl atoms prior to addition of the organic.
Dilute mixtures of the alkenes in He, whose concentrations were
measured to a typical uncertainty 2% by following the
Interestingly, the rate constant for net abstraction in the propenepressure drop with time in a known volume, were added via a
reaction increased by 50% as the total pressure decreased froninovable, halocarbon wax-coated injector.
100 to 10 TorR® This was attributed to direct abstraction  The chlorine atom concentration was followed by resonance
combined with a contribution at lower pressures from an flyorescence (RF) at 135 nm. A mixture of 1%,@ He at
addition—elimination process, reaction 6a: 0.6 Torr was flowed through a discharge lamp with a MgF
window mounted perpendicular to the flow tube. The RF signal
CiHg + Cl — (C;H(Cl)* — C3Hs + HCI (6a) was isolated and detected perpendicular to the flow tube and
M lamp using a vacuum monochromator (Minuteman 302VM), a
— C5HCl (6b) solar blind photomultiplier (EMR 541G09-17), and a photon
counter (Princeton Applied Research Corp. 1140) and digitized
The contribution of an additicrelimination pathway was  using an A/D converter (Keithley DAS-802).
confirmed by recent studies of the temperature dependence of Higher Cl concentrations, in the range~(3) x 10'! atoms
the rate constants and the observation of vibrationally excited cm~3, than used in the kinetics runs were determined by titration
HCI as a product® Ragains and FinlayserPitts®® reached a  with CINO. The signal was proportional to [CI] in this range
similar conclusion for the isoprene reaction based on an unusualwithin experimental error. Extrapolation to lower concentrations
pressure dependence of the rate constants for the reactions oihdicates that a signal of 2000 counts® corresponds to a
Cl with isoprene and isoprerd: concentration of 1x 10!° atoms cm? typically used in the
Rate constants may decrease¢amalkinetic isotope effect, kinetics experiments. The signal was typically integrated for
KIE) or increase (amverseKIE) upon deuteration of areactant 50 s to improve the signal-to-noise ratio. With typical
organic, depending on the reaction mecharfisrilormal KIEs backgrounds of 100200 counts sl, the detection limit for a
originate in larger zero-point energy differences in the reactants S/N of 2 was 7x 10" Cl atoms cm?.
compared to the transition state, increasing the activation energy The background signal had two components: stray light,
and hence slowing the reaction. Normal KIEs can be either which was measured by turning thedischarge off, and a small
primary, where the mechanism directly involves the isotopes, oxygen atom fluorescence signal due tg i@purities in the
or secondary, in which they are not directly involved. On the F,/He gas mixture. The oxygen atom signal was determined
other hand, addition reactions generally exhibit an inverse KIE. by adding an excess of an organic at long reaction times to
As discussed in more detail below, this is due to the increased preferentially remove Cl atoms. For exampiehutane at 2<
lifetime of the excited adduct with respect to decomposition 10'2 molecules cm® reduces [CI] by 4 orders of magnitude
back to reactants (reaction3), which increases the relative  but leaves [O] essentially unchang€d-or the alkenes, where
importance of stabilization in reaction 4. For reactants such assome oxygen atom reaction also occurs, the measured back-
propene, where both direct abstraction and addition occur, bothground signal was corrected based on the calculated loss of
effects are expected to be operable. oxygen atoms. For example, using a rate conétdot the O

CH,CH=CH, + Cl— CH,CH=CH, + HCl  (5)
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+ isobutene reaction of 1.6% 107! cm® molecule® s71,
addition of 1.6x 10" molecules cm?® of isobutene at a reaction
time of 20 ms reduced [O] to 58% of its initial value, while
decreasing [CI] by more than 99%. The uncertainty in the
background due to the correction for oxygen atom fluorescence
is ~10%.

Rate constants were determined from the decrease in the
chlorine fluorescence signal with increasing distance between =~
the detector and movable injector. Reaction times were typically &
changed in 10 steps from 6 to 30 ms or 6 to 16 ms for fast
reactions. The decay of chlorine atoms in the presence of a
great excess of the organic is described by eq I:

In|—=lnﬂ=—(kl[organic]—i-AKN)t:—k't () o 5 10 s 20 25 30
o [Cllo

Reaction Time [ms]

. . . Figure 1. Typical first-order decay of the chlorine atom resonance
[Cl] and_ [Cl]o are the Chlo”r‘e atom concentrations at Fltne fluorescence signal at 135 nm for the reaction with propene (in units
and at timet = 0, measured in the absence of the organic, and of 101 molecules cm?). The errors bars are thes2rrors in In{/lo)

ko is the rate constant of interest\k,, is the change in the rate  and reaction times.
constant for wall lossk,) of Cl upon addition of the organic, o .
which was zero within experimental error. In some early runs, _Here [ b and [} denote the initial concentrations and those
a small loss of Cl €7%) on the injector was observed. after various reaction times, respectively.
Comparison of corrected rate constants from such runs to those Materials. Ethylene (Research Grade 99.98%), 1-butene
without such losses showed no significant differences. (99%),n-butane (Research Grade 99%and isobutene (99%)
Relative Rate Method. Relative rates were measured with Were supplied by Matheson Gas Products; propene (Research
an apparatus similar to the one described by Ragains andCrade 99%), 1,3-butadiene (Research Grade 9Bpband
Finlayson-Pitt$® The rate constant was determined by fol- 1SOPrene (Research Grade 99%) were supplied by Aldrich; and
lowing the simultaneous loss of the alkene and a reference fans-2-butene (Research Grade, 99yawas supplied (!:)y M.
compound during their reactions with chlorine atoms. For C: Industries. OThe deuterated reoactar_]ts 1'bumr@80/°'|")'
experiments at 1 Torr, a 6.5 L Pyrex bulb surrounded by seven N-Putanees (980/°+)* propeneds (98%), |sopr;eneelg (98%+),
Sylvania 350 blacklight lamps (20W F20T12/350BL) was used. €thylenees (98%t), and 1,3-butadiends (98%t+) were sup-
The organics, G| and a bath gas (Nor air) were directly plied by Cambrldge Isc_)topes. All deut_erate(_j gases were
expanded into the bulb, and the pressure was measured@n@lyzed forisotopic purity by MS. A 5% impurity 0f,0sH
(Datametrics model 600). For experiments at atmospheric Was found in GD, and 12% GDsH in the GDe. The other
pressure, a 50 L collapsible Teflon reaction chamber faced a 92S€s were fully d.euterat'ed within our detection |I.mItS. H'eIu.Jm
bank of seven blacklights. The chamber was filled by flushing 2nd N (both ultrahigh purity, 99.999%) were supplied by Liquid
the premixed organics and £from a 645 cr transfer bulb Carbonic. HCI, G, 1% Ck in He (UHP), and 1% Fin He
with N, or air and monitoring the flow with a calibrated (UHP) were from Matheson. All organics except ethylene and
rotameter (Omega Engineering Inc. model FL4213-V). ethyleneedl, were subjected to several freeze/pump/thaw cycles
Typical concentrations in the experiments at 1 Torr were in at 78 K before use. . - . .
the range (1.418) x 104 molecules cm? each for the alkenes The presence of organic impurities does not interfere in RR
and reference compounds and (12) x 104 molecules cm? studies as long as they do not overlap the peaks of the compound

for Cl,. In the atmospheric pressure experiments, the alkene of interest or the reference. However, impurities can contribute
and r;‘erence compounds were each in the rangézB)ﬂ,x to errors in the absolute rate constant measurements using FFDS.

10% molecules cm?®and Ch was in the range (1:53.0) x 1015 Potential errors are greatest for the alkenes having the smallest

molecules cm®. Absolute concentrations and ratios of reactants '€ constants. In the case oftd and GDg4, GC analysis
were varied to test for possible systematic errors. No dark showed methane as the only other hydrocarbon detectable by

0, 0, i
reactions of the hydrocarbons with,@ere observed over the ,'[;'DCE’I‘EFOC?:’ and ?1/0 Ie\l/e(IhsE. Oslmce {Fﬁlgatﬁﬁcon%%aﬁlfog
range of reactant concentrations used here. € 4 reaction is (1. 1) x cm” molecule

. s 1 CH, contributes<0.2% to the loss of atomic chlorine in
The decay of the hydrocarbons upon photolysis of\zis the FFDS. For gHeg, if there were a 1% impurity present which

measured by injecting gas samples from the reactors into a GC . -

(Hewlett Pazkajrd 58%3) usingg six-port gas sampling valve Talcgf?o itn?gsii;llgiltll3l/€t?(as_cl())lI|fr:(;n;}cr?3:rﬁiltatg era;g o(ﬁitge; ' ri\te

Valco Instruments Co. Inc.). The GC was equipped with a y o .

glame ionization detector ant)i a 30 mGS-Q co?un?r?(O.BZ mm constant measurementowould de%'. The major impurity

.D., J & W Scientific) operated isothermally at 6C ora 30 CaDs was GDsH (~12%). The contribution of this impurity

m or 60 m Cyclodex B column (0.25 mm JD & W Scientific) to the me'asured rate constan? is less than our experimental error.
For the higher alkenes for which the rate constants are all larger

us;allly .operated at 15 q ined by followi h than 1 x 10719 cm® molecule! s71, the error due to a 1%
elative rate constants were determined by following the impurity is <5%.

change in the ratio of the organic of interest to that of the

reference compound as a function of reaction time: Results
; A. Fast Flow Discharge Studies. Figure 1 shows the
organic referenc
(M) = &3 n([—ed ) expected linear decay in Iiilp) with reaction time for typical
[organic}) ke \[referenc propene runs. The nonzero intercept may be due to a small
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1-C4Dg
(1Tor) T, C3Ds
06 (1 Tor,
CoDg
= CaH >
T 3
XX o4
= 1-C4H CoH
T 2H4
x,
c
= 021
1 0.0 & ; ; . : . .
oL 0.0 02 0.4 06 08 1.0 12
00 05 10 15 In ([Reference],/[Reference],)
12 -3 . . . .
[CH] (10™ molecules cm”) Figure 3. Typical relative rate data for Cl reactions at room

temperature: [@) C;Ha in 1 atm N; (M) C;D4in 1 atm N;; (V) CsHe
in 1 atm air, all usingr-butane as the reference compour®) Cs:De
at 1 Torr in N, using ethane as the referenc®) (L-C;sDs at 1 Torr in
N2 using propane as the reference) (1-C,Hg at 1 atm in N using
propane as the reference compound.

Figure 2. Pseudo-first-order rate constark)(for the reaction of
chlorine atoms with propene. The four symbols represent data sets
measured on four different days with different Cl atom concentrations
and different propene/He mixtures. The lines are the best fit lines for
these four runs, showing excellent reproducibility in the derived rate
constant despite poorer precision in the measured individual pseudo-
first-order rate constants. A typical uncertainty of 168-20% (2) was observed for rate

constants measured in different runs. The isoprene measure-
region of incomplete mixing around the point of injection of ments had higher uncertainty (33%) due to its lower vapor
the organic. Errors in Iiflo) were calculated using the errors  pressure and apparently higher tendency to wall loss and
in the integrated signallsandlo, the background signals, and, reactions. Experiments with lower vapor pressure compounds
where appropriate, the injector loss correction. The errors in such aso-pinene, p-cymene, and nonane were unsuccessful
In(l/19) are typically 3-10%. Errors in the flow speed and hence since they gave rate constants that increased with the chlorine
the reaction timet are ~2%. The pseudo-first-order rate  atom concentration and were sometimes higher than the
constantk’ was, in all cases, calculated using a linear least- collision-controlled limit, suggesting interference by wall reac-
squares fit, weighted with the errors in bothiliy) and reaction tions.
time:“8'49 Correction$>**for qxial gliffugion (ugually<4%) were Table 1 summarizes the FFDS rate constants as well as the
applied tok' (but not for radial diffusion, which was insignifi- kinetic isotope effect (KIE= kM/kP) for each pair where the
cant)._ . deuterated analog was also studied.

Typically, 815 measurements dlversust were carried out . . ) .

in one run using different alkene concentrations. This set of B Relative Rate Studies. Figure 3 shows typical plots
experiments was repeated two to four times on different days USing €d Il for some runs at 1 Torr and 1 atm total pressure,
with different CI concentrations and new alkene mixtures. '€SPectively. ~As expected, the plots are linear with zero
Figure 2 shows the results of such measurements for propeneiNtercepts. The slopes of such data sets were calculated using
The second-order rate constant of interésy {as determined a Ilpgar least-squares fit which takes into account errors in the
using a weighted linear least-squares fit to data such as thosdndividual measurements of both organies.
in Figure 2, assuming that errors in the alkene concentrations Table 2 summarizes the relative rate constants as well as the
were negligible. The intercept on the vertical axis was always absolute rate constants derived from these for a total pressure
zero within the 2 error limits, indicating there was no of 1 Torr in N,. Table 3 summarizes the data at atmospheric
significant change in the chlorine atom wall loss upon addition pressure in Wor air. There was no significant difference in
of the organic. the rate constants measured at 1 atm in air compared,to N

TABLE 1. Rate Constants for the Reaction of Chlorine Atoms with Alkenes and Deuterated Alkenes at 1 Torr Total Pressure
and 20+ 0.5°C in He Determined Using a Fast Flow Discharge System

number kinetic isotope effect major contribution

reactant of runs k (£20)° (cm® molecule'ts™) KH/kP to KIE
CoH2 4 (3.3+0.6)x 107 0.33+0.09 addition
C.D2 2 (1.0+0.2) x 10°%?
CsHs 4 (4.6+£0.3)x 10°% 1.14+0.2 addition plus abstraction
CsDs 3 (4.1+0.8)x 107
1-C4Hg 3 (1.0+£0.1)x 10720 1.04+0.2 addition dominates
1-CiDg 2 (1.0+0.2) x 10720
trans-2-C;Hg 3 (1.840.2) x 10710 n.de
isobutene 3 (1.5-0.1)x 10720 n.de¢
1,3-butadiene 4 (2.5 0.4) x 10710 0.98+ 0.24 addition
1,3-butadieneds 3 (2.5+0.4)x 10710
isoprene 4 (3.&1.0)x 10710 1.1+ 04 addition dominates
isopreneds 2 (3.3+0.8)x 1070

aReported in ref 29° Weighted average of individual runs using= 1/ci2 The errors cited are the maximum of the standard deviation of the
individual runs or the error calculated witif = (1/3w;) wherew; are the weights of the individual runsn.d. = not determined
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TABLE 2: Relative Rate Constants, the Derived Absolute Values, and the Kinetic Isotope Effects at Room Temperature for the
Reactions of Chlorine Atoms with Some Alkenesat 1 Torr Total Pressure in N,

reference no. of k/kref k (£20)¢ kinetic isotope
compound compound runs (£20)° (cm®*molecule s73) effectk™/kP
CsHs CoHs 3 0.82+0.16 (4.7 1.1) x 1011d 1.1+0.3
CgDe CzHe 3 0.75+ 0.16 (43:|: lO) X 10_11d
1-CsHsg CsHs 3 0.85+0.13 (1.2 0.2) x 10710e 0.96+ 0.18
1-CDg CsHg 3 0.89+ 0.10 (1.2£0.2) x 10710

2 Relative rate measuremetttd' of the KIE for GH4 and GD4 at 1 Torr in N> give 0.37+ 0.10, in agreement with the FFDS results in Table
1. However, the large error bars on the individual runs and the possibility of a systematic error preclude their use for absolute rate constant
determinations? Standard deviation calculated @= (1/3wi) wherew; are the weights of the individual ruA%.¢ Includes 2 error in relative rate
constant measurements and 10% uncertainty in rate constant for reference ¢ryaimgk(Cl + C;Hg) = 5.7 x 1071 cm® molecule® s72, with
a 10% uncertainty? ©Using k(Cl + C3Hg) = 1.37 x 1072 cm® molecule s with a 10% uncertainty**3

TABLE 3: Relative Rate Constants and the Corresponding Absolute Values at Room Temperature for the Reactions of
Chlorine Atoms with Some Alkenes and Their Fully Deuterated Analogs at 1 atm Total Pressure in Nor Air, and the Kinetic
Isotope Effects

reference carrier k/kref (K/Kre)ay k (+20) (units of kinetic isotope
compound compound gas (£20)° (£20)° 1079 cm® moleculets™?) effectkH/kP
CoHy n-CsH1o N2 (3) 0.46+ 0.03 0.45+ 0.02 0.99+ 0.1 0.74+ 0.06
air (2) 0.44+ 0.04
C2D4 n-CsH1o N2 (2) 0.61+ 0.05 0.61+ 0.04 1.3+ 0.4
air (2) 0.61+4+ 0.05
CsHe n-CsH1o N2 (3) 1.1+01 1.1+0.1 2.3+ 0.3 0.99+ 0.09
air (2) 1.0+ 0.1
C3D6 n—C4H10 N> (3) 1.0+£0.1 1.1+ 0.1 2.3+ 0.3
air (2) 1.1+ 0.1
1-CsHg CsHs N2 (3) 1.5+ 0.1 1.6+0.1 2.2+ 0.3 1.1+0.2
air (3) 1.8+ 0.1
1-CDg CsHs N2 (3) 1.5+ 04 1.5+ 0.3 2.0+ 0.4
air (2) 1.5+ 04
1,3-butadiene n-C4H1o (8)9 2.0+0.1 4.2+ 0.4 1.14+0.1
1,3-butadienes’ n-CsH1o (20yp 19+0.1 3.9+ 04
isoprené n-CsH1o (23yp 22+0.2 4.6+ 05 1.24+0.2
isoprene-g n-CsH1o (9)° 1.840.2 3.8+ 0.6

aNumber of runs shown in parentheseglsing 0? = (1/5w).*° ¢Weighted average of all runs in Mind in air taken together as one data set
with 02 = (1/yw;).*® 4 Usingk(Cl + n-C4H10) = 2.18 x 107° cnm® molecule® s~ and taking into account both the statistical error in the relative
rate and a 10% error in the GI n-C4H1o rate constant!1® € Usingk(Cl 4+ C3Hg) = 1.37 x 1071° cm® molecule? s and taking into account both
the statistical error in the relative rate and a 10% error in the- ©sHs rate constant:*® " Reported in ref 389 Total number of runs; most runs
carried out in air but two runs in Nin each case showed no significant difference.

showing that interference from secondary OH chemistry was TABLE 4: Rate Constants for the Reaction of Chlorine
not significant Atoms with n-C4H1 and n-C4D;o at Room Temperature

C. FFDS and RR Studies of n-GHjpand n-C4;D3o. As an k (+20) k& (+20)
additional test for unrecognized systematic errors, the reactions _ total (101002“371 (100 C;n:
of n-C4H10, whose rate constant with chlorine atoms is well- S0mMpound techniqde pressure molecule”s ") molecule™s™)
known (see refs 11 and 13 for reviews), were also carried out. n-CsHio FFDS(4) 1.05Torr 2.6 0.4

To elucidate the kinetic isotope effect for the abstraction of gg (152}’ i-0t5 Torr ggi 83 2.3+02
secondary hydrogen atoms, the reaction of its fully deuterated (12 am : :

: . - n-C,Dp  FFDS (3) 1.05 Torr 1.50.3
isomer,n-C4Dyq (for which literature data do not appear to be RR(6f 1.05Tor 1.6+0.% 1.640.1
available), was also studied. The data in Table 4 summarize RR(5) 1latm 1.5+ 0.%

the rate constants at 1 Torr and 1 atm in both the FFDS and

a FFDS= fast flow discharge system in He carrier gas; RRelative
rate technique in Nor air as indicated. Number of runs shown in
. . parenthese®. Two runs in N as the carrier gas, three in aiFive
Discussion runs in N, seven in aird Measured relative to ethane usikC| +

— 11 1 o1 H H
A. Reaction of Chiorine Atoms W.ith N-CaH1o apd n-CsDio. %:;iure?ﬁZnT f%c?r_uz Sr(ﬁl/rg\c/)\lli()E,C\tj\llﬁer:Wivf rﬁ;zl?cfrl ueci\eci trrtlﬁt, I;ngu;
The rate constants for the reaction of chlorine atoms with ;g0 error ink(Cl + CHe).22 ¢ Three runs in & three in air. Two
n-C4H1o using the two different approaches, FFDS and RR, at runs in N, three in air.
1 Torr are in good agreement. No pressure dependence is
observed from 1 Torr to 1 atm, as expected for a simple The rate constants for reactions of chlorine atoms with alkanes
hydrogen abstraction. The value of (230.2) x 10710 cm? have been parametrized as the sum of abstraction of primary,
molecule® s71is in excellent agreement with the recommended secondary, and tertiary hydrogen atoms, respectively, either

value't13 of 2.18 x 1071° cm?® molecule® s71 based on past  with'® or withouf? different neighboring group effects. For

RR studies.

studies and with a more recent value of (24%.15) x 10710 n-C4H1o, Tyndall et al®® report that the contribution from the
cm® molecule® s1 reported by Tyndall et &8 two methyl groups is (2% 2)% of the overall reaction. Using
The kinetic isotope effect is defined as KHEKCAHIGKEAD10, our value for the total rate constant of (2:30.2) x 10710 ¢cm?

It is relatively small forn-butane, 1.4 0.2. For comparison,  molecule! s71, the contribution due to the two end methyl
several groups have reported a KIE for ethane of-3.4 5457 groups must be (0.6& 0.07) x 1071%cm® molecule® s™ and
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TABLE 5: Room-Temperature Rate Constant for the Reaction of Chlorine Atoms with Ethene at Total Pressures of 1 Torr
and 1 atm

k (cm®*moleculets™) T(K) total pressure/carrier gas reference
(1.174+0.03)x 107 296 1 atm (air) Atkinson and Aschmalid
(1.17+£0.07)x 10710 295 1 atm (air) Wallington et &P
(0.95+ 0.06) x 10°1° 295 740 Torr (air) Wallington et &k
(1.007°47_5 1) x 10710 295 1 atm (air) Kaiser and Wallingtéh
(1.08+ 0.03)x 10°1° 298 1 atm (N) Kaiser and Wallingto#?
(0.99+£0.11)x 1070 298 1 atm (air, M) this work

(4.97+0.2)x 10713 297 1 Torr (N) Kaiser and Wallingto#?
(3.0£0.3)x 10713 297 1 Torr (He) Kaiser and Wallingtét®
(3.3+0.4)x 1013 298 1 Torr (He) Le Bras et &F
(3.3£0.6)x 10713 298 1 Torr (He) this work

aCorrected to a rate constant for €ln-butane of 2.18< 1071° cm® molecule® s~1.13 P Using values folky = 1.65 x 1072° cm® molecule?
s71in Np, ko = 1.0 x 1072° cmf molecule? st in He, and k = 3.2 x 107%° cm® molecule’* s71.30

that due to the two methylene groups is (360.2) x 10710 magnitude from 1 Torr to 1 atm. On the other hand, the rate

cm® molecule® s, constants at 1 Torr for the,Gnd larger alkenes are within a
If it is assumed that deuteration of the methyl groups results factor of approximately 2 of their values at 1 atm (Tables31.

in a reduced rate constant by a factor of 2489.08 as reported  The results for specific alkenes are discussed in the following.

by Dobis et af” for the ethane reaction, then the contribution Ethene. There have been a number of previous studies of

of these methyl groups to the rate constant for th€4D19 the reaction of chlorine atoms with ethete3! Table 5
reaction must be (0.6& 1071%2.89), or (0.23+ 0.02) x 10710 summarizes the kinetics studies carried out under conditions
cm® molecule! s1. Usingk(Cl 4+ n-C4D10) = (1.6 4+ 0.1) x closest in pressure and temperature to those reported here.
10710 cm® molecule® st (Table 4), the contribution of the As discussed in detail elsewhef&? the observed increase
(—CD,CD,—) group must be (1.4+ 0.1) x 10710 cn? in the rate constant upon deuteration of ethene, i.ein@arse
molecule’! s™1. Thus the KIE for abstraction of the secondary kinetic isotope effect, is consistent with the known pressure
hydrogen atoms im-butane is 1.6/1.4= 1.2 + 0.2. dependencé3°0of the Cl+ C,;H,4 reaction and the increase in

Kinetic isotope effects for abstraction originate primarily in  the density of vibrational states in the[@Cl adduct. At 1
zero-point energyHy) differences. As discussed by Melander Torr, the reaction is in the low-pressure limit, and even at 1
and Saunder® the most important factor for hydrogen isotope atm, the high-pressure limit has not been reached. Deuteration
effects such as that measured for the chlorine atom reactionincreases the lifetime of the excited adduct with respect to

with n-butane is the energy term decomposition (reactiort3) back to reactants, so that collisional
stabilization (reaction 4) becomes relatively more important.
Ky 1 37 3N-6 This effect can be shown to be quantitatively consistent with
— 0 ex% = z (U:H - UT,D) - Z (U — )l (1) our measured KIE for the ethene reaction. Thus, the effective
2 4 [ bimolecular rate constant can be calculated in the falloff region

from eq |V:12:59-61
In eq I, uy; = hwi/KT, wherev; are the vibrational frequencies

andk is the Boltzmann constant. The first term represents the ko[M] {1+ Ik MY k)] -
transition-state energy differences between the H and D isomers, k= WFcent (V)
while the second term represents the differences in the reactant 1+ —
ground states, ani* and N are the number of atoms in the Ke
transition state and ground state, respectively. ] o

The simplest case is that of a dissociating D) bond. Usmg a low pressure limiting rate constant for the{:CZI—_u
Consider a molecule that has a stretching mode3fi00 cnr? reaction ofko = (1.65+ 0.05) x 10"2% cm® molecule® s~ in

for C—H and at 2200 cm* for C—D (which becomes the = N2 for Feent = 0.6 andk, = (3.2 4+ 0.15) x 107%% cm®
reaction coordinate) and a number of bending modes. If the Molecule® s™* at room temperatur®, the rate constant at 1
bending modes do not change in the transition state, the termstM is calculated to be (1.08 0.03) x 107% cm® molecule™*
corresponding to these modes in eq Il cancel out, leaving only S - This is in excellent agreement with the value of (0:89

the term corresponding to the stretching mode in the reactant0-11) x 107% cm® molecule™ s™* measured here (Table 5).

uncancelled. ThekH/kD is determined by exp[1{h(3000)/ Deuteration increasdg by a factor that can be calculated
KT — ho(2200)kT}] = 7. using unimolecular rate theory. The ratio of the limiting low-
For abstraction of secondary hydrogen atoms fre@H1o pressure rate constants for unimolecular decomposition is

the experiments reported here show the KIE is quite small, giverP®-®t by eq V:
suggesting that contributions from vibrational modes (e.g., (E)
bending) other than the stretching mode may play a role in the Puin(Eo

reaction and hence contribute to the difference in terms in eq ko(C,D,) Quib Jc,0, [FeFrotFRoT-INT] 204 W)
I, = v

B. Reactions with Alkenes. As expected for a reaction that ko(CHa) p"'b_(EO) [FeFrotFror-rlcans
proceeds mainly by addition, the rate constants increase with Quib CH,

the size of the reactants at 1 Torr total pressure (Tables 1 and

2). Theincrease is due to greater numbers of vibrational degreesThis also provides the ratio of the low-pressure addition rate
of freedom over which the excess energy in the adduct can beconstantsko(Cl + CyHg)/ko(Cl + C;Dy), for the exothermic
spread. The rate constants also increase with total pressurechlorine atom reactions, where the excess energy in the adduct
with that for ethene increasing by more than 2 orders of is derived from the reaction exothermicf%.In eq V, pvib is
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TABLE 6: Some Literature Values for the Room Temperature Rate Constant for the Reaction of Chlorine Atoms with
Propene, Isoprene, and 1,3-Butadiene at Total Pressures of 1 Torr and 1 atm

organic k (cm®*moleculets™) T (K) total pressure/carrier gas reference

propene (2.76: 0.09) x 10102 296 1 atm (air) Atkinson and Aschmalin
(3.12+0.13) x 10702 295 1 atm (air) Wallington et &P
(2.54+0.5) x 107100 298 1 atm (N) Kaiser and Wallingto#?
(2.3+£0.3)x 10710 298 1 atm (air, N) this work
(4.7+£0.3)x 10°%P 298 1 Torr (N) Kaiser and Wallingtof?
(6.0+£0.8)x 10712 298 0.48-0.94 Torr (He) Le Bras et &
(4.6+0.3)x 101 298 1 Torr (He) this work
4.7+11)x 10% 298 1Torr (N) this work

isoprene (4.6 0.5)x 10710 298 1 atm (air, ) Ragains and Finlayson-Pitts
5.5x 10710 298 1 atm (air) Bierbach et &l.
(5.5+0.4)x 10710 298 1 atm (N) Barnes et at!
(2.8+£0.7) x 10710 298 Keo Bedjanian et at°
(3.46+ 0.40)x 1071° 298 0.58 Torr (air) Ragains and Finlayson-Pitts
(3.6+£0.5) x 10710 298 0.25-3 Torr (He) Bedjanian et4l.
(3.61+£0.10)x 10°%° 298 15-60 Torr (He) Notario et &t.
(3.7+1.0)x 10 293 1 Torr (He) this work

1,3-butadiene (4.2 0.4)x 10710 298 1 atm (air, N) Ragains and Finlayson-Pitts
5.6x 1071 298 1 atm (air) Bierbach et &.
(5.6+£0.4) x 10710 298 1 atm (N) Barnes et at!
(3.484+0.10)x 10°%° 298 15-60 Torr (He) Notario et &t.
(2.5+0.4)x 10710 293 1 Torr (He) this work

a Corrected to a rate constant for €In-butane of 2.18< 1071° cm® molecule? s71.1413 © Calculated usingcent= 0.6,ko = (4.0 0.4) x 10728
cnf molecule?s™tand k, = (2.7 4 0.4) x 1071°cm?® molecule* s~* and including the contribution from direct abstraction and addition-elimination
(the latter only at 1 Torr§®

the harmonic oscillator density of states at the threshold 7 summarizes these contributions as well as addition to the
dissociation energyQui» is the vibrational partition function,  overall Cl+ C3Hg rate constant at 298 K at 1 Torr and 1 atm.
Fe reflects the density of states energy dependeffigss takes The rate constant for the Gt C3Dg reaction, which has not
into account the rotational state dependence of the thresholdpeen reported previously, is expected to change from that for
energy and vibrational density of states, &@r-ir corrects  CzHg due to two counterbalancing factors. First, the low-
for internal rotations in the molecule. Th? energy in the excited pressure limiting rate constant for additid@)(should increase
adduct can be calculated from the reaction enthalpy, where thewith deuteration due to the increased lifetime of the excited
heat of formation of the adduct can be derived using the group adduct, as has been observed in thelQreaction?® On the

additivity approach described in detail by Ben$én. other hand, the rate constant for direct abstraction should
Using a value of 0.33: 0.09 for the kinetic isotope effet decrease due to zero-point energy effects.
at 1 Torr (Table 1)ko for CoD4 is calculated to be (1.65 The effect of deuteration on the low-pressure limiting rate

10729/0.33)= (5.0 + 1.4) x 10°2° cmf molecule? s™. The constant Kg) can be estimated using eq V. Using group
high-pressure limiting rate constant for theDi reaction should  additivity rules described by Benséhthe heat of formation

be the same as for8,. Using these values ¢6 andk., the of the adduct was calculated to Be10.9 kcal mot?, giving a

rate constant for Ct C,D4 at 1 atm is calculated to be (17 reaction exothermicity for addition of Cl to the terminal position
0.5) x 1071 cm® molecule’* s™%, within experimental error of  of the double bond, and hence the amount of energy in the
our measured value of (18 0.2) x 1071° cn® molecule! excited adduct, of 22.9 kcal mdl. The ratio pyin/Quib Was

s L. The ratio of rate constants for & C;H, to that for Cl+ estimated using calculated vibrational frequencies for the

C:D4 based on the recent values kf and k. is therefore  adducts$® the Whitten-Rabinovitch approximatid&f4and the
calculated to be 0.6 0.18. (This only changes by 5% if  F factors as described by Tré.This approach predicts a KIE
Feent = 0.4 and the corresponding derived vafiefsr ko and for ko(Cl + CsHg)/ko (Cl + C3De) of 0.22.

ko are used.) This is in good agreement with the measured The effect of deuteration on direct abstraction can be
KIE at 1 atm of 0.744 0.06 (Table 3). estimated using the value 2.890.08, as measured by Dobis

Propene There have been relatively few studies of the et al5” for ethane. Assuming there is no KIE for the addition
propene reactiot?203237 The results reported here are com- elimination path, the net rate constant for thgbgreaction at
pared in Table 6 to those carried out under similar conditions. 1 Torr is calculated to be (54 0.5) x 107! cm?® molecule™®
They are generally in good agreement with previous studies of s™1 (Table 7), in reasonable agreement with our values of (4.3
this reaction. Only one of the earliest studfesf the reaction +1.0) x 107 and (4.14 0.8) x 107 cm® moleculet s tin
at 1 atm is outside the error bars of our measurements, and theN, and He, respectively. The predicted KIE is 0:84.10, in
1 Torr value of Le Bras et & in He is~30% larger than our ~ agreement with our value of 14 0.2 from the FFDS studies
FFDS value. (Table 1) and 1.1 0.3 from the RR studies (Table 2).

The reaction of Cl with propene involves a combination of ~ The assumption that the KIE for direct abstraction from the
addition, direct abstraction of an allylic hydrogen, and an methyl group in propene is the same as that in ethane may not
addition—elimination. Kaiser and Wallingthreport a net rate be strictly valid since the methyl hydrogens in propene are
constant for HCI production at total pressures below 10 Torr allylic. In addition, it is not known whether the KIE will be
of (3.74 0.3) x 10711 cm® molecule’® s71. About 60% (2.3 unity for the addition-elimination path, although this is the case
x 10711 of this is attributed to direct abstraction, and the for the Cl4+ C;Hs reaction, which proceeds by recombination-
remainder (1.4« 1071 to the addition-elimination path, which elimination>” Further evidence for this is found in the results
is quenched at higher pressures (see reactions 6a,b above). Tableresented here; if the additielimination path had an inverse
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TABLE 7: Calculated Contributions to the Overall Rate Constant for the Cl + C3H¢(C3Dg) Reactions at Room Temperature
from Addition, Direct Abstraction and Addition —Elimination

contribution to rate constant contribution to rate constant
total pressure process for CsHe (cm® moleculets™4)2 for C3Ds (cm® moleculets™)
1 Torr addition (1.0£0.1) x 1071 (3.4 0.3) x 10°11b
direct abstraction (2.30.3)x 1012 (0.84+0.1) x 10°1¢
addition-elimination (1.4:04)x 1071 (1.4+£0.4) x 10712d
overall rate constant: (4Z20.3)x 1012 (5.6+0.5)x 10°1*
1 atm addition (2.3:0.3)x 10710 (2.54 0.4) x 10°10b
direct abstraction (2.3 0.3)x 1071* (0.84£0.1) x 10711¢
addition-elimination 0 0
overall rate constant: (2£0.3)x 10°1° (2.6+0.4)x 10710

2 Calculated using the low- and high-pressure limiting rate constants of Kaiser and Walfaftén= (4.0 £+ 0.4) x 10-2 cnf molecule? s™*
and k, = (2.7 £+ 0.4) x 107° cm® molecule* s for Feent = 0.6 and their estimates for the contributions from direct abstraction and addition
elimination.? Calculated usindo(Cl + CsDg) = 4.5¢(Cl + C3Heg) as described in the text and no change dn%Assuming a direct KIE of 2.89
as measured for ethane by Dobis etal.e., kapst= (2.3 x 10711)/2.89.9 Assuming KIE= 1.

KIE of 0.3 as calculated for the addition path at 1 Torr, an 5
overall rate constant of (0.4 0.1) x 1071 cm® molecule’®

s 1would be predicted, a factor of 2 greater than that measured
here.

Our measured rate constant at 1 atm pressure 2 3) x
10719 cm® molecule? s71, is close to the reportée high-
pressure limiting rate constakit = 2.7 x 101°cm?® molecule®
s 1and to a rate constant of (5 3.5) x 10719 cm?® molecule’®
s~ measured recenfly at 1006-4000 Torr in CCIR. Thus,
the addition process dominates (Table 7), and as a result, a KIE >~ 2
of 0.96+ 0.19 is expected, in agreement with our observations. 14
It is also in agreement with a KIE of unity measured recently
at high pressure¥. .

C,4 and G Alkenes Table 6 also compares reported rate 00 02 04 06 08 10 12 14
constants for the isoprene and 1,3-butadiene reactions with those
measured here and in earlier studies in this laborafor@ur
rate constants at 1 atm for 1,3-butadiene and isoprene are abo
20—25% smaller than those of Bierbach et%nd unpublished
results of Barnes et 4. Our rate constant for 1,3-butadiene at
1 Torr in He is significantly smaller than that of Notario et'&al.  ethene through isoprene versus the corresponding rate constants
in the 15-60 Torr region, over which they report the rate for OH reactions at 1 atm total pressure. As expected, there is
constant does not change. Our atmospheric pressure ratean approximately linear relationship. The falloff at the higher

1,3-butadiene soprene

propene
1-butene

1% cm® molecule™ s ™)

(Cl + alkene)

10

ethene

k(OH + alkene)
(10" cm® molecule™' s™)

uIgigure 4. Relationship between Cl and OH rate constants for their
reactions with simple alkenes at 1 atm total pressure.

constant for the 1-butene reaction, (2:220.3) x 10710 cm?® rate constants is likely due to the chlorine atom reactions
molecule’! s71, is significantly smaller than the value of 40 approaching the collision-controlled limit.

10719 cm® molecule! s71 of Barnes et at! The reason for Kinetic isotope effects have also been investigated by other
these discrepancies is not clear. laboratories in the reaction of OH with ethene and propene. In

Although our low-pressure rate constant for isoprene is in the low-pressure regime, an inverse KIE of 3 has been reported
excellent agreement with the recent work of Bedjanian é2 al. for the OH reaction with gH4,%° essentially the same as that
and Notario et al*? there are some discrepancies between the measured in this laboratory for the chlorine atom reaction. At
results of those studies and the measurements from thisl atm total pressure and 34863 K, the KIE for the OH
laboratory. In contrast to our earlier wotkBedjanian et at? reactions with GH4/C,D, is unity®6 Similarly, the ratio at room
and Notario et at? observe no pressure dependence of the temperature and 700 Torr has been reported to beD @D657
isoprene reaction over the pressure range from 0.25 to 60 TorrThis is not surprising since the OH C,H, reaction at 1 atm is
and hence conclude that the reaction is in the high-pressure limitclose to its high-pressure limit, whereas the €IC,H, rate
at these pressures. Bedjanian efladerive a high-pressure  constant at 1 atm is still a factor of 3 smaller than the high-
limiting rate constank., = (2.84 0.7) x 107 cm?® molecule’® pressure limiting value. A KIE of unity has also been reported
s™1. This is significantly smaller than the overall rate constant for the OH+ C3Hg reaction at 293 K and total pressures of
of (4.6 £ 0.5) x 10°°cm® molecule’! st measured at 1 atm  200—400 Torr in He8

in earlier studies in this laboratof. Taking into account that D. Atmospheric Implications. Emission of alkenes occurs
15% of the reaction at 1 atm is due to abstraction, our earlier both from anthropogenic activiti&and from marine phy-
studies suggest tha, > (3.9+ 0.4) x 1010 cm?® molecule’? toplankton’®71 At 1 atm pressure, all of the alkene reactions
s1, 40% larger than the Bedjanian et*aivalue. are very fast=10"19 cm® molecule’* s™1. The chlorine atom

C. Comparison to OH Reactions. Since the hydroxyl concentration is expected to peak at dawn, much earlier than
radical reactions with simple alkenes proceed by a similar OH or O;. The peak chlorine atom concentration has been
electrophilic addition mechanism, one might expect the rate predicted® to be ~1 x 10° atoms cm?3, about an order of
constants for the reactions of chlorine atoms to be related to magnitude smaller than the simultaneous OH concentré&fidn.
those of the corresponding OH reactions. Figure 4 shows aThe calculated lifetimesz(= 1/k[X] where X = Cl, OH, or
plot of the rate constants for the chlorine atom reactions with O3z) of C,H4 with respect to chlorine atoms at a concentration
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of 1 x 1P atoms cm3, OH at 1 x 1(P radicals cm3, and Q (3) Keene, W. C. Inorganic Cl Cycling in the Marine Boundary
; ; ; Layer: A Review. InNaturally Produced Organohalogen&rimvall, A.,

at 40 ppb are 28, 33, and 178 h, respectively. (Nitrate radlcalsde Leer, E. W. B., Eds.; Kluwer Academic Publishers; Dordrecht, 1995

photolyze rapidly at dawn and hence do not compete.) In short, o5 363-373.

chlorine atom chemistry is expected to play a significant role (4) Keene, W. C.; Jacob, D. J.; Fan, @mos. Emiron. 1996 30, i.

in the reactions of alkenes at dawn both in the marine boundary 237 (g)zllFinlayson-Pittsy B. J.; Ezell, M. J.; Pitts, J. N., Blature 1989

layer and in coastal regions. (6) Behnke, W.; Zetzsch, Q. Aerosol Sci1990,21, $229.
(7) Oum, K.; Lakin, M. J.; DeHaan, D.; Brauers, T.; Finlayson-Pitts,
Conclusions B. J. Sciencel998,279, 74.
(8) Spicer, C. W.; Chapman, E. G.; Finlayson-Pitts, B. J.; Plastridge,
The kinetics of the reaction of chlorine atoms WitftC;H ., R. A; Hubbe, J. M.; Fast, J. D.; Berkowitz, C. Mature in press.

; ; (9) Pszenny, A. A. P.; Keene, W. C.; Jacob, D. J.; Fan, S.; Maben, J.
n-CsD1o, and a series of simple £Cs alkenes have been R.; Zetwo, M. P.; Springer-Young, M.; Galloway, J. Geophys. Res. Lett

measured at room temperature. Rate constants measured hergygs 20, 699.
are generally in good agreement with available literature values. (10) Impey, G. A.; Shepson, P. B.; Hastie, D. R.; Barrie, L. A.; Anlauf,

The exceptions are isoprene, where an earlier Véfuem this K. (Jl- 1()5ertﬁ?r¥ssaneR1'9§;ullcohz oo A Hampson, R. F.. Jr.; Kerr
laboratory for the addition process at 1 atm is 40% larger than 5 A.: Rossi, M. j_; Troe, ﬂ_’phys_’ Chem. Ref. Datt097 ée, 521, '

the high-pressure limiting rate constant reported recently by  (12) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F.;
Bedjanian et a*? and 1-butene, where the value reported here KUfj/'%hM J.; Ingwatrd C. JPEiV'SRankaF?DAtRf KUO|b CStE tM0|r'1“a
emical Kinetics an otochemical Data for Use in Stral ospneric
at 1 atm is about half that of Bames et'al. _ Modeling, Braluation No. 12 JPL Publ. No. 97-4, 1997.
The butane reaction proceeds by direct abstraction of a  (13) Atkinson, RJ. Phys. Chem. Ref. Dat:997, 26, 215.
hydrogen atom. A normal kinetic isotope effect, KekH/KP, (14) Rocquitte, B. C.; Wijnen, M. H. . Amer. Chem. Sod963 85,

; ; ; ; 2053.
of 1.4 £+ 0.2 for this reaction arises from zero-point energy (15) Frankiin, J. A Goldfinger, P.: Huybrechts, Ber. Bunsen-Ges.

effects. For the alkenes, however, there are three potentialppys ‘chem1968 72, 173.
reaction pathways that contribute to the overall reaction mech-  (16) Lee, F. S. C.; Rowland, F. 8. Phys. Cheml1977, 81, 1235.

anism: addition to the double bond, direct abstraction of a (g) ISteveFf{‘S_vF'?- I SpFi)C%fv_'-Fé D'|Ph3’S'FC§eS,llg77g;ﬁl' 11%187- a7
hydrogen atom, and an additieelimination process which also 3759) yer, R Rogers, P. J.; Rowland, F. B.Phys. Chem1983 87,

forms HCI. Deuteration has two effects on these pathways. The (1g';) Atkinson, R.; Aschmann, S. Mnt. J. Chem. Kinet1985 17, 33.
low-pressure limiting rate constant for addition to the double  (20) Wallington, T. J.; Skewes, L. M.; Siegl, W. Q. Photochem.

i ; i ; ifati Photobiol. A. Chem1988 45, 167.
bond increases, aimverseKIE, by increasing the lifetime of (21) Wallington, T. J.: Andino. J. M.: Lorkovic, 1. M.: Kaiser, E. W.:

the excited adduct with respect to decomposition back t0 arston, G.J. Phys. Chem199Q 94, 3644.
reactants. This effect dominates in the ethene reaction, where (22) Dobis, O.; Benson, S. W. Am. Chem. S0€99Q 112, 1023. Dobis,

the rate constant for D, is a factor of three greater than that ©-; Benson, S. WJ. Am. Chem. S0d.991, 113 6377.

for Co;H4 at 1 Torr and 35% greater at 1 atm. The second effect 36523) Yarwood, G.; Peng, N.; Niki, Hint. J. Chem. Kinet1992 24,

of deuteration is a slowing of direct abstraction due to zero point (é4) Maricg, M. M.; Szente, J. J.; Kaiser, E..\J Phys. Cheml993
energy effects. In the propene reaction at low pressures, this97, 7970.

i i iti (25) Chao, J.-H.; Lo, J.-Gl. Radioanal. Nucl. Chen1994 185 355.
partially counteracts the inverse KIE for the addition process, (26) Kaiser. E. W.. Wallington. T. 1I. Phys. Cherrl996 100 4111,

leading to no significant difference between thgdgand GDe (27) Pilgrim, J. S.: Taatjes, C. Al. Phys. Cheml997, 101, 4172.
rate constants. (28) Le Bras, G. In ARCTOC Final Report; Platt, U., Lehrer, E., Eds.;
Even at 1 Torr, the £and G alkenes are sufficiently close ~ University of Heidelberg, Heidelberg, July, 1997.

o T s . (29) Stutz, J.; Ezell, M. J.; Finlayson-Pitts, BJJPhys. Chem. A997,
to their high-pressure limits that a significant KIE is not expected 101, 9187.

for addition. |If direct abstraction is a minor pathway, no (30) Kaiser, E. W.; Wallington, T. dI. Phys. Chemin press.
significant effects of deuteration on the overall rate constants  (31) Stutz, J.; Ezell, M. J.; Finlayson-Pitts, BJJPhys. Chemin press.

ici isis i ; (32) Lee, F. S. C,; Rowland, F. 8. Phys. Chem1977, 81, 1222.
are anticipated. This is in agreement with our measurements, (33) Hagopian, A. K. E.: Knox, J. H.: Thompson, E. Bull. Soc. Chim.
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