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Inverse Kinetic Isotope Effect in the Reaction of Atomic Chlorine with C;H4 and C;D4
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The kinetics of the reaction of chlorine atoms witbHz and GD,4 have been studied near the low-pressure
limit at 1 Torr total pressure and room temperature using two independent techniques. A fast flow discharge
system (FFDS) was used to follow the decay of Cl in the presence of a great excess of gither C,D,

in He as the carrier gas. Atomic chlorine was generated from the rapid reactiodl® — Cl + HF and
detected using resonance fluorescence at 135 nm. In relative rate (RR) studiess ghotolyzed to generate
chlorine atoms in a mixture of the two organics in & He as the bath gas, and the loss gfgor C,D,4

relative to CH was followed using GC-FID. The rate constant for thetOC,H, reaction determined using

the FFDS was (3.3 0.6) x 1073 cm?® molecule® s and for the CH- C,D4 reaction was (10.@ 1.9) x

103 cm? molecule® s, a factor of 3.04 0.8 times larger than that for the:ld, reaction (all errors are

+20). The Cl+ C,H, rate constant determined using the RR method was#294) x 10713 cm?® molecule?

s 1, based orkgj+cr, = (1.0+ 0.1) x 1072 cm® molecule! s™1. The rate constant for G+ C,D, was (7.8

+ 1.6) x 10- 2 cnm? molecule! s71, a factor of 2.7+ 0.7 times larger than that for,8,, in excellent agreement

with the FFDS results. This stroniguersekinetic isotope effect is shown to be in excellent agreement with
what would be predicted from unimolecular reaction rate theory and their reverse recombination processes.

Introduction studied (for reviews, see refs-8). These reactions are believed
. . . L . to proceed primarily by chlorine atom addition to the double
There is a great deal of interest in the kinetics and mechanisms P P y by S .
of chlorine atom reactions with organics, in part due to the bond.to form an ?X.C'ted adduct, Wh.'Ch initially contains the
potential for halogen atom chemistry in co’astal regions and the reaction exothermicity. For the reggtlon of the smalller alkenes
marine boundary layér:® Thus, halogen atoms generated from at room ter_npe_zrature,__dec_omposmon of the excited adduct
the reactions of sea salt particles are expected to react rapidl;f:Omthes with its stabilization at low pressures. I_:or example,
with organics such as ethane, ethene, propane, propene, anthe overall rate constant for the €l C;H,4 reaction increases
isoprene, which are, for example, produced by marine phy- Py more than 3 orders of magnitude between 0.3 and 4000
toplanktorts as well as anthropogenic activities. Torr.20-12 Over the same pressure range, the rate constant for
The kinetics and, to a lesser extent, the mechanisms of the propene reaction increases bya_factor{?fl?.The smaller
reactions involving atomic chlorine and alkenes have been Pressure dependence is due to a higher number of vibrational
degrees of freedom over which the energy in the excited adduct
*To whom correspondence should be addressed: e-mail bifinlay@uci.edu; €@n be distributed in the larger molecule. For the same reason,

phone (714) 824-7670; FAX (714) 824-3168. the rate constant for the isoprene reactioghi§ only increases
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of the overall reaction of alkenes with atomic chlorine proceeds
via hydrogen atom abstraction at room temperature. For
example, the rate constant for the reaction of chlorine atoms
with fully deuterated isoprene, sDg, at 298 K and 1 atm
pressure is~17% smaller than that for 4Elg,’® exhibiting a
normal kinetic isotope effect due to zero-point energy differ-

ences. Hydrogen atom abstraction for simple alkenes such as
ethene is not important at room temperature but does occur at-k'

higher temperatured:117 The pressure dependence of the

propene and isoprene reactions suggest that this process may

not proceed by direct abstraction, but at least in part by
rearrangement and decomposition of some initial ad#iét!e
Further insight into the mechanism of the chlorine atom
alkene reactions can be obtained by studying the kinetics of
the reaction of chlorine atoms with simple deuterated alkenes.
We report here kinetics studies of the reaction of chlorine atoms
with CoHs and GD4 at 1.0 Torr total pressure and room
temperature, in whichan inverse kinetic isotope effeds
observed. Under these conditions, the rate constant foribg C
reaction is a factor of 3asterthan that for GH4. This effect
is shown to be in agreement with theories of unimolecular
dissociation and their reverse recombination reactions. The
mechanistic implications are discussed.

Experimental Section

Studies were carried out using two techniques: a fast flow

discharge system (FFDS) and a relative rate (RR) technique.

The FFDS has been described in detail elsewkerBriefly, it
consists of a glass flow tube 2.54 cm in diameter and
approximatel 1 m inlength. Chlorine atoms are formed from
the fast reaction of fluorine atoms with an excess of HCI prior
to entering the upstream end of the flow tube. Atomic fluorine
is formed using a microwave discharge of a dilute (1%) mixture
of F,in He. A flow of He carrier gas is added at the upstream
end to bring the total pressure to 1.@5 0.02 Torr. The
temperature in the flow tube is held constant at 208.0.5°C.

The linear flow speed is typically 11 nts Chlorine atoms
are detected at the downstream end of the flow tube using
resonance fluorescence at 135 nm. The exciting radiation is
produced using a microwave discharge of 0.6 Torr of 1% ClI

in He, and the fluorescence is isolated and detected using a

vacuum monochromator (Minuteman 302VM) and solar blind
photomultiplier (EMR 541G09-17) mounted perpendicular to
the flow tube and the lamp. Ethene is added as a dilute mixture
in He through a movable inlet. The position of the movable
inlet was varied from the detector region to distances-86

cm, corresponding to reaction times up~+30 ms.

The decay of the CI resonance fluoresence signal was
followed as a function of reaction time using varying concentra-
tions of ethene ((0:21.7) x 10 molecules cmd) and CI (in
the range of 1¥—10' atoms cm®). The fluorescence signal
was corrected for a small background due to stray light and O
atoms generated as an impurity in thedtscharge, as well as
for a 5-10% loss of Cl on the injector surface. The decay of
atomic chlorine can be described by

[Cl],

e,

= —(k,,Jethene+ Ak, )t = —K't 0

In eq |, [Cl]p and [CI} are the chlorine atom concentrations in
the absence of ethene (equivalent to a reaction timé®) and
after a reaction time equal tp respectively ke is the rate
constant for the reaction of Cl with ethene, and, is the
change in the rate constant for the loss of Cl atoms at the walls
of the flow tube upon the addition of ethene.
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Figure 1. Pseudo-first-order rate constants for the loss of chlorine
atoms on reaction with £, and GD4 in a fast flow discharge system
at 1.05 Torr total pressure in He carrier gas at°20 Typical error

bars on each value of{’) are less thar-5%. The numbers represent
different sets of experiments.
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The relative rate technique involved following the simulta-
neous loss of ethene and methane using gas chromatography
when mixtures of these two organics were irradiated ina 6.5 L
glass bulb. Cl was used as the chlorine atom source, as
described elsewhef€. The reactant concentrations were in the
following ranges (in units of 28 molecules cmd): CoHy (1.5—
5.9); GD4 (1.0-2.5); CH, (1.4—17.9); Cb (7.2—23.9) All runs
were carried out at 1.0% 0.05 Torr total pressure at the ambient
laboratory temperature, 22 3 °C. N, was the carrier gas,
except for two runs for gH, in which He was used, with no
significant difference in the results. The GC (Hewlett-Packard
Model 5890 Series Il) was equipped with a flame ionization
detector and a 30 m GS-Q column (0.g&n i.d, J & W
Scientific) operated isothermally at 8C. The ratio of the rate
constant for the CH- ethene reaction to that for the reference
Cl + CHq4 reaction was obtained using egAll

[CHalo
[CH,,

[ethene} Kk,
"ethene] Ken, n

(I

where initial concentrations are represented hydrd those at
various reaction times, by [ .. The ratio of the concentrations
was obtained using the ratio of the peak heights on the
chromatograms, taking into account errors in both the ethene
and methane concentrations as discussed elsewhere.

The He and Mwere both ultrahigh purityX99.999%, Liquid
Carbonic). CH (Matheson Research Grade, 99.99%)H¢
(Matheson Research grade,99.98%), and ¢D, (>98%,
Cambridge Isotope Laboratories) were used as received. GC
analysis of the egH, and GD, showed methane as the only
other hydrocarbon detectable by FID, at 0.6% and 0.1% levels,
respectively. Since the rate constant for the-GTH, reactior§-°
is (1.0% 0.1) x 10713 cm?® molecule! s1, CH, contributes
<0.2% to the loss of atomic chlorine in the FFDS. Mass
spectrometric analysis of the,0, showed it contained ap-
proximately 5% GD3H.

Results and Discussion

Figure 1 shows the variation of-K’) with the concentration
of added ethene in the FFDS. The vakiearies linearly with
concentration, consistent with eq |. The intercepts of runs 3
and 4 for GH4 and 2 for GD4 in Figure 1 are within
experimental error (@ of zero, indicating a negligible change
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Figure 2. Typical relative rate data for the reaction of chlorine atoms

with C;H; and GD,4 at 298 K in N at 1.05 Torr total pressure, using
CHj, as the reference compound.
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TABLE 1. Rate Constants for the Reaction of Chlorine
Atoms with C,H,4 and C,D,4 at 1 Torr Total Pressure and
Room Temperature

Keth (:20)° K(Cl + C,D4)/
kinetic no. (103 cm? K(Cl + CzHy)
reactant technique ofruns molecule!s™) (£20)
CoHy FFD& 4 3.3+ 0.6
C.D4 FFDS 2 10.0+1.9 3.0+ 0.8
CoHy RR2 7 2.94 0.4
C.D4 RR 9 7.8+ 1.6 2.7+0.7

a FFDS= fast flow discharge system at 200.5°C; RR= relative
rate at (22t 3) °C. » Weighted average of individual runs using=
1/0°%. °From ratio of rate constants using ¢Hs the reference
compound and(Cl + CH,) = (1.0 £ 0.1) x 1073 cm™3 molecule?
st from refs 8 and 9. Uncertainties include statistical uncertainties
from relative rate measurements as well as 10% uncertainty in the ClI
+ CH, rate constanit.

in the wall loss of chlorine atoms on addition of the organic.
For the other runs, the intercepts are approximately twice the
20 errors. This is likely due to an overcorrection for the loss
of Cl on the injector and does not influence the slope of the
curves in Figure 1. Clearly, the reaction offi is much faster
than that of GHa.

Figure 2 shows typical relative rate data. The data are
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using their values ok, andk., for 1 Torr! It is in excellent
agreement with a value of (38 0.4) x 10713 cm?® molecule’?
s~1 reported recently by LeBras and co-workéis.

In short, the reaction of Cl with 4D, is a factor of 3 times
faster than the reaction with,84 at 1 Torr total pressure and
20 °C, showing arinversekinetic isotope effect® A similar
effect has been reported for the association reaction of Ni with
ethené?* where the rate constant for the reaction ebgat 5
Torr is a factor of 2.4 times faster than that faHz. Similarly,
the ratio of the low-pressure third-order rate constants for the
reaction of OH with GD4 and GH4 has been reported to be
3.25

Such increases in the low-pressure rate constant $6r, C
compared to gH4 are in agreement with the predictions of
unimolecular rate theor§?26-28 Thus, the mechanism of the
reaction involves addition to form an excited adduct:

Cl+ C,H, < (CIC,H,)* 1,-1)

(2)

At low pressures, the measured second-order rate constant
approaches the valyéqgko/k—1}, wherek, k, andk-; are the
rate constants for reactions 1, 2, antl above. In the €D4CI
adduct, the density of vibrational states is larger. As a result,
the lifetime of (CIGD4)* with respect to decomposition back
to reactants, eg1, is longer, i.e.k—; is smaller than that for
(CIC,Hy)*. Stabilization of the excited adduct in eq 2 becomes
relatively more important, leading to an increase in the measured
overall rate constant.

The effect of deuteration on the low-pressure rate constants
for Cl + C,D4 and Cl+ CyH4 can be estimated if the energy in
the excited adduct is known. The heat of formation of the
radical adduct CICKCH, has been reported in various stuéfie®
to be 22.84 2, 21.84+ 1, and 26.2 kcal mol, respectively.
The first two are in reasonable agreement with a value of 19.3
kcal mol~t estimated using group additivity methos Taking
AHf (CICH,CH,) = 21.8 kcal mot1,3° and AH{(CI) = 28.9
and AHf(C;H4) = 12.45 kcal mot? for the reactant8 the net
energy residing in the adduct is 19.6 kcal mol

The mechanism of unimolecular thermal dissociations is
similar to eq 1,—1 and 2 above, except that the excited adduct
is formed by collisions with other gases rather than by the

(CIC,H,)* +M — CIC,H, + M

consistent with eq Il, and the slopes of the plots can be used tochemical reaction 1. The kinetics of such reactions have been
obtain the ratio of the rate constant for the ethene reactionstreated in detail elsewhe?f&26-28:32.33 For example, using the

relative to Cl+ CHy. Again, it is clear that the 4D, reaction
has a significantly larger rate constant thasHg

Table 1 summarizes the kinetic data. Although FFDS studies
are particularly sensitive to wall reactions and small amounts

of impurities in the organics, the rate constants obtained using
the RR method are in good agreement with the FFDS values

and also show the factor of 3 increase for thddgCreaction
compared to gHs. The good agreement in the absolute values
of the rate constants between the two methods is, in fact,
surprising in that the FFDS studies were carried out in He and
most of the RR experiments in,Nwhich should be more
efficient in stabilizing the excited adduct. The reasons for this
are not clear.

This appears to be the first kinetics study of the4CC,D4
reaction.
constant for the C# C;H, reaction have been carried out (for
reviews, see refs-69). Most relevant to our studies is the
determination of the pressure dependence of the- @hene
reaction reported recently by Wallington efl&hnd Kaiser and
Wallington!? Our rate constant for £, is 36% smaller than
the value of (4.7 0.6) x 10713¢cm?® molecule'! s~ calculated

formulation of Troe and co-worke?§; 28 the ratio of the limiting
low-pressure rate constants for thermal unimolecular reactions
is given by eq lll:

[pvib(EO)
ky(C,D,) _ Qi P [FeFporF ROHNT]CZD4 (i
ko(C2Ha) [pvib(EO) [FeFrotFro-ntlcp,
Qvib C,H,

In eq I, pvin(Eo) is the harmonic oscillator density of states at
the threshold energy for dissociatioBy(= 19.6 kcal mot?),
Quib is the vibrational partition functiorfe reflects the energy

However, a number of measurements of the rate dependence of the density of stateéger reflects the rotational

state dependence of the threshold energy and vibrational density
of states, andFror—inT iS @ correction for internal rotations in
the molecule. The density of states for each adduct was
calculated using the WhitterRabinovitch approximatiof?34
Vibrational frequencie for C,H4Cl were taken as 3394, 3272,
3264, 3191, 1557, 1529, 1338, 1315, 1127,1118, 803, 714, 620,
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317, and 218 cmt and those for @D4Cl as 2531, 2372, 2427, (3) Keene, W. C.; Jacob, D. J.; Fan, &mos. Emiron. 1996 30, i.
2319, 1261, 1130, 1031, 1016, 937, 844, 586, 679, 535, 272, (4) McKay, W. A;; Turner, M. F.; Jones, B. M. R.; Halliwell, C. M.
and 157 cml. The factorsFg, F and F were Atmos. Emiron. 1996 30, 2583.

. B ROT &M FROT-INT WWE (5) Moore, R. M.; Oram, D. E.; Penkett, S. &eophys. Res. Lett.
calculated as suggested by TA§e?® This approach gives 1994 21, 2507.
ko(C2D4)/ko(CoH4) = 3.2. This ratio reflects the slower decom- (6) NIST Standard Reference Database 17, NIST Chemical Kinetics

position of the excited (€D4Cl) adduct due to the increased Database Version 6.01.
(7) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, R. F., Jr.; Kerr,

density of st_ates and is a_llso the ratio predicted kaC_ZDJ J. A Rossi, M. J.. Troe, dl. Phys. Chem. Ref. Data997. 26, 521.
kcircH,. This value is in excellent agreement with the (8) Atkinson, R.J. Phys. Chem. Ref. Date897, 26, 215.
experimentally determined ratio of rate constants. (9) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F.;

The inverse isotope effect is pronounced in the low-pressure GG, & & ke, G e e e for Uss i Statosphoric
limit, which is the case for the ethene reaction at 1 Torr. Aty qeiing Evaluation No. 12. JPL Publication No. 97-15; JPL: Pasadena,
the high-pressure limit, stabilization of the adduct predominates ca, 1997.
and this effect should not be observed. For higher alkenes with  (10) Wallington, T. J.; Andino, J. M.; Lorkovic, I. M.; Kaiser, E. W.;
allylic hydrogens where abstraction can occur, the opposite Marston, G.J. Phys. Cheml99Q 94, 3644.

. . . (11) Kaiser, E. W.; Wallington, T. Jl. Phys. Chem1996 100, 4111.
effect, i.e., smaller rate constants for the deuterated species, is (12) Iyer, R.; Rogers, P. J.. Rowland, F. 5.Phys. Chem1983 87,

expected due to zero-point energy changes. This has indeed799.

been observed for the case of the isoprene reattion. (13) Lee, F. S. C.; Rowland, F. S. Phys. Cheml1977, 81, 1222.
(14) Kaiser, E. W.; Wallington, T. Jl. Phys. Cheml1996 100, 9788.
Conclusions (15) Ragains, M.; Finlayson-Pitts, B. J. Phys. Chem. A997, 101,
1509.

The reaction of chlorine atoms with ethene is in the low-  (16) Pilgrim, J. S.; Taatjes, C. Al Phys. Chem. A997, 101, 4172.
pressure limit at 1 Torr total pressure and room temperature. (g) E_‘IE”S_O”'JS-SV‘_’-TPer_SO”aéC‘Zumrgﬁn'cagﬂ”- 4997 101 5776
The rate constant for CH CyD4 under these conditions Elgg Behort b-'wiﬁggﬁsL-Leé J_V\S/'ogt B Eaell ™ j’ Ragains
determined using two independent_ approaches, fa_st flow dis-m.; Neavyn, R.; Finlayson-Pitts]. Phys. Chem1995 99, 13156 '
charge and relative rate methods, is a factor of 3 times larger  (20) Finlayson-Pitts, B. J.; Pitts, J. N., JMmospheric Chemistry:
than that for the @"4 reaction. This inverse kinetic isotope Fundamentals and Ex_perlmentall Techniquésley: New YOI’k, 1986.
effect is caused by the increased lifetime of the deuterated ..(21) Brauers, T.; Finlayson-Pitts, B. (ht. J. Chem. Kinet1997 29,
excited adduct with respect to dissociation back to reactants (22) LeBras, G. ARCTOC Final Report; Platt, U., Lehrer, E., Eds.:
due to the increased density of states and is in excellentUniversity of Heidelberg: Heidelberg, July, 1997.

agreement with the predictions of unimolecular rate theory. (23) Robinson, P. J.; Holbrook, K. AJnimolecular Reactionswiley-
Interscience: New York, 1972.

. . (24) Mitchell, S. A.Int. J. Chem. Kinet1994 26, 97.
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