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Kinetics and Mechanism of the Reaction of ClI Atoms with 2-Methyl-1,3-butadiene
(Isoprene) at 298 K
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The reaction of chlorine atoms with isoprene (2-methyl-1,3-butadiene) may be important in the marine boundary
layer. The kinetics and mechanisms of this reaction have been studied at 760 Torr and 298 K using the
photolysis of C} as the chlorine atom source. Product studies in air were carried out using 40 m path length
FTIR spectrometry. Rate constants were determined in either aip asiNg a relative rate technique and
GC-FID to follow the decay of isoprene relative nebutane. For comparison, the kinetics of the chlorine
atom reactions with isoprergy; 1,3-butadiene, and 1,3-butadietiewere also studied at 1 atm in air op N

at 298 K. The rate constant ratios determined withutane as the reference compound are as follows:
isoprene (2.16+ 0.17); isoprenals (1.79 + 0.22), 1,3-butadiene (2.0 0.11); 1,3-butadiends (1.85 +

0.10) 20). The corresponding absolute rate constants, based on a valaebfdane of 2.1+ 0.18 x

101° cm® molecule® s, are as follows: isoprene (46 0.5); isopreneds (3.8 &= 0.6); 1,3-butadiene (4.2

+ 0.4); 1,3-butadienés (3.9 + 0.4) (£20), all in units of 10° cm® molecule® s™1. Both the kinetics
studies and the HCI yields determined using FTIR show that the net abstraction of an allylic hydrogen is a
small but significant fraction, 13 4% (+20), of the overall reaction at 1 atm. The major organic products
appear to be unsaturated chlorine-containing carbonyl compounds which remain unidentified. The atmospheric
implications are discussed.

Introduction many regions of the troposphere. Since the room temperature

Atomic chlorine is now known to be a major oxidant for rate constants for reactiort®“are on the order of 16° cm®

organics in the Arctic at ground level in the spring at polar
sunrisel=® While the source of these tropospheric chlorine
atoms remains controversial, it is clear that under conditions
where depletion of ground level0s observed, oxidation of
many organics by Cl predominates over that by OH.

There is also increasing interest in the possibility that atomic
chlorine could make a significant contribution globally to the
oxidation of organics and of ozone in the marine boundary
layer®—¢ Rates of decay of organics in several recent field

studies have been used to assess the relative contributions of

Cl and OH, from which peak morning concentrations of atomic
chlorine of ~103—1C° atoms cm® have been estimatéd.
These values are consistent with the estimates &f10°
chlorine atoms crm? of Keene and co-workefsl®who measured

molecule! s compared to 1.2« 107! cm® molecule’? s71
for reaction 14 the reaction with organics is expected to be
the dominant pathway for chlorine atoms.

Past studig§ 2> of the reactions of chlorine atoms with
simple alkenes have shown that the reaction is fast and occurs
primarily via addition of chlorine atoms to the double bond:

cl *
| 4

N , M
C=C =—— |—C—C
\ |

E—

Cl +
|

However, abstraction of the allylic hydrogen can also occur;
typical C—H bond strengths for allylic hydrogens ar80—85
kcal molt compared to~100 kcal mot? for alkane C-H

inorganic chlorine-containing compounds other than HCI using bonds?® For example, Lee and Rowlatdestimated that a

a mist chamber. While the individual compounds were not maximum of (144 4)% of the CHpropene reaction occurs via

identified, they are believed to include Gind possibly other  abstraction of the allylic hydrogen at 3000 Torr total pressure.

chlorine-containing species such as HOCI. Although there is Kaiser and Wallingtof? suggested that about 9% of the reaction

evidence that chlorine atoms do not appear to compete with of Cl atoms with propene proceeds by abstraction at 700 Torr,

OH on a global scale for the oxidation of organtéd?they are based on the relative yields of products characteristic of

clearly important during early morning in the marine boundary abstraction versus addition.

layer. Hence, they determine in part the fraction of organics  Recent studié$3° have shown that 2-methyl-1,3-butadiene

emitted at the ocean surface which reach the free troposphere(isoprene) is produced in seawater by phytoplankton. Hence,
Once formed, chlorine atoms can react either with O it is expected to be emitted into the marine boundary layer where

it can be removed by reaction with Cl as well as with OH, O

Cl+0;—~CI0O+0, @ and NQ.3! The rate constants for reaction of isoprene with
) ) OH, O, and NQ have been determined at 298 K and 1 atm to
or with organics such as alkanes: be 1.01 x 1019 1.28 x 10, and 6.78 x 10713 cm?
leculels? ively¥2 While there h
Cl+ RH— HCl + R @) molecule’l s71, respectively? ile there have been a number

of mechanistic studies of these reactin® and many of the
The concentrations of organics and ozone are comparable inreaction pathways elucidated, the chemistry is complex and not
yet fully understood.
However, there have been no studies of the kinetics and
mechanisms of the reaction of chlorine atoms with isoprene
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reported in the literature. This is of fundamental mechanistic In {[isoprene}/[isoprene} =
and kinetics interest, since a number of different potential K /K |

; . : n {[n-butane}/[n-butan I
reaction paths are available. Not only are there four potential (kekg) In{T v e ()

sites for addition of the chlorine atom to the carbon atoms of i . .
the two double bonds, but abstraction of the allylic hydrogen where [isopreng]and p-butanej are the initial concentrations

on the methyl group may also be important. In addition, pefore reaction.and [isopremahd h—bytgneﬂare the concentra-
understanding the kinetics and mechanisms is critical for tions a_fter varying reaction/photolysis times. The slope of plots
assessing the sinks of both isoprene and atomic chlorine in the©f In {[isopreney/[isoprene} versus In{ [n-butaney/[n-butane
marine boundary layer. Finally, if unique chlorine-containing US€d to obtain the ratieu/ks was calculated using a method
products are formed in this reaction, they may be used aS.olescrlbed in qletall elsevyhe‘i"%whlch takes into account errors
“markers” of this chemistry in field studies. in both In {[isopreney/[isoprenef and In {[n-butane/[n-

We report here both kinetics and mechanistic studies of the Putanel, determined from the reproducibility of repeated
reaction of atomic chlorine with isoprene at room temperature. |n]ectlon_s before reaction. ) .
The reactions of 1,3-butadiene and fully deuterated isoprene EXPeriments conducted at atmospheric pressure were carried

and 1,3-butadiene were also studied in order to assess the relativ@Ut in two types of reaction vessels. Most experiments were
importance of addition and abstraction. It is shown that performed in collapsible Teflon reaction chambers fitted with

abstraction of the allylic methyl hydrogen is a significant a single Teflon septum port (Alltech Associates Inc.). Reactant
pathway, but unlike the OHisoprene reaction, production of &t @ measured pressure was flushed from a 497 transfer
methyl vinyl ketone and methacrolein is not. Formyl chloride PUlb into the reaction chamber through a calibrated rotameter
is observed as a minor product. The implications of the kinetics (OmMega Engineering Inc., Model FL4213-V) using the carrier

and mechanisms for atmospheric chemistry are discussed. 9aS- The walls of the chamber were constructed of 5 mil
Teflon—FEP and the fully inflated reaction chamber had a

volume of 50 L. A 6 L Pyrex bulb was used for similar
experiments at reduced pressure. Introducing reactants into the
Product Studies. The formation of products from the  pyrex vessel was accomplished by direct expansion from a 366
reaction of isoprene with chlorine atoms at atmospheric pressurecm? glass manifold system.
in air was followed using FTIR (Mattson Research Series) and  The reaction vessel was located in the center of a rectangular
along path White cell (base path, 1 m; total path, 40 m) housed |amp cage and was flanked by two sets of seven Sylvania 350
in the external sampling compartment. The FTIR was equipped Bjacklights (20 Watt, F20T12/350BL), which provide UV
with a cooled MCT detector. A total of 64 scans at a resolution adiation in the region 308450 nm, with a maximum intensity
of 1 cnm* was typically averaged for each spectrum. Reactants gt approximately 360 nm. Before proceeding with the kinetics
were introduced into the cell by direct expansion from a glass measurements, the full range of reaction mixtures was tested
manifold system. Photolysis of £lo generate chlorine atoms  for dark reactions on the time scale of a typical experiment. At
was accomplished using eight Sylvania 350 Blacklights (30 W, higher concentrations of reactants] x 1015 molecules cm3
F3OT8/3508L) oriented |0ngltudlna||y about the Cyllnd”cal cell. of each, Ci underwent a dark reaction with isoprene_ A similar
Products were identified by matching spectral features with reaction in the liquid phase has been repoffe@oncentrations
those of commercially available samples. The cell was cali- of reactants were kept below those observed to react in the dark
brated for isoprene (991 ctH, hydrogen chloride (2843 cr), over the time scale of our experiments; that is, no change in
carbon monoxide (2151 cr#), methacrolein (934 cri), and isoprene in the mixture was observed in the dark within the
methyl vinyl ketone (951 cmm) using commercially available  typical 2% standard deviation associated with repeated injections
samples, where the particular peaks used to quantify the of isoprene alone. The decay of organics upon photolysis was
reactants and products are shown in parentheses. Calibratior}nor]itored by injecting Samp]es into a gas Chromatograph
for the unstable formyl chloride at 738.6 chwas carried out (Hewlett-Packard 5890) equipped with a room temperature

Experimental Section

using the reaction dfans-1,2-dichloroethene [(3:75.5) x 10 6-port gas sampling valve (Valco Instruments Co. Inc.). A 60
molecules cm?] with chlorine atoms (initial [Cf] was (1-2) m Cyclodex-B column J & W Scientific) was used for the
x 10" molecules cmq) at 1 atm in air. The loss dfans1,2- isoprene studies. The oven was temperature programmed from

dichloroethene and generation of formyl chloride and minor 20 to 100°C at /min and held at 100C for an additional 10
products such as phosgene (using the 857'cpeak) were  min. For the butadiene experiments, a 30«ftL/8” stainless
followed by FTIR after each 15 s interval of photolysis. The steel packed column, 23% SP-1700 on 80/100 Chromosorb

abSOfption cross section for fOfmy' chloride was determined PAW (Supe|c0) was used; it was temperature programmed to
from its absorbance and mass balance considerations describegin from 50-100°C at 10/min, with a final 10 min at 100C.

below. - Concentrations of isoprene, 1,3-butadiene, @bdtane varied
Relative Rate Measurements. Rate constants were deter-  from (0.64-10) x 10* molecules cm? and C} from (0.64—
mined USing the relative rate meth%fd.BriefIy, mixtures of 98) x 10" molecules cm3. Pressure measurements were

Cl; and isoprene or 1,3-butadiene wittbutane as the reference  carried out using a capacitance manometer (Datametrics Barocel
compound were photolyzed for varying times and the decay of Model 600) with digital readout (Datametrics Model 1500). In
the two organics was followed using gas chromatography with || cases, Ultra High purity air (Liquid Carbonic, Ultra Zero
flame ionization detection (GC-FID). The ratio of the rate ajr, impurities: HO < 2 ppm, CO< 1 ppm, CQ < 1 ppm,
constantska/ks, NO < 0.1 ppm, total hydrocarbons0.1 ppm) was added to
achieve the desired total pressure or volume for the reaction
mixture. Some runs were also carried out in nitrogen as the
carrier gas to test for potential interferences due to the production
Ks and secondary reactions of OH.
Cl + n-butane— HCI + C,Hq ®) Materials. Chemicals and their sources were as follows:
chlorine (99.5%)n-butane (99.5%), hydrogen chloride (99.0%),

was determined from their relative rates of decay using eq I, carbon monoxide (99.5%), and phosgene (99.0%) were acquired

K,
Cl + isoprene (or 1,3-butadiene§ products (4)
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from Matheson. 1,3-Butadiene (99.0% inhibited with 0.02 wt (a) Before photolysis ;
% tert-butylcatechol) was supplied by Phillips 66. Isoprene I
(99%,; inhibited with 100 ppnp-tert-butylcatechol), methacro- H
lein (95%), methyl vinyl ketone (99%), artdans-1,2-dichlo-
roethene were obtained from Aldrich. Isoprete{98%;

[} i
inhibited with hydroquinone) and 1,3-butadieth(98.0%) were 2 \ J ‘
procured from Cambridge Isotopes. Liquids were degassed 3 A h j‘m \w_"
using several freezepump-thaw cycles and distilled under G [(b) Aften photolysis '~
vacuum into the gas phase. This removed the low volatility 3 HCocl
inhibitors which were not observed by FTIR, GC, or atmospheric < AHCOC' v2) (V").

pressure ionization mass spectrometry in the gaseous reactants. i
Gases were used as received. The nitrogen was Ultra High
purity grade (Liquid Carbonic;99.999%).

\

|
cocl, ‘ \ Hcocl " ‘

Results and Discussion
2000 1800 1600 1400 1200 1000 800

1. Reaction oftrans-1,2-Dichloroethene with Chlorine Wavenumbers
Atoms. As d_|scussed be_low, formyl C.h'of'de ' & minor product Figure 1. Infrared spectra ofrans1,2-dichloroethene (3.% 10*

of the reaction of chlorine atoms with isoprene. In order 0 pgjecyles cm?)—Cl, (2.0 x 104 molecules cm?) mixtures in 1 atm
quantify its yield, the absorption cross section at 738.6°m  of air at 298 K () before photolysis where all the bands are due to
was determined by reactinigans-1,2-dichloroethene with atomic  trans-1,2-dichloroethene and (b) after photolysis for 1.25 min, where
chlorine®° Figure 1 shows the infrared spectra before (Figure bands due to the products formed in the reaction with atomic chlorine
1a) and after (Figure 1b) photolysistedins-1,2-dichloroethene are as indicated.

Cl, mixtures. HCOCI is clearly the major product. Small _ . _

amounts of phosgene are also observed, as are HCI and CO [HCOCI] = 2A[1,2-dichloroethene}- [COCL] — [HCI]
(not shown). This is consistent with the following chemistry: (In

CIHC=CHCI + Cl— CIHC—CHCl, (6) concentration of phosgene formed, which reflects the small
fraction of alkoxy radicals reacting via 13 rather than 12. The

CIHC—CHCI, + O, — CIHC(OO)-CHCl, 7) hydrogen chloride concentration formed at titngHCl], reflects
the loss of HCOCI by its thermal decomposition, reaction with

2CIHC(OO)-CHCI, — 2CIHC(O)-CHCl, + 0, (8) chlorine atoms or photolysis via 15a. Since the quantum yields
for 15a and 15b have not been reported in the literature, loss

CIHC(O)—CHCl, — HCOCI + CHCl, ©) via _15b was assumed to be_ negligible.
Figure 2 shows a typical time dependence for the loss of the
CHCI, + O, —~ OOCHCl, (10) trans-1,2-dichloroethene and the formation of HCOCI and
COCh. As expected, HCOCI is the major product, CQG
200CHC), — 20CHC}, + O, (11) formed in small yields, and HCl is observed primarily at longer
reaction times where decomposition of HCOCI becomes sig-
OCHCL, — HCOCI + Cl (12)  nificant. , , N
Three such runs were carried out to determine the relationship
OCHCL, + 0,— HO, + COCl, (13) between the absorbance and concentrations of HCOCI using
this approach. On the basis of absorbances below 0.4 where
HCOCI— HCl + CO (14) absorbance was linear with concentration, the absorption cross
section (base&) for HCOCI at the Q-branch of the, C—CI
HCOCI+ hv —HCI + CO (15a) stretch at 738.6 crt was calculated to be = (In 1¢/1)/NI =
(7.9 £ 1.2) x 107*° cn? molecule® s (£20). This is in
HCOCI+ hv —HCO + Cl (15b) reasonably good agreement with the value of 6.60-1° cn?

molecule® of Libuda et ak® Our value for the absorption cross
Cl+ HCOCI— HCI + COCl (16) section was then used to determine the yield of HCOCI in the
COCl— CO+Cl (17) isoprene reactions.
2. Product Studies of the CH- Isoprene Reaction. Figure
Niki and co-workergl52 have shown that in 700 Torr of air, 3 shows infrared spectra of typical isoprer@®, mixtures (a)
the major fate of the alkoxy radical OCHQ§ decomposition before photolysis, (b) after photolysis, and (c) the difference
to formyl chloride, reaction 12, rather than reaction witht® spectrum b— a. Because isoprene is consumed in the reaction,
form phosgene, reaction 13. This is consistent with the very its absorption in the difference spectrum appears as negative
small yields of COCJ observed in the Cl atom reaction with  peaks. Products observed at less th&85% consumption of
1,2-dichloroethene (see below). The thermal decomposition of isoprene are HCI, HCOCI (formyl chloride), and CO. In
formyl chloride, reaction 14, has been observed in previous addition, the formation of carbonyl compounds is indicated by
studie§3-56 and is believed to form HC# CO. Finally, the a strong peak at 1710 cth Peaks due to unidentified organic
reaction of Cl with HCOCI is known to proceed via reaction product(s) are also observed-ai100, 1263, 1340, and 2820
16, and there is evidence that the COCI radical formed cm.
decomposes to CG- Cl, reaction 17* This mechanism is An absorption band at 1710 crhis characteristic ofy,3-
similar to that for the OH reaction with 1,2-dichloroethéfe.  unsaturated aldehydes and ketones, while those at 2820, 1340,
On the basis of these reactions, concentrations of HCOCI wereand 1263 cm! are in the regions for the €H stretch, G-H
calculated from eq Il. In eq IIA[1,2-dichloroethene] is the  deformation, and €C stretch, respectiveRy/:58 The band at
amount of the reactant consumed at timand [COC}] the 1100 cntlis in the region expected for a peroxide or epoxide
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Figure 2. Typical loss oftrans-1,2-dichloroethene (initial concentration
was 3.7x 10 molecules cmd) and formation of products during the
photolysis of C} (2.0 x 10* molecules cm®) at 1 atm in air.

C—0O stretch. The formation of organic peroxidegd®OR; in
this NO-free system is expected since a minor channel in the
R0, + RO, reaction forms ROOR, + 0,.59.60

Figure 4 shows typical concentratiotime profiles for the
loss of isoprene and the formation of HCI, HCOCI, CO, and
the 1710 cm? band obtained using the unsubtracted spectra.
Initially HCI, HCOCI, and the 1710 cm carbonyl peaks
increase linearly with time, while there is an induction period
for the formation of CO. (HCI formation does not extrapolate
to zero because of the presence of small amounts of HCl initially
present in the G). The concentration of HCOCI does not
continue to increase along with HCI and the 1710 &rnand
because of its removal by thermal decomposition and other

secondary reactions. These time dependencies are consistent

with the direct formation of HCI, HCOCI, and the carbonyl
compound(s) in the primary reaction, while CO is generated in
part at least by secondary reactions of HCOCI.

At larger extents of reaction than shown in Figure 4, the 1710

cm! peak decreases as expected for a carbonyl compound,

which photolyzes and/or reacts with chlorine atoms. The ratio
of the 1263 and 1340 cm peak heights to that at 1710 ctn
does not vary significantly with the extent of reaction, while
the ratio of peak heights at 1100 and 2820 érto the 1710

cm™! peak increases at longer reaction times. This suggests

that the 1263 and 1340 crh peaks are associated with the
carbonyl product responsible for the 1710 dpmwhile those at
1100 and 2820 crit are not.

This combination of organic and inorganic products is
consistent with two reaction paths, abstraction of an allylic
hydrogen from the methyl group, or addition to one of the
double bonds:

Cl + isoprene ™" HC| + C.H, (18)
Cl+ isoprenem CHgCI (29)

(It should be noted, however, that as discussed below the
abstraction may not be a simple bimolecular reaction, but may
involve complex formation followed by an intramolecular
elimination of HCI.)

The initial rate of HCI formation, before the decomposition
of HCOCI becomes important, should reflect abstraction of the
allylic hydrogen, reaction 18. The fraction of the overall
reaction which proceeds by abstraction can therefore be
calculated from the initial rate of HCI formation compared to
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Figure 3. Infrared spectra of isoprene (8:010 molecules cmd®)—

Cl (4.0 x 10** molecules cm?®) mixtures in 1 atm of air at 298 K (a)
before photolysis and (b) after photolysis for 14 min. (c) The difference
spectrum of b-a. The increased GGs due to a change in the sample
compartment purge during the run.
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Figure 4. Typical loss of isoprene (initial concentration was %5
10" molecules cm?®) and formation of products during the photolysis
in the presence of (8.1 x 10* molecules cm®) at 1 atm in air@,
isoprene;O, HCI; X, HCOCI; O, CO; A, absorbance at 1710 cf

the loss of isoprene. As discussed below, the kinetics data also Table 1 summarizes experiments carried out during the initial
provide some insight into the relative importance of abstraction loss of~35% of the isoprene where the formation of HCI and
versus addition. HCOCI were followed. The slope of plots of HCI versus
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TABLE 1: Summary of FTIR Product Studies of the Reaction of Cl Atoms with Isoprene at 298 K and One Atmosphere
Pressure in Air

initial isoprene concn initial Cl, concn % yield of HCP % yield of HCOCP

expt. no. (10 molecule cmd) (10 molecule cmd) (£20) (£20)

1 10.4 4.1 9.4+-4.2 7.3+ 0.7
2 9.9 4.1 13.6+ 3.2 3.6+ 0.9
3 4.7 4.1 16.9+ 4.8 8.3t 21
4 9.5 8.1 15.8+ 6.2 114+ 21
5 4.3 2.0 12.4-9.2 6.7t 1.6
6 8.0 4.0 10.5+ 2.6 11.1+ 3.6

average= 13.1+ 5.8 8.1+ 5.8&

2 Calculated from the slope of plots of HCI verstfisoprene].” Calculated from the slope of plots of HCOCI)/A[isoprene] forced through
the origin.© Average+20.

ROOR' + O A
. —
/ o
Q CHa : > .
\ // RO, CHj /CHZ B
HCc—F—¢C CHC™ | TC
CIH,C H ‘0 /CHZ o
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[\ HC ¢
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¢
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Figure 5. Reaction scheme for the reaction of atomic chlorine with isoprene in air. For simplicity, only addition to the terminal carbon atoms is
shown. Addition to the central carbon atoms and isomerization of the double bond to #@3Qsition are also possible (see text).

Alisoprene] was used to estimate the percentage of the Cl conditions of the experiments in Table 1. The average yield is
isoprene reaction which proceeds by abstraction. The valuecalculated to be (& 6)% (£20).
obtained from these HCI yields is (134t 5.8)% (where the Figure 5 shows some of the potential reaction paths for the
error cited is£+20). The error is relatively large for several chlorine atom-isoprene reaction. For simplicity, only the
reasons. Because of HCl is a relatively weak absorber in the addition to the terminal carbon atoms is shown. As discussed
infrared, the absorbances at 2843 @nwere always less than  elsewher& ¢ with respect to addition of OH to double bonds
0.1, even at the largest extent of reaction used. In addition, in isoprene, two other possibilities also exist: addition of the
there was a small amount of HCI present before photolysis due atom to the central C2 and C3 carbon atoms or isomerization
to an ~3% impurity in the CJ. This was reflected as an of the double bond in the initial adduct to the central position
intercept in the plots of [HCI] againgi[isoprene], where the  between C2 and C3. Figure 5 shows that methyl vinyl ketone
slope of these plots gives the HCI yield. (MVK) and methacrolein (MACR) are potential products from
Table 1 also summarizes the HCOCI formation. Although addition of chlorine to C1 or C4, respectively. Both of these
it is formed in the initial stages of the reaction, the concentrations paths would also generate the &H radical. Once ChLCl is
and the associated absorbances are wedkQP5 under the formed in the presence of air, it will add,@ form the alkyl
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peroxy radical OOCKLCI, which reacts further to generate 038
OCH,CI. Niki and co-worker%' have shown that this alkoxy 07
radical preferentially reacts with Qo form formyl chloride 0.6 u
[isoprene]l, %5
OCH,CI + O, —~ HCOCI+ HO, (20) In isoprene], 04|
03 [)
rather than dissociating as is the case for OCHGtmed in 02
the trans-1,2-dichloroethene reaction. 0.1f
The scheme shown in Figure 5 suggests that MVK £CH 0 ooE T 04 0% o0s5 o3 o35

COCH=CH,) or MACR (CH,=C(CHz)CHO) should be formed [n - Butane],
simultaneously with HCOCI if the chlorine atom adds to a '“m

terminal carbon atom. A search for these products was madeFigure 6. Decays of isoprene and isopredgrelative ton-butane at
by FTIR. MVK has a strong peak at 1711 chand a peak 1 amm in air at 298 K during one typical run for each compous.
approximately half this intensity at 951 cf In addition, there isoprene M, isopreneds.
are several smaller peaks between these two. If the strong
product peak at 1710 crhin our system was due to MVK, the 1710 cn1? (and likely those at 1340 and 1263 chas well)
yield would be very high, about 50%. However, no peak at appears to be the major organic product. In addition, organic
951 cnt! was observed, ruling out MVK as being major peroxides are formed, likely from ROF R'O; reactions.
carbonyl product. Using a peak-to-peak signal-to-noise ratio  The major carbonyl product remains unidentified. Com-
of 1 to estimate the upper limit for MVK, we calculate an upper pounds such as I, CIGE(O)CH=CH,, and Il, CH=C(CH)—
limit for the net yield of MVK in the runs shown in Table 1 of C(O)CHCI, in Figure 5 are possibilities. If | is produced,
10% of the isoprene loss. HCHO should also be formed from the subsequent oxidation
While MACR also has a strong absorption in the 171326 of the methyl radical generated simultaneously; no peak was
cm~1 region, the peak positions and shapes do not match thoseobserved at 2778 cm as expected for HCHO. Other com-
observed in the chlorine atonisoprene reaction. Hence, this pounds from chlorine atom addition to C2 or C3 such as
product can also be ruled out as contributing significantly to CH;=CH—C(CHz)CICHO or CH=C(CHs)CHCICHO are also
the carbonyl product. Using the peak at 934 ¢rand a peak- potential candidates. Unfortunately, authentic samples of these
to-peak signal-to-noise ratio of 2 to take into account the fact compounds are not commercially available for comparison.
that the 934 cm! MACR peak is overlapped by the shoulder 3. Kinetics of the Cl-Isoprene and Isoprenees Reactions
of an isoprene band, an upper limit to the net formation of at 1 atm. Figure 6 shows decays of isoprene and isopre-
MACR is also estimated to be 10% of the isoprene loss. relative ton-butane at 1 atm in one typical experiment for each
These product studies were generally restricted to the loss ofcompound. The decay of the organics, plotted to be consistent
the first~35% of isoprene in order to minimize the contribution With eq I, is linear with an intercept of zero as expected. The
of secondary reactions. However, many of the potential kinetics data are summarized in Table 2.
products, including MVK and MACR, are also expected to Kaiser and Wallingtoff reported that the rate constant
undergo fast secondary reactions with chlorine atoms. The measured for ethene increased in air at total pressures below
measured upper limits of 10% for the percentage of the isoprenel00 Torr and attributed the increase to a contribution from OH
reacted which appears as MVK and MACR do not take into formed by secondary reactions involving.OTo test for such
account the potential removal by such secondary reactions. an effect in the isoprene and 1,3-butadiene reactions, two
To estimate the potential loss of these products by reaction €xperiments were carried out inpNor each compound at a
with chlorine atoms, the ACUCHEM modélwas appliedto a  total pressure of 1 atm. There was no increase in the relative
simplified reaction scheme for this system. It was assumed thatrate constants for the isoprene and isopregeactions carried
32% of the reaction of chlorine atoms with isoprene gives MVK out in air compared to nitrogen, confirming that generation and
and 23% gives MACR as is the case for the ©bprene  secondary reactions of OH are negligible.
reaction?® and that MVK and MACR react with chlorine atoms The relative rate constant at 1 atm is substantially smaller
with the same rate constant as for the-@oprene reaction.  for the fully deuterated compound, and-test shows that the
This is likely an extreme assumption since the corresponding difference is significant at the 95% confidence level. As shown
OH rate constants with MACR and MVK are a factor of3 below, the reaction is in the high-pressure limit at 1 atm. Thus,
smaller than the OHisoprene reactiof? Under typical reaction ~ the measured rate constakiys is the sum of the individual
conditions such as those shown in Figure 4, if MVK and MACR  rate constants for abstractidqss and for addition to the double
reacted with chlorine atoms, the yields of the measured final bond, Kada
products would be low by 30%. Taking this into account, upper . ) .
limits for the yields of MVK and MACR are 13%, much smaller Kops (isoprene)= ks (isopreneqt k,qq (isoprene) (llf)
than observed in the OHsoprene reactioff
The absence of MVK and MACR as products is consistent Assuming that the addition reaction has a negligible isotope
with the kinetics runs carried out using GC (see below). No effect, the difference between the atmospheric pressure rate
peaks due to these two compounds were observed during theconstants for isoprene and isoprehegives the difference
runs carried out under conditions similar to those used in the Petween their rate constants for hydrogen abstraction:
FTIR studies. . .
In summary, the small initial yields of HCOCI and the lack Kobs (ISOPrene)— kops(isopreneds) =
of detection of methyl vinyl ketone or methacrolein suggest that K.ps(isoprene)- k., . (isoprenedg) (1V)
paths C and F in Figure 5 are not the major reaction paths for
the chlorine atorrrisoprene reaction. The sum of the abstraction In the extreme limit where deuteration slows the abstraction to
path to form HCI and the paths C and F using HCOCI to negligible levels, this difference can be used to calculate the
estimate the latter only accounts fer20—25% of the total contribution of abstraction to the total reaction. If abstraction
reaction. The carbonyl compound responsible for the peak atstill contributes significantly to the measured rate constant for
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TABLE 2: Summary of Relative Rate Experiments for the Reaction of Cl with Isoprene, Isopreneds, 1,3-Butadiene, and
1,3-Butadieneds Relative to n-Butane at 298 K and One Atmosphere Total Pressure

range of organic  range ofn-butane range of C} relative raté absolute rate constént
compd concns (1&cm™3)  concns (1& cm™)  concns (18*cm3) (£20) ks(1072° cm® molecule™ s (£20)
isoprene 0.643.7 0.64-3.7 0.66-7.4 2.16+0.17(23) 4.6 05
isopreneds 1.2-4.9 2549 6.2-7.4 1.794 0.22(9) 3.8 0.6
1,3-butadiene 1249 1.2-3.7 4.9-8.6 2.01+ 0.11(8) 4.2+0.4
1,3-butadienals 2.5-4.9 1.2-49 4.9-8.6 1.85+ 0.10(10) 39004

aNumber of experiments given in parenthesedsingks = (2.114 0.18) x 1072° cm® molecule s™* (+20) for the Cl+ n-butane reaction at
298 K13 the errors cited include those in the relative rate measurements and that in the absolute rate comstanafar.

the isoprenes reaction, this difference between the observed TABLE 3: Summary of Pressure Dependence of Relative
N L . Rate Constants for the Reaction of Chlorine Atoms with
rate constants prowc.ies.a lower limit to '.[he fraction of the Isoprene and Isopreneds
isoprene reaction which is due to abstraction. -
Assuming that abstraction is negligible for isopretgt.e., prtg;‘glure Cr;ﬁtt';ﬁtrgﬁo (1(??(,58%?“;&};3%'13??)&,
that k.abS (|soprengd8) in eq |V.IS zero, the percent qf thg totgl compd  (Torr) (+20)? (+20)
reaction of chlorine atoms with isoprene at 1 atm in air which

is due to abstraction is calculated to be 1£33.1% (20), isoprene 055"% fé"ﬁ 8%%; 4?;%& 8'33
consistent with _the HCI yields within the wide error _bars. 020 136+ 0219(5)’ 287+ 0.47
The assumption that abstraction becomes negligible for the 0.16  1.25+0.06(2) 2.64E 0.26
fully deuterated compound is reasonable. The maximum kinetic isopreneds 5.0 1.724+ 0.26(2) 3.63+ 0.63
isotope effect expected for abstraction of a hydrogen from a 0.58  1.60+0.16(2) 3.38£0.44
C—H bond when deuterium is substituted can be calculated 0.20  1.38+0.08(2) 2.91+ 0.30
. - 0.16 1.424-0.18(4) 3.00+ 0.46
assuming a very loose transition state. If the force constants
of the breaking &H and C-D bonds approach zero in the 2 Relative ton-butane; number of runs shown in parenthe8eéssing
transition state, the zero point energies ofif€and G-D also ~ k(n-butane)= (2.114 0.18) x 10" cm® molecule™ s™* at 298 K}

both become zero in the transition state. The difference in the €S include both those in the rate constant ratio and that associated
' with the n-butane rate constarftError for single run is & for that

gctlvatlonlenergles for preaklng theﬁ versus the €D ‘?0“9'3 run; for the remaining experiments it is twice the standard deviation
is then given by the difference in zero point energies in the of the mean of the individual experimentsTwo runs carried out in
reactants. Taking the force constant for ak€or C—D bond Na.

to be 480 N mi?, and assuming that the pre-exponential factor

does not change upon deuteration, the maximum kinetic isotopeon the addition to the double bonds. Although the error is large,
effect for breaking of a €H versus a €D bond is calculated  the estimate based on this approach is comparable to those using
to be 7.5. Given that the HCI yields from the FTIR studies the other approaches discussed above.

suggest that abstraction accounts for 13% of the isoprene In summary, abstraction of an allylic hydrogen is a small,
reaction, the maximum kinetic isotope effect would predict that but significant, pathway in the chlorine atom reaction with
only 1.7% of the overall isoprendys reaction proceeds by isoprene. The three approaches used here, HCl yields by FTIR,
abstraction. kinetics of the isoprene compared to the isoprdgeesaction,

4. Kinetics of Reaction of Cl with 1,3-Butadiene and 1,3- and the kinetics of isoprene relative to the butadiene reactions
Butadieneds. A third approach to clarifying the relative gives an average of 1% 4% (*20) of the overall reaction,
importance of abstraction of allylic hydrogen versus addition which proceeds by abstraction.
is to compare the reaction kinetics for isoprene and isopdgne- 5. Pressure Dependence of the Isoprene and Isopremg-
with those for 1,3-butadiene and 1,3-butadiebevhere there Reactions. The relative rate constants were measured as a
are no abstractable allylic hydrogen atoms. Table 2 also function of total pressure. They decrease slowly as the total
summarizes the relative rate constants determined for thepressure is reduced from 760 Torr, and then slightly more
butadiene reactions. Again, the kinetics at 1 atm were the samerapidly below~1 Torr. Table 3 summarizes the rate constants
in air or in N, for both butadiene and its deuterated analog. for chlorine atoms reacting with isoprene and isoprdget

If the deuteration of isoprene reduces the probability of pressures from 5 to 0.16 Torr. Since the reaction of chlorine
abstraction of an allylic hydrogen to negligible levels compared atoms with alkanes is known to be pressure independent, the
to addition, the rate constants for isoprefeand butadienels pressure dependence can be attributed entirely to the isoprene
should be the same. As seen from the data in Table 2, this isreactions.
indeed the case. The relative rate for the 1,3-butadiene reaction The data in Table 3 indicate that the lowest pressures
appears to be slightly faster, however, than for the 1,3-butadiene-accessible in these experiments are still at the high-pressure end
ds reaction. At-test confirms that the difference in the rate of the fall-off region and well above the low pressure,
constants for butadiene and butadielés statistically signifi- termolecular regime. Hence, obtaining values of the low-
cant at the 95% confidence level, while that between butadiene-pressure limiting rate constantg) is not feasible with these
ds and isoprenals is not. This suggests that there is a small data. However, comparison to the reaction of chlorine atoms
kinetic isotope effect for the CH 1,3-butadiene reaction, with ethene and propeffe?>indicates thakg for the isoprene
perhaps associated with some abstraction of a vinyl hydrogen.reaction must be significantly larger, consistent with the
Hence, the rate constant for the 1,3-butadidgevhere abstrac- increased number of degrees of freedom in this larger molecule.
tion appears to be negligible, was used for comparison to the Surprisingly, the rate constants for isoprene and isopdgne-
isoprene kinetics. Comparing the 1,3-butadielgeclative rate coincide over this pressure range within the relatively large error
constant of 1.85+ 0.10 to that for isoprene, 2.16 0.17, one bars for these low-pressure measurements. This is unexpected,
obtains an estimate for abstraction of allylic hydrogen from given that there is a significant difference at 760 Torr which,
isoprene of 14.3t 9.0% &20). This assumes that the methyl as discussed above, is attributable to abstraction to form HCI.
group in isoprene has insignificant steric or inductive effects One might therefore have anticipated that the rate constants for
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isoprene would be consistently greater than those for isoprene-that HCl is not formed by direct abstraction but from intramo-

ds by a constant amount representing the additional, pressurelecular HCI elimination in a pressure dependent process. Formyl

independent, abstraction pathway available for the isoprenechloride is formed in small yields, & 6% (+20), and upper

reaction. A possible explanation is that the formation of HCI limits to the yields of vinyl ketone and MACR, expected to be

is not a direct, bimolecular abstraction, but rather involves formed simultaneously, were calculated to be 13%. The major

addition followed by elimination of HCI, e.g., organic products appear to be unsaturated chlorine-containing
carbonyl compounds which remain unidentified.
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