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Kinetic Studies of Isoprene Reactions Initiated by Chlorine Atom
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The degradation reactions of isoprene initiated by chlorine atom were investigated using a fast-flow reactor
coupled to chemical ionization mass spectrometry (CIMS) detection. The kinetic studies were performed in
the pressure range of 5 to 10 Torr and at 208 K. The rate constant for the reaction between Cl and
isoprene was measured to be (4£®.3) x 1071° cm® molecule* s™%. Using the CIMS method, we were able

to directly detect the products of the-dbkoprene reaction, HCI and €lsoprene adduct. A branching ratio

of (17.4+ 4.0)% was determined for the HCI formation. We have also measured the rate constant for the
reaction of the Ctisoprene adduct with molecular oxygen to form fhehloroalkenylperoxy radicals, with

a value of (1.0+ 0.3) x 104 cm?® molecule* s™*. Atmospheric implications of the present experimental
results are discussed.

Introduction the Clk-isoprene reaction has been investigated in the pressure
range of 0.1 to 760 Tor®2122Some of those studies have also
identified the reaction product§;2°22 including CO, CQ,
formyl chloride, formic acid, methyl-glyoxal, and hydrogen
chloride. Other likely end products of the isoprene reactions
include a,p-unsaturated carbonyls (methyl vinyl ketone and
methacrolein}¥&1°In addition, the rate constant for the reaction
between Cl and isoprene and the HCI formation yield has been
investigated as a function of temperature in the range—230
320 K22 At present, however, there are some controversies
regarding the initial reaction of isoprene with chlorine atom.
For example, the work by Notario et#land Bedjanian et &k
concluded that this reaction is pressure independent at pressures
as low as 0.3 Torr, in contrast to the findings by Ragains and
‘Iafinlayson-Pittéa Also, there is a disagreement in the reported
rate constants among the various studies, with values ranging
from (3.6 to 5.6)x 10710 cm?3 molecule! s%

The mechanism of the atmospheric photochemical oxidation
of isoprene initiated by chlorine atom has been tentatively
roposed?®19 The initial reaction between isoprene and Cl
roceeds mainly by Cl addition (1b), forming the-G$oprene

’adduct radical.

Due to its high chemical reactivity and proliferation in the
generation of organic peroxy radicals, isoprene (2-methyl-1,3-
butadiene, Ch=C(CHs)CH=CH,) plays an important role in
ozone formation in local and regional atmosphereAtmo-
spheric oxidation of isoprene can be initiated by reactions with
a variety of oxidant species, among which the hydroxyl radical
OH is the most important. Reactions of isoprene with ozone,
nitrate radical N@, and halogen atoms and their oxides can
also be important and may in some cases give a larger
contribution to the oxidation rate than GHRor example, it has
been suggested that reactive chlorine may play a potential role
in the photochemical oxidation of hydrocarbdn&eactive
chlorine is produced in the atmosphere both as a consequenc
of direct emission and of multiphase chemical proce&sEesur
major sources of reactive chlorine have been identified: oceanic
and terrestrial biogenic emissions, sea-salt production, and
dechlorination, biomass burning, and anthropogenic emissions.
Indications for a significant role of chlorine atoms in the marine
boundary layer have been obtained through field measurement
of the relative degradation rates of saturated hydrocarbons
which show a significant deviation from what can be explained

by OH radical chemistry*=13 Also, high concentrations of Cl + C.H. — C.H- + HClI (1a)
chlorine atoms have been implicated in the depletion of surface > 8 >
ozone during the arctic spririg:12 Other potentially important — C5HgCl (1b)

chlorine chemistry in the oxidation of hydrocarbons has also
been suggested. Assuming a peak Cl concentration o&1.4 Under atmospheric conditions, the -Gsoprene adduct is
10° atoms cm?, the lifetime of some of the smaller alkanes expected to react primarily with oxygen molecules to form the
would be about 14 h, in contrast to 253 h for the oxidation by A-chloroalkenylperoxy radicals. In the presence of nitric oxide
OH at the OH concentration level of 4folecules cm3.12-14 NO, initial Cl radical addition at the 1-, 2-, 3-, or 4-positions
On the other hand, the chlorine radicals may play a minor role with subsequent addition oft the 2-, 1-, 4-, and 3-positions,
in the oxidation of alkanes on the global scale, due to the respectively, leads to the formation gfchloroalkenylalkoxy
relatively small concentrations of chlorine atofas!’ radicals. The dominant tropospheric reaction of fhehloro-
Recently, several laboratory studies have investigated thealkenylalkoxy radicals is believed to be decomposition or
kinetics and mechanism of the oxidation reactions of isoprene reaction with oxygen molecule, leading to the formation of
initiated by Cl atoms. The rate constants between isoprene andvarious oxygenated and nitrated organic compounds. Alterna-
Cl have been studied using both a relative rate méthétiand tively, isoprene also undergoes methjlydrogen abstraction
absolute rate measuremeftd2 The pressure dependence of to form HCl and an allylic radical (1a). The branching ratio for
the initial reaction has been inferred from the HCI formation
* To whom correspondence should be addressed. yield, with values between 13 and 179¢2 A mechanistic
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Figure 1. Mechanistic diagram for the reactions of Cl with isoprene At each of the ports, a hole of about 2 millimeters in diameter
and the Ctisoprene adduct with © was drilled on the wall of the reactor tube. The hole was

enclosed in a Pyrex sleeve which was sealed to the reactor tube.

diagram for the reaction of Cl with isoprene to form the-Cl  Glass vacuum valves with Teflon plugs were used to control
isoprene adduct radicals and the subsequent reaction of thethe flow of reactants at each of the addition ports.
adducts_ wit_h @to form thepS-chloroalkenylperoxy radicals is The flow reactor was operated under the laminar flow
shown in Figure 1. condition with Reynolds number Re 2aup/u in the range of

Currently direct experimental data concerning the intermediate 10 to 30, where is the internal radius of the flow reactqs,
processes of the oxidation reactions of isoprene are very limited.the density of the gas) the flow velocity, andx the viscosity
There are few experimental studies available on the chemistry coefficient of the gas. Under our experimental conditions, the
of the radical intermediates. Absolute or relative rate constants entrance length for the flow to fully develop a parabolic velocity
for the subsequent reactions of these intermediate radicals argrofile can be estimated with the relatibs 0.11%Re? Using
not available. Our understanding of the atmospheric oxidation gz typical value of 25 for the Reynolds number relevant to our
mechanism of isoprene is primarily based on the environmental experimental conditions, this length was determined to be about
chamber investigations to identify the final products of the 3 cm significantly shorter than that of the flow reactor. A
reactionsi®!® Clearly, an accurate and complete knowledge of |aminar flow was hence fully developed under our laboratory
the atmospheric chemistry of isoprene is required to understandegnditions. The mixing times for Cl and isoprene can be
air pollution in urban and regional environments. estimated usingmyx = a2/(5D).23 At 298 K the values of the

In this study, we report laboratory kinetic studies of the pressure-independent gas-phase diffusion coeffici®sare
reactions of isoprene initiated by chlorine atom CI. The rate 602 and 365 Torr cAq1s! for Cl and isoprene in helium,
constant of the reaction of Cl with isoprene has been measuredrespectively?? Using the typical flow velocity in our experi-
in the pressure range of 5 to 10 Torr and at the temperature of yents, those led to the mixing lengths of 6 and 8 cm for these
298+ 2 K. Using the CIMS method, we were able to directly tyo species. Hence, homogeneous mixing of both Cl and
detect the reaction products, hydrogen chloride, and the Cl jsoprene was effectively achieved in our experiments.

Er?;\?lr;?iﬁga?gt?;tc.)f-r t?]ee riiﬁic;lorr;géggzc;? geﬁtﬁﬁ:g;feggtaw;he Reactants_and products c_>f_ the isoprene_ reactions were detected
have also investigated the reaction of the-Bbprene addiJct by CIMS using either positive or negative reagent ions. T_he
with molecular oxygen to form the-chloroalkenylperoxy CIMS employed a new approach, involving an electrostatic ion
. guide recently developed:2>Gases from the flow reactor were
radicals. ; : . . . "
introduced into the iormolecule reaction region. Positive or
negative reagent ions were initiated using corona discharge at
a high voltage (5 kV). The SF reagent ions were generated
A fast-flow reactor, in conjunction with chemical ionization by adding a small amount of $fo a He carrier flow (about
mass spectrometry (CIMS) detection, was used in the presentl—2 slpm at STP) through the discharge. The positive reagent
experiments. A schematic of the experimental setup is shownions G:* were produced by passing the He carrier flow through
in Figure 2. The flow reactor was constructed from precision- the discharge and then adding a small amountaf@nstream.
bore Pyrex tubing 1.78 cm internal diameter and 120 cm in A small portion of the ion/gas flow from the ion source was
length. All surfaces exposed to the reactants and products weredrawn into the next vacuum stage through a 0.5 mm orifice.
coated with a halocarbon wax. A flow of a He carrier gas (in An electrostatic ion guide was used to transport ions to another
the range of 1 to 3 STP I mid) was injected to the flow reactor  orifice leading to the quadrupole mass analyzer. The chambers
through an entrance port in the rear of the flow reactor. The housing the ion guide and the mass spectrometer were evacuated
pressure of the flow reactor was regulated between 5 and 10by a diffusion pump and a turbomolecular pump, respectively.
Torr, and the temperature of the flow reactor was at 298 The use of the ion guide allows for both ion transportation with
K. Typical flow velocity in the flow reactor ranged from 1300 a high efficiency and preferential separation and removal of
to 2500 cm si. A high capacity mechanical pump (1400 | neutral molecules in a differential pumping syst&#> Detec-
min~1) was used to evacuate the flow reactor. Pressures in thetion sensitivity of our CIMS system was generally in the range
flow reactor were monitored by two capacitance manometers of 107 to 1 molecules cm?® with a S/N ratio of unity for a
(10 and 1000 Torr full scales). Isoprene was added to the flow one second integration time, independent of pressure. The high
reactor through a series of five addition ports located 5 cm apart detection sensitivity of our CIMS approach enabled monitoring
at the downstream end of the flow tube. The reactant addition of trace species formed during the isoprene oxidation reactions.

Experimental Section
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Two different approaches were employed to generate, in situ, A R R B SR A E
the chlorine atom. First, Cl radicals were generated by passing
a small flow of (0.1-1)% CkL/He mixture through a microwave

discharge. Alternatively, we passed a small flow of {01)% ?E
H./He mixture through the microwave discharge and then added - o
an excess of molecular chlorine downstream '5 o
=
H+ Cl,—HCI + CI (2) ',':f 0.46 %

o
The kinetic results obtained using these two methods were :’10 #
similar within the uncertainty of our experiments. The former g 0.91 :o
method was used in the majority of the experiments reported %" 1115 2
in this study. Cl was detected in the negative ion mode using _| 1.35 =
Sk~ as the reagent ions, according to thetomolecule reaction © | =
1.52 O,

Cl+SF, —CI +SF, ®)

1.56

The ion—molecule reaction rate for reaction 3 has not been
measured. The CI concentration was determined using the

) I . 1 L ! A 1 .
0 10 20 30 40 50

titration reaction
Cl + Br,— BrCl + Br (4) Distance (cm)
Figure 3. Decay of ClI signal as a function of injector distance at
(k=2.3x 10710 exp{ —(135+ various concentrations of isoprene. Experimental conditions Rre:

3 1 1 8.7 Torr,U = 2301, and Re= 23.
60}/T) cm” molecule " s )
with an excess of Br?? In this case, the Cl concentration was
derived according to [ClE A[Br;] = [CIBr]. Alternatively,
we also inferred the chlorine atom concentrations by determining
the concentrations of chlorine molecules introduced to the flow
reactor, according to [CIr 2A[Cl;], where A[CI;] is the
difference in the chlorine concentrations when the microwave
diSCharge was switched off and on. The flOW-thl’OUgh quartz Figure 3 shows a typ|ca| decay of Cl in the presence of
cell used in the Evenson cavity was coated with a concentratedisoprene. The experiment was performed at 8.7 Torr, with Re
phosphoric acid to enhance the dissociation efficiency of the — 53 The initial concentration of Cl was estimated as 8.0

chloring molecules. Typically, the congentration of chlorine 10° molecule cm?, and the isoprene concentrations were varied
atoms in the flow reactor was estimated in the range of (1 to 5) between 4.0« 101 and 1.6x 10 molecule cmi3. From Figure

x 10° molecule cm?3, , o .
Commercially available isoprene (Aldrich 99.5%) was intro- 3, the observed first-order rate coefﬁu_erké (ere d(_etermlned
from the slopes of plots of the logarithm of Cl signal vs the

duced to the flow reactor by passing He through a bubbler held "~ ; )
at the dry ice/acetone temperature. Gaseous isoprene was adddgiector distance and from the flow velocity. Such plots were

to the flow reactor along with a small He flow (0.1 to 10¢m  linear for all of our experiments, indicating that secondary
min~1 at STP) and further diluted in the main helium carrier reactions occurred to a minimal extent. In our experiments there

flow. Isoprene in the flow reactor was calibrated according to was a background signal at mass 35, which was subtracted from
the vapor pressure expression of pure isoprene dPleg7.85— all of the points. We determined that the heterogeneous loss of
1511.417 and the dilution factor of the isoprene flow. Alter-  chlorine atoms on the wall of the reactor was small, generally
natively, we volumetrically prepared a 1% isoprene mixture with |ess than 1 sl. The effects of axial and radial diffusions of the
He in a 2-liter glass bulb and then introduced the isoprene reactants were estimated using the approach described by
mixture into the flow reactor using a 10 sccm flow meter to  grown2? Using the appropriate gas-phase diffusion coefficient
_verify the isoprene calibratio#. The c_oncentrations of isoprene ¢, Cl, the correction due to gas-phase diffusion in the axial
in the flow re?ctorl were regulated in the range O*‘m 101 and radial directions was less than 3%. This correction was
molecule cm®, which were at least a factor of 10 higher than smaller than the random and systematical errors estimated in

the Cl concentration to ensure the pseudo-first-order kinetic our experiments. Hence. for the data reported in this work we
assumption. Isoprene was detected by the CIMS using positive pert R P .
have obtained the bimolecular rate constant directly based on

reagent ions, as either the deprotonated-fMH] ", the parent . . 8
[M]*, or the protonated [M+ H]* isoprene ions. For both Cl the observed first-order loss coefficient for Cl. The first-order

and isoprene, the mass spectrometer signals were linear ovefate coefficients were plotted against the isoprene concentration
the range of the concentrations used. in Figure 4. The slope of the fit provides an effective bimolecular
Mass flow meters (Tylan General) were used to monitor all rate constant for the reaction between isoprene and Cl, corre-
of the flows introduced into the flow reactor. The following sponding to a value of 4.% 1071 cm?® molecule* s™%. Note
gases were used without further purification: He (99.999%), that in Figure 3 the Cl concentration was reduced to about 30%

approximation, using isoprene as the excess reagent. The
bimolecular rate constants were obtained by monitoring the

disappearance of Cl. The decay of the Cl signal as a function

of the reaction distance was used to derive the observed first-
order loss rate coefficienkl( s™1).

02 (99.994%), H (99.999%), and GI(99.99%). of its original value at the highest isoprene concentration. Due
) ) to the existence of the background signah#¢ = 35 (about
Results and Discussions 10 to 15% of the original signal), we did not further increase

Isoprene Reaction with Cl. The kinetics of the reaction of  the final Cl removal. This background signal was likely caused
isoprene with Cl was studied based on the pseudo-first-orderby the presence of HCI in our system.
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Figure 4. First-order loss rate coefficiekt as a function of isoprene Pressure (Torr)
concentration. Experimental conditions are similar to those in Figure Figure 5. Bimolecular rate constant for the reaction of isoprene with
3. Cl as a function of pressure. The different symbols are measurements

Similar measurements were performed in the pressure rangereported by different investigators: solid square (this work), open circles
of 5 to 10 Torr, with values of (3.8 0.4), (4.0+ 0.2), (4.1+ (ref 18), open square (ref 19), solid circles (ref 20), open up-triangles
0.2), and (4.1 0.3) x 1071 cm® molecule st at 6.6, 8.2,  (réf 21), and solid diamonds (ref 22).

8.7, and 9.2 Torr, respectively. Each of the data represents at ) . )

least four individual measurements at various initial concentra- _ Product Observation of Cl—Isoprene Reaction.Using the
tions of isoprene and Cl. Our averaged rate constant over theCIMS method we were able to directly monitor both products
pressure range of 5 to 10 Torr is (440 0.3) x 10710 cmd of reaction 1, HCI and the Elisoprene adduct. The product

molecule’® s~1. The uncertainty represents the scatter in the from reaction 1a was used to obtain the branching ratio based

data at the one standard deviation level and is not an estimateon the HCI formation. The measurement of the branching ratio
of the systematic errors. We estimate that systematic uncertaintywas performed by monitoring the signal intensity of HCI, using
in our measured rate constants is within10%, considering  an approach described by Bedjanian et?aCl atoms were
the sources of error in the measurements (i.e., gas flows,rapidly titrated by an excess of isoprene in the range of (3 to
temperature, detection signal, and pressure) and in the flow11) x 10" molecule cm?®. The increase in the HCI signal
consideration. intensity (A[HCI]) corresponded to the fraction of the consumed

Our measured rate constant between isoprene and Cl in theCl concentration A[CI]), as the isoprene concentration was
pressure range of 5 to 10 Torr is generally in good agreementvaried. HC| was detected using the (SFeagent ions as the
with the results presently available in the literattite?? A HCleF ions. HCl was calibrated using a 0.1% HCI/He mixture,
summary of the previous measurements of the rate constantsyith HCI collected from a concentrated HCHSIO, solution.
near room temperature is shown in Figure 5. Ragains andThe plot of the increase of the HCI signal as a function of
Finlayson-Pitt8 measured a rate constant of (4®.4) x 10~ A[CI] yielded the branching ratio for reaction 1. The results
cm® molecule™ s at 5 Torr, in excellent agreement with the  for the branching ratio measurements were shown in Figure 6;
results reported in this ;tudy. Our valug is.slightly higher than ihe slope of the solid line yieldddyk,, with a value of 0.177.
those reported by Notario et #land Bedjanian et at’ whose Similar experiments were performed at other pressures in the
measured rates are (3460.4) x 10~ cm® molecule* s~ in range of 5 to 10 Torr, and the averaged branching ratio was
the pressure range 80 Torr and (3.4+ 0.5) x 1070 cn® (17.4+ 4.0)%. The error represents uncertainty withinghd

1 g1 - B .. .
mo'fC‘;'ﬁ j’ff in the g)ressure range 0'23'(? Torr, rgslg)ec with an addition of 5% systematic error. At 298 K, the
tively. The difference between our measured rate and those tWOpreviously measured branching ratios are (18.5.8)% at 1

latter studies, however, is within the quoted uncertainties of the atm by Ragains and Finlayson-Piand (16.9+ 2.2)% in the

respective work. Our results are also in good agreement with N .

those recently measured by the NCAR kinetic group, whose pLessure rz;r.]ge of Q.3to 3 Tofr by BEer]‘timan e%zgrle,ﬁpectlvgly.

measured values are (4-6.0) x 1071°cm?® molecule! s 1in The branc Ing ratio we obtained In this s_tudy 'S hence in good
agreement with those measured in previous studies.

the pressure range of 5 to 760 Té#rin addition, another ) ] )
recently reported rate constant by Canosa-Mas et al. is4.0 ~ Formation of the Ctisoprene adduct was detected using the

0.8) x 10710 cm® molecule’® s-1at 760 Tor2 Note that the ~ CIMS approach. In the previous study by Bedjanian et?t.,
largest disagreement for the reaction rate constant between Chas been reported that the-G@$oprene adduct is detected using
and isoprene among the various studies occurs at 760 Torr. Forelectron impact (EI) as its parent ion. However, the ionization
example, the value reported by Fantechi efa about 40% scheme using El results in a significant fragmentation of this

higher than that recently reported by Canosa-Mas &t @ur adduct due to the use of energetic electrons, which prohibits
measured rate constant in the pressure range of 5 to 10 Torr iskinetic information to be derived. This problem, however, is
very close to the value reported by Canosa-Mas &t ai.760 avoided using the chemical ionization scheme. We have

Torr. explored the ior-molecule reaction for the detection of the-Cl
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Figure 7. Variation of Cl (a) and Ctisoprene adduct (b) signals as

. . : a function of reaction distance. The solid curves are from model
isoprene adduct. This adduct can be detected withr@agent calculations (see text). Experimental conditions dPe= 9.6 Torr,U

ions according to the following icAmolecule reaction = 1424 cm s%, Re= 15, and [GHg]o = 2.8 x 10" molecule cm.

O," + CHgCl — CiHgCI" + O, (%) program2® The model input included the initial concentrations
of Cl, isoprene, and all other precursors. The rate constant for

Detection schemes similar to reaction 5 have been used toreaction 1b was varied to fit the observed-@oprene adduct
monitor the adduct radicals from the OH-initiated reactions of formation profile, while we have used our measured branching
toluene and isopreri€:2° The mass spectrometer is sensitive ratio based on the HCI formation to constrain the fitting. Figures
only to the mass of ions that are detected and does not7a and 7b show that that the-&koprene adduct signal at mass
discriminate between isomers. Indeed, addition of Cl to the 103 rises in accordance with Cl disappearance. The CI decay
double bonds of isoprene results in the formation of four possible data as shown in Figure 7a correspond to an effective bimo-
isomeric radicals (Figure 1). Our ab initio calculations indicate lecular rate of 4.1x 1071° cm® molecule* s%. Note that for
that the most energetically favorable channel is via Cl addition the results shown in Figure 7, the Cl decay and the adduct
to the C1- and C4-positions (by about 14 kcal mdess than growth data were collected in separate runs, since either negative
that to the C2- and C3- position¥)consistent with experimental  or positive reagent ions were used for the detection of Cl or the
product studies for this reactidf1%22Because the CIMS is  adduct. The solid line in Figure 7b represents the best fit to the
incapable of discriminating the various isomers that were formed observed production of the €lsoprene adduct; an effective
in our experiments, we referred the Cl-isoprene “adduct” to the bimolecular rate constant of 3,4 1071° cm® molecule? s1

species with mass 103 and atomic compositighldCl. As to was used in fitting the observed adduct formation profile. Using
be discussed below, we believe that the isomeric effects on theour measured branching ratio of 17.4%, the overall reaction rate
overall rate constants would be negligible in our study. between Cl and isoprene is 4: 10719 cm® molecule s71,

Several procedures were taken to positively verify that the consistent with the rate we measured based on the Cl decay.
ions detected at/e = 103 were indeed attributable to the Cl- We estimated an uncertainty of 10% associated with fitting the
isoprene adduct, rather than from secondary—imlecule Cl—isoprene adduction formation. On the basis of the product
reactions. First, we observed that the signal at mass 103studies, we also concluded that the secondary reactions of the
disappeared when either the isoprene flow was stopped or whenCl—isoprene adduct were not important in our reaction system
the microwave discharge for producing Cl atoms ceased. Thoseand that heterogeneous loss of this adduct on the surfaces of
steps were necessary to ensure that this mass peak was relatetie flow reactor appeared to be minimal in our experiments.
to the presence of isoprene or Cl radicals in the flow reactor. Recently, a similar approach has been recently used to inves-
Alternatively, we monitored the 103 mass peak when the tigate the adduct formation from the reactions between OH and
reaction time was successively increased. Figure 7 shows anisoprene and between OH and toluéhé’
example of the Ctisoprene adduct formation, conducted atthe  Cl—Isoprene Adduct Reaction with G,. We have conducted
following experimental conditionsP = 9.2 Torr, Re= 15,U measurements to examine the temporal evolution of the CI
= 1341 cm s1, and [GHg] = 7.5 x 10 molecule cm?3. As isoprene adduct in the presence of oxygen molecules, in an
is shown in this figure, there is a gradual increase in the Cl  attempt to derive a rate constant between thei€iprene adduct
isoprene adduct signal when the reaction distance is increasedand Q. The experimental and modeling procedures were as
Information such as that shown in Figure 7b can be employed follows. First, the production of the €lisoprene adduct was
to derive a rate coefficient for the reaction of Cl with isoprene. measured without § as the reaction time was successively
The procedure involves numerical simulation of the reaction increased, by monitoring the adduct signal at mass 103. The
system relevant to the present experiments using a computerexperiment was then repeated under the same conditions, except
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TABLE 1: Summary of the Chemical Reactions Used in
Computer Simulations for the System Involving Cl,

Isoprene, and Q

reaction 3

CsHg + Cl — CsH; + HCI 6.6 x 10°11P

— CsHgCl 3.4 x 10°10b

C5H8C| + 02 - CngClOz 1.0x 1@14 b
Cl+ Oz e C|02 7.7 x 10_16
Cl+ OCIO— CIO + CIO 5.8x 1071t
Cl+ CIO,— Cl, + O, 2.3x 1010
— ClO + ClO 12x 1074
ClO + CIO— CI,0» 6.1x 10°%
ClIO+ CIO—Cl, + O, 4.8x 1071°
— ClIOO + Cl 8.0x 10°%
— OCIO+ Cl 3.5x 1071
CIO + OCIO— Cl,03 1.8x 10

@ Rate constants are from ref 27 at 298 K and 9 Torr, except noted
otherwise ? From this work.
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Figure 8. Production of the Ctisoprene adduct as a function of the
reaction time in the absence (triangles) and presence (circles).of O
The solid curves are from model calculations (see text). The initial
concentrations of isoprene was 1x410* molecule cm?. In (b) the
concentration of @ molecules was 2.% 10% molecule cm®. The
experiments were performed Bt= 9.2 Torr,U = 1341 cm s?, and
Re = 15.

with the addition of a known concentration, @ the flow
reactor. By fitting the production of the €lsoprene adduct in
the absence of £a bimolecular rate constant for the formation

J. Phys. Chem. A, Vol. 104, No. 28, 2008695

T T T T T T
8

—~

-]

-

ol

a

= -

o

&

o

A d

I

g o

w0

Rl

7]
4 A
0.00 0.01 0.02 0.03 0.04

Time (s)

Figure 9. Production of the Ctisoprene adduct as a function of
reaction time at various £concentrations X 10*> molecule cm?):

(@) 0 (open circles), (b) 0.9 (solid up triangles), (c) 2.1 (open up
triangles), (d) 5.8 (open squares), and (e) 8.9 (solid squares). The solid
curves are from model calculations (see text). The initial concentration
of isoprene was 2.% 10" molecule cm?. The experiments were
performed afP = 8.2 Torr,U = 1563 cm s?, and Re= 14.

believed that Cl addition to the terminal position of unsaturated
double bond forms compounds with allylic resonance, and for
these adducts facile addition of,@ay take place at either of
the two carbond819This process could result in the formation
of six peroxy radicals (Figure 1). In Figure 8, the bimolecular
reaction rate for the formation of the €isoprene adduct by
fitting the open triangles (solid curve) was used as>3.4010
cm?® molecule’® s71, corresponding to an overall rate of 4x1
1071%cm? molecule'® s~ Using this value and fitting the €l
isoprene adduct data in the presence pf{dpen circles) allowed
an estimation for the rate constant between theistiprene
adduct with Q, yielding a value of 1.0< 10~ cm? molecule?
s

Figure 9 shows the production of the-Gsoprene adduct as
a function of Q concentrations from (0 to 8.9) 10 molecule
cm~3 (curvesa to €). The initial isoprene concentration was
2.7 x 10" molecule cm?. Figure 9 illustrates that a larger
deviation from curvea occurs at a higher ©concentration,
reflecting a less production of the €isoprene adduct at such
a condition. At smaller @concentrations less than abou8

of the CHisoprene adduct was determined. This rate constant 10'® molecule cm?, the observed adduct production was
(as well as our measured branching ratio) was then used toessentially nondistinguishable from that in the absence xof O

model the isoprene reaction system with the inclusion of the
reaction of the Ctisoprene adduct with £ A rate constant
for the reaction between the €isoprene adduct and.Qvas

molecules, indicating a negligible effect o, @n the adduct
formation. The bimolecular rate constant of the reaction of the
Cl—isoprene adduct with £used in fitting all the data was 1.0

derived by best fitting the observed adduct production data in x 10714 cm® molecule? s~1. Similar experiments were per-

the presence of DTable 1 lists the reactions and rate constants

formed under different conditions (i.e., different pressures, initial

used in our simulations. The relevant kinetic rate constants wereconcentrations of @and isoprene, etc.) The values are (£0

taken from the JPL publicatioH.

Figure 8 depicts the temporal evolution of the-@oprene
adduct with (open circles) and without @pen triangles). The
initial isoprene and @concentrations were 14 10! and 2.7
x 10 molecule cmi®, respectively. It is apparent in Figure 8
that the production of the €lisoprene adduct is reduced in the
presence of @ This occurs because of the direct reaction
between the Ctisoprene adduct and,@o remove this adduct
radical and to form the8-chloroalkenyl peroxy radicals. It is

0.2) x 10~ cm® molecule! st at 7.0 Torr and (1.6 0.3) x

10 cm? moleculel st at 8.2, 9.3, and 10.2 Torr, respectively.
Each of the data represents at least four individual measurements
at various initial concentrations of isoprene, Cl, angl The
averaged rate constant for the reaction of thei€prene adduct
with O, is hence (1.6t 0.3) x 10~ cm?® molecule® s™1 over

the pressure range of 5 to 10 Torr. The error is indicative of
the scatter in the data at the one standard deviation level. We
estimated a systematic error of abauts0% for this reaction
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in the present data. The source of errors included uncertainty group for helpful discussions and for providing unpublished data
associated with detection and modeling of the-iSbprene on the Cl-isoprene reaction system. The referees have provided

adduct, in addition to experimental uncertainties such as in the valuable comments for improving this manuscript.
measurements of gas flows, temperature, and pressure and in

the flow considerations.

In another recent study, we have used a similar approach to

investigate the reaction between the ©isoprene adduct and
O, to form the -hydroxyalkyl peroxy radicald? with a rate
constant of 2.8< 10715 cm?® molecule® s%. The rate constant
for the reaction of the Ctisoprene adduct with £obtained in
this study is hence higher than that of the reaction of-OH
isoprene adduct with £ There are also some experimental

kinetic results for the OH-initiated reactions of monoalkenes,

dienes or trienes with nonconjugatedC=C< bonds; the
resulting 5-hydroxyalkyl radicals generally react rapidly with

O, with the measured room-temperature rate constant in the

range of (3 to 30)x 10712 cm?® molecule! s71.1.32734 On the
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