J. Phys. Chem. R002,106,6415-6420 6415

Theoretical Study of Chloroalkenylperoxy Radicals
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DFT and ab initio molecular orbital calculations have been performed to investigate the structures and energetics
of the CHO,—isoprene peroxy radicals arising from the Cl-initiated oxidation of isoprene. Geometry
optimizations of the chloroalkenylperoxy radicals were performed using density function theory (B3LYP),
and the energies were computed with the single-point calculation using different levels of theory for electron
correlation and basis set effects. At the CCSD(T)/6-31G(d) level of theory corrected with zero-point energy
(ZPE), the chloroalkenylperoxy radicals are about 39 to 43 kcal hmobre stable than the separated reactants
(i.e., @ + CI + isoprene). We find no evidence for an energetic barrier f@adlition and have calculated

rate constants for the addition step using canonical variational transition state theory (CVTST) based on
Morse potentials to describe the reaction coordinate. The results provide the isomeric branching between the
six Cl—0O,—isoprene peroxy radicals, indicating that the tBrchloroalkenylperoxy radicals with initial CI
addition at C1 and C4 positions and subsequena@ition at C2 and C3 positions,respectively, play an
important role in determining the reaction pathways and final product distributions of thisdprene reaction
system.

Introduction in the marine planetary boundary layé 14 In addition, it is

Isoprene (2-methyl-1,3-butadiene, &+C(CHs)CH=CHy) is propqsed that.the Clisoprene react.ions lead to some unique
one of the most abundant hydrocarbons emitted by the terrestrialChlorine-containing compounds which can be used as a tracer
biospheré, and is sufficiently reactive to influence oxidation Tor chlorine chemistry in the atmosphéfe.
levels over large portions of the continental tropospleFae The initial reaction between isoprene and CI proceeds
isoprene source strength exceeds that of the nonmethandn@nly by Cl-addition, yielding a Ctisoprene adduct radical
hydrocarbons of anthropogenic originn addition, there are  ("éaction 1a):
indications that isoprene is produced by human activitiasgl

also by phytoplankton in seawafétOn the other hand, reactive Cl + CgHg — CsHCl (1a)
chlorine is present in the atmosphere not only as a consequence
of direct emissions, but also is produced by multiphase chemical — CgH, + HCI (1b)

processes, i.e., from oceanic and terrestrial biogenic emissions,

sea-salt production and de-chlorination, biomass burning, andAlternatively, isoprene also undergoes methyl-hydrogen abstrac-
anthropogenic emissiorfsA recent study has indicated the tion to form HCI (reaction 1b). Under atmospheric conditions,
importance of anthropogenic sources of chlorine molecules andthe Clisoprene adduct reacts primarily with oxygen molecules
the related ozone formation in the urban atmospFettee to form the chloroalkenylperoxy radicals. Subsequently, the
presence of chlorine radicals significantly enhances the ozonereaction between the chloroalkenylperoxy radical with NO leads
production rate. Also, chlorinated hydrocarbons such as trichlo- to the formation of chloroalkenylalkoxy radicals. The dominant
roethene (GHCl3), tetrachloroethene ¢Cls), and dichloro-  tropospheric reaction pathway of the chloroalkenylalkoxy
methane (CECl), are used in a wide variety of industrial, radicals is decomposition or reaction with oxygen molecule,
commercial, and consumer applications; emissions of trichlo- |eading to the formation of various oxygenated organic com-
romethane (CHG) are also important in urban areas, with pounds. The mechanistic complexity arises from the isomeric
sources from water treatment and pulp, paper, and other facility branching which occurs in these initial two steps. Figure 1 shows
product manufacturing!® Once released into the atmosphere, 3 mechanistic diagram for the formation of the-@oprene
the organic chlorinated molecules are broken down by direct adduct and the chloroalkenylperoxy radicals.
photolysis or by hydroxyl radical attack, either case leading to  Recently, several laboratory studies have investigated the
the release of atomic chloririé Chlorine production fromion-  kinetics and mechanism of the oxidation reactions of isoprene
enhanced heterogeneous reactions on agueous sea salt aeros@fiated by Cl atoms. The rate constants between isoprene and
has also been recently realizEdHence, the oxidation of | have been studied using a relative rate metfidd or
isoprene initiated by reaction with chlorine atoms may play an apsolute rate measuremetts?! The branching ratio of the
important role in the urban and regional atmosphere as well asinjtial reaction between Cl and isoprene has been inferred from
the HCI formation yield, with a value between 0.13 and
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I 11 (i.e., triple split, diffuse functions, expansion of the polarization
w o portion of the basis set, etc.). In addition, a basis set correction
7 > method has been developed to determine the energetics of the
a c ‘ organic radicals. We have adopted the following methods in
/k/ —_ . v the present calculations: the molecular calculations were
lsoprene N executed Wlth. geometry optimization using Beqke’s thr_ee
/L(’ )A\) parameter hybrid method employing the LYP correction function
c e (B3LYP) in conjunction with the split valence polarized basis

set 6-31G(d,P). Single-point energy calculations were carried
out using the second-order MgltelPlesset perturbation theory

A B c (MP2) and coupled-cluster theory with single and double
.00 excitations including perturbative corrections for the triple
OB' “ / P excitations (CCSD(T)) and various basis set sizes. Harmonic
& doe & vibrational frequency calculations were made using B3LYP/6-
o, 31G(d.p).
D E F
o 00e ol Results and Discussion
)\) KK) > Geometries and Energies of CtO,—Isoprene Peroxy
00e a oo Radicals.For the G-isoprene adduct, the addition of ©ccurs
Figure 1. Mechanistic diagram for the reactions of Cl with isoprene only at theS-carbons to the CI position for radicals Il and I,
and the Ctisoprene adduct with © but takes places at two centefdr o to the Cl position) for

radicals | and IV. Hence £addition to the Ctisoprene adduct
chloride (HCOCI), formic acid, methyl-glyoxal, hydrogen results in the formation of foys-chloroalkenylperoxy radicals
chloride, and 1-chloro-3-methyl-3-buten-2-one (CMB®)>1722 (A to D) and two d-chloroalkenylperoxy (E and F) radicals
In particular, CMBO has been suggested as a possible tracer(Figure 1). For each structural isomer of the peroxy radicals,
for chlorine chemistry in the atmosphefe&?? At present,  we performed calculations to explore possible (typically five
however, direct experimental data concerning the intermediateto six) conformers. A total of about thirty conformations were
processes of the oxidation reactions of isoprene are very limited,considered, but we report only the lowest energy conformer for
largely due to the lack of efficient detection schemes for these each structural isomer. The lowest energy conformers of the
species. The application of the chlorine marker method using six structural isomers of the €0,—isoprene peroxy radicals
CMBO relies on precise information of the rate constants and are depicted in Figure 2, calculated at the B3LYP/6-31G(d,p)
isomeric branching ratios of the intermediate steps. level of theory. The geometries were confirmed as minima on

In our previous work, we have investigated the equilibrium the potential energy surfaces by frequency calculations.
structures, energies, and formation rates of the four energetically |t ig interesting to compare the geometries of the-Cj—
favored Cl-isoprene isomeric radicals using DFT and ab initio isoprene peroxy radicals shown in Figure 2 to those of the CI
calculations and the canonical variational transition state theory isoprene adduct radicals calculated previodddition of O,
(CVTST)?*2*In this work, we report a study of the peroxy g the four Cisoprene adduct isomers causes a change in the
radicals arising from the Cl-initiated oxidation reaction of gty ctures of the Glisoprene adduct radicals. For the six peroxy
isoprene. The equilibrium structures and energetics of the Cl  5qicals addition of @to the Cl-isoprene adduct results in a
O,—isoprene peroxy radicals were investigated. We have alsoshortening of the €CI bond length. The €C bond lengths
performed calculations using the CVTST theory to determine adjunct to the site of @addition are increased, due to an
the rate constants associated witha@ddition to the Clisoprene increaseds character of the €C bond as electron density in
peroxy radicals on the basis of the ab initio binding energies. ine 7 bond is transferred to the newly formed-O(O) bond.

The calculated rate constants provide the relative isomeric gqop example, addition of ©to carbon 2 for the Gtisoprene
branching between the six peroxy radicals and, when combinedgqquctA increases the €C carbon bond lengths by 0.06 and
with our previous results for the formation of the isopre/ 0.11 A between carbons 1 and 2 and between 2 and 3,
adduct, the overall branching. Implications of the present results respectively. The EC carbon length associated with the methy!
for the atmospheric degradation mechanism of isoprene aregypstjtute is also increased by about 0.03 A. On the other hand,
discussed. the bond length between carbons 3 and 4 is reduced by about
0.05 A. Similar changes in the-&C bond characteristics occur
for all radicals upon @addition.

Ab initio molecular orbital calculations were performed on Single-point energies of the chloroalkenylperoxy radicals were
an SGI Origin 2000 supercomputer using the Gaussian 98 determined using MP2 and CCSD(T) at the B3LYP optimized
software packag®. We have recently evaluated the level of ab geometries. The results of the computed energies of the peroxy
initio theory that applies to complex organic radical species, radicals are listed in Table 1. Table 1 reveals that both electron
on the basis of computational efficiency and accur&ds@ur correlation and basis set effects have an impact on the calculated
results indicated that electron correlation did not affect the energetics. For the six isomers of the-@,—isoprene peroxy
geometries of organic radicals appreciably. Better convergenceradical the relative energies computed at the MP2 level of theory
behavior and considerably higher computational efficiency were are generally lower when using a larger basis set size (i.e.,
achieved using the nonlocal gradient density functional theory 6-311++G(d,p)), with the exception for radic&l For isomers
(NLDFT) as the method of geometry and frequency calculations. B, C, andD, the relative energies obtained using the basis sets
Also, it was noticed that beyond the split valence polarized level of 6-31G(d) and 6-31++G(d,p) differ by 1.0, 0.8, and 1.1
of description there was little improvement in the molecular kcal mol, respectively, and for isomeEs andF the relative
geometry when the size of the basis set was further increasedenergies calculated using the two basis sets differ by 0.4 and

Theoretical Approach
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CIC2C]1 = 1034
00CI1C2=933
CIC2C3C4=-35
CIC2C10 = 1748

OC2CI =104.1
0C2C5=108.8
00C2C1 = -64.5
CICIC20=-179.3
00C2C3 =177.1
0C2C3C4 =-4.6

CIC3C2=111.0
00C4=110.9

C3CACI=112.2

CICIC2C3 = 1152
3 00CIC2 =904
C3C400=73.5 C2C3CACI= -112.9

Figure 2. Optimized geometries of the six isomers of the chloroalkenylperoxy radicals calculated at the B3LYP/6-31G(d,p) level of theory (bond
lengths in angstroms and angles in degrees).

TABLE 1: Calculated Total Energy (in hartrees), Relative Energies (RE) (kcal mot?), and Basis Set Correction Factors (CF)
(kcal mol~?t) of the Cl—O,—Isoprene Peroxy Radicals

isomer energy RER energy REP energy RE® CH
A —804.159209 0.0 —804.410953 0.0 —804.276199 0.0 0.0
B —804.155350 2.4 —804.408675 1.4 —804.273000 2.0 —-1.0
C —804.158087 0.7 —804.411129 -0.1 —804.274768 0.9 -0.8
D —804.155698 2.2 —804.409257 1.1 —804.273846 1.5 -1.1
E —804.154421 3.0 —804.406762 2.6 —804.272181 2.5 -0.4
F —804.155849 2.1 —804.406727 2.7 —804.272651 2.2 0.5

aCalculated at the MP2/6-31G(d)//B3LYP/6-31G(d,p) level of the®@alculated at the MP2/6-3%4H-G(d,p)//B3LYP/6-31G(d,p) level of
theory.¢ Calculated at the CCSD(T)/6-31G(d)//B3LYP/6-31G(d,p) level of thebBstimated from the energy difference between MP2/6-
311++G(d,p) and MP2/6-31G(d).

0.6 kcal mofl, respectively. Using the basis set of 6-31G(d), ably different relative energies, with the largest relative energy
the highly correlated method (i.e., CCSD(T)) produces notice- difference of about 0.7 kcal mol. Table 1 indicates that the
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TABLE 2: Calculated Relative Energiest (RE) (kcal mol™?1) A Isoprene + C1+ O,
and Standard Heats of Formation (kcal mol?) of the 1
Cl—-0,—Isoprene Peroxy Radicals

isomer RE RE® RE RE® AHPf  AH9

3/ 4
nm+0; "," \'\\ 25.0

A —-36.7 —38.2 —40.8 —-423 -11.0 -145 E —

B —34.2 —36.7 —38.7 —41.2 -95 -123 _ ; \

C -35.6 —-379 —-395 -—-418 -10.7 -125 E { Cl-Isoprene'

D —34.3 —37.0 —39.1 —41.8 —9.7 —14.2 : ’,"l Adducts ‘\‘ 1+0;

E —-332 -—-35.1 -—37.8 —39.7 -78 -—11.8 & 299/ —

F —-34.0 -—-350 —38.0 -—39.0 77 -114 @ 3

aEnergy difference between the peroxy radicals and the reactants = 17.3 \‘;\14‘7
(i.e., Cl + O, + isoprene). Zero-point energy (ZPE) corrections are / Perox
included.? Calculated at the MP2/6-31G(d)//B3LYP/6-31G(d,p) level il Ra dichs Y— E
of theory.¢ Calculated at the MP2/6-3%1+G(d,p)//B3LYP/6-31G(d,p) — A

level of theory.d Calculated at the CCSD(T)/6-31G(d)//B3LYP/6-
31G(d,p) level of theory? Calculated at the CCSD(T)/6-31G(¢h)CF//
B3LYP/6-31G(d,p) level of theory.Calculated at the MP2/6-
311++G(d,p)//B3LYP/6-31G(d,p) level of theory.Calculated at the

CCSD(T)/6-31G(d)+ CF//B3LYP/6-31G(d,p) level of theory. 4 fsoprene + C1+ 02

most energetically favorable peroxy radicals are those with Cl 15

addition to C1 and C3 positions and subsequena@lition to - I+ 0_1/’ L35

C2 and C4 positions. The relative stability of the peroxy radicals g / \.\ )

is almost independent of basis set and electron correlation = /”CI-Isoprene\\

effects: isomeré andC have the lowest energies and isomers - / Adducts IV*O2

E andF have the highest energies (by about 1 to 3 kcalrhol & 303/ ™

higher than radical& andB). E / 155
The results from Table 1 suggest that both electron correlation = L

and basis set affect energy calculations of the peroxy radicals ’ Peroxy 18.4 '\I::\ v

of the Cl-isoprene reaction system. Similar observations have Cj Radicals \: D

been reported recently by Trular and co-workers for other

mo[ecule—radlcal rgactlon§? For the QFOg—ISOprene PEroxy Figure 3. Schematic energy diagram of the-@,—isoprene reactions.
radicals, single-point energy calculations at the CCSD(T) level Te energies of the €10,~isoprene peroxy radicals were obtained at
of theory using a larger basis set (such as 643t6G(d,p)) are the CCSD(T)/6-31G(d)+ CF level of theory.

computationally very demanding. To account for basis set and

electron correlation effects, we have adopted an approach thatare taken from ref 23. The reaction energies of thei€bprene
corrects for basis set effects for the chloroalkenylperoxy radicals. adducts with @ range from 14 to 31 kcal mot, which are
This approach has been developed and validated by determining:lose to the binding energies of an analogous system involving
the energetics of the OHsoprene and Ctisoprene adduct  the OH-O,—isoprene peroxy radicaf.lt is also seen from
isomers’326 The procedure involved determination of a cor- Figure 3 that the twg-chloroalkenylperoxy radicald andD
rection factor associated with basis set effects evaluated at theare more stable than their corresponddaghloroalkenylperoxy
MP2 level and subsequent correction to the energy calculatedradicalsE andF, by 2.6-2.9 kcal mot?, respectively.

at a higher level of electron correlation with a moderate size  We have calculated the standard heats of formation for the
basis set. The basis set correction factor (CF) was determinedowest energy isomers, estimated from the calculated total
from the calculated relative energy difference between the MP2/ energy E), the experimentally known heats of formation for
6-31G(d) and MP2/6-3t1+G(d,p) levels of theory. The values  the reactants, and thermal energy (TE) correction obtained from
of calculated energies at the CCSD(T)/6-31G(d) level were then the frequency calculations. Thermal energy (TE) corrections
corrected by the correction factors, effective to the CCSD(T)/ were made through frequency calculations at the B3LYP/6-
6-311++G(d,p) level of theory. As listed in Table 1, the 31G**//B3LYP/6-31G** level. The enthalpy of reactiom\{)

correction factors are in the range of 0.1 kcal mot* for the for O, addition to the Clisoprene adduct at 298 K is expressed
chloroalkenylperoxy radicals, indicating that basis set effect is by

relatively minimal. The performance of the basis set correction
method has been evaluated for several reaction systems involv-AH = [E(CHgCIO,) — E(CHgCI) — E(O,)] +
ing isoprene, and the calculated energies agreed with those
obtained using other higher level theories, including CCSD(T)/ [TE(CsHECIO,) — TE(GHsCI) — TE(G))] (2)
6-311G(d,p), QCISD(T)/6-311G(d,P), G(1), and G{2j6:28

Table 2 summarizes the relative energies of the @GJl—
isoprene peroxy radicals obtained using the various methods.
The relative energies have been corrected for zero-point energy
(ZPE). At the CCSD(T)/6-31G(d) CF level of theory, the AH = AH°(C;HgCIO,) — AH(CH,CI) — AH0(0,) (3)
peroxy radicals are 39 to 43 kcal mélmore stable than the
reactants (i.e., Ct O, + isoprene). The difference in relative  where the heats of formation for the -@bkoprene adduct,
energies between MP2/6-31#(G(d,p) and CCSD(T)/6-31G-  AH{°(CsHgCl), are taken from ref 26. The heats of formation
(d) + CF ranges from 3.9 to 4.8 kcal m@l Figure 3 shows of the chloroalkenylperoxy radicals were then calculated by
the energy diagram of the €0,—isoprene reaction system. equating the above two equations, with the values-a&#.5,
The values for the energies of the-G$oprene adduct isomers  —12.3,—12.5,—14.2,—11.8, and-11.4 kcal mot? for radicals

Alternatively, the enthalpy of reaction for the -Gkoprene
adduct with Q is also given as
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A to F at the CCSD(T)/6-31G(d+ CF level of theory, TABLE 3: CVTST Calculated High-Pressure Limit Rate

respectively (Table 2). Constants and Isomeric Branching Ratios for the Formation
Rate Constant Calculations.The high-pressure rate con- °f the Cl—Oz—lsoprene Peroxy Radical3
stants for the dissociation of the chloroalkenylperoxy radicals  isomer k (cm® molecule™ s™*) branching ratio (%)
were evaluated using canonical variational transition state theory A 1.58x 10713 17.4
(CVTST). The dissociation rates were converted to the associa- B 3.12x 10°% 1.9
tion rates via the equilibrium constad$3° C 3.39x 107%2 8.1
D 2.67x 10 30.3
E 2.03x 10713 22.2
Kee K. = Qe ex;(% 4) F 177x 1013 201
Kuni 9 QaQs \KT total 7.32x 102 100

aCalculated at the CCSD(T)/6-31G(d) CF/B3LYP/6-31G(d,p)

whereQag is the partition function of the peroxy radic&a level of theory

and Qg are the partition functions of the individual products,
andAE is zero-point corrected reaction energy. The bimolecular

. fr nci nd, therefore, provi n effectiv nden f
rate is given bgP equencies and, therefore, provides an effective dependence o

these modes on bond length. We find no energy that exceeds
Q t : the bond dissociation energy along the reaction coordinate in
Ky = KT Xas exp(—£), (5) contrast to the results of the addition o @ aromatie-Cl

h Qag KT adducts, since the calculated energy relative to the equilibrium
) . i . . peroxy radical increased monotonically when the @ bond
wher(.aQAB.* is the partition function of 'ghe transition sta}te with length was successively increased. Thearameter for the
the vibrational freql_Jency cor_rgspondln_g to the reaction coor- \1orse potential in eq 7 is given b= (272u/De)Y2, whereu
dinate removedQag is the partition function of the adduct, and i he reduced mass of the bonded atoms, is the bond

AFE' is the zero-point corrected transition state energy relative dissociation energy, and is the vibrational frequency of the
to the separated reactants. reaction coordinate in the parent molecti€®

The partition functions required for eqs 4 and 5 were h its of th lculati h . bl
calculated by treating the rotational and translational motion _ 1 N€ results of the CVTST rate calculations are shown in Table
3 for each peroxy isomer. The values of the high-pressure rate

classically and treating vibrational modes quantum mechanically. )

Unscaled vibrational frequencies and moments of inertia for the constants fall in the range of 16 107 — 3.4 x 10°* cn?®
Cl—isoprene adducts were taken from our recent ab initic Mmolecule™ s™%. The addition rates to form isomeBs and C
calculations at the B3LYP/6-31G(d,p) lev8oFrequencies and ~ are comparable, while the addition rate; to form isomderd,
moments of inertia for the peroxy radicals were obtained at the E, andF are much slower. Although all isopren®H adduct
B3LYP/6-31G(d,p) level as discussed previously. The reaction iSomers will react rapidly with @under ambient conditions
energies were taken to be zero-point corrected energies calcuthe relative rates between the formation of isomerand E
lated at the CCSD(T)/6-31G(e) CF/B3LYP/6-31G(d,p) level. and betweerd andF influence final product branching ratios
The conserved modes of the transition state were assumed tdn the oxidation of isoprene. We find that tieE and D:F
resemble the product mod&s® The dependence of the relative branching ratios are 0.44:0.56 and 0.60:0.40, respec-
transitional mode frequencies with—-@(0) distance were  tively. Our previous calculations predict the relative branching

modeled usingy:° ratios of 0.40, 0.02, 0.08, and 0.50 for-Gsoprene adduct
isomersl to IV, respectively. Combining those values with the
v(r) = voexp[-a(r —rJ)] + B (6) calculated formation rates for the peroxy radicals yields the

) o ] calculated peroxy radical branching ratios, which are also
wherew, is the vibrational frequency in the reactant molecule, ¢gntained in Table 3.

reis the equilibrium bond distancB,is the sum of the rotational
constants of the individual isopren®H adduct and ©
molecules, anda is a constant. Moments of inertia at fixed
geometries were calculated by changing only theGgO)
distance. The potential energy surface along the reaction
coordinate was modeled by a Morse function including the
centrifugal barrief?-30

Several laboratory experiments using the environmental smog
chamber method have identified several products from the Cl-
initiated reactions of isoprene, such as formyl chloride, formic
acid, and methyl-glyoxa16 HCOCI is produced by the
decomposition of the tw@-chloroalkenylalkoxy radicals arising
from peroxy radicalsA and D. The same reaction pathways
should also lead to the formation of methyl vinyl ketone (MVK)

— _ A2 and methacrolein (MACR), but both MVK and MACR have

V) = Dd1 = expCANT™ + BeII + 1) ™ been observed with very small yiel#is!® The lack of the

whereDe is the bond dissociation energSe(r) is the external  formation of MVK and MACR has been suggested due to the
rotational constant determined by assuming that the molecularsécondary reactions of the two species with Cl radical or due
was a symmetric top, andl was assumed to be the average t0 photolysis. In addition, the laboratory experiments have
rotational quantum number of a Boltzmann distribution calcu- identified 1-chloro-3-methyl-3-buten-2-one (CMBO) as another
lated using the external rotational constant of the molecule at major product>¢which evidently arises from peroxy radical
the equilibrium configuration. D. Our present theoretical calculations are qualitatively con-

The individual rates of formation of each isomer were sistent with the available experimental observations of the
obtained using egs 4 and 5, variationally minimizing the rate products of the Cl-isoprene reaction system, suggesting that the
as function of the €0O(0) bond distance. The value afwas two S-chloroalkenylperoxy radicals andD are very important
determined to be 1.05 & based on a functional fit to the in propagating the isoprene oxidation reactions. The branching
r-dependence of the zero-point energy (ZPE) evaluated at theratio prediction of this study will facilitate the application of
B3LYP/6-31G(d,p) level of theory. This assumes that the largest CMBO as a tracer to deduce chlorine radical concentrations in
change in ZPE is due to the decrease in transitional modethe urban and regional atmosphere.
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Conclusions
In this paper we have first presented ab initio molecular orbital

calculations to investigate the structures and energetics of the

peroxy radicals arising from the Cl-initiated oxidation of

isoprene. Equilibrium structures and energetics of the chloro-

alkenylalkoxy radicals were investigated. At the CCSD(T)/6-
31G(d) level of theory corrected with zero-point energy (ZPE),
the chloroalkenylalkoxy radicals are about 39 to 43 kcalthol
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more stable than their separate reactants. Our results reveal tha301.

the twoj-chloroalkenylperoxy radicals with initial Cl addition
at C1 and C4 positions and subsequepta@dition at C2 and
C3 positions (peroxy radicals andD), respectively, play an
important role in determining the reaction pathways and final
product distributions of the Clisoprene reaction system. The
present work has important implications on chlorine chemistry
relevant to the urban and regional atmosphere.
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