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The kinetics of the isoprereOH reaction have been studied both experimentally and computationally.
Experimental rate constants at pressures in the range20.5orr have been determined at 295 K using
pulsed photolysis/laser-induced fluorescence detection of the OH radical. A rate constant af (0 x

10° molecules® cm?® s™ at 20 Torr in argon was determined, which is consistent with previous results for

the high-pressure limiting rate constant. We present the first experimental observation of the falloff region
for this reaction and have modeled the pressure dependence of the rates using the Troe formalism. Canonical
variational transition state theory calculations were performed on the basis of recent ab initio calculations to
determine the relative branching among the four possible isopt@kkadducts in the high-pressure limit.

We find OH addition to the outer carbon positions dominates OH addition to the inner carbon positions. We
have employed RRKM/master equation calculations to evaluate the pressure dependence of the overall rate
and the rates for the individual isomers in the pressure range-Q@® Torr. The excellent agreement between

the calculated and experimental falloff behavior provides an independent test of the ab initio energetics and
RRKM/ME treatment. The results shed light on the mechanisms for oxidation of isoprene in the troposphere.

Introduction

Isoprene (2-methyl-1,3-butadiene) is the major biogenic OH
nonmethane hydrocarbon in the atmosphere. It is emitted by a
wide variety of plants during daylight with a worldwide emission
of ~300-450 Tgl/yeat as a mechanism to protect plant OH
membranes under conditions of extreme temperature and lack
of water? As much as 2% of the available carbon utilized in
photosynthesis under ambient summer temperatures is fixed as
isoprene The natural abundance of isoprene ensures that its \/l\ oo
tropospheric oxidation plays an important role in regional air
quality. Since isoprene emission is primarily diurnal, the reaction
with OH is the dominant initiation step in the tropospheric
removal mechanism. -
The first step in the oxidation of isoprene occurs predomi-
nantly via the addition of the hydroxyl radical, OH, to one of
four sites, resulting in the four possible isopret@@H adducts
shown in Figure 1. Addition of OH to the outer carbons yields
the allylic radicals labeled | and IV. Addition of OH to one of  Fijgyre 1. Reaction of isoprene with OH radicals.
the inner carbons yields the primary radicals, labeled Il and III. ) ) . .
Although the oxidation of isoprene involves many subsequent PFOC€SSes. OH cycl!ng expgrlments have provided indirect
reaction steps, the initial isomeric branching of the isoprene Information on the intermediate processes, although many

OH adducts may strongly influence the final product distribution. questions remalh. The _OX|dat|on of isoprene y|_elds four major
Despite the importance of the initial step in the oxidation end products: methyl vinyl ketone, methacrolein, formaldehyde,

- -11 ' -
chemistry, there is no direct experimental evidence for the and 3-methylfurart, ** and Carter and Atkinson have recom

relative branching between the isomers. Peeters et al. haveMended a ratio of 0.27:0.19:0.50:0.038, respecti¥elin a
derived structure activity relationships from kinetic data for o0H Mechanism proposed by Carter and Atkinson, isomer | yields

addition to simple hydrocarbons, but the predictions have yet Methyl vinyl ketone, isomer IV yields methacrolein, and
to be critically tested5 Several models have been proposed 3-methylfuran results from both isomers Il and Ill. Formalehyde

for the complete oxidation mechanism, but there remains a 1S formed as a coproduct from isomers | and IV. Recent
notable lack of direct kinetic measurements of the intermediate theoretical calculations have challenged elements of this mech-
anism, suggesting that isomers | and Il lead primarily to MVK

t Department of Chemistry. and isqmers Il and IV yield methacrolein, requiring an
* Department of Atmospheric Sciences. alternative source of 3-methylfuraa.
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Figure 2. Schematic diagram of the experiment. Abbreviations in the
figure are as follows: DG, delay generator; DO, digital oscilloscope;
PC, personal computer; PMT, photomultiplier tube; W, window placed
at Brewster's angle; FM, flow meter; SHG, second harmonic generator.

The high-pressure reaction rate for the addition of OH to
isoprene has been determined previo@gl41825and Atkinson
has recommended a value of 1.811071° molecules? cm?

s 1 at 298 K1° The temperature dependence of the isoprene

McGivern et al.

cell was evacuated by a high-throughput mechanical pump, and
the pressure within the cell was monitored by a 1, 10, or 1000
Torr full scale capacitance manometer, depending on the total
pressure. Isoprene (Aldrich, 99%), held atl5.0 °C, was
buffered with argon and introduced through a flow meter. The
total pressure over the mixture was measured using a 1000 Torr
capacitance manometer, and the concentration was calculated
using the known vapor pressure of isopréhésoprene con-
centrations in the cell were typically less than 2 10
molecules cms. Hydroxyl radicals were produced by the
photolysis of concentrated HNOat 193 nm, which was
introduced to the sample cell through a flow meter as5%
mixture in argon. On the basis of the absorption cross section
of HNOs at 193 nm and typical laser fluences, we estimate the
concentration of OH radicals to be5 x 10'° molecules cm?®

in the probe volume. To minimize diffusion out of the probe
region the photolysis volume always exceeded the probe volume.
The photolysis of HN@ at 193 nm results in OH and &)
products in approximately equal yiele’sTo assess the effects

of the O{D) radicals on the measured rate, we have modeled
the reaction kinetics, accounting for the collisional deactivation
of O(*D) by water and isoprene, hydrogen abstraction dD)(
from isoprene to form OH, and the reaction of!D) with
residual water from the concentrated HpR®24 The O(D)
radicals were effectively converted to OH in the reaction with

OH reaction has also been measured, showing a weak negativgater and had a negligible effect on the reaction rate after
dependence consistent with “barrierless” addition reacfiéhs.  gpproximately 15:s. In all cases, the OH concentrations were
Although addition reactions sh_ould exhlb!t a pressure depen- approximately 3 orders of magnitude lower than the isoprene
dence, there has been no previous experimental exploration ofconcentrations, satisfying the pseudo-first-order approximation.
the OH-isoprene reaction in the low-pressure regime. A recent The flow rates were adjusted to ensure that the molecules in
measurement has shown, however, that the reaction is still inhe reaction zone were replenished between laser shots. Previous

the high-pressure limit in 2 Torr of heliumMeasurements of

studies by Campuzano-Jost et al. have shown that isoprene may

both the temperature and pressure dependence of addition,qymerize under static or very low flow conditioffdHowever,
reactions is important in atmospheric modeling to ensure that i fio\ rates used in the present study are sufficiently fast to

the reaction is effectively modeled for a range of altitudes and

to provide a stringent test of the modeling results.
Preliminary theoretical results of the present study can be

found elsewheré? In the present report, we provide a more

ensure that polymerization will not affect the measured rate
constants on the time scale reported by Campuzano-Jost et al.
The reaction of N@and HONO from the nitric acid photolysis
with isoprene were not important due to the large excess of

complete description of the theoretical results and details of the jsoprene in the system.

experimental determination of the pressure dependence. We have
determined pressure-dependent rate constants for the reactio

of isoprene with hydroxyl radicals at total pressures between
500 mTorr and 20 Torr using laser photolysis/laser-induced
fluorescence (LP/LIF). Measured rate constants varied from
(0.76 £ 0.08) x 1071° molecules® cm?® s1 at 500 mTorr to
(0.99 4 0.05) x 10719 molecules® cm?® s™1 at 20 Torr. To
permit facile modeling of the falloff regime, we have fit the

pressure-dependent rate constants using the well-known two-

parameter Troe form, resulting in rate constantk,of (6.9 £
2.2) x 10726 molecules? cmf s71 andk., = (1.04 £ 0.04) x
10719 molecules! cm? s71. We have also performed canonical
variational transition state theory (CVTST) and Ridgam-
sperget-Kasset-Marcus/master equation (RRKM/ME) calcula-
tions using the results of recent high-level ab initio calculations
on the four isopreneOH adduct isomers. The calculations

provide pressure-dependent branching ratios between the four

n

The hydroxyl radical decay kinetics were measured using
laser-induced fluorescence. The OH radicals were excited on
the Q(1) transition of the A— X(1,0) vibrational band near
285.1 nm using the BBO-doubled output of a pulsed dye laser
(LAS) running Rhodamine 575 pumped at 355 nm by a Nd:
YAG laser (Spectra Physics GCR-1500). The resulting
fluorescence was collected through two 25 mm lenses and was
detected by a photomultiplier tube (Hamamatsu R374). To
reduce contributions from scattered light in the reaction cell,
both BK7 and visible filters were placed in front of the collection
optics, providing a band-pass filter near 300 nm that significantly
decreased the contribution from scattered light from the pho-
tolysis and probe beams. The fluorescence decay was measured
by a 400 MHz oscilloscope (Lecroy 9310A), and a finite region
away from the scattered light signal was integrated and archived.
The timing of the laser pulses was controlled by a digital delay

possible isomers and reproduce the experimental falloff mea- 9€nerator (Stanford Research DG535), which was varied using

surements. The mechanisms for isoprene oxidation are discusse

in light of the present results.

Experiment

&SPIB control from a PC. The reaction kinetics were measured

by storing the integrated fluorescence as a function of the delay
between the photolysis and probe lasers. Typically, each
fluorescence decay was averaged for 25 shots,>d@D time
steps were taken with a step size between 0.25 amsl The

The experimental determination of the rate constants was OH decay curves were usually followed over 1 order of

performed using a recently constructed slow flow apparatus,

magnitude decrease in the integrated fluorescence signal. The

shown schematically in Figure 2. The stainless steel reaction probe laser power was adjusted to maintain saturation of the
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Figure 3. Log plots of the integrated fluorescence decay for a series Figure 4. Bimolecular rate constant determination at 10 Torr.
of isoprene concentrations. The isoprene concentrations for each decay

are shown in the figure and are given in moleculestm
1.0x10™ |-

OH transition. Temperatures in the reaction region were
monitored using a chromeklumel thermocouple with an error -
of £1 K. :m 09 |-

All errors in the present paper are 2rrors from the linear g8
least-squares fit to determine the bimolecular rates and provide %
a good estimate of the random error. Small systematic errors = gs |- O Present Work
may arise due to the isoprene vapor pressure and photolysis of = Troe Form Fit
the isoprene by the 193 nm light. The error introduced from & — - RRKMME
the vapor pressure is difficult to assess precisely, and such errors £ 07 1
would be directly reflected in the rate constant. We have chosen & k,,= (1.04 % 0.04) x 10-'° molecules”! cm? 5!
to use the experimental enthalpy of vaporization to calculate ky=(6.98 +2.2) x 10°% molecules em* 57!
the vapor pressure§ which shows a good fit to experimental | . . ) , )
vapor pressures over a temperature range of-307 K21 On 06 0 5 10 15 20 25
the basis of an approximate absorption cross section of isoprene Pressure (Torr)

at 193 nni’ and typical laser fluences, we estimate that Figure 5. Experimentally determined pressure-dependent rate con-
approximately +2% of the isoprene will be photolyzed. Though stants. The solid line represents a fit of eq 1 to the experimental data,
these errors will affect the magnitudes of the reported rate and the dashed line represents the results of the RRKM/ME calculations.
constants, the relative rates will be unaffected, and we have
chosen to report only the random error from theliBear least-  function of delay time. Simulations of the spectra using available
squares fit. spectroscopic information allowed the rotational temperature to
As a calibration of the apparatus, the reaction of ethane with he estimated® At early times, the rotational temperatures were
OH was studied at 295 K. Pure ethane (Aldrich#+98 purity) — near 700 K and were found to decrease significantly with
was introduced through a flow meter, and the concentrations i creasing delay time. To ensure that only thermalized OH was
were measured using a 10 Torr capacitance manometer. Typ'cah]easured and that the presence ofD)(radicals had a

i 5 6
corlgentrathns of ethane werexll'ol to1x 10 mplecyles negligible effect, kinetics were obtained by using a delay time
cm~3, ensuring that the pseudo-first-order approximation was . .
offset >15 us from the photolysis pulse. Figure 4 shows a

valid. A rate constant of (2.3 0.2) x 10-13 molecules! cm? wvoical do-first-order d lot. The plot 0 i
s~1 was measured, in good agreement with previous redults, YPIC&! pSeudo-lirst-order decay plot. The plots are all linear

No change in the rate constant with total pressure was observed}"’ith the isoprene concentration, indicating that the rotational
as expected for a direct abstraction reaction. distribution is thermalized and that the presence dDpid
not significantly affect the observed kinetics. Bimolecular rates

Results and Analysis were determined for a number of total pressures in order to
quantify the pressure dependence of the rate constant. Figure 5
shows the pressure-dependent rate constants, along with a fit
to the Troe expression of the foff#°

Experiment. Figure 3 shows typical data obtained for the
first-order decay of the OH radical in the presence of isoprene.
The log plots are linear over 1 order of magnitude change in
the OH radical concentration, indicating that the pseudo-first-
order approximation is valid under the experimental conditions ky(T[M] 6{1+ (Iog ko(U['V'l)Z} -1
of this study. The photolysis of HNesults in OH radicals in k(M], T) = 1+ kMMM > ke(T) 1)
a rotational distribution characterized by large rotational tem-
peratures either by direct photolysis or by the reaction 8Dp(
atoms with wate?® We have examined the rotational relaxation where [M] is the concentration of the buffer g&g(T) is the
of OH radicals under our experimental conditions by measuring low-pressure termolecular rate constant, &) is the high-
LIF spectra of the @and R branches of the - 0 band as a pressure limiting rate constant. The beskfiandk. values at




6612 J. Phys. Chem. A, Vol. 104, No. 28, 2000 McGivern et al.

TS12

C,H; + OH

11x107™" -{
) ) 242
w 1O l l J { l
“ .
£ | A I :
" 0.9 +
=
= Py
8 O Present Work
= 08| O Ref.6
E ® Ref. 7
= B Ref 15

A Ref. 16
g 07k * Ref 17 TS34
& g X Ref. 18

Q Ref. 19

A Ref 25

0.6 L ] 1 L ] )) ]
0 50 100 150 200 {760

Pressure (Torr)

Figure 6. Experimentally determined rate constants for the reaction
of isoprene with OH for total pressures ranging from 0.25 to 760 Torr.
Individual symbols represent the reported rate constants from previous
rate constant determinations and are shown in the figure.

TABLE 1: Pressure-Dependent Rate Constants for the Figure 7. Schematic energy diagram (kcalimol) for isomers of
Isoprene—OH Reaction at 295 K determined uing LP/LIF hydroxyisoprene radical including the isomerization pathways. The
Tom) rate (moleculg? 59 values are taken from ref 31.
presszlge ( (0962 0.05)x 10 to the a_dd_uct minimum. Since the addition of OH to the d(_)uble
10 (0:951 0:05)>X< 1010 bonds in isoprene proceeds wlthout a bgrrler, the Ic_)c_atl_or_l of
1 (0.85:+ 0.06) x 10710 the trans[tlon state was detgrmlned vananoqally by minimizing
05 (0.73+ 0.08) x 1071 the reaction rate as a function of the-OH distance.

The partition functions required for eqs 2 and 3 were
295 K are (6.9 2.2) x 10726 molecules? cmf s~1 and (1.04 calculated by treating the rotational and translational motion
+ 0.04) x 1071° molecules® cm® s respectively. The  classically and treating vibrational modes quantum mechanically.
individual pressure-dependent rate constants are shown in TabldJnscaled vibrational frequencies and moments of inertia were
1. For comparison to previous results, Figure 6 shows the resultstaken from recent ab initio calculations at the B3LYP/6-31G**
of a number of previous rate constant determinations as alevel3! The reaction energies were taken to be zero-point
function of total pressure. The results of the present study appearcorrected energies calculated at the CCSD(T)/6-311G**//
to be consistent with the previous results but outside the cited B3LYP/6-31G** level. The relevant energies for the four
error bars of the two most recent experimeis. isoprene-OH adducts including the transition states associated

Rate Constant Calculations. To calculate the relative  with interconversion of species-H and IlI—1V are shown in

branching between the four isomers and to examine the pressuré-igure 7. The conserved modes of the transition state were
dependence of these rate constants, two separate calculationassumed to resemble the product motieEhe dependence of
were performed. The high-pressure rate constants for thethe transitional mode frequencies with—OH distance are
dissociation of the isoprere€OH adducts were calculated using modeled using
canonical variational transition state theory (CVTST). The
pressure dependence of the dissociation rates were calculated v(r) =voexp[-a(r —r] + B (4)
using Rice-RamspergerKasset-Marcus/master-equation (RR-
KM/ME) theory at a number of total pressures between 250
mTorr and 1000 Torr. In both cases, the dissociation rates were
converted to the association rates via the equilibrium constant

wherew is the vibrational frequency in the reactant molecule,
reis the equilibrium bond distancB,is the sum of the rotational
constants of the separate isoprene and OH moleculesa and
a constant. Moments of inertia at fixed geometries were

K Q calculated by changing only the<®H distance. The potential
T _ K = _<AB ex;(A—E) 2) energy surface along the reaction coordinate was modeled by
K %% QaQg KT the sum of a Morse function and centrifugal barrier,

whereQag is the partition function of the addudfa and Qg V(r) = DJ1 — exp(AnI* + By (NIF+1)  (5)

are the partition functions of the individual products, axid . . . .
is the zero-point corrected reaction energy. whereDe is the bond dissociation enerdex(r) is the external
CVTST calculations provide a method to calculate the high- rotational constant determined by assuming that the molecule

pressure limiting rate constants for a dissociation reaction. The was a symmetric tof, and J was assumed to_be_ the_ average
unimolecular rate is given by rotational quantum number of a Boltzmann distribution calcu-

lated using the external rotational constant of the molecule at
the equilibrium configuration.

(3) We now briefly address the choice of a Morse function in
the C-OH bond distance to model the reaction coordinate. It
has been proposed that the potential along this coordinate is

whereQ,ﬁB is the partition function of the transition state with complicated, involving both a loose dipetenduced dipole

the vibrational frequency corresponding to the reaction coor- complex and a barrier at shorter-© bond lengths associated

dinate removedQag is the partition function of the adduct, and  with a rehybridization of the carbon atom to form the covalent

AE is the zero-point corrected transition state energy relative bond3* Abbatt and Anderson have provided a schematic view

KT Qse AE
LY
h Qg KT
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of this potential for the addition of OH to ethylene, evaluating vin = 4d (@ 12 (o 8
the energy of the van der Waals complex and inner transition "= (r) (r) (8)
state for conversion of the adduct to the complex. There is,

however, evidence that the shape of the potential, in particular wheres ande are parameters describing the width and depth
the height of the rehybridization barrier and the depth of the of the well, respectively. Since no experimental results are
van der Waals well, is extremely sensitive to the level of the ayailable for the interaction of the hydroxyisoprene radical and
theory® In the case of addition of Cl or F atoms to ethylene, Ar, an approximate method described by Gilbert and Smith was
studies employing a large-scale multireference configuration ysed to determine collision parametétsVe have adopted
interaction treatment reported a marked decrease in the height/glues ofe = 233 K ando = 4.74 A as the Lennard-Jones
of the transition state, which disappeared entirely for thé F parameteré! To describe the collision energy transfer rate,
C:H,4 reaction at the highest levels of thedh#® More recent Lennard-Jones collision integral corrections to the hard-sphere
calculations on the addition of OH to ethylene reveal a smooth collision frequency were used to model the true collision
monotonic increase in energy from the adduct minimum without frequency, and the energy transfer distribution was calculated
a recombination barrier, and the authors were able to reproduceoy the biased random walk modglas implemented in the
the experimentally measured activation energiéde believe, UNIMOL package. The collisional energy transfer parameters
therefore, that a Morse function should provide a reasonable were assumed to be equal for all isomers.
description of the energy along the minimum energy pathway.  High-pressure limiting rate constants for the formation of the
The excellent modeling of the experimental falloff region and four isomers are given in Table 2, along with the branching
the very fast high-pressure rate constant for the reaction lendsyatios in the high-pressure limit. Addition of OH to the end
additional support for treating the reaction coordinate as a Morse carhons is favored over the addition to the inner carbons. This
potential. However, an accurate ab initio exploration would be js consistent with previous structuractivity relationship (SAR)
preferable and should be pursued to find a more exact modelestimates, although we find that the relative rates of formation
for the reaction coordinate. of isomers Il and Il are significantly different. Pressure-
The individual rates of formation of each isomer were dependent rate constants for the formation of the four possible
obtained using egs 3 and 5, variationally minimizing the rate jsomers are shown in Figure 8. To allow the individual rates
as a function of the €OH distance for a given value af The and product branching ratios to be evaluated easily, we have
individual rates were then summed, and the procedure wasfit the pressure-dependent rates for the individual isomers using
repeated for different values afuntil the sum was equivalent  the two-parameter Troe form. The best-fit parameters are shown
to the recommended high-pressure limiting f&&he value of in Table 3. Though the fits are not quantitative at very low
a was determined to be 2.23°A This value ofa was then  pressures, they provide a fair representation of the pressure-
used to describe the translational mode frequencies for thedependent behavior of the rate constants. The Troe parameters
subsequent RRKM/ME calculations. for isomers | and IV provide the best fit to the RRKM/ME
The pressure dependence of the rate constants was modelegalculations, differing by less than 5% for pressures down to
using the Rice-RamspergerKasset-Marcus/master-equation .25 Torr.

(RRKM/ME) analysis, in which the rate constant for the  The possibility of isomerization of the isoprer®H adducts

dissociation of the adduct may be expresse# by was also examined using RRKM/ME theory. Though the
energies of adduct dissociation and isomerization are compa-
—k o(E) = [M] [~ [RE,E) g(E") — R(E',E) g(E)] dE' — rable, the transition state for isomerization is significantly tighter
Kun0(E) =1 ]‘/;) [REE) o) ~ REE) 9E) than the transition state for dissociati¥nAs a consequence,
k(E) 9(E) (6) the calculated isomerization rates for the interconversion of the

. . ) isomers via the transition states TS12 and TS34 were 3 orders
whereg(E) is the population of the energy level with enefy  of magnitude lower than the dissociation rates and will have a

[M] is the concentration of the buffer gas, aR(E,E') is the negligible effect on the total reaction rates reported. The
rate of energy transfer from a level with enetgiyto a level of  temperature dependence of the rate constant was also examined
energyE. The microcanonical rate constant at enekgk(E), using CVTST. Abstraction reactions, which exhibit a strong
is given by positive temperature dependence, can be effectively modeled
using statistical rate calculations. Addition reactions that proceed
N*(E - Ep) without a barrier often show a slight negative temperature
k(E) = “he®) (7) dependence that is poorly modeled using statistical theories even

for relatively simply reactions such as the recombination of
methyl radicals to form etharf@.In this study, we find a very
weak positive temperature dependence, in contrast to previous
experimental resultg!>19.25

where N*(E — Ep) is the sum of states at the transition state
between energ¥, andE, andp(E) is the density of states of
the reactant evaluated at enerBy Pressure-dependent rate
constants are determined by weighting the microcanonical rate
constants by the appropriate energy-level populations.

The UNIMOL suite of progranf€ was used for the RRKM/ The 20 Torr rate constant observed in this study (0.99
ME calculations of the rates in the falloff region. For the RRKM £ 0.05) x 1010 molecules® cm?® s71, is slightly lower than
calculations, the transition state was assumed to be located athe high-pressure rate constant recommended by Atkinson.
the same €0 bond length as used in the CVTST rate for all However, our data suggest that the 20 Torr rate lies near the
reaction energies. The moments of inertia, potential energy beginning of the falloff regime, and the Troe-form fits provide
surfaces, and translational mode frequencies from the CVTST a high-pressure raté, = (1.044 0.04) x 10-1° molecules?
calculations were also used for the microcanonical calculations.cm? s71, that is consistent with the recommended high-pressure
The interaction between the bath gas and reactant molecule inrate. To our knowledge, the experimental pressure-dependent
the ME calculations was described by a Lennard-Jones potentialrate constants determined in this study provide the first

Discussion
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TABLE 2: RRKM/ME Calculated High-Pressure Rate + 0.26)+ 10 molecules! cm?® s~ at room temperature and
Constants for Hydroxyisoprene Radical Formation a total pressure of 200 Torr that also differs from the present
isomer  rate of formation (moleculescnm® s™)  branching ratio work2 In that study, the concentration of isoprene in the
I 558 10-1! 056 reac'tion chamber was measured by direct abgorption of 228.1
I 0.232 x 1011 0.023 nm light and was believed to be accurate to within the random
1 0.456 x 10 0.046 error of the absorption measurement. The results of the present
v 3.71x 1071 0.37 work differ by >20% from the results of Hynes and co-workers,
total 9.98x 107 though the origin of this discrepancy is unclear. Characterization
Pressure (Torr) of the isoprene concentration is a critic‘_sll step in deter_mining
0 10 20 30 40 50 the rate constant. In a recent study of the isoprei@H reaction
N T T T T T in a flow reactor, Zhang, et al. calibrated the isoprene concentra-
1Ox107 1 . * - * tion by both the vapor pressure and a known He/isoprene
mixture in a bulb. The observed rate constants were consistent
L.; 08 |- and were observed to be (16£0.9) x 10~ molecules® cm?
& o st at 112 Torr, consistent with the present restilts.
S el S 34 The observed falloff provides a test of the applicability of
v 50 e the CVTST and RRKM/ME methodology used in this study.
_8 . I 28 v In addltlor_l, the ability of the RRKM/ME resul;s to reproduce
S o4l 44 :j the experimental pressure dependence provides a measure of
g the accuracy of the ab initio data. To explore the sensitivity of
o 2208 4.0x0™ the calculated falloff to the ab initio energetics, we have
§ 02 18 ;z recalculated the pressure-dependent rates using well depths
1.6 25 substantially larger and smaller than the calculated ab initio
00 L o 11 S I values. In both cases, the value of the paranmeteas adjusted
e T T R to give a final rate equivalent to the_re_commended high-pressure
Pressure (Torr) Pressure (Torr) rate constant. The falloff characteristics of both sets of calcula-

Figure 8. Computed rate constants as a function of pressure. The plot ilons were significantly different from the observed experimental
shows the sum of the rate constants for the individual isomers. The rates and were unable to reproduce the experimental data. The
inset plots show the individual falloff curves for the four individual large deviation observed for different well depths in addition

isoprene-OH adducts. to the quality of the fit using the ab initio energies and
TABLE 3: Troe-Form Fitting Parameters for Results of co_mputatlonal methodolqu of th_e present study is strong
RRKM/ME Calculations evidence that the calculations provide reasonable values for the

pressure-dependent rate constants of each is&mer.

i lecules? cmf s7* leculest cm? st . . . .
isomer ko (molecules® cnt's ) k- (molecules” cm’s™') Structure activity relationships (SAR) have been previously

:I g'i’ i igi: g'ii igﬁ utilized to determine the high-pressure branching ratios between
m 4.2 x 10°28 4.7 % 1012 the four is_opreneOH adc_iqcts. Peeters et al. have performed
v 4.1 x 1026 3.8x 1011 SAR studies for the addition of OH to a number of alkenes,

including isoprené:> In the SAR method, site-specific rate

exploration of the falloff regime for the OHisoprene reaction. ~ constants are derived from available rate constant data based
As shown in Figure 5, the present results are consistent with On whether the resulting adduct radical is primary, secondary,
the majority of the previous rate constant determinations. or tertiary. Delocalized radicals are represented by separate rate

The present results, however, fall outside the error estimatesconstants characterized by the nature of both radicals present
for two recent rate constant determinations for the isoprene N the set of resonance structufeBhe derived site-specific rate
OH reaction. The results of Stevens ef ah the OH-isoprene constants were found to be consistent with fragmentation
reaction using LIF detection of the OH radical in a flow reactor Patterns in mass spectrometric studies of a number of asym-
are significantly higher than the present results. The authors Metric dienes.For the addition of OH to isoprene, the relative
determined a rate constant at 300 K in 2 Torr of HekoE isomeric branching using the SAR was found to be 0.60:0.05:
(1.10+ 0.05) x 101° molecules? cm? s~1, which is slightly 0.05:0.30 for isomers L:IL:ILEIV. In general, the results of the
higher than the recommended high-pressure rate. In the presenprésent study are consistent with the previous SAR studies,
study, however, we observe a rate constant at 295 K and 1 Torrthough we find that the branching between isomers Il and IIi
of Ar of k = (0.88 £ 0.05) x 1071° molecules® cn® st differs significantly. This difference is due presumably to the
indicating that the reaction is already in the falloff regime. To Presence of a methyl group on the active center in isomer lI,
quantify the differences between the use of argon and helium Which was not differentiated from the active center in isomer
as buffer gases, we have evaluated the isopr@i¢ rate [Il'in the SAR studies. The fraction of isomer IV was also found
constant in 2 Torr of He using RRKM/ME calculations. The !0 be substantially larger in the present study than in the SAR
parameters from the CVTST calculations were used in the studles', resu!tlng primarily from a decrease in the relative
RRKM/ME calculations in 2 Torr of helium. Lennard-Jones branching to isomers Il and Iil.

parameters of = 69.0 K ando = 4.28 A were used to describe The calculated high-pressure branching ratios between the
the He-adduct interactioA! The calculated rate constant in 2  four OH—isoprene adducts can provide insight into the complete
Torr of He at 298 K is 0.86< 10719 molecules?® cm® s71. This oxidation pathway for isoprene when compared to the available

rate constant is slightly smaller than the rate constant in Ar at experimental information on the end product formation yields.
2 Torr and is significantlyX 20%) lower than the rate measured Several different mechanisms containing many common features
by Stevens et al. A recent study by Hynes and co-workers on have been proposed for the complete tropospheric oxidation of
the reaction of OH with isoprene showed a rate constant of (8.56 isoprene and will be only broadly summariz&d34445Fol-
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lowing OH addition to isoprene, the resulting hydroxyisoprene suggests that the initial branching in the addition of OH to
radical reacts with molecular oxygen under atmospheric condi- isoprene plays an important role in the final product branching
tions to form a hydroxyperoxy radical. The subsequent addition ratios. However, the calculations are unable to distinguish
of O, to radicals Il and Il occurs only at thg-carbons but between these mechanisms, and further work on the subsequent
may occur at two centerg (or 6 carbons) for radicals | and  reaction steps is clearly necessary.

IV. Preliminary theoretical evidence indicates that addition of ~ The pressure dependence of the rate constants may provide
O, to the p-carbons is energetically favored, suggesting that another avenue for elucidating the oxidation mechanism. The
the addition to isomers | and IV results in the formation of falloff curves for isomers Il and Ill, shown in Figure 8, begin
predominatelys-hydroxyperoxy radicalé? In a recent study  to decrease at much higher pressures than isomers | and IV.
Jenkin and Hayman assumed thhydroxyperoxy radicals Isomer 1l shows the fastest decrease, and isomers | and IV
make up 75% of the total peroxy radical yield and were able to show virtually identical pressure dependencies. These differ-
achieve good fits to their experimental absorption profifes. ences in the falloff behavior will have a subtle effect on the
For simplicity, the present results are discussed in terms of only pressure-dependent branching between MVK and MACR, and
the S-hydroxyperoxy radicals. In the presence of N@dicals, detailed measurements of the end product branching ratios as a
the 5-hydroxyperoxy radicals are reducedfénydroxyalkoxy function of pressure may provide a method for differentiating
radicals through the removal of an oxygen atom. The resulting the two mechanisms.

S-hydroxyalkoxy radical may react via three pathways: reaction

with molecular oxygen, isomerization, and unimolecular dis- Conclusion

sociation. Recent ab initio calculations by Dibble have shown

that the barrier to €C bond C|eavage between tbeandﬁ This work represents the first ComprEhenSive Study of the
carbons is only~2 kcal/mol, suggesting that the unimolecular Pressure dependence in the first step of the tropospheric
dissociation of thes-hydroxyalkoxy radical is the dominant oxidation of isoprene. The pressure-dependent rate constants
procesd? Based on Dibble’s estimates, the rates of isomerization for the reaction of isoprene with OH radicals have been
and reaction with molecular oxygen are expected to be severaldetermined using the LP/LIF technique. Transition state theory
orders of magnitude lower than the unimolecular dissociation calculations have been performed to describe the relative

rate and will not contribute significantly to the observed end iSomeric branching ratios in the high-pressure limit, and RRKM/
products. ME calculations have provided information on the pressure

dependence of the individual isomers. These results indicate

have been identified in environmental chamber studies: methyl ':jheaga:g?nar?dlttﬁ)eneﬁdoﬂo? 'Cstopg?g: may play a major role in
vinyl ketone (MVK), methacrolein (MACR), formaldehyde, and ining ) product y! ' i
3-methylfurart-12 The recommended ratios for these species In the fgture, we intend to'extend both the experimental and
are 0.27:0.19:0.50:0.038, though unidentified peroxy nitrate COMPutational aspects of this study to include the second step
species from the addition of NO make up82% of the total of the Fropospherlc_ OX|da_1t|on mechanism, reaction of the
end product yield and a number of unidentified carbonyl species Ydroxyisoprene radical with ©

are also presedt Tuazon and Atkinson initially proposed that ) )
MVK is formed primarily from isomers | and Il and MACR Acknowledgment. The authors thank Prof. Joaquin Espi-
from isomers 11l and IV, on the basis of the current knowledge nosa-Garcia for helpful discussions. The authors would also like
of the oxidation end product8.Subsequent observation of a 0 thank Dr. Agnes Derecskei-Kovacs and Wenfang Lei for
small fraction of 3-methylfurghled to a number of proposed providing the ab initio results prior to publlcauo_n. The authors
formation pathways. Carter and Atkinson have recently proposed9ratéfully acknowledge the reviewers for their helpful com-
that MVK is formed primarily from isomer | and MACR from ments._The tech_mcal assistance of M. Clark Church is gr_atgfully
isomer IV. Formaldehyde is formed from the subsequent appreciated. This work was supported by an Interdisciplinary

oxidation of CHOH radicals formed as coproducts of MVK Research Initiative Grant from Texas A&M University and the
and MACRZ2 In the Carter and Atkinson mechanism. isomers 1€Xas Advanced Research Program under Grant No. 010366-

Il and 1ll may each undergo cyclization reactions to form 0306.

3-methylfuran. The theoretical results of Dibble, however,  Note Added in Proof: We have become aware of two studies
suggest that the unimolecular dissociation occurs very quickly, on the falloff behavior that have recently been published in this
implying that the. cychzatlon.pathway is relatively unimportéht. journal4748 The ko values in the present study are consistent
Formaldehyde is formed in addition to MVK and MACR, = yith the Arrhenius expression determined by Chuong and
though it is formed directly from isomers Il and Ill and is formed  stevend? but the authors observed no pressure dependence
from the oxidation of CHOH by O, when derived from isomers  pelow 343 K. The low pressure rate constants from the RRKM/

I and IV. The observed 3-methylfuran end product is formed Vg calculations in the present work are consistent with the low
from a different source according to the theoretical results, pressure branching ratios calculated by Stevens*@tawever,
possibly from the isomerization of thiehydroxyalkoxy radi- the conclusion by Stevens et al. that the high pressure branching

cals®® If we adopt the Carter and Atkinson mechanism and s equal for the four isomers is different from the present results.

assume minimal subsequent isomerization, our results predict

a ratio of 0.56:0.069:0.37 for MVK:3-methylfuran:MACR,

which is consistent with the experimental end product yields.

However, we find that our results are also consistent with the < (i) Br$ssgur|'-|6|i P.;d CEatREICIj\}I R. B.Tm?_'ceAGaé dEmi,SASiOZ from 'F;Iabmlt_sh
1 iti - i - - arkey, . D., Aollana, E. A., Mooney, HA. A., S.; Academic runlisn-

e a2 5, S i, 980 5 Resmian R . K oo

' Res.1988 93, 1417.

ratio of MVK to MACR is predicted by our calculations to be (2) Sharkey, T. D.; Singsaas, E. Nature 1995 374, 769.

0.58:0.42, which is very close to the experimental ratio of 0.59: (3) Monson, R. K.; Fall, RPI. Physiol. 1989 90, 267. Loreto, F.:

0.41. The similarity of the calculated results to these mechanismssSharkey, T. DPlanta 1990 182, 523.

Four major end products of the complete oxidation of isoprene
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