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The kinetics of the isoprene-OH/OD reaction in the presence of O2 and NO have been studied using laser
photolysis/laser-induced fluorescence. We report pressure and temperature-dependent rate constants for the
addition of OH/OD to isoprene are in good agreement with previous studies. On the basis of simulations to
OH cycling curves, we find a value of (9.0( 3.0) × 10-12 molecule-1 cm3 s-1 for the overall reaction rate
constant of hydroxy peroxy radical with NO at 298 K. We report a rate constant for O2 addition to the
hydroxy alkyl radical of (2.3( 2.0) × 10-12 molecule-1 cm3 s-1 at 298 K. We find little generation of OH
from the OD initiated oxidation of isoprene, and no significant differences in OH and OD cycling, suggesting
that H-shift isomerization is the major pathway forδ-hydroxy alkoxy radicals, in agreement with theoretical
predictions.

Introduction

The production of tropospheric ozone via the photochemical
oxidation of biogenic hydrocarbons is a central issue in regional
air quality. Isoprene (2-methyl-1,3-butadine) is the dominant
nonmethane organic compound emitted by vegetation into the
atmosphere, with a global emission rate of∼450 Tg yr-1 and
its oxidation serves as a major source of ozone in North America
during the summer months.1,2 Due to strong diurnal emission,
isoprene reacts predominantly with the hydroxyl radical (OH)
whereas the reaction with NO3 becomes more important at
night.3-5 Although there have been numerous studies on the
detailed mechanism of isoprene oxidation, unresolved issues and
discrepancies between reported kinetic data persist.

The reaction of isoprene and OH can result in four possible
adducts and the initial branching ratios among these hydroxy
alkyl radicals strongly influence the final product distribution.

Theoretical calculations6-9 predict that the adducts formed
from OH addition to the terminal carbons (I and IV) is
energetically favorable. Although estimations based on the final
product analysis suggest a preference for OH addition to the
terminal carbons,10-12 a recent mass spectrometry study8

indicates comparable yields of all four radicals. Despite the
uncertainty in the initial branching ratios, there is general
consensus regarding the value for the high-pressure limit reaction
rate constant of 1.0× 10-10 molecule-1 cm3 s-1 at 298 K with
an estimated overall uncertainty of(10%.6,13-17 Hynes and co-
workers18 have investigated the reaction using OD as well as
OH and concluded that there is a negligible isotope effect. It is
worth noting that the authors have reported a rate constant of
(8.56 ( 0.26) × 10-11 molecule-1 cm3 s-1, which is ∼15%
lower than the recommended value. A more recent study by

the same authors reported a comparable value for the rate
constant, (8.47( 0.59)× 10-11 molecule-1 cm3 s-1.19

In the atmosphere the resulting hydroxy alkyl radicals react
with O2. Recent ab initio calculations and RRKM theory coupled
with master equation calculations (RRKM/ME) by Park et al.
have shown that the dominant fate of isomers II and III is
prompt, i.e., nonthermal, isomerization to produceR-hydroxy
isoprene radicals.20 The authors suggest that whereas isomers I
and IV react with O2 via an addition mechanism to produce
hydroxy peroxy radicals, theR-hydroxy isoprene radicals
derived from II and III react with O2 via H-atom abstraction to
form C5 carbonyls. A significant yield of isomers II and III
would result in a substantial yield of C5 carbonyls and a lower
yield of peroxy radicals, which is inconsistent with experimental
evidence.

Previous theoretical study suggests that the reaction rates
associated with O2 addition to the hydroxy alkyl radicals is
isomer-dependent with rates varying from 1× 10-13 to 2 ×
10-12 molecule-1 cm3 s-1.21 An effective overall rate constant
of 1.7 × 10-12 molecule-1 cm3 s-1 was found to adequately
describe the R+ O2 reaction. Direct measurements of the rate
constant for addition of O2 to the hydroxy alkyl radicals are
limited due to the difficulty in monitoring the hydroxy peroxy
radicals. Recently Zhang et al.22 reported the direct laboratory
measurement of hydroxy peroxy radical formation using fast
flow reactor coupled to chemical ionization mass spectroscopy
detection and determined the rate constant of (7( 3) × 10-13

molecule-1 cm3 s-1. This rate constant is significantly different
than an earlier report of (2.8( 0.7) × 10-15 molecule-1 cm3

s-1 by the same group obtained by monitoring the loss of the
hydroxy alkyl radicals.23 Interference from the decomposition
of the peroxy radical cations was cited as a possible cause for
the previous low value. Differences remain, however, between
even the most recent value of Zhang et al. and estimated reaction
rate constants from OH cycling experiments that range from 3
× 10-12 to 8 × 10-11 molecule-1 cm3 s-1.19,24-27

In the presence of modest concentrations (>30 ppt) of NOx,
the hydroxy peroxy radicals react to form nitrites via NO
addition. The activated nitrites promptly decompose to yield
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â- andδ-hydroxy alkoxy radicals and NO2.28 Isomerization to
form stable nitrates is thought to be minor (<15%) although
the precise yield of this channel is the subject of some
controversy.29,30 A recent study by Sprengnether et al.31 using
infrared spectroscopy estimated a nitrate yield of 12% in
agreement with the yield of 8-13% previously reported by
Tuazon and Atkinson11 on the basis of the environmental
chamber experiments. In contrast, Chen et al.32 have reported a
much smaller yield of 4.4% using capillary chromatography and
chemiluminescence detection. The overall rate constant for the
reaction of hydroxy peroxy radicals with NO has been reported
by several groups. Zhang et al.26 reported the first direct
laboratory study of the rate constant for this reaction and the
predicted rate constant is (9( 3) × 10-12 molecule-1 cm3 s-1,
consistent with the rate constants for the reaction of NO with
peroxy radicals similar to isoprene based peroxy radicals.33-35

Stevens et al.27 reported an overall rate constant of (1.1( 0.8)
× 10-11 molecule-1 cm3 s-1 based on cycling measurements.
A similar value was recently reported by Hynes and co-
workers.19 The reported value of (2.5( 0.5)× 10-11 molecule-1

cm3 s-1 by Reitz et al.,25 also based on OH cycling measure-
ments, lies out of the error limit of those values.

The nascent alkoxy radicals formed from the decomposition
of activated nitrites can decompose, isomerize, or react with
O2. Theoretical calculations predict that prompt decomposition
is the major channel forâ-hydroxy alkoxy radicals and that
the fate of theδ-hydroxy alkoxy radicals is prompt isomer-
ization (Z-configuration).36,37Although there is a lack of direct
experimental information regarding the fate of the alkoxy
radicals, the theoretical predictions are supported by end product
analysis. Simulations of the cycling data of Reitz et al.25

suggested that the majority of hydroxy alkoxy radicals under-
went thermal decomposition, in contrast to the conclusion from
the theoretical study.36 The conclusions of the early cycling
experiment suffered from an overly simplified chemical mech-
anism that did not include important termination reactions,
notably the reaction of the isoprene-OH adduct with NO.
Termination at high NO concentrations was interpreted by the
authors as arising from the competition between alkoxy radical
decomposition and reaction with NO.38 The final first generation
end products from the decomposition ofâ-hydroxy alkoxy
radicals are methyl vinyl ketone, methacrolein, and formalde-
hyde.39-48 Prompt isomerization ofδ-hydroxy alkoxy radicals
followed by hydrogen abstraction reaction by O2 results
primarily in C5 carbonyl compounds.10,49-51

Hydrogen abstraction by O2 during the oxidation mechanism
results in hydroperoxy peroxy radicals (HO2) that react with
NO to regenerate OH. The time-dependent kinetics of OH is
thus a sensitive function of the concentration of O2 and NO
and can provide significant insights into the detailed mechanism
of isoprene oxidation. Due to the inherent complexity of the
oxidation mechanism, care must be taken to extract meaningful
kinetic parameters. Sensitivity analysis provides a platform from
which to assess the limitations and accuracy of kinetic simula-
tions. Isotopic labeling experiments using OH/OD permits
investigation of the competition between isomerization and
hydrogen abstraction by O2 for theδ-hydroxy alkoxy radicals.

Experimental Section

The detailed description of the laser photolysis/laser-induced
fluorescence experiments has been reported elsewhere and only
the essential features are described.6 The unfocused 248 nm
beam from the excimer laser (GAM Laser, EX10) was used to
produce hydroxyl radicals from H2O2 photolysis and the beam

diameter at the monitoring region was adjusted using iris to be
much (∼10 times) larger than the probe laser beam diameter to
minimize the fly out effect. Laser-induced fluorescence was used
to measure the OH/OD excited on the Q1(1) transition of the A
r X(1,0) vibrational band near 282 and 287 nm for OH and
OD, respectively, and each fluorescence decay was averaged
for up to 100 shots. Signals were typically followed over 2
orders of magnitude decay. The measured fluence of the
photolysis and probe lasers were 23.4 and 4.4 mJ/cm2, respec-
tively. The repetition rate of the lasers was set at 10 Hz and the
delay between photolysis and probe lasers was controlled by a
digital delay/pulse generator (SRS, DG-535). H2O2 was intro-
duced into the cell through a flow meter by flowing argon
through a bubbler containing concentrated hydrogen peroxide
solution. Hydroxyl-d radicals were produced using the same
method except using D2O2. Concentrated hydrogen peroxide was
generated by vacuum distillation of 30% H2O2 (Merck) until
the H2O2 concentration was determined to be 90-95% by
checking the density of the solution. Typical H2O2 concentra-
tions in the cell were 1× 1014 molecules cm-3, and the hydroxyl
radical concentrations were 7× 1011 molecules cm-3, as
estimated from the 248 nm pulse energy and the known H2O2

absorption cross section.33 D2O2 was prepared from hydrogen/
deuterium exchange by mixing excess 100% D2O (Aldrich) with
concentrated H2O2 followed by vacuum distillation to obtain
concentrated D2O2 solution. The reaction cell was passivated
for several hours using D2O2/D2O prior to conducting the OD
experiments. Isoprene (Aldrich, 99%) buffered with argon was
prepared in a 5 Lbulb via the freeze-pump-thaw method and
introduced into the cell with a flow meter to yield typical
isoprene concentrations of 1× 1014 molecules cm-3. The NO
(Aldrich, 98.5%) was buffered with argon in a 5 L bulb to
known concentrations and was introduced into the cell through
a flow meter. The concentrations of NO in the reaction cell
were varied from 0 to 1× 1015 molecules cm-3. The NO was
purified to remove HONO and NO2 impurities by passing it
through an ascarite trap prior to mixing with argon. The rate of
the reaction between O2 and NO producing NO2 is very slow
(termolecular rate constant of 1.94× 10-38 cm6 s-1 molecule-2)52

under the present experimental conditions and was considered
to be negligible in the time scale of the experiment. The typical
concentration of O2 in the reaction cell was∼3 × 1016 molecules
cm-3. Several experiments were run with fixed concentrations
of H2O2 or D2O2, and isoprene, while the concentration of NO
or O2 was varied. The total pressure in the cell was varied from
2 to 8 Torr for the reaction of isoprene with hydroxyl radical in
the absence of O2 and NO and it was fixed at 4 Torr for the
cycling experiment. The isoprene concentrations were in suf-
ficient excess to ensure that OH reaction with the oxidation
products was minor.

Results and Discussion

Reaction of Isoprene with OH/OD.We have reinvestigated
the initial addition reaction of isoprene with OH/OD over a
temperature range of 279-336 K and a pressure range of 2-8
Torr. The pressure range was chosen to examine the falloff
behavior of the reaction and to cover the range of pressures
utilized in the cycling experiments. The use of H2O2 photolysis
at 248 nm should provide a cleaner source of hydroxyl radicals
than our previous study, which utilized the 193 nm photolysis
of HONO2. Figure 1 shows several bimolecular plots for the
reaction of isoprene with OH taken at a total pressure of 6 Torr.
Figure 2 shows the pressure dependent reaction rate constants
of isoprene with OH (A) and OD (B) at various temperatures.
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Table 1 provides a summary of the measured rate constants.
The pressure dependent data were fitted with the semiempirical
Troe formalism,53 widely used among atmospheric scientists to
describe the falloff behavior. The expression of the form is given
by

where [M] is the concentration of the buffer gas,k0(T) is the
low-pressure termolecular rate constant,k∞(T) is the high-
pressure limiting rate constant, andF is collision broadening
factor. The data were fitted usingF ) 0.6, which is recom-
mended for atmospheric modeling54 whereask0(T) and k∞(T)
were determined by a nonlinear least-squares fit the data and
the errors reported are at 1σ. The solid lines in Figure 2 are the
best fit Troe curves at each temperature. Figure 3 shows the
Arrhenius plot of high-pressure rate constant for the isoprene
+ OH/OD reaction and the high-pressure rate constants have
been obtained from extrapolation using the Troe equation. Very
little difference is observed between the OH+ isoprene reaction
and OD+ isoprene reaction, consistent with the previous study
by Campuzano-Jost et al.18 The Arrhenius plot of each reaction
yields indistinguishable negative activation energies within the
error limits. The derived Arrhenius rate expressions arek∞(T)
) (3.49 ( 0.46) × 10-11 exp[(366( 40)/T] molecule-1 cm3

s-1 and k∞(T) ) (3.58 ( 0.18) × 10-11 exp[(356 ( 18)/T]
molecule-1 cm3 s-1 for the reaction of isoprene with OH and
OD, respectively. Extrapolation of the low-pressure data to high
pressures has large associated errors. However, the results
predicted at 760 Torr are in reasonable agreement with the
previous recommendation of 2.7× 10-11 exp(390/T) molecule-1

cm3 s-1 for the isoprene+ OH reaction by Atkinson.17 We find
low-pressure termolecular rate constants ofk0(T) ) (1.16 (
0.88) × 10-30 exp[(3086( 233)/T] molecule-2 cm6 s-1 and
k0(T) ) (2.06( 21.5)× 10-30 exp[(3086( 3187)/T] molecule-2

cm6 s-1 for OH and OD, respectively, in Ar buffer gas. Despite

the error associated with extending the low-pressure data to
allow comparison with higher pressure experiments, our rate
constants measured at 294 K all exceed the most recent
measurements of Campuzano-Jost et al.19 It should be noted
that any systematic error in the isoprene concentration directly
translates to error in the reported rate constant. The experiments
of Campuzano-Jost et al.19 involved the in situ monitoring of
isoprene using UV absorption at 228 nm. The authors reported
no loss of isoprene to polymerization or dark reactions, processes
that, if important, would suggest that the rate constants reported
in the present study areunderestimated.

Recently, Chuong et al.15 have investigated the falloff
behavior of the OH reaction with isoprene as a function of
temperature using He as a buffer. The authors determined a low-
pressure termolecular rate constant expression ofk0(T) ) (9.3
( 0.46)× 10-29 exp[(1560( 230)/T] molecule-2 cm6 s-1 using
the Troe form and fixing the high-pressure limit to the
expression given by Atkinson. The difference between thek0

reported by Chuong et al. andk0 derived in this study is
consistent with the previous studies comparing the use of He
and Ar buffer gases.55 Chuong et al. state that no pressure
dependence was observed at room temperature down to 1 Torr.

Figure 1. Plot of pseudo-first-order reaction rates versus isoprene
concentration for the isoprene+ OH reaction at 6 Torr and 279, 308,
and 336 K.

k([M],T) )
k0(T)[M]

1 + k0(T)[M]/ k∞(T)
F{1+[log(k0(T)[M]/ k∞(T))]2}-1

(2)

Figure 2. Pressure dependent rate constants for the OH/OD reaction
with isoprene at several temperatures. (A) shows the reaction of isoprene
with OH and (B) shows the reaction of isoprene with OD. The solid
lines are fits to the data using Troe form described in the text.
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However, on the basis of their reported values ofk0(T) and
k∞(T) a pressure dependence similar to the dependence in Figure
2 should have been observed in contrast to the reported
experimental values.

We find that the cycling experiments are insensitive to the
isoprene concentration provided that the initial OH loss rate
(the product ofk1 and the isoprene concentration) is correct.

Reaction of Isoprene with OH/OD in the Presence of O2
and NO. In the polluted atmosphere, isoprene oxidation by OH
proceeds in the presence of moderate concentrations of NO and
large O2 concentrations. The origin of OH regeneration in the
presence O2 and NO is shown schematically in Figure 4. The
first intermediate radical product, C5H8OH, reacts with O2 to
produce the peroxy radical (HOC5H8O2). The reaction between
peroxy radicals and NO yields alkoxy radicals and nitrogen
dioxide. The decomposition of alkoxy radicals, followed by the
HO2 + NO reaction regenerates OH radical.

Figure 5 shows a typical set of OH cycling data using
concentrations of isoprene and O2 of 7.5 × 1013 and 3.43×
1016 molecules cm-3, respectively. The individual curves
represent various concentrations of NO ranging from 0 to 1.04
× 1015 molecules cm-3. Table 2 summarizes the concentrations
employed in the cycling experiments. In the absence of NO,
the observed OH decay shows pseudo-first-order kinetics with

a rate constant of 1.0× 10-10 molecule-1 cm3 s-1, consistent
with the recommended value. The experimental OH cycling
curves exhibit several common features. At early times the
curves decrease exponentially with a time constant consistent
with reaction 1 (Table 3) until the onset of cycling near 300-
400 µs, finally reaching steady state at long times. As the
concentration of NO is increased, the onset of cycling occurs
at earlier reaction times and the curves then show a slow decay
due to termination reactions that act as OH sinks.

A numerical program, KINTECUS,56 was used to simulate
the data from the experiments and the sensitivity analysis was
performed using the same software. The 14 reactions used in
the simulations are given in Table 3 along with the rate constants
corresponding to each step. The best fits of the simulations to
the data are shown as solid lines in Figure 5. The reaction
scheme includes reactions for which the simulations were
sensitive (vide infra) and were required for adequate fitting. A
more detailed 44 reaction mechanism that includes self-reactions

TABLE 1: Rate Constants for OH/OD + Isoprene Reaction

temp (K) pressure (Torr) k (cm3 s-1 molecule-1)

OH + Isoprene
279 2.0 (11.4( 0.29)× 10-11

4.0 (11.4( 0.14)× 10-11

6.0 (11.8( 0.09)× 10-11

8.0 (11.9( 0.16)× 10-11

294 2.0 (10.1( 0.29)× 10-11

4.0 (10.4( 0.36)× 10-11

6.1 (10.6( 0.15)× 10-11

8.1 (10.8( 0.19)× 10-11

308 2.0 (9.22( 0.15)× 10-11

4.0 (9.73( 0.05)× 10-11

6.0 (10.0( 0.13)× 10-11

8.1 (10.1( 0.13)× 10-11

318 2.0 (8.37( 0.19)× 10-11

4.0 (9.06( 0.16)× 10-11

6.0 (9.43( 0.02)× 10-11

8.1 (9.51( 0.06)× 10-11

336 2.0 (7.53( 0.29)× 10-11

4.0 (8.10( 0.10)× 10-11

6.1 (8.54( 0.06)× 10-11

8.0 (8.83( 0.13)× 10-11

OD + Isoprene
279 2.0 (11.0( 0.15)× 10-11

4.0 (11.4( 0.14)× 10-11

6.0 (11.4( 0.17)× 10-11

7.6 (11.6( 0.14)× 10-11

296 2.0 (10.4( 0.12)× 10-11

4.0 (10.7( 0.07)× 10-11

6.0 (10.7( 0.09)× 10-11

8.0 (10.8( 0.13)× 10-11

310 2.0 (9.51( 0.19)× 10-11

4.0 (9.85( 0.22)× 10-11

6.0 (9.95( 0.09)× 10-11

7.9 (10.2( 0.18)× 10-11

319 2.1 (8.95( 0.16)× 10-11

4.0 (9.34( 0.14)× 10-11

5.9 (9.54( 0.17)× 10-11

8.1 (9.65( 0.11)× 10-11

336 2.0 (8.33( 0.09)× 10-11

4.0 (8.84( 0.14)× 10-11

5.6 (8.97( 0.08)× 10-11

8.1 (9.10( 0.09)× 10-11

Figure 3. Arrhenius plots of the high-pressure rate constants,k∞(T),
for the OH (b) and OD (O) reaction with isoprene. The solid and dashed
lines are the best fits to the data.

Figure 4. Schematic diagram illustrating the origin of OH cycling in
the oxidation of isoprene.
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of the radical species present in this system and other side
reactions was also used to simulate the data (Table S1). The
OH-simulation curves using either the 14 or 44 reaction schemes
were indistinguishable.57 This is not to suggest that such a
simplified mechanism can be applied to atmospheric models
and is only a consequence of the low O2 concentrations and
high NO concentrations employed in present study which makes
the kinetics insensitive to many of the side reactions involving
O2. Many of these reactions, in particular the alkoxy radical
reactions with O2, will be important under ambient conditions.
The mechanism in Table 3 cannot predict the yields of first
generation end products because these are sensitive to the initial
branching of OH addition to the two terminal carbons of
isoprene (eq 1) which is not specified (the products of reactions
k7, k8, andk10 are not specified). However, adjusting the relative
yields of isomers I and IV to be 0.62:0.31, the detailed reaction
mechanism in Table S1 predicts the product distribution given
in Table 4.58 This branching ratio between isomers I and IV is

close to previous theoretical prediction7 and structure activity
relationship studies by Peeters et al.59 Table 4 also shows a
comparison between the end-product distribution and the
experimental product yields reported by other groups. The end-
product yields are relatively insensitive to the both the NO
concentration and the nitrate yield.

The rate constant 1 has been well established,6,13-17 and we
have adopted a value of 1.0× 10-11 cm3 molecule-1 s-1 in our
mechanism on the basis of the pressure and temperature-
dependent data shown in Figure 2. The initial branching ratio
of OH addition to the internal carbons of isoprene was chosen
to be 0.07 on the basis of the previous calculations,6 and we
have used an effective rate constant of 7× 10-12 cm3

molecule-1 s-1 for this reaction in the 44 reaction simulation.
When this rate constant is small there is no difference between
the detailed mechanism that includes this reaction and the
reduced mechanism that ignores internal addition. When the
rate constants for the OH addition reaction to the internal and
terminal carbons of isoprene are comparable, the mechanisms

TABLE 2: Experimental Conditions for OH/OD Cycling
Studies at 298 K and 4 Torr

P
[C5H8] (1014

molecules cm-3)
[O2] (1016

molecules cm-3)
[NO] (1014

molecules cm-3)

OH + Isoprene
2 1.7-10.2
4 1.8-9.9
6 1.6-11.8
8 1.7-12.0

OD + Isoprene
2 1.8-11.1
4 1.3-9.0
6 1.5-10.8
8 1.3-10.7

OH + Isoprene+ O2 + NO
4 0.75 3.45 2.65

3.38
4.42
5.26
7.24
8.90

10.4
0.87 0.51 10.6

0.81
1.39
3.47

OD + Isoprene+ O2 + NO
0.75 3.45 2.65

4.42
7.24

10.4
[OH] or [OD]: <1 × 1012 molecules cm-3

TABLE 3: Reduced Reaction Mechanism and Corresponding Rate Constants (298 K) Used To Simulate the OH Cycling
Experiments

reaction rate constant

1. OH+C5H8 f HOC5H8 1.0× 10-10 cm3 molecule-1 s-1

2. HOC5H8 + O2 f HOC5H8O2 2.3× 10-12 cm3 molecule-1 s-1

3. HOC5H8 + NO f HOC5H8NO 1.5× 10-11 cm3 molecule-1 s-1

4. HOC5H8O2 + NO f HOC5H8ONO2 4.5× 10-13 cm3 molecule-1 s-1

5. HOC5H8O2 + NO f HOC5H8O + NO2 8.55× 10-12 cm3 molecule-1 s-1

6. HOC5H8O f HOC5H7OH prompt (32%)
7. HOC5H8O f CH2OH + products prompt (63%)
8. HOC5H8O f CH2OH + products 5× 105 s-1 (5%)
9. HOC5H8O + NO f HOC5H8ONO 3× 10-11 cm3 molecule-1 s-1

10. HOC5H7OH + O2 f HO2 + products 1× 10-11 cm3 molecule-1 s-1

11. HOC5H7OH + NO f HOC5H8OHNO 3× 10-11 cm3 molecule-1 s-1

12. CH2OH + O2 f HO2 + HCHO 9.1× 10-12 cm3 molecule-1 s-1

13. CH2OH + NO f CH2OHNO 1.15× 10-11 cm3 molecule-1 s-1

14. HO2 + NO f OH + NO2 8.85× 10-12 cm3 molecule-1 s-1

Figure 5. OH decays at several NO concentrations. Circles represent
experimental data, and lines represent the fits using the reaction
mechanism and rate constants in Table 3 with [C5H8] ) 7.5 × 1013

molecules cm-3 and [O2] ) 3.45 × 1016 molecules cm-3. The plots
labeled a-d correspond to NO concentrations of 10.4× 1014, 7.24×
1014, 4.42× 1014, and 2.65× 1014 molecules cm-3, respectively. The
last plot, labeled e, was taken in the absence of NO.
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yield different results and simulations using the detailed
mechanism were not satisfactory. The origin of the difference
in the cycling curves arises because internal addition leads to
promptHO2 production via ring cyclization to produceR-hy-
droxy radicals20 whereas HO2 production from initial terminal
addition requires several intermediate steps.

The rate constant for the reaction between CH2OH and O2

as well as the rate constant for the reaction between NO and
HO2 are also well-known and we have used room-temperature
rate constants of 9.1× 10-12 and 8.85× 10-12 cm3 molecule-1

s-1, respectively.17,33

At high NO concentrations the mechanismmust include
termination steps arising from the addition NO to radical species.
The rate constant for the alkoxy reaction,k9 ) 3 × 10-11 cm3

molecule-1 s-1, is based on the recommendation by Atkinson60

for similar reactions and the work by Lotz and Zellner who
determined a rate constant of (3.9( 0.3) × 10-11 cm3

molecule-1 s-1 for the reaction of the 2-butoxyl radical with
NO.61 The authors also found that the reaction was independent
of total pressure from 5 to 80 Torr. Work by Dibble and co-
workers62 and Seakins and co-workers63 also support adopting
a pressure independent rate constant of 3× 10-11 cm3

molecule-1 s-1 for this reaction. We have used a rate constant
of 1.5 × 10-11 cm3 molecule-1 s-1 for the reaction of the
isoprene-OH radicals with NO which is slightly larger than
the value for the CH2OH + NO reaction. Sensitivity analysis
demonstrates that the OH cycling curves are most sensitive to
these termination rates at the highest NO concentrations
employed in this study.

The reactions in the oxidation mechanism that arise from
activated, nonthermal, species have rates that exceed or are
comparable to the collision frequency and are therefore treated
as instantaneous on the time scale of the overall kinetics. We
have denoted these reactions asprompt in Table 3 and the
simulations are insensitive to the value utilized provided the
rate constants were>1 × 106 s-1. The percentages provided in
Table 3 refer to branching ratios based on previous theoretical
predictions; reaction 6 corresponds to the fraction ofδ-hydroxy
alkoxy radicals that undergo prompt isomerization according
to refs 37, reaction 7 corresponds to the fraction ofâ-hydroxy
alkoxy radicals which undergo prompt decomposition according
to ref 36, and reaction 8 corresponds to thermalizedâ-hydroxy
alkoxy radicals which undergo decomposition. The reader is
referred to the Supporting Information, where theâ- and
δ-hydroxy alkoxy radicals are treated explicitly, for further
clarification.

RO2 + NO Reaction Rate Constant.The current experi-
mental study seeks to deduce the rate constants for the
intermediate reactions from the measurement of the time-
dependent hydroxyl radical concentration. It is necessary,
therefore, to investigate whether the combination of experimental
conditions given the chemical mechanism can provide reliable
kinetic parameters. Sensitivity analysis can afford an assessment
of the dependence of the data to specific rate constants in the

reaction mechanism.64 The normalized sensitivity coefficients
(NSC) describes the dependence of the concentration of OH
on each rate constant in the chemical mechanism,

whereki represents the rate constant of theith step in the reaction
mechanism and [OH] represents the concentration of the
hydroxyl radical at the specific time. An NSC of 1.0, for
example, indicates that a 10% change in the rate constanti
results in a 10% change in the OH concentration at a given
time. Figure 6 shows NSC for the rate constant of hydroxy
peroxy radical with NO (k5) as a function of NO concentration
and reaction time based on the reaction mechanism in Table 3.
The sensitivity of the data to the rate constant increasing as the
concentration of NO decreases and is at a maximum value near
the onset of cycling (∼400 µs). Figure 7 shows NSCs for all
the rate constants in the reaction mechanism evaluated at a low
NO concentration (2.65× 1014 molecules cm-3) and 400µs
reaction time. The figure demonstrates that the OH concentration
profile depends sensitively on relatively few rate constants, in
particulark1 andk5, and is insensitive to others. Although the
NSC for the NO+ HO2 rate constant is comparable with that
for the peroxy radical reaction with NO, the NO+ HO2 reaction
is well studied and the reported rate constant has associated
uncertainty. We find that a value of (k4 + k5) ) (9.0 ( 3.0)×
10-12 molecule-1 cm3 s-1 for the overall reaction rate constant
of hydroxy peroxy radical with NO provides the best fit to the
experimental data (Figure 8). The dotted lines represent error
limits, and the solid line is the best fit. The value is consistent
with the rate constant previously reported.25,26,33-35 We find that
the present experiments are not sensitive to the nitrate yield
given the experimental conditions and we have adopted a value
of 5% that is close to the value proposed by Chen et al.32 The
rate constant for the reaction of hydroxy peroxy radical with
NO is substantially higher that the value of 3.8× 10-12

TABLE 4: First Generation End Products Predicted from
the Oxidation Mechanism under Ambient Conditions ([O2]
) 4.8 × 1018, [NO] ) 2.5 × 1014)

producta this work ref 42 ref 70 ref 71 ref 45

MVR 35.7 29( 7 33.1 32( 5
MACR 25.5 21( 5 22.2 22( 2
formaldehyde 63.7 ca. 50 65.6 57( 6
C4-carbonyl 2.5 3.3
C5-carbonyl 31.0 ca. 25 20.2 27.7

a MVK, methlyvinyl ketone; MACR, methacrolein.

Figure 6. 3D plot of normalized sensitivity coefficient (NSC) of the
reaction of hydroxy peroxy radical with NO (k4 + k5 in Table 3)
assuming [C5H8] ) 7.5 × 1013 molecules cm-3 and [O2] ) 3.45 ×
1016 molecules cm-3.

NSCi ) (∂[OH]

[OH]
∂ki

ki

)
i

) (∂ ln[OH]
∂ ln ki

)
i

(3)
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molecule-1 cm3 s-1 proposed by Jenkin and Hayman12 using
the expression (k4 + k5) ) 7.6 × 10-12 exp[-0.17(n - 1)]
molecule-1 cm3 s-1, wheren is the number of carbons. The
expression is based on studies by Wallington and co-workers65

who reported a decrease in rate constant with the size of organic
group. The reported value of (k4 + k5) ) (2.5 ( 0.5) × 10-11

molecule-1 cm3 s-1 by Reitz et al.25 is higher than the present
value, and outside the mutual error limits. We believe that a
potential source of the error in ref 25 was the high isoprene

concentrations (>1 × 1014 molecules cm-3) and photolysis
power employed, which resulted in the production of hydrogen
atoms from isoprene photodissociation. These hydrogen atoms
react with O2 to provide a prompt source of HO2 and, therefore,
OH regeneration.

R + O2 Reaction Rate Constant.At moderate to high
concentrations of NO sensitivity analysis predicts a reasonable
NSC for the rate constant of O2 addition to the hydroxy alkyl
radical. Figure 9 shows the dependence of the NSC fork2 as a
function of time delay and NO concentration. Assuming the
rate constant of 9.0× 10-12 molecule-1 cm3 s-1 for the hydroxy
peroxy radical reaction with NO, the rate constant was
determined to be (2.3( 2.0)× 10-12 molecule-1 cm3 s-1. The
pressure dependence of this particular reaction has not been
measured to our knowledge. However, a comparison with other
analogous reactions of O2 with hydroxyalkyl radicals suggests
that even at the pressures of our experiments the reaction can
be considered in the high-pressure limit.66 Although the exact
value of the rate constant is unimportant under atmospheric
conditions, the value is necessary for accurate modeling of
laboratory kinetics studies. The simulation of the reaction with
the NO concentration of 1× 1015 molecules cm-3 is shown in
Figure 10. The rate constant we have determined is similar to
the value of 1.75× 10-12 molecule-1 cm3 s-1 calculated recently
by Lei et al.21 Koch et al. reported that the hydroxyalkyl radicals,
formed from the reaction of OH with isoprene, reacted with O2

at a rate of approximately 0.6× 10-12 cm3 molecule-1 s-1 and
2.0× 10-12 cm3 molecule-1 s-1 at 345 and 300 K, respectively,
based on cycling experiments.67 The rate also agrees with the
rates on the order of 10-12 molecule-1 cm3 s-1 reported by
Atkinson60 for alkyl radicals. Our rate constant, however, is
lower than reported in recent cycling experiments. Stevens et
al. have used a value of 6.9× 10-12 cm3 molecule-1 s-1 (ref
24), subsequently 2.8× 10-11 cm3 molecule-1 s-1 (ref 27), and
Campuzano-Jost et al.19 reported a value of 8× 10-12

molecule-1 cm3 s-1 for this reaction at 298 K. We are unable
to achieve satisfactory fits to the data using values that are larger
than 5× 10-12 cm3 molecule-1 s-1 at low O2 concentrations
where the OH cycling curves are most sensitive to this reaction.
In the experiments of Campuzano-Jost et al. the termination

Figure 7. Normalized sensitivity coefficients at the delay time of 400
µs with [C5H8] ) 7.5 × 1013 molecules cm-3, [O2] ) 3.45 × 1016

molecules cm-3, and [NO]) 2.65× 1014 molecules cm-3, respectively.

Figure 8. OH decay with [NO]) 2.65× 1014 molecules cm-3. Circles
represent data, and the solid line is a simulation using parameters in
Table 3. The dashed lines show the estimated error ranges for the rate
constant of the reaction between hydroxy peroxy radical and NO (k4

+ k5). [C5H8] ) 7.5 × 1013 molecules cm-3 and [O2] ) 3.45× 1016

molecules cm-3.

Figure 9. 3D plot of normalized sensitivity coefficient (NSC) of the
reaction of hydroxy alkyl radical with O2 (k2 in Table 3) assuming
[C5H8] ) 7.5× 1013 molecules cm-3 and [O2] ) 3.45× 1016 molecules
cm-3.
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reaction of the isoprene-OH radicals with NO was not included
in the reaction and becomes competitive with the O2 reaction
at lower O2 concentrations. This reaction is omitted from the
MCM because it is unimportant under ambient conditions. A
dramatic example is illustrated in Figure 11, which shows a set
of cycling curves taken with lower O2 concentrations where
the rates of O2 addition and NO termination are comparable.
Simulations based on the mechanism in Table 3 are shown in
the top panel, and simulations based on the mechanism proposed
in ref 19 are shown in the lower panel. Under these conditions
the MCM mechanism underestimates the role of termination
although this affect is less pronounced at higher O2 concentra-
tions.68 In the experiments of Stevens and co-workers much
higher O2 concentrations (∼1 × 1016) than NO concentrations
(∼1 × 1013) were used, which decreased the sensitivity to the
R + O2 rate and the value ofk2[O2] was greater than 1× 103

s-1, which was prompt in their experimental time scale. The
error provided in the paper was a limit determined by adjusting
k2 until the simulation gives an unacceptable fit to the data.

Isotopically Labeled Cycling Experiments. The 248 nm
photolysis of D2O2 generates OD in the presence of isoprene,
O2, and NO. The time-dependent concentration of OD or OH
is monitored independently using LIF. Figure 12 shows the OD
cycling at different NO concentrations using identical concentra-
tions as in the OH experiments to facilitate comparison. The
set of curves using the extended mechanism, which differentiates
between the alkoxy channels, is nearly indistinguishable from
the OH cycling curves (Figure 5). The simulations to the curves
used rate constants identical to those given in Table 3. Based
on the negligible difference between OH and OD initiated
oxidation, it is possible to assess the branching ratio between
hydrogen abstraction by O2 and isomerization followed by
hydrogen abstraction by O2 for the δ-hydroxy alkoxy radical.

These reaction channels are shown below for a particular
δ-hydroxy alkoxy radical.

In the case of OD initiated oxidation, isomerization, followed
by H-atom abstraction, would lead to the regeneration of OD
whereas direct H-atom abstraction would lead to the loss of
OD and production of OH. A comparison of Figures 5 and 12
suggests that isomerization (top scheme) is the preferred
pathway for theδ-hydroxy alkoxy radicals, consistent with
recent theoretical work by Dibble37 and Zhao et al.69

A more compelling illustration of fate of theδ-hydroxy
alkoxy radicals can be seen in Figure 13, which shows both
the OD and OH concentrations for the OD initiated oxidation
of isoprene in the presence of O2 and NO. The intensity of the
OH and OD signals is shown on a relative scale and the initial
concentration of OD from D2O2 is about 2 orders of magnitude
larger than that of OH. Every effort was made to ensure identical

Figure 10. OH decay at [NO]) 1.04× 1015 molecules cm-3. Circles
represent data, and the solid line is a simulation using parameters in
Table 3. The dashed lines show the estimated error ranges for the rate
constant of the reaction between hydroxy alkyl radical and O2 (k2).
[C5H8] ) 7.5× 1013 molecules cm-3 and [O2] ) 3.45× 1016 molecules
cm-3.

Figure 11. OH decays at several O2 concentrations. Circles represent
experimental data, and lines represent kinetic simulations. [C5H8] )
7.1 × 1013 molecules cm-3 and [NO]) 1.03× 1015 molecules cm-3.
The plots labeled a and b correspond to O2 concentrations of 3.5×
1016 molecules cm-3 and 6.9× 1014 molecules cm-3, respectively. The
last plot, labeled c, was taken in the absence of NO. Simulations based
on the mechanism in Table 3 are shown in the top panel and simulations
based on the mechanism proposed in ref 19 are shown in the lower
panel.
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photolysis and probe lasers powers between measurements and
the OH at time zero is likely the result of residual H2O2 in the
sample. Simulation of the two curves required modification of

the oxidation mechanism to differentiate the sources of HO2.
The fit to the OH data was insensitive to the branching between
alkoxy reaction channels. The best fit (solid line) to the OD
data, however, required that the direct H-atom abstraction
channel for theδ-hydroxy alkoxy radicals was minor (10%).
To fit the data, we have assumed an initial OH:OD ratio
consistent with the signals at time zero. Also shown in the figure
is the simulation (dotted line) resulting from a 50:50 branching
between the direct H-atom abstraction channel and the isomer-
ization channel. The simulation shows an initial rise due to the
generation of OH from isoprene oxidation, a result that is not
observed in our experiment.

Conclusions

The present study is to understand isoprene oxidation
mechanism by monitoring cyclic regeneration hydroxyl radical,
and we have found that the branching ratio of the initial OH
addition to the terminal carbon of isoprene molecule is preferred.
The rate constant of O2 addition reaction to the hydroxy alkyl
radical is indirectly determined to be (2.3( 2.0) × 10-12

molecule-1 cm3 s-1 from the simulation of the reaction. The
sensitivity analysis ensures that the experimental condition is
suitable to determine the rate constant of the NO addition
reaction to the hydroxy peroxy radicals and we have determined
the rate constant of (9.0( 3.0) × 10-12 molecule-1 cm3 s-1.
Very little generation of OH from the OD initiated isoprene
oxidation implies H-shift isomerization is the major pathway
for δ-hydroxy alkoxy radicals.

Supporting Information Available: The detailed 44 reac-
tion mechanism with rate constants and associated sensitivity
analysis and fitting is available free of charge via the Internet
at http://pubs.acs.org.
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