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The reactions of alkyl radicals (R) with molecular oxygen)(@re critical components in chemical models

of tropospheric chemistry, hydrocarbon flames, and autoignition phenomena. The fundamental kinetics of
the R+ O, reactions is governed by a rich interplay of elementary physical chemistry processes. At low
temperatures and moderate pressures, the reactions form stabilized alkylperoxy radiggalaiR are key

chain carriers in the atmospheric oxidation of hydrocarbons. At higher temperatures, thermal dissociation of
the alkylperoxy radicals becomes more rapid and the formation of hydroperoxyl radicajy §d@ the
conjugate alkenes begins to dominate the reaction. Internal isomerization of thea&€als to produce
hydroperoxyalkyl radicals, often denoted by QOOH, leads to the production of OH and cyclic ether products.
More crucially for combustion chemistry, reactions of the ephemeral QOOH species are also thought to be
the key to chain branching in autoignition chemistry. Over the past decade, the understanding of these important
reactions has changed greatly. A recognition, arising from classical kinetics experiments but firmly established
by recent high-level theoretical studies, that H&imination occurs directly from an alkylperoxy radical
without intervening isomerization has helped resolve tenacious controversies regardirfgrix@tion in

these reactions. Second, the importance of including formally direct chemical activation pathways, especially
for the formation of products but also for the formation of the QOOH species, in kinetic modeling-ddR
chemistry has been demonstrated. In addition, it appears that the crucial rate coefficient for the isomerization
of RO, radicals to QOOH may be significantly larger than previously thought. These reinterpretations of this
class of reactions have been supported by comparison of detailed theoretical calculations to new experimental
results that monitor the formation of products of hydrocarbon radical oxidation following a pulsed-photolytic
initiation. In this article, these recent experiments are discussed and their contributions to improving general
models of alkyl+ O, reactions are highlighted. Finally, several prospects are discussed for extending the
experimental investigations to the pivotal questions of QOOH radical chemistry.

Introduction carbons in the troposphetédowever, it is the role of the alkyl

For decades, the reactions of alkyl radicals with molecular + O, reactlon_ln combustion qhemlstry that has focused attention
on the complicated mechanism of these reactfons.

oxygen have been a subject of great interest and controversy. ] )
Interest in these reactions is motivated by their key role in ~Athigher temperatures (or very low pressures), the formation
atmospheric chemistry, low-temperature hydrocarbon oxidation, of bimolecular products such as H& alkenes or OHt cyclic

and autoignition processes; that interest is sustained by the€thers begins to dominate the reaction. The,R&dlical can
intricacies of their fundamental chemistry. The general mech- Undergo internal H-abstraction to produce a hydroperoxyalkyl
anism of an alkyH+ O, reaction can be schematically repre- radical (QOOH), which can then dissociate to form OH orHO

sented as These isomerizations occur via ring-shaped transition states; the
isomerization through a six-membered ring is thought to be
HO, +alkene particularly facile3 The temperature regime where the major
T T channel of the reaction changes from R®@ bimolecular
R +0, «—RO," «—QOOH" —— OH +cyclicether ) products is sometimes called the transition region; this is where
1 T the consumption of alkyl radicals and the formation of products
RO, QOOH is not describable by a simple single rate coefficient but is a

complicated convolution of stabilization, dissociation, and
where # designates a chemically activated species. The reactiorelimination processes’ In this region, typically from about 600
of an alkyl radical (R) with @forms alkylperoxy radicals (R£) K to about 800 K, the microscopic behavior of the alkylO,
at low temperatures and moderate pressures. Alkylperoxy reactions, especially the distribution among the various product
radicals are important intermediates in the oxidation of hydro- channels, has a marked effect on chain branching and hence on
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+ O, reactants. However, extensive work by Walker and co-
workers#2%25 on the reverse reactions, the addition of H®
alkenes, suggested a significant activation energy, large enough
that the barrier to addition (and hence the transition state for
dissociation of QOOH to H®+ alkene) must lie well above

the R+ O, asymptote. Walker and co-worké#$-25proposed

that the formation of H@and the conjugate alkene must proceed
directly from the RQ radical without isomerization to a QOOH
species. This view has been vindicated by subsequent experi-
ment+26-30 and high-level quantum chemical calculatihs!32

The establishment of the feasibility of direct elimination of
HO, from alkylperoxy radicals arose from a focus on th#1g
+ Oy reaction®-32 the theoretical unfolding of this model is
discussed in a feature article in thiournal of Physical
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In 1994, he joined the Combustion Research Facility of Sandia National POSSiPle, and because of its relative theoretical tractability, there
Laboratories, in Livermore, California, where he is now a principal has been a strong desire to treat it as a prototype fer &
member of the technical staff. His research interests include fundamentalsystems. However, the most important isomerization pathways
flame chemistry and the kinetics of elementary reactions that are {5 QOOH are likely those that proceed via six-membered ring
important in combustion. transition statesa pathway that does not exist in the ethylperoxy
radicat—and the propyl radical reactions with oxygen are much

N . .
ignition processes! At these tgmperaturgs, the.pro.ductlon of better prototypes for general R O, reactions.
HO, and an alkene is essentially a chain-termination step, as he i i > ¢ alkvl dical hvd
the HO, radical is relatively inert. The production of a reactive | e Internal isomerization of alkylperoxy radicals to hydro-
OH radical facilitates chain propagation. The formation of the Peroxyalkyl radicals, and their subsequent dissociation to form
QOOH species is the key to chain branching at low temperature, O and cyclic ethers, was deduced on the basis of measurements
Because the hydroperoxyalkyl species is a carbon-centeredf Cyclic ether production in hydrocarbon oxidatigiv* The
radical, it can add a seconc @olecule, eventually producing  WOrk of Walker's group has yielded a systematic description
two OH molecules and an alkoxy (RO) radical. Understanding of the relative yields of cyclic ether and alkene products from
the isomerization step to QOOH is therefore one of the major &Kyl + Oz reactions. Under conditions where the removal of
goals of R+ O investigations. However, the QOOH species QOOH by dissociation or reaction is much faster than the
is unstable and has never been directly observed; inferences aiSomerization back to RQthe key RQ — QOOH step is rate-
to its formation and reactivity remain indirect. limiting in cyclic ether production. Measurements of product
The mechanism for HOformation in the R+ O, reaction formation in carefully controlled alkane oxidattoand some
has historically been the source of some controversy. Early |2S€r photolysis measuremeiitshave been interpreted as

researchers considered that 1 alkene could be a product fulfilling these conditions (equivalent to effective irreversibility
of a direct abstraction reaction between @nd the alkyl of the isomerization step), which would enable rate coefficients

radical?1° which should have a substantial activation energy. for the isomerization to be derived from the measurements of
In this case, the formation of alkylperoxy radicals and alkenes €Yclic ether or OH production. Supporting this view are
would proceed in parallel during the oxidation of alkyl radicals. Measurements of radioactive products following the addition
Measurements that appeared to show ethene yields in theof 14C-labeled butene to ambutane oxidation systeffiLabeled
reaction of ethyl with @ decreasing to a plateau &.06 as carb_or_1_was found_only in th_o_se cyclic ethers ggnerated from
the pressure was increasédeemed to support this “parallel” ~ the initial QOOH isomer arising from HOaddition to the
mechanism. However, subsequent yield measurements over d2beled butene. Rapid isomerization to thexR@nd hence to
wider range of pressures by Kaiser and co-wofket$observed other QOOH isomers, would result #C labels appearing in
no plateau and demonstrated that the production of ethene inother cyclic ethers; therefore, these resfiltsave been taken
this reaction is dominated by a “coupled” mechanism in which as evidence that the reverse isomerization of QOOH tg RO
bimolecular products arise through the formation of an alky- hegligible? However, these experiments cannot probe the range
Iperoxy radical intermediate. In addition, measurements of the of QOOH radicals that are important in alkyl O, reactions,
temperature dependence of R O, reactiond*1520 have and recent calculatiods*° call into question whether the
established that reactions to form K@ alkene have negative ~ conditions for effective irreversibility of the RO~ QOOH
activation energies, inconsistent with production via a direct iSomerization are as easily attained as has been assumed.
abstraction mechanism. Much of the progress in understanding theHRO, reaction

The acceptance of the coupled mechanism did not solve thesystems has been obtained by measurements of product forma-
controversy over the mechanism of bi@rmation, however. tion in alkane oxidation systems. Recently, the combination of
It was widely thougHt1®20that the isomerization to a QOOH  state-of-the-art computational kinetics with experiments using
species was preliminary to HGormation. This presumption,  pulsed-photolytic initiation of oxidation reactions has focused
combined with the observed negative activation energy fos HO on increasing detail on the mechanism of these reactions. This
+ alkene production, would necessitate that energetic barriersarticle describes these measurements of product formation in
to the RQ < QOOH isomerization and to the dissociation of pulsed-photolytic initiated hydrocarbon oxidation systems with
QOOH to HGQ + alkene lie near or below the energy of the R an emphasis on the aspects of the reaction mechanism high-
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Figure 1. Typical experimental configuration for measurements of
product formation in photolytically initiated oxidation reactions. The
specific apparatus shown is that used in investigations offdiination
in the reactions of alkyl radicals with molecular oxygen, initiated by

photolysis of alkyl iodides. The laser wavelengths used may differ for
other experiments, but the general features are similar.

lighted by comparison of the results to multiple-well time-
dependent master equation calculations.
Experimental Methods

The experiments considered here have all employed pulsed
laser photolysis to initiate oxidation chemistry and have followed

the course of the subsequent reactions by either continuous-

laser absorption measurements or, occasionally, pulsed laser
induced fluorescence. A typical experimental configuration is
shown in Figure 1. The photolysis and probe lasers naturally
differ for various initiation methods and reaction products,

but the overall experimental method remains similar. Reactions
take place in a slow-flow kinetic reactor, in which the gas flow

is quasi-static on the time scale of the experiments but fast
enough to replenish the reactor volume between photolysis lase
shots.

Different initiation methods have been used to investigate
the kinetics of product formation in alkyt O, reactions. The
Cl-initiated oxidation of alkanes is a straightforward way to
investigate alkyl radical reactions with,QChlorine atoms are
produced by photolysis of a precursor such as &ICFCE,
and the Cl atoms react with an alkane, producing the alkyl
radical and HCI, for example,

Cl+ C,Hg— HCl + C,Hq (2)
The alkyl radical can then react with,O
C,Hs + O, — products 1)

This reaction scheme has several advantages for studying R
O reactions. First, the abstraction of a hydrogen atom from an
alkane by a Cl atom is nearly thermoneuttadnd the alkyl
radical is produced with negligible excitation above therma
energies. Second, the relative yield of jj@nd, somewhat less
reliably, OH, can be determined by use of the reference system
of Cl-initiated methanol oxidation:

Cl + CH,OH — HCI + CH,OH ©)
4)

Concentrations of methanol ang @re set so that virtually all

CH,OH + 0, — HO, + CH,0

f
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Figure 2. Hydroxyl radical absorption signals from the referencg Cl
CH;OH/Q,/NO reaction system, taken from the work of DeSain éf al.
Note that the temperatures are mislabeled in the original figure. The
model of the reference reactions is used to scale the observed OH
absorption signal to the initial Cl atom concentration.

of the initially formed Cl atoms are rapidly converted HO
Under these conditions, the H@ignal rises rapidly and then
decays according to a second-order rate law. The removal of
HO; in the methanol system is dominated by the HOHO,
reaction

HO, + HO, — products (5)
The reference reaction therefore also provides a measurement
of the self-reaction of Hg) which is another key advantage of
he Cl-initiated oxidation scheme, as discussed below. The
overall fractional conversion of initial Cl atoms to H@ the
Cl-initiated oxidation of the alkane can be readily determined
by comparison of the HEsignal amplitude for alkane oxidation
to the initial peak concentration measured for identical photolysis
conditions in the methanol system.

The production of OH can be calibrated by modeling the
methanol reference system with NO added, making use of the

reaction

HO, + NO— OH + NO, (6)

to convert the H@into OH. Implementation of this reference
system as a calibration, however, requires kinetic modeling of
the overall system because of the reactivity of the OH radical.
This modeling, an example of which is shown in Figure 2,
permits reporting the OH concentration as a fraction of the initial
Cl concentration but naturally introduces additional uncertainties
in the measurements of the overall fractional conversion of alkyl
radicals to OH.

The Cl-initiated oxidation method also entails some signifi-
cant disadvantages. First, Cl atom reactions with alkanes are
not especially site-selective, and mixtures of isomers are formed
in the oxidation of alkanes such as butanes or proffa8econd,
the additional chemistry of the Cl atom precursor complicates
the data analysis; for g€photolysis, the competition with chain
chlorination requires that Oconcentrations be relatively high,
limiting the range of kinetic time scales.

Alkyl halide photolysis removes these disadvantages, and
photolysis of halides has been widely employed to investigate
alkyl reactions with @.19:3542-45 Alkyl iodide photolysis at 266
nm has been used to measure the;p@duct formation from
i-propyl andn-propyl radicals with oxyge®® The advantage
of isomeric selectivity in the alkyl iodide photolysis must be
weighed against the loss of the reference reaction used in the
Cl-initiated oxidation method. Furthermore, although | atoms
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are relatively unreactive, the side chemistry related to the | atom
coproduct is not negligible. For this reason, and to gain a
measure of the initial alkyl radical concentration, the time profile

of the | atom is also measured in these experiments.

HO, Detection. The detection of HQis accomplished by
infrared two-tone frequency-modulation spectroscp§® uti-
lizing either the overtone of the €H stretcH® or the A—X
electronic transitioR? Frequency-modulation detection is valu-
able for the detection of transient absorption in photolytically
induced experiments, both because of the reduction in laserg
amplitude noise as a consequence of moving the detection band-g*
pass to higher frequentgy2and because of the vastly reduced *
sensitivity to thermal lensing noise, which is a consequence of
the differential nature of FM signaf8.Thermal lensing noise
results from changes in the refractive index of the reaction
mixture because of the transient heating following deposition c" é 1'0 1'5 2'0 2'5 3'0
of energy by the photolysis laser. This effect can often dominate

el - . Ti
the noise in a laser photolysis experiment. ) ) vidos) ) )
A multipass ceBi* based on the Herrid&desian is emploved Figure 3. Approximate method of data inversion to extract the.HO
P g ploy production curve from the observed ki€ignal. The blue circles show

to increase the signal-to-noise ratio in the absorption and the raw signal from the reference reaction of Cl-initiated methanol
frequency-modulation measurements. This design sends theoxidation, which quantitatively converts the initial Cl atom concentration
probe beam along an off-axis path in a spherical resonator; theto HO,. The red circles show the raw signal from Cl-initiated propane
probe traces a circle of spots on each mirror, and a smaller circleoxidation under the same {Photolysis conditions? Partial correction

in the center of the cell, never actually touching the resonator of the signals for the effects of H@elf-reaction yields the solid traces.

; : : .. The approximate correction of the Cl-initiated propane oxidation
axis. The photolysis laser is sent down the resonator axis, measurement for reactions of R@ith HO; results in the trace shown

confining the overlap between pump and probe beams t0 the 5 the red dots. A fit to these data, represented by the solid black line,
center of the cell, where the temperature can be regulatedgives the HQ yields and effective rate constants for formation.
accurately. Typical path lengths are between 10 and 15 m, with

from 21 to 35 passes of the probe beam through the reactoron simplified kinetic models was used to extract an approximate
cell. overall production curve of HEn the reaction system, as shown
OH Detection. Because of the higher reactivity of the OH in Figure 3 for the case of Cl-initiated propane oxidation.
radical, its steady-state concentrations are much smaller thanAlthough this method has been partially superseded by the more
those of the relatively unreactive H®adical. Moreover, the  accurate method of direct kinetic simulati#¥8-3%5%he analytic
branching fractions to OH are much smaller than those tg HO correction of the observed H(rofile for the ongoing H@
in most R + O, reactions. As a result, detection of OH self-reaction rigorously provides the minimum kroduction
production often requires a more sensitive method than infrared implied by the observed signal. This partially corrected con-
absorption. In investigations of OH production in the oxidation centration, [HQ],°, is rigorously the minimum H@production
of ethane, propan®;:° and neopentan®, laser-induced fluo-  necessary to produce the observed signal, and it can be easily
rescence detection was employed. However, for some reactionshown to be less than the concentration from a model that simply
in which OH is a principal product, such as the reaction of sets the self-reaction rate coefficient to zero. Mathematical
cyclopropyl radical with Q% steady-state populations are details are given as Supporting Information.
sufficient to allow infrared absorption detection in the funda- | several publication& 2837 this method was extended to

mental vibrational band. further correct the signals for the contributions of other removal
Detection of | Atom. In experiments initiated by alkyl iodide  reactions of HQ. This approach is by its nature approximate,
photolysis, the time behavior of the | atom concentration is as the full chemistry of the Cl-initiated oxidation system is
monitored by single-pass direct absorption of a diode laser probeconsiderably more complex than can be described in a straight-
tuned to the (F= 3) — (F" = 4) hyperfine component of the  forwardly invertible form. The central assumptions are that all
(P12 — 2P3p2) spin—orbit transition. The absorption strength initially formed alkyl radicals produce either alkylperoxy radicals
of this transition is know and the absolute concentration of or HO, and that the equilibrium for the R O, addition greatly
I atoms can therefore be determined. Under the assumption thafayors the RQ products. Where substantial OH production
every iodine atom is produced in conjunction with an alkyl occurs in the R+ O, reaction, the simplification is expected to
radical, the initial | atom concentration will equal the initial dramatically fail, as was noted for the cases of bétyl,
alkyl radical concentration. However, for some alkyl iodides, cyclopropyl®” and neopentyf radical oxidation. However, this
sufficient energy remains in the alkyl radical following pho- approximate inversion of the kinetics generates an experimen-
tolysis at 266 nm to produce some secondary dissociation, andtally based curve of HOproduction, depicted as the dots in
the | atom concentration is an upper bound on the initial alkyl Figure 3, that can be analyzed to give values fork@ld and
radical concentration. The time profile of the | atom concentra- effective HQ formation rates. These yields and formation rates
tion also provides a measure of the competing chemistry cannot be assigned simply as branching fractions or rate
involving | atom reactions with H@and RQ that must also be  coefficients of the R+ O, reaction but are effective quantities
accounted for in the comparison of the experiments to theoretical for the overall oxidation system and will depend on secondary
models of the R+- O reactions?® reactions, side reactions, and conditions such as overall radical
Approximate Methods for Data Inversion. In a series of densities. This distinction was made in the first paper where
time-resolved investigations of HQroduction in Cl-initiated this method was appli@dand emphasized in later pap8tg8.37
alkane oxidatiort®-28.37inversion of the observed signals based Even with these substantial caveats, the “fully corrected” yield

nal (arbitrary units)
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often appears to be a reasonable approximation to the result ofcuscu,ch; +Jo
a full kinetic simulatior?®-59 0—

Comparison of Experiment and Detailed Theory. As
rigorous parametrizations of time-dependent multiple-well
master equation results have become avail#itds now clear
that full modeling of the kinetics is a more reliable approach
than approximate data inversion. Moreover, no inversion scheme
is practical for measurements of the OH radical, and OH
production is tied to the critically important isomerization to E
QOOCH. Therefore, the present strategy has been developed =~ ,, |~ cfectzenoe
which uses the comparison of experimental measurements Withgjgyre 4. Schematic depiction of the potential energy surface for the
high-level computational kinetics results to infer adjustments reaction ofn-propyl radicals with molecular oxygen. The stationary
(within the estimated uncertainty of the quantum chemical point energies are those calculated in ref 37. Time-dependent master
calculations) to ab initio energies of stationary points on the €quation modeling yields values for all rate coefficients in the system,
potential energy surface. The kinetic parameters are computed??th for sequential pathways (conceptually, those traversing a single

. . . ransition state) and for direct chemically activated pathways that
from full time-dependent multiple-well RieeRamsperger traverse multiple transition states.
Kassel-Marcus (RRKM) master equation solutiong8t64
using variable-reaction-coordinate variational transition-state
theory?>-68 for channels without a well-defined saddle point. Fundamental Characteristics of Alkyl + O, Reactions
More qualitative or more semiempirical kinetic treatments, such
as quantum RiceRamspergerKassel (QRRK) or modified
strong-collision models, can provide useful parametrizations of

R + O? reactions and are valuablle for certaln.modellng n-propyl with G,. A representation of the relevant stationary
applications, or where rapid approximate evaluation of rate point energie¥ is given in Figure 4, as calculated using a
coefficients is necessaPy5% 73 However, these methods are composite method “HL2” employing QCISD(T) calculations
not rigorous enough to reliably extract information on stationary \ith a 6-311G(d,p) basis set and an MP2 basis-set correction
point energies from comparison to experiments. to approximate QCISD(T)/6-311-+G(3df,2pd) energies:

One of the key features that arises from the decomposition
of the multiple-well time-resolved master equation results into E,», = E[QCISD(T)/6-311G(d,p)}+
rate coefficients is the necessity of including rate coefficients E[MP2/6-311+G(3df,2pd)]— E[MP2/6-311G(d,p)] (7)
for formally direct reactions across several transition states. A
simple example is the direct formation of H@om the R+ At this level, the CHCH,CH,O, radical is calculated to be
O, reactants via the chemically activated Readical. The bound by 34.9 kcal mof and has two accessible internal
reactants traverse the entrance transition state between reactanfSomerization pathways: to GBHCH,O0H via a five-
and the RQwell and the transition state for elimination of KO membered ring transition state lying 2.6 kcal mobelow the
from the RQ radical. This process is nevertheless direct; the energy of the reactants and to @tH,CH,OOH via a six-
chemically activated Rgspecies dissociates to products before  membered ring transition state lying 11.2 kcal mddelow the
stabilization, and the reaction is modeled as a single kinetic energy of the reactants. The @EH,CH,0, radical can also
step. In many hydrocarbon oxidation models, such processesform HO, and propene by direct elimination over a transition
are described as sequential elementary steps across the individuattate calculated to be 5.2 kcal mbbelow the reactants’ energy.
transition states, for example, the formation of @Hmethyl- Whereas the CECHCH,OOH radical can readily form Hgor
oxirane fromi-propyl + O, is modeled as the formation of the  OH radicals by dissociation through transition states lying below
i-propylperoxy radical from the reactants, followed by isomer- the energy of-propyl + O, the dissociation channels of the
ization to a 2-hydroperoxypropyl radical, followed by dissocia- CH.CH.CH,OOH radical have transition states well above the
tion and ring closure to form the OH and methyloxirane reactants’ energy.
products. As will be shown below, such a sequential modeling The earlier controversy concerning the possibility of a

scheme significantly fails to capture the time-resolved experi- “Parallel mechanism” in which H&formation proceeded by
mental observations. direct abstraction rather than via the Rétermediate has been

The kinetic parameters calculated using the adjusted stationarysettled in favor of the coupled mechanism, in which all products

. . . . . re rel he initial alkylperox mplex. Them remen
point energies constitute the fitted model of the-RD, reaction. are related to the initial alkylperoxy comple € measurements

Th . h logical rat Hicients in th del of product formation following photolytic initiation therefore
e vgno_u; phenomeno oglcfa rate coetncients in the model gt the competition among stabilization, dissociation, and
of an individual R+ O, reaction are related to one another

i isomerization of the R@species.
through the topography of the relevant potential energy surface.  giapilization of RO,. The presence of the relatively deep

For example, the rate coefficient that governs the chemically R, well permits the dominance of stabilization to alkyl peroxy
activated formation of H@from ethyl + O is related to the  ragicals at low temperatures and high pressures and affects the
rate coefficient for thermal elimination of HOfrom the behavior of the reaction at temperatures through the transition
ethylperoxy radical, because the two processes share a transitiopegion. In Figure 5, the HOformation from the Cl-initiated
state. Modeling the reaction by modification of stationary point oxidation of ethane is displayed for two temperatures. At the
energies and recalculation of the phenomenological rate coef-lower temperature (423 K), the HQs formed directly from
ficients ensures that this set of rate coefficients remains internally the chemically activated RQradical, before it can be colli-
consistent, an assurance that is not necessarily available fromsionally stabilized. Under the conditions of these experiments,
an independent fit of rate coefficients to experiment. thermal decomposition of stabilized R@adicals is too slow

Direct reaction pathways
J?\ Sequential reaction pathways
/
\
\

/
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i

CHzCHaCH200H
CH3CHCH200H
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] 8
——
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The mechanism of the general alkjl O, reaction can be
visualized by considering the schematic potential energy surface
of the simplest truly prototypical R+ O, reaction, that of
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Figure 7. Observed overall yields of HOn Cl-initiated oxidation of
ethané’ (filled circles), propan® (open squares), and cyclopenténe
(open circles) as a function of temperature. Representative uncertainties
are shown for the cyclopentane data. At temperatures where the
dissociation of the R@radical begins to dominate over removal by
Figure 5. Measurements of Hformed by Cl-initiated oxidation of radicat-radical reactions, the yield of bimolecular products in the R
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ethane at two temperatur&sThe blue traces are HGormed by the + O, reaction increases sharply. Experiments at lower total radical
reference reaction system of Cl-initiated methanol oxidation, which density (and hence smaller rates of R@moval by radicatradical
transfers the initial Cl atom concentration quantitatively into,Hhe reactions) show this sharp increase at lower temperattife&

red traces are HOformed from the Cl-initiated oxidation of ethane.

At low temperatures, prompt formation via the direct, chemically photolysis experiment3!for ethane oxidation at room tem-
aptivated pathway is the only significant means ofﬂ-ﬂ@ductign.At perature. Reference to an H®@r RO, branching fraction
higher temperatures, however, secondary production via thermal gona a1y entails some assumption on the time scale of the
dissociation of the alkylperoxy radical begins to dominate. experiment or on the subsequent chemistry removing, RO

1 because the formation of R@ essentially reversible for many

| Prompt HO, yields

s o

- 8- 204K —e— 523K : experimental conditions. At room temperature,H@0d ethene
o O 573K - 623K A are formed almost exclusively via the direct chemically activated
—- 648K —— 673K . . .
pathway, and the time scale of H@rmation is too short for
7* 1 most competing radicalradical reactions, which could reduce

T T T T

Prompt HO, yield
o

T R R

A 0 O N®o©

I Ethene yields (298 K)

) At higher temperatures, the dissociation of the alkyl peroxy
—=— Wagner et al.

1 radical becomes more rapid, and this thermal dissociation

%)
T

the apparent H@yield, to be significant. Nevertheless, it should
be borne in mind that all of the available measurements are
b subject to secondary and side chemistr§£ and modeling of
the entire reaction system may be necessary to accurately
correlate experiments with modéfs3® These considerations
X become more important as the temperature increases.
X

Kaiser et al.
X model reduces the yield of stabilized R@roducts and hence increases
To T T LI L S A A N the overall yield of a_II bimoI(_ecuIar products,_including K&
1 10 100 alkene. As shown in the right panel of Figure 5, the HO
_ _ Pressure (Tom) _ _ production displays two clear time scales; a delayed production
Figure 6. Prompt yields of H@ from the reaction of gHs with O, of HO, is visible after the prompt rise in HOThe prompt rise,

as a function of pressure and temperaflirdlso shown are the total ; ; ;
yield of ethene at 298 K. as measured by Wagner éf and the fi as at lower temperatures, is due to the direct formation of HO

to the pressure-dependent ethane yield data of Kaiser and co-from the R_'.— % reactants,_VIa the chemlcglly aqtlyated RO
workersi214The total yield of HQ + ethene in the model of DeSain 1 he longer-time H@production reflects the dissociation of RO
et al3%is shown as the crosses. radicals, both directly to HO+ alkene and back to alkyl radical
reactants. The overall yield of HOncreases dramatically as
to compete with reactive removal of the Radicals, and the  the alkylperoxy radical becomes thermally unstable. Figure 7
alkylperoxy radical channel is effectively irreversible. As a displays this overall yield, extracted via the approximate
result, the observed HGsignal rises rapidly, within the rise  inversion procedure, for several Cl-initiated alkane oxidation
time of the frequency-modulation apparatus for the propane andsystems. The uncertainty in the overall yields from this
oxygen concentrations used here, and subsequently smoothlyprocedure is estimated to be abatit0%; recent comparison
decays away. An apparent yield of H@ this case can be  with detailed kinetic modeling of the ethyt O, system finds
defined by a simple ratio of the amplitudes of the initial rises yields approximately 10% higher than those extracted by the
of the alkane oxidation signal and the reference methanol signal.data inversion procedubéKaisei430.">measured alkene yields
In a series of circumspect continuous-photolysis chlorine- as a function of temperature in continuous-photolysis Cl-initiated
initiated oxidation experiments, Kaiser and co-workgg30.74.75 alkane oxidation reactions and found similar behavior but
have shown a power-law dependence of the alkene yield onobserved the increase in alkene yield at 50 K to 100 K lower
total pressurep, over a wide pressure range for both ethyl temperature than in the HQ@ield measurements. The temper-
O, and propyl + O,. The time-resolved measurements of ature at which the yield of bimolecular products increases is
ethené&® and HQ formatior?®27 at low temperatures corroborate the point at which the dissociation of RCeither to HQ +
this picture, with decreasing yields as pressure increases, aslkene or back to reactants, is rapid enough to overcome the
shown in Figure 6, although there is an interesting discrepincy other removal reactions for ROn the system. The Kaiser
between the time-resolved experiméhtdand the continuous-  experiments are carried out at a far lower total radical density
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Figure 8. Measurements of H{concentration in Cl-initiated ethane
oxidation at 623 K, taken at several pressifeShe traces are
normalized to the initial Cl atom concentration and are shifted vertically
for clarity. The prompt H@, given by the initial rise of the signal,

decreases with increasing pressure; the secondary, delayed formation

of HO; increases with increasing pressure.

than the pulsed-photolytic measurements of,H@oduction.
Because the dominant bimolecular removal reactions of RO
are radicatradical reactions, this higher radical density requires
the unimolecular dissociation of R@o reach a larger rate in
the pulsed-photolytic experiments before it dominates; RO
removal. The difference in radical density quantitatively de-
scribes the temperature shift of the rise in bimolecular product
yield between the two sets of experimefitd?3°Kaiser® has
also analyzed the branching of R@issociation by comparing
C,H, yields to the GHsCI produced by side reactions of ethyl
with the molecular chlorine photolyte. His work suggests a
substantial role for thermal formation of HG C,H4 directly
from the ethylperoxy radical.

The effects of stabilization into the RQvell continue to be
discernible in the H@formation at elevated temperature. The
fraction of HG; that is produced in the direct pathway continues
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Figure 9. Measurements and modeling of the formation of HO

the reaction of (a)-propyl radicals and (b)-propyl radicals with
oxygen at 673 K. The experimental data are given as the open circles
(only every 10th point is shown for clarity), and the kinetic model is
displayed as the solid black lines. The reactions are initiated by
photolysis of the suitable propyl iodide; the measured (only every 200th
point is displayed) and modeled relative | atom concentrations are
shown in the insets.

reaction mechanism and reactions of H&hd RQ with each
other and with | atoms. In the model for tmepropyl + O,

to decrease with increasing pressure at higher temperatures, ageaction, the transition state for elimination of biftom CHs-

shown for ethyl+ O, in Figure 6. The negative pressure

CH,CH,0O0 is raised by 1.4 kcal mot from the ab initio

dependence of the prompt yield persists even at temperatures/alue, and the transition state for isomerization fromsCH,-

where the total H@yield is approximately unity and has a

CH,00 to CHhCHCH,OOH is also raised by 0.5 kcal md|

negligible pressure dependence. As can be seen from Figure 8to achieve the best agreement with the body of experimental

in which HG;, production from Cl-initiated ethane oxidation at
658 K is displayed for three different total pressures, the
decrease in the amplitude of the prompt H® counteracted

data, including literature measurements. Other stationary point
energies are unchanged from the ab initio vakiess can be
seen from Figure 9, the agreement between theory and experi-

by an increase in the amplitude of the secondary formation of ment that is generated by these adjustments is outstanding.

HO,. The traces have been normalized to the initial Cl atom

Similar agreement is obtained for H@rmation in ethyH O,

concentration by comparison to the methanol reference reaction.reactiong°

The rate coefficients for the addition-stabilization reaction to
form ethylperoxy and the unimolecular dissociation of ethylp-
eroxy to HQ and ethene are increasing with pressure under

In a similar way, the (CH,CHOO well depth has been
decreased by 0.6 kcal mdlfrom the ab initio value, to 36.2
kcal mol1, and the transition state for H@limination has been

these conditions. Nevertheless, the pressure dependence of thgyised by 2 kcal mott from the ab initio value, to 5 kcal mot

time constant for the secondary formation of H@s obtained
from exponential fits to the HOproduction profiles obtained
by the approximate inversion procedure) is sligfité Modeling
the time behavior of the HOconcentration in the transition
region is sensitive to both the transition state forté@mination
and the R@ well depth.

Direct Elimination of HO ,. Figure 9 displays the results of
such a model, for the reactions of thgropyl radical with Q
and thei-propyl radical with Q.2° These reactions are initiated

below the energy of the reactants. The transition state for
isomerization from (Ch);,CHOO to CHCH(CH,)OOH has
been raised by 2.3 kcal md, principally to better model OH
production?83? As shown in Figure 9, these changes produce
modest agreement with the HGdormation measurements.
Adjustment is further constrained by literature measurements
of the equilibrium constant for the addition epropyl to G,’®

and of the high-temperature rate coefficient ifgaropyl + O,
derived by Gulati and Walkéf A model in which the

by photolysis of the corresponding iodides, and the measuredelimination transition state of HCfrom i-C3H-0O; is raised by
| atom absorptions are shown as insets. The kinetic model foronly 1 kcal mot! and thei-C3H;O, well depth remains
each of these oxidation systems includes more than 50 reactionsunchanged from the ab initio calculation will reproduce the

but the rise of the H@signal is most sensitive to the R O,

experimental H®@ profiles with a similar accuracy to that of



4306 J. Phys. Chem. A, Vol. 110, No. 13, 2006 Taatjes

Temperature (K) 530 K —— Observed Modeled
700 675 650 o : 600 K —/— Observed - Modeled
ST L e L L B — 0.025 - 670 K —0— Observed = = = Modeled|
- O Cyclopentane - 700 K —O— Observed =--= Modeled
o ® Propane i
. 5 ] B m n-Butane 0.020 7
"o 1000 ] 8 O i-Butane .
z £ 3 0" g 3 S 0015 =
7 s | @. W ] T :
c L E O
8 $ =
o 2 0 E 0.010 —
E o g
F 100 —
= ¥ g E 0.005 i{ -
C ] 5
4+ b AV R -
I . 1 LR A O]
2 J 0.000¢% AR ANRN DR
| T | | | | ' ' ' '
145 150 155 160 165  1.70 0.0 05 1.0 1.5 20
10°/ Temperature (K) Time (ms)
Figure 10. Arrhenius plot of the effective rate coefficient for the  Figure 11. Measured and modeled OH concentrations in the Cl-
secondary formation of HOfrom RO, dissociation, measured in Cl- initiated oxidation of propan#:3® Symbols are placed only on every

initiated alkane oxidatiof2837 Although this quantity is not an fifth data point for clarity.
elementary rate coefficient, the similarities in the apparent activation
energies across various alkane systems reflect similar energetics of the ] ) ] ]
HO, elimination from the R@ radical. The larger effective rate b€ rationalized by the expected difference in the enthalpy of
coefficient for the cyclopentane oxidation is attributed to the lack of activation for the HQ@ elimination from the propylperoxy and
free rotation about the €C bonds of the R@radical?® cyclopentylperoxy radicals. The elimination proceeds via a five-
membered ring (HC—C—0-0) transition state in both
then-propyl model. However, the agreement with these literature molecules. In either propylperoxy radical, free rotation around
measurements is diminished. This discrepancy is being inves-a carbor-carbon single bond in the reactant is lost upon going
tigated further by measurements of deuteratptbpyl radical to the transition state. In the cyclopentylperoxy radical, there is
reactions with @77 which probes the same potential energy no free rotation about the -6C bonds, so the difference in
surface; a reinvestigation of the high-temperature kinetics of entropy between the reactants and the transition state will be
the i-CsH; + O reaction may be useful. Nevertheless, the smaller, and the A-factor therefore larger. The approximate
present “compromise” model of theCsH-O, system produces  factor of 4 increase is broadly consistent with that expected on
reasonable agreement with the body of available data. the basis of the entropy of a methyl rotor. This increase in the
The comparison of experimental HQ@rofiles to computa- A-factor for HO, elimination should be common to alkylperoxy
tional kinetics models results in an experimentally validated set species formed from cyclic hydrocarbon radicals.
of elementary rate coefficients that can reproduce the master Isomerization and Formation of OH. The elimination of
equation results. However, these detailed investigations are soHO, from the alkylperoxy radicals is the principal reaction
far limited to the smallest alkyH- O, systems. Even as pathway for the R+ O, reactions at temperatures above the
calculations of larger systems become feasible, it will remain transition region. Because of the low reactivity of the HO
impractical to perform full multiple-well time-resolved master radical, this pathway is essentially chain-terminating until even
equation analysis with high-level quantum chemistry for every higher temperatures, when dissociation of hydrogen peroxide
chemically activated reaction in combustion. Extension of the (the product of reactions of Hfis rapid enough to sustain the
detailed small-radical models to larger systems will require chain reaction. Chain branching at lower temperatures occurs
general rules for individual rate coefficients and empirical by reactions of the hydroperoxyalkyl radicals (QOOH) that result
correlations of phenomenological measurements such as producfrom isomerization of the alkylperoxy radicals. This isomer-
yields and effective rate coefficients. Comparison of the ization competes with the formation of H@nd also produces
approximate secondary H@roduction rate constants in the OH radicals and cyclic ethers. Measurement of the OH products
oxidation of several alkanes provides qualitative correlations of the R+ O, reactions is therefore related to key processes of
that may aid in more general semiempirical estimates of HO chain branching in low-temperature hydrocarbon oxidation.
formation in larger alkanes. Figure 10 shows this effective rate  Determination of time-resolved OH production from the R
constant as a function of temperature for but&ngropane?® + O, reactions in which it is a minor product is a particular
and cyclopentarté oxidation. Recall that this effective rate  experimental challenge. Figure 11 shows laser-induced fluo-
coefficient is not a rate constant for an elementary kinetic step rescence measurements of OH concentrations in Cl-initiated
but reflects a convolution of reaction, stabilization, and dis- oxidation of propané®3°In these experiments, the photolytic
sociation of the R@radical. The apparent activation energy precursor is CGF, chosen in order to avoid high-temperature
for this secondary formation is similar for all of the alkane chain reactions that occur in the £HsOH/O,/NO reference

oxidation processes in which it has been measgfed;?’ system. The observed OH signals have been modeled by a
reflecting in part similar energetics of the H@limination kinetic mechanism that includes removal reactions of the OH
transition state. In fact, the secondary Hg@oduction in Cl- radical as well as side and secondary reactions. These results

initiated butane oxidatict can be predicted by a relatively are shown as the lines in Figure 11. The agreement between
simple extension of the validated master equation results for the model and the experiment is qualitatively good; furthermore,
propane oxidation. the model predicts larger OH production from propane oxidation
The effective rate coefficient for secondary Hfdrmation than from ethane oxidation, in accord with experiment. The
in cyclopentane oxidation is larger than those for the other contribution of formally direct channels for OH production from
alkane oxidations that have been measured, approximately 4alkyl + O,, via chemically activated alkylperoxy radicals, is
times as great as that in propane oxidation. This difference canespecially important in modeling OH production in the CI-
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Figure 12. Measured (solid symbols) and modeled (open symbols) Figure 13. Measurements and modeling of the production of OH from

peak OH concentrations, relative to the initial Cl atom concentration, the ethyl + O, reaction. The open circles are from laser-induced
in the Cl-initiated oxidation of ethane (squares) and propane (circles). fluorescence measurements of OH from Cl-initiated oxidation of ethane

The modeled overall y|e|d of OH in the eth-y{ 02 reaction is shown at670 K, normalized to the initial Cl atom concentratff® The solid

as the crossed squares for reference; the peak concentration is noline represents the predicted OH concentration from a kinetic model
expected to be the same as the overall yield. that accounts for side and secondary reactions. The dotted line shows

the integrated production of OH from the reaction of ethylO;
initiated oxidation systems. Because of the high reaction rate s used in the full kinetic model. Significant production of OH con-
of OH with the large excess of alkane, significant OH concen- tinues well after the observed peak in OH concentration. The modeled
. . . : . overall yield of OH in the ethyl O, reaction under these conditions
trations are built up only for relatively rapid OH production, as ;"o 9084
occurs by direct reaction soon after the photolysis pulse.

However, clearly, the agreement between the model and thepeak OH concentration underlines the need for closer investiga-
experiment is not as good as in the case of the pi©duction. tion of the other reactions in the kinetic model, especially the
The model predicts too much OH at low temperature and too reactions of alkyl radicals with HE#83° The peak in the
little OH at high temperature, as displayed in Figure 12 for modeled OH concentration is dominated by the prompt yield
ethane and propane oxidation. This lack of agreement is and side chemistry involving HQthe longer-term OH produc-
disappointing for the product most clearly related to the chain tion gives a much smaller steady-state concentration. The diffi-
branching path in the R- O, reactions. Several possible sources culties with accounting for the side chemistry suggest that differ-
of the discrepancy can be proposed. First, one can imagine thaent photolysis systems (with different side and secondary chem-
the stationary point energies could be further adjusted. However,istry) should be used to further investigate OH formation. Some
the models are constrained not only by the time-resolved OH such experiments, employing ultraviolet absorption probing fol-

studies but also by the HOneasurement®,2”-37the kinetics lowing alkyl halide photolysis or photolysis of different Cl atom
and equilibrium constant determinations of Knyazev, Slagle, precursors, are currently underway in the author’s laboratory.
Gutman, and co-workef8;2045.76and the end-product measure- Rate coefficients for RO— QOOH isomerization have been

ments of Kaise=1430.74.75and Walke#1516.18.22.23.7nd their derived on the basis of the extensive measurements of Walker
co-workers. Second, reactions of the QOOH species with O and co-workers of cyclic ether formation relative to alkene
can produce OH. Calculations of stationary point energies for formation for a wide variety of R- O, systems. These relative
these reactions are becoming availal§i&.On the basis of the ~ measurements have been anchored by the OH formation

results of Bozzelli and Shefon the GH,O0H + O, reaction, measurements of Hughes et*af? The reaction of neopentyl

it is estimated that direct reactions of QOOH with 0 form radicals with Q focuses on the isomerization of R@ QOOH,

OH could increase the modeled peak OH concentration by up because the competing pathway of direct elimination of 4O

to 20%, bringing the model closer to the measurerdefEull impossible, as neopentyl has no conjugate alkene. In the analysis

multiple-well time-dependent master equation calculations may of these experiments, it has been assumed that the dissociation
elucidate the possible role of these reactions in forming OH in of the hydroperoxyalkyl radicals and the reaction of the QOOH
these systems. Finally, the kinetic mechanism for modeling OH species with oxygen were significantly more rapid than the
concentrations is affected by several reactions whose rateisomerization of QOOH back to the R@adical?*+ 885 so that
coefficients are somewhat poorly characterized, especially thethe forward reaction of ROto QOOH could be treated as
reactions of H@ with alkyl radicals or the CGF photolysis essentially irreversible. Hughes et3&f? derived a rate coef-
coproduct, both of which can produce OH radicals. ficient for neopentylperoxy isomerization to hydroperoxyneo-
Carstensen and co-work&tbave matched the measured peak pentyl of approximately 1200~% at 700 K. However, the
OH concentration measuremeitt¥to their total modeled OH analogous isomerization mpropylperoxy, to CHCH,CH,OOH
yield for the ethyl+ O, reaction. This tactic provides a closer via a six-membered ring transition state, is calculated to be
apparent match between the model and the experimental datalmost 20 times fasté:3°This large of a discrepancy between
(see Figure 12) but is a scientifically untenable method of data two closely analogous systems would be extremely surprising.
analysis. The high reactivity of the OH radical precludes such If the isomerization rate constant for neopentylperoxy were
a simple correlation of concentration with production, and much much faster than that reported by Hughes et al., it could have
of the OH production occurs after the peak in the observed significant consequences for modeling of ignition chemistry,
concentration is reached, as is shown in Figure 13. The effectsbecause of the position of the neopentylperoxy measurements
of side and secondary chemistry on the observed OH signalas a benchmark for RO~ QOOH isomerizationg?
are vastly greater than in the case of FH@r which there is Time-resolved measurements of OH production in the CI-
general agreemetit™® that modeling is necessary to relate initiated oxidation of neopentane are shown in Figure 14. Partly
signals to product yields. The difference between the temperaturebecause of the complexity of the neopentylO, system and
dependence of the modeled overall OH yield and that of the partly to explore the extension of validated models of simple R
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Figure 14. Measured OH concentrations from Cl-initiated oxidation
of neopentane, normalized to the initial Cl atom concentr&fidrhe
modeled concentration uses an ad hoc extension of the validated mode
of n-propyl + O, to predict rate coefficients in the neopentyl O,
reaction.
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Figure 15. Measured OH concentration from Cl-initiated oxidation
of neopentane at 671 K, normalized to the initial Cl atom concentra-
fion.56 The solid line gives the modeled concentration using an ad hoc
extension of the validated model ofpropyl + O, to predict rate
coefficients in the neopentyt O, reaction; the dotted line shows the
results of this model without contributions from direct chemically

+ O, reactions to larger systems, an ad hoc model is constructeg@ctivated formation of OH from neopentyl O.. The dashed line shows
the results of the same model, but with the rate coefficients for OH

by analogy tq then-propy! + Oz systent? in place of a full formation taken from the calculations of Sun and BozZ€llihe dot-
master equation calculation. The A-factors for the neopentyl- gashed line represents the output of this modified model without the
peroxy isomerization to hydroperoxyneopentyl and for the direct chemical activation contributions estimated by Sun and Bozelli.
formation of OH+ 3,3-dimethyloxetane from neopentyl O,
are increased by a factor of 3 over those for the analogousproximately 3800 st at 700 K) but substantially smaller than
processes in-propyl + O, to account for the larger number of  those in the ad hoc model based mpropyl master equation
hydrogen atoms available to participate in the neopentylperoxy results. Figure 15 shows the result of using the Sun and Bozzelli
isomerization. The activation energies are taken to be those ofcalculations for the R@<> QOOH isomerization and for the
the validated analogous-propyl processes, changed by the dissociation of QOOH to OHt- 3,3-dimethyloxetane in the
differencebetween the relevant transition-state energies in the kinetic model for OH formation from Cl-initiated neopentane
two systems, calculated at low-level density-functional theory isomerization, compared to the experimental results at 673 K.
(B3LYP/6-31G*). The equilibrium constant for neopentylperoxy The agreement is relatively good, raising hopes that comparison
formation from neopentyt- O, is changed by a factor of 5  of experimental data with more rigorous kinetic calculations
from then-propyl + O, system, bringing it into close agreement using computed stationary point characteristics will provide
with the equilibrium constant employed by Hughes et>df validated model rate coefficients for this key alkylO, system.
Finally, the rate constant for direct OH formation is arbitrarily It is clear that new experiments must be developed if the
increased by an additional factor of8The results of this ad RO, — QOOH isomerization rate is to be probed directly.
hoc model, when placed into a full kinetic simulation, simulate Measurements with labeled reagents, carried out under different
the OH measurements well over a wide temperature range. Thetemperatures, pressures, and oxygen concentrations for various
contribution to the observed signal of reactions of alkyl radicals small and large hydrocarbon radicals, may prove extremely
and CFCj radicals with HQ is much smaller in the neopentane valuable. Previous measurements of cyclic ether production
oxidation than in ethane or propane oxidation because the lackfollowing HO, addition to labeled alken&s unavoidably
of direct HQ, production in the neopentyt O, reaction results produce only those QOOH radicals with the radical site on the
in much smaller H@ concentrations in the first few hundred carbon next to the carbon attached to the oxygen. These radicals,
microseconds after photolysis. which isomerize to R@through a five-membered ring transition
The ad hoc model for neopentane oxidation now includes a state, have barriers to isomerization that lie well above the
rate coefficient for neopentylperoxy isomerization to hydrop- barriers to OH or H@ formation3’” so dissociation readily
eroxyneopentyl that is 60 times that derived by Hughes #t“al. competes with isomerization. However, the isomerization via a
A similarly constructed ad hoc model can reproduce all of the six-membered ring transition state has a low activation energy
experimental observations of Hughes etaf2as well as the but relatively high-energy transition states for OH or HO
more recent measuremeffsuggesting that the isomerization formation37-395 As a result, this type of RQ<> QOOH
could be easily reversible in the earlier observations and thatisomerization is particularly unlikely to be effectively irrevers-
the available experiments do not directly probe the rate of the ible under normal conditior$. Determining the range of
isomerization. Recently, Sun and BozZ8llhave performed conditions under which the isomerization is effectively irrevers-
higher-level calculations of stationary point energies in the ible and the formation of cyclic ether products can be taken as
neopentyl + O, and hydroperoxyneopentyl radicat O, a reliable indicator for the isomerization may allow the
reactions and have carried out simple kinetics computations onparametrization of R® — QOOH isomerization rate coef-
both systems. Their calculations include a chemical activation ficients® to be redefined, as necessary, in a rigorous manner.
analysis to estimate rate coefficients of formally direct path-  Formally Direct Pathways in Kinetic Models. The kinetic
ways$? and predict a rapidly equilibrating RO~ QOOH signature of the formally direct pathway from the reactants to
isomerization, with forward rate coefficients computed to be the HG, product is unmistakable: the prompt rise in the HO
about 3 times as large as those of Hughes &b-&l.(ap- signal. In the case of OH formation, the signature is less striking
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Figure 16. Measurements of HOin the Cl-initiated oxidation of
neopentane, normalized to the initial Cl atom concentraéfiohhe
reference system of Cl-initiated methanol oxidation, which quantita-
tively transfers the initial Cl atom concentration to H@ shown in
blue, and the Cl-initiated neopentane oxidation is shown in red. The
open circles represent the raw data (only every 10th point is shown for
clarity), and the solid traces are corrected for the effects of s#If-
reaction. The solid traces therefore represent a minimumpi@uc-

tion needed to generate the observed signal. At the higher O
concentration shown on the right, more F®produced than the initial

Cl atom concentration, a signature of chain branching.

at first glance, but the reactivity of the OH product provides a
strong kinetic bias for detection of the more rapid direct
formation pathways. Figure 15 shows the modeled OH forma-
tion from neopentane oxidation at 671 K with and without the
formally direct pathways, for the ad hoc model and for the model
using the kinetic results of Sun and Bozz&lin both models,
the chemically activated path from the neopentyl ang O
reactants directly to OH 3,3-dimethyloxetane is required to
accurately model the OH formation. The ad hoc model predicts

a much larger direct component than the steady-state QRRK-

based model of Sun and BozzélliAs the ad hoc model is
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eventually producing more HQ@adicals than Cl atoms produced
in the photolysis. This is clear evidence of chain branching.
The increase in H@production as the ©concentration is
increased is consistent with branching via a secopeddition
to the QOOH radical. The ad hoc model used to model the OH
formation in the neopentane oxidation has also been applied to
the HG, formation. Most of the H@in the model is formed by
the reaction of OH radicals with the neopentylperoxy radical
OH+ CH,,00— HO, + C,H;,0 (8)
followed by rapid dissociation of the neopentoxy radical
(CsH110). Reaction 8 and its analogues for other alkylperoxy
radicals have not been widely included in models of hydrocarbon
oxidation; including these reactions might change the interpreta-
tion of some previous kinetic measurements. In the present case,
the radical density is high enough that reaction 8 makes a
substantial contribution to the R@emoval. The ad hoc model
successfully predicts the H@rmation at low Q concentrations
but fails to model the increase in H@t higher Q concentra-
tions, suggesting that the model inaccurately treats the QOOH
chemistry. It is possible that more detailed calculations of the
QOOH reaction rate coefficients will improve the agreement,
and with improved modeling, experiments may be designed to
focus more closely on the QOOH reactions. Some current efforts
in that direction are described in the next section.

Future Directions

New Experimental Techniques.The interpretation of the
HO, production in the neopentane system highlights the
necessity of following secondary chemical pathways in com-
plicated systems such as photolytically initiated oxidation.
Indeed, the secondary chemistry of the QOOH species is one
of the key unsolved questions in modeling ignition chemistry

based on multiple-well time-dependent master equation modelsand low-temperature oxidation. As the oxidation proceeds, the

on the relatedn-propyl + O, system’-3956 it would be
informative to learn whether such rigorous kinetics computations
on the neopentylh- O, system vyield similarly large direct
components.

The formally direct pathways to bimolecular products imply
that other direct pathways also occur, for example, frort R
O, directly to QOOH. The consequences of these direct

number of transiently generated species increases; monitoring
HO, and OH is insufficient characterization of such a complex
reaction mixture.

A new apparatus has recently been constructed that promises
to enable isomer-resolved detection of the time-resolved con-
centrations of multiple intermediates and primary and secondary
products of photolytically initiated reactions. Designed by David

pathways have not been thoroughly explored, but they may haveOsborn from the Combustion Research Facility of Sandia

substantial impact on secondary reactions of the hydroperoxy-

alkyl species with oxygen. Discerning these effects in pho-
tolytically initiated oxidation experiments will require extension

National Laboratories, in collaboration with the author and with
scientists at the Advanced Light Source at Lawrence Berkeley
National Laboratory, this instrument uses the powerful method

of the modeling to include these subsequent reactions and mayof synchrotron photoionization mass spectrometry to analyze

require new methods that monitor more intermediate species.

Reactions of QOOH. The reactions of the somewhat
ephemeral QOOH species are critical for chain branching at
low temperature. A possible means for investigating these
reactions experimentally is suggested by studies of, HO
formation in Cl-initiated neopentane oxidatiefhAs neopentyl
+ O, cannot directly form H@ any HG, observed must arise

from secondary reactions, including those of the QOOH species.

Figure 16 shows measurements of H@rmation in Cl-initiated
neopentane oxidation at two different oxygen concentrations.
The HQG signals have been partially corrected for ongoing
removal by the H@ self-reaction, yielding the minimum
production of HQ necessary to produce the observed signal.
The reference reaction of Cl-initiated methanol oxidation
produces an amount of HOequal to the initial Cl atom
concentration. At the higher oxygen concentration, the, HO
production continues throughout the full experimental time scale,

the reacting mixture. Photoionization mass spectrometry with
synchrotron radiation has proved extraordinarily valuable in
molecular beam mass sampling investigations of flame chem-
istry, providing unprecedented detail about the isomeric nature
of combustion intermediaté$.91 The new kinetics apparatus
applies laser photolysis/photoionization mass spectrometry
methods employed by several other grdd§$°4 but uses a
novel magnetic sector mass spectronf&to collect multiple
masses simultaneously. This multiple-mass capability can reveal
side reactions or unexpected products that might be overlooked
in experiments that use single-mass detection.

The reaction is initiated by laser photolysis in a low-pressure
tube. The contents of the reactor are continuously sampled in
an effusive beam emitted through a small hole in the side of
the tube. The emitted molecules are ionized by the tunable
vacuum ultraviolet light from the Chemical Dynamics Beamline
of the Advanced Light Source. The undulator radiation from



4310 J. Phys. Chem. A, Vol. 110, No. 13, 2006 Taatjes

50 0.7F ) =
O Experiment
— Model
40 0.6
o 05
30 5
“‘é" 8:, 0.4
s 20 =
E 5 03
10 )
< 02
0 0.1
-10 3 . 0.0 (@AY - - --- === === mmmmmmmsmomm oo
20 30 40 50 60 70 80 90 ' ' ' '
0 2 4 6
miz .
Time (ms)

Figure 17. Time-resolved photoionization mass spectrum from 193 ) ) . _—
nm photolysis of 3-pentanone in the presence gfteken at a photon Figure 18. Comparison of D@formation’” from Cl-initiated oxidation

energy of 11 eV. The simultaneous detection of multiple masses allows ©f C2De With HO, formation from GHe oxidation?” The open circles
competing side and secondary reactions to be analyzed. represent the experimental data, normalized to the initial Cl atom

concentration and approximately corrected for self-reaction and removal
by reaction with RQ, as described in the text. The solid lines are results

the synchrotron passes through a rare gas filter to remove higher, . solutions to the time-resolved master equation.

harmonic&-8and is dispersedyba 3 mmonochromator. The
photoions are separated by mass in a double-focusing specsatisfactorily model the product formation from both isoto-
trometer of the MattauchHerzog geomet§#% and are col-  pomers’” Future work may use partially deuterated reagents to
lected on a time- and position-sensitive detector. A preliminary isolate contributions to OH or HQproduction from individual
result from this machine is displayed in Figure 17, depicting sites in the alkyl radical.
primary and secondary product formation in a photolytically ~ Automated Generation of Larger Reaction Mechanisms.
initiated ethyl oxidation system. Photolysis of 3-pentanone The consideration of the QOOH chemistry that is essential to
(diethyl ketone) at 193 nm forms two ethyl radicals and initiates describing ignition phenomena leads inevitably to the need to
the reaction. The oxygen concentration is high enough that themodel secondary chemistry in alkyl oxidation, and to design
rise of products from the reaction of ethyl with @ unresolved.  experiments that probe these key chemical steps. In this area,
The subsequent reactions of the ethylperoxy radicals can bewe have begun collaboration with the group of Prof. William
clearly followed by the rise in acetaldehyde and other secondary Green at the Massachusetts Institute of Technology to apply
or tertiary products; furthermore, the side reactions #14CO automated reaction mechanism generation (RMG) meth&tis
radicals are also evident. The photoionization efficiency curves to the study of H@and OH formation in neopentane oxidation.
can be used to identify individual isomers for a particular The automatic generation of reaction mechanisms uses ap-
mass?’-9091The nearly universal and isomer-specific detection proximate kinetic methods such as rule-based estif#fatés
provided by tunable photoionization mass spectrometry, com- or other a priori method3192-195 tg estimate rate coefficients
bined with the simultaneous detection of multiple masses, and analyzes which reactions are to be retained in the final
promises to make this multiplexed chemical kinetics reactor a mechanism based on some criterion of their importapé:107
powerful tool for investigating complicated chemical reaction After generation of a sufficient system of kinetic equations,
systems such as alkyl radical reactions with O analysis of the sensitivity of experimental observables to
Kinetic Isotope Effects. The kinetic isotope effects for individual rate coefficients can guide the design of new
product formation can provide additional data with which to experiments. Higher-level computational work can also be
refine the theoretical estimates of R O, chemistry. The performed to provide rigorous rate coefficient estimates for the
formation of DQ has recently been measured in the Cl-initiated most critical reactions in the system. Preliminary resbfts
oxidation of deuterated ethane and propane, as well as frommodeling Cl-initiated oxidation of neopentane with an automati-
the photolysis of deuterated 1-iodopropane and 2-iodoproffane. cally generated reaction mechanism of approximately 65 species
Under the Borr-Oppenheimer approximation, the potential and 600 reactions show heartening agreement with the chain
energy surface for the deuterated reactants must be the same dsranching signature of increased KH@roduction at higher @
that for the hydrogenated reactants, but the energy transferdensities and suggest that the Hé&hd OH profiles are both
kinetics may be very different. Figure 18 shows the formation sensitive to the addition of £to the QOOH species. New
of DO, from Cl-initiated oxidation of GDe’” compared to the measurements of product formation in neopentane oxidation,
HO, formation from its hydrogenated counterpdiThese traces  currently underway, may improve the experimental focus on
are approximately corrected for self-reaction and reactions of the important QOOH reactions.
the HG, or DO, with the alkylperoxy radical, as described Direct QOOH Detection. Perhaps foremost among the goals
above. The figure focuses on the early time after the photolysis, that have eluded researchers of atkyO, reactions is the direct
when effects of the relatively poorly characterized reactions of detection of hydroperoxyalkyl radicals. The spectroscopy of the
the deuterated ROradicals are small, and the extracted QOOH radicals remains unknown; calculations of electronic and
production depends predominantly on the-RD, reaction. The vibrational spectra of representative QOOH molecules would
smaller prompt yield and slower secondary production obDO be helpful to guide experimental investigations. The central
relative to that of HQis principally a consequence of the larger technical challenge in detection of QOOH species is their
density of states in the deuterated ethylperoxy radical. Masterinstability and hence their low steady-state concentrations in
equation solutions using the same stationary point energiesstandard oxidation systems. It seems likely that the first
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successful detection of QOOH will come from a well-designed  Supporting Information Available: Mathematical descrip-
low-temperature experiment, for example, in a supersonic tion of the approximate inversion of H@ignals to extract time-
expansion or in He droplets. Production of QOOH in such an resolved HQ production. This material is available free of
environment will pose challenges of its own; formation from charge via the Internet at http:/pubs.acs.org.

HO, + alkene must traverse a large energy barrier, and

formation from R+ O, will suffer from small yields. Neverthe- Note Added after ASAP Publication. This manuscript was
less, an experimental spectrum of any QOOH molecule has theoriginally published on the Web March 1, 2006. The manuscript
potential to be ground-breaking. was reposted March 9, 2006 with revised terms in eq 7.
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