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Time-resolved production of HOand DQ from the reactions of nondeuterated and deuterated ethyl and
propyl radicals with @ are measured as a function of temperature and pressure in the “transition region”
between 623 and 748 K using the technique of laser photolysis/long path frequency modulation spectroscopy.
Experimental measurements, using both pulsed-photolytic Cl-atom-initiated oxidation of ethane and propane
and direct photolysis of ethyh-propyl, and isopropyl iodides, are compared to kinetic models based on the
results of time-dependent master equation calculations alitimitio characterization of stationary points.

The formation of DQ and HQ from the subsequent reaction of the alkyl radicals withi©followed by

infrared frequency modulation spectroscopy. The concentration of | atoms is simultaneously monitored by
direct absorption of a second laser probe on the-spibit transition. The kinetic models accurately describe

the time scale and amplitude of the B&nd HQ formation resulting from @Ds + O,, n-C3D; + O, i-C3D~

+ O,, andi-CzH; + O,. Overall, a very good level of agreement is found between theory and experiments
over a wide range of temperatures, pressures, grmb@centrations. Good agreement is also found between
previous literature studies and the theory presented in this work except in the case of the high-temperature
rate coefficients for the reaction 6{CsH; + O, to form propene. A reinvestigation of the high-temperature
kinetics of thei-C3H; + O, reaction appears warranted. The results from the present work suggest that the
theory for formation of HQ@ from the reactions of ethyl and both isomeric forms of propyl radicals with O

are very well established at this time. It is hoped that these reactions can now form the groundwork for the
study and interpretation of larger and more complex RO, systems.

Introduction QOOH). The QOOH radical can in turn react with,@hich
. . is thought to be responsible for chain branching at low
The reaction between alkyl radicals, R, and molecular oxygen o mperaturds or dissociate to form HO+ alkene or OH+
plays a central role in the OXIdatIOI.’I mechanism of_alkane_s at cyclic ether products. Branching between OH and,t@ong
low and modgrate temperatures, which naturally has implications i\ ase channels is important for chain propagation because of
on the chemistry of combustion systems and of the atmosphere ¢ gitferent reactivities of the two radicals. At low tempera-
In the atmosphere, alkylperoxy radicals (BQvhich are formed o5 (i.e., below 500 K), stabilization to the alkylperoxy radi-

in thg initial step of the reaction, are very important i_ntermedi-_ cal dominates the reaction. At higher temperatures (i.e., above
ates in the tropo.spiere affecting ozone concentrations and itsgnq ) thermal dissociation of the alkylperoxy radical becomes
OX|d|z_|ng capacity: . In combusﬂon _chemlstry, Rt 02_ fairly rapid and only bimolecular product channels remain. In
reactions have received special attention because of the impory, o intermediate temperature regimes00—800 K), often called
tant role they play in autoignition phenomena. The properties (e transition region, the consumption of alkyl radicals and
of these reactions cause .the change in oxidation mephanism O{he formation of proélucts is not describable by a single rate
_alkanes betw_een approximately 50.0 _and 800 K, which _res!Jlts coefficient but is a complicated convolution of stabiliza-
in the “negative temperature coefficient” (NTC) behavior in 45 - gissociation, and elimination processes. It is in this
hydrocarbon oxidation. _ temperature regime that the current work is focused espe-
R + O reactions proceed via a bound alkylperoxy @RO  cjally because the distribution of the various product channels
radical, which can subsequently eliminate H® form a have a very noticeable effect on chain branching and ignition
conjugate alkene or isomerize by intramolecular hydrogen processe®
abstraction to form a hydroperoxyalkyl radical (denoted as  The yltimate goal of this research is to provide a rigorous
basis for kinetic modeling of smaller, simpler, and more easily

I'(D:art of thedS_Pecialtri]SSU% “Jar]lﬁes Pt~- 'th_igr F%S_tSChfiﬁ"- characterized systems that may then be extended to similar larger
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radical with Q is considered the “prototype” alkyt O, reaction effect is expected to be a convolution of kinetic isotope effects
because of its relative theoretical tractability and because it is for the stabilization, redissociation, and elimination pathways,
the smallest system where alkene formation and isomerizationresults from studies on the deuterated species place additional
to QOOH are possible. However, initial product formation demands on the theoretical description of the ethyl and propyl
studied33132have revealed that an increase in alkyl radical chain + O, potential energy surfaces (i.e., especially in the study of
length leads to an increase in the relative importance of the the reaction of isopropyH O, where a previous study
isomerization step to QOOH. As a result, the reaction of the suggested that further refinement is still necessary). Second,

propyl radical, the next simplest alkyl radical, with,,Os deuterium kinetic isotope effects resulting from comparing the
expected to be a much better prototype for generat R, calculated elementary rate coefficients (arising from solutions
reactions. to time-dependent master equations) of the nondeuterated to the
Recently, the time dependent production of H@as been ~ deuterated ethyl and propyl radicals with @re used to gain
measured for several alkyt O, systems:19.33-38 The experi- insight on the accuracy of the theoretical picture (i.e., in terms

mental measurements, using both pulsed-photolytic Cl-atom Of €xpected H-atom motion). Third, this study forms the basis
initiated oxidation of alkanég933-37 and direct photolysis of for future stuglles Qf parna]ly gleuteratgd species, Whlch are
ethyl, n-propyl and isopropy! iodide® have been compared to expecteq to give S|te-s_peC|f|c |nformat|on. Fourth, th_e _d_|rect
detailed master equation calculations basedorinitio char- photolysis studies (which add confidence to the Cl-initiated
acterizations of the potential energy surfaces for the reactions®Xidation experiments and unambiguously probe the reaction
combined with integrated rate equation models that include both Of €ach propyl isomer with © as shown in previous work)
radical formation and radical destruction reactions that occur Permit lower Q concentrations to be employed in the experi-
between species present in the experim@m2337.38The ab mental studies. Use of onverz_caoncentratlc_)ns enables mea-
initio energies were adjusted to produce agreement with the Surements of the prompt rise time, a quantity that could not be
experimental data and with available literature studies. Such ameasured in the Cl-initiated experiments because the O
comparison allows validation of the stationary point energies concentration had to be sufficiently larger than the &@ncen-
and thereby individual rate coefficients under experimental fration so that the ereaction dominated over the-RCl, chain
conditions where simple kinetic models cannot isolate elemen- "€&ction. Experiments conducted with relatively low €n-
tary reaction step® and appears superf8ito previous qualita- centraﬂons are particularly useful in the study of the isopropyl
tive decomposition&33 The models accurately describe the time 1 Oz reaction.
behavior and amplitude of the H&om C,Hs + O, andn-CzH7
+ 0,.1287.38 However, the models slightly underestimate the Methods
prompt HQ formation and the slower, secondary production  Experiment. The reactions of ethyl (§1s/C,Ds) and propy!
rate for isopropyl+ O, although the prediction of HO (CsH+/C3D>) radicals with Q are investigated using a modifi-
formation in Cl-initiated propane oxidation is improvéd. cation of the laser photolysis-continuous wave (CW) infrared
The choice of parameters for the isopropyl O, model two-tone frequency-modulation (FM) method employed previ-
presented in previous wotkwas partially determined by the  ously for R+ O, reactions:19:3%-38 Experiments are carried
existing literature studi€d™43 that constrained the scope of out either by pulsed-photolytic Cl-atom initiated oxidation of
possible changes to the theoretical model. The data presentedleuterated ethane and propane or by direct photolysis of normal-
in this work further constrain the models for ethykpropyl abundance and deuterated etimyhropyl and isopropyl iodides.
and isopropyH- O. Both experimental systems are discussed in the following two
The measurement of kinetic isotope effects is a well- Sub-sections.
established and powerful tool for probing reaction mechanisms ~ Cl-Initiated ExperimentsThe reaction is initiated by pulsed
and can provide additional data to refine the theoretical estimatesPhotolysis of C4 at 355 nm, and &Ds or CsD; are generated
of the R+ O, chemistry. Kinetic isotope effects are interpreted Py subsequent Cl abstraction from or CsDg respectively.
within the framework of the BornOppenheimer approximation ~ The alkyl radical then reacts with;O
as measurements of how different masses of nuclei affect motion
on the same potential surfateBecause most energy transfer Cl; + hw (355 nm)— 2Cl @)
and energy exchange mechanisms are affected by the density
of vibrational states (and hence the frequencies of vibrational Cl+RD—R+DCl )
motion), kiqeti_c isotope effect§ are also expected for energy R + 0, — products 3)
transfer. It is important to point out that the overall kinetic
isotope effect is a complex combination of zero point energy The subsequent time evolution of the P@action product is
effects, variations in the partition functions of the reactants and monitored by absorption of a CW infrared probe. The advantage
transition states, and tunneling effects. of the above reaction scheme is that the abstraction of a
In the present work, time-resolved production of Hanhd hydrogen atom from the alkane by a Cl atom is nearly
DO, from the reactions of nondeuterated and deuterated ethylthermoneutrat®> and, thus, the alkyl radical is generated with
and propyl radicals with ©is measured as a function of negligible excitation above thermal energies. One important
temperature and pressure in the “transition region” between 623disadvantage is that the Cl reaction with alkanes is not isomer-
and 748 K. Experimental measurements, using both pulsed-specific. For example, whereas only ethyl radicals can be formed
photolytic Cl-atom initiated oxidation of ethane and propane in the reaction of Cl atoms with ethane, the reaction of Cl atoms
and direct photolysis of ethyh-propyl and isopropyl iodides,  with propane forms both isomers of propyl radicals, hepropyl
are compared, as in previous waf’-38to kinetic models based  and isopropyl radicals. Even though in the reaction of Cl with
on the results of time-dependent master equation calculationsCzHsg, product branching fractions are relatively well established
with ab initio characterization of stationary points. The present below about 500 K&47the only studies of the-C3D; branching
investigation extends the scope of the earlier work in several fraction resulting from the ¢Dg + Cl reaction come from high-
important aspects. First, because the observed kinetic isotopeemperature extrapolations of unpublished studies over the



Reactions of @Ds and GD7 Radicals with Q J. Phys. Chem. A, Vol. 111, No. 19, 2004017

temperature range of 300 to 575*KThese studies suggest a detection signal-to-noise ratio. The tunable IR power is passed
primary H-atom kinetic isotope effedt.("/kp") of approximately multiple times (17 or 21 passes) through the flow cell. The flow

4 and a secondary H-atom kinetic isotope effd¢fikpS) of cell is about 1.3 m long with CaRfwindows and is surrounded

about 1.5. Over the temperature range of thddC+ O, by a commercial ceramic-fiber heater capable of reaching
experiments (623703 K), this yields ann-C3D branching temperatures in excess of 1200 K. The gold-coated spherical
fraction of about 0.3. mirrors that comprise the Herriott cell are located outside the

Another advantage of the Cl-initiated reaction scheme is that flow cell and are separated by a distance of approximately 1.5
the relative yield of DQ can be determined by comparing the m. The photolysis beam, a 5-ns pulse from a Nd:YAG laser at
DO, signal to a reference system of Cl-initiated methanol 355 nm, which is telescoped and apertured to a diameter of 15
oxidation. Reference experiments are carried out under identicalmm, passes through the center of the Herriott mirror. It travels
photolysis conditions except that@s or C3Dg are replaced on axis through the quartz flow cell and then passes through
with a nearly equal concentration of @DD, keeping all other  the center of the back Herriott mirror. The IR probe beam enters
experimental conditions equal. This reaction sequence off axis through a notch in the back Herriott mirror, and traverses

a circular pattern around the Herriott multipass mirrors, while
Cl+ CD,0D—CD,OD+ DClI ® =100%  (4) mapping out a smaller circle in the center of the cell. Finally,
the probe exits from a notch in the front Herriott mirror. After
CD,0OD + O,—~CD,0+ DO, @ =100% (5) exiting, the probe beam goes through a band-pass filter and is
focused onto a 125 MHz, low noise detector. This arrangement
produces 100% yield of Dfas a product over the temperature  gjlows the infrared probe to overlap the UV photolysis beam
range of the current experimerifsTherefore, because the initial  only in the center of the flow cell, where the temperature is
Cl concentration is the same in both systems, the amount of more readily controlled. The effective path length (i.e., overlap-
DO; produced from the ¢Ds or CD7 + O, reaction can be  ping path of photolysis and probe beams) is between 9 and 11
scaled to the 100% conversion of Cl to i@ reactions 4 and m, depending on the number of passes through the flow cell.
5 by direct comparison of signal strengths. As it is very
important for the accuracy of the experiments to keep identical
experimental conditions between the £ID/O, system (refer-

Gas flows are controlled by calibrated mass flow meters, and
the total pressure is maintained by a butterfly valve at the exit

. of the cell, which operates under feedback from a capacitance
ence signal) and the Ri&ystem, every effort was made to P P

A out those back 1 back exberiments as quickl, as bossible manometer. The quartz flow cell is heated by three resistive
e }(/aneral o reforencs < nF;I chanced g Iesﬁ thgn 10% ‘elements, each under microprocessor control from a separate
g : g ged by K-type thermocouple.

although in a few instances the change was as much as 20%. . . .
As a result, an average of both signals was taken to be the In the ethyl+ O, experiments, typical gas concentrations were

reference signal. [O2] = 1.9 x 10 cm~3 (experiments were carried out in the
The DO radical in the Cl-initiated experiments was moni- ah9€ [93] =5.8x 10°to %‘4 x 104 cm 3)’_[92] = 2.8 x
tored by direct laser probing of the 06000 band of the AA’ 10tcm (r%nge=38.4 x 10110 5.6 x %01 cm), angl [CZD36]
— X2A" electronic transition near 7023 cAT The tunable = 23 x 10 cm™ (range= 7.6 x 10" to 3.0 x 10" cm™3).
CW infrared radiation is generated by difference frequency APProximately 2% of the C} molecules were photolyzed in
mixing in temperature-tuned LiNkG3152The outputs of a single the beam path yolume. In the propylO, experiments, typical
frequency, CW, diode-pumped laser operating at Lu®6and gas concentrations are o= 1.5 x 10 or 2.4 x 10" cm™3
a tunable signal laser radiation coming from a ring dye laser (range= 7.1 x 10%°to 3.0 x 10t cm 9), [Clg] = 1.3 x 10'°
operating around 609 nm are combined and rendered collinear®" 2.1 x 10*cm™ (range= 4.1 x 10'to 4.3 x 10> cm™9),
into a LINbO; crystal inside a temperature-controlled oven. The and [GDg] = 1.1 x 10% or 1.1x 10'° cm™ (range= 6.8 x
oven is heated to the necessary temperature to provide correct0** to 1.8 x 10'® cm™). Higher photolysis powers were
phase-matching for maximum IR generation. The ring dye laser €MPloyed in these experiments, and approximatety % of
is pumped by an 8 W, diode-pumped, frequency-doubled Nd: the_Clz molecules were p_hotc_)lyzed in the beam path vo_Iume
YVO, laser providing single frequency green output at 532 nm. "€gion. The @ concentration is always kept at least 50 times
Typical output powers are 500 and 600 mW for the single 9greater than the @boncentratlon in order to minimize contribu-
frequency 1.06um laser and tunable dye laser, respectively. tions from thg alkyH+ Cl, side reaction. In about 20% of the
Approximately 6¢W of tunable IR power at 1.4m is obtained = Propyl experiments the concentration offg was a factor of
with proper focusing of the input beams. A band-pass filter 5—10 greater than the concentration of £ID in the reference
blocks the residual input laser beams while passing the IR beam.réactions. In all other experiments, including the ethyl experi-
A traveling interferometer is used to monitor the output MenNts, the concentration of GDD .and the alkane are almost.
frequency of the ring dye laser. e_qual. As Iong_as the concentration of alkane or methanoll is
Two techniques are employed to improve the detection hlgh enqqgh to intercept all Cl atoms, the absolute concentration
sensitivity of the DQ probing: two-tone frequency modulation IS not critical. Helium is added as a buffer gas up to.the desired
(FM) spectroscopy and a modified Herriott-type multipass flow total pressure. The£Ds + O, experiments were carried out at
cell 53 Two-tone frequency modulation spectroscopy signifi- five different temperatures (623, 673, 698, 723, and 748 K) and
cantly reduces laser amplitude noise (by moving the detection at several pressures ranging from 10 to 80 Torr. On the other
bandpass to higher frequencié$p and thermal lensing noise hand, GD; + O, experiments were carried out at four different
(by the differential nature of FM signal&).Higher detection ~ temperatures (623, 648, 673, and 703 K) and at pressures
sensitivity is especially useful in the higher temperature experi- fanging from 25 to 75 Torr. At each temperature, the total
ments because of increases in the vibrational and rotationalPressure was varied except in theDg + O, experiments at
partition functions and the concomitant quantum state dilution 623 and 748 K.
which leads to smaller signals. Direct Photolysis ExperimentsThe experimental system
The use of a modified Herriott-type multipass flow &gll employed in the direct photolysis experiments is almost identical
greatly increases the absorption path length, and hence theo the system used in a previous studyne€;H; andi-CsH>
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radials with Q,38 and thus, only a brief description is given three different temperatures (648, 673, and 703 K). At the
here. Nondeuterated and deuterated ethptopyl and isopropyl relatively high levels of @in these experiments, sptorbit

radicals are generated by 266 nm photolysis of etiwydropyl excited | éPy;) atoms (1) are quenched to the ground state
and isopropyl iodides respectively: very rapidly (on the order of less than a microsecdddj? and
thus, iodine atom concentrations can be easily derived from the
RI + hv (266 nm)— I(*Py,,°Py) + R (6) probe laser path length (defined as the interaction path length

) _ _ _ between the photolysis laser and the 1315 nm probe) and the
The main advantage of generating alkyl radicals by reaction 6 gbsolute absorption cross section of | atoms forfhe= 3 —
is that the experiments are isomer specific, which is particularly F = 4 hyperfine transition at 1315.246 rftht® Experiments at
important in the study of propyl radicals with,OThe HG, lower O, concentrations were also carried out in the study of
radical is monitored by laser probing in the 68000 band of  the nondeuterated isopropyl O, reaction at a temperature of
the APA’ — X?A" electronic transition near 7024 c#p’ and 703 K and a total density of 3.65 10" cm 3. In this set of
in the overtone of the ©H stretch near 6626 cm.5*~% The experiments, the typical isopropyl iodide concentration was 1.5
[?Oz radical is again monitored using the 60000 band of the x 10 cm2 and the Q@ concentration was varied from 19
A?A" ~— XZA" electronic transition near 7023 cir® The 10" cm3to 1.1x 1016 cm 3. At these Q concentrations, spin
concentration of | atoms is deduced from a simultaneous orhit excited | gPy/,) atoms (1) are still quenched to the ground

measurement of the absorption on the smrbit transition of  state fairly rapidly (a few tens of microseconds for the lowest
the I-atom photolysis coproduct, permitting transientH@nd O, experiments§i—64

DO,) FM signals to be scaled to the initial I-atom absorption.
Under the assumption that every iodine atom is produced in fo
conjunction with every alkyl radical, the initial I-atom concen-
tration equals the initial alkyl radical concentration. However
because the H{and DQ) line strength is not known, the yield
of the HG, (and DQ) radical cannot be directly derived from
the present data, as it was in previous Cl-initiated atkyD,
reactions. Nonetheless, the time profile of the I-atom concentra-
tion provides an additional experimental profile to demand
consistency with the theoretical simulations.

External-cavity tunable diode lasers were employed to probe
the time-resolved absorption profiles of H@nd DQ. As in
the Cl-initiated oxidation experiments, two-tone frequency
modulation spectroscopy and a modified Herriott-type multipass
flow cell are employed to increase the detection sensitivity. In
order to further improve the signal-to-noise ratio, the diode laser
probe beam is split into signal and reference beams. The
reference beam impinges on a low noise deteckgr gfter
traveling an equal path length as the signal beam through an

" ) . the ab initio value by 2.0 kcal mof', and is now set at 34.8
analogous modified Herriott-type multipass arrangement open 1 .
: : C kcal mol~1 below the energy of the reactants, and the transition
to atmospheric pressure. The signal beam is directed through

the multipass flow cell and onto a second low noise detector state for HQ elimination is raised by 1 kcal mot from theab

(I). The time-resolved FM signal is monitored as the demodu- initio value of—7 keal mol, to 6 keal mot* below the energy
lated difference between balanced sigrpbhd referencelg), of the.reactar.lts. )
permitting subtraction of common noise. Approximately.50 As in previous works??22%37:3the results of the time-

of IR power is incident on each detector. A commercial dependent master equation analysis of ethyd, and propyl
traveling-interferometer wavemeter is used to monitor the + Oz reactions have been reduced to a set of elementary

Theory. The master equation simulations have been per-
rmed as described in previous work on etttyD, and propyl

+ O, using the stationary point energies calculated in previous
' works19.22.23.37.3%0r ethyl+ O, andn-propyl + O, the barrier
heights, and indeed the full model, are precisely as described
in an earlier worlé® and thus, no further details are presented
here. Minor adjustments to the isopropyl potential energy surface
are performed with respect to a previous publicaii@md only
these changes are discussed here. First, it is important to point
out that in a previous publicatiéhthe (CH;),CHOO well depth
employed in the simulations was inadvertently misstated. The
(CH3),CHOO well depth was decreased from #ieinitio value
by 0.6 kcal mot?® and, thus, was set at 36.2 kcal mbbelow
the energy of the reactants (not increased fromahenitio
value by 1.3 kcal mott, as was previously stated). In the current
work, both the (CH),CHOO well depth and the transition state
for HO, elimination are further adjusted from their respective
ab initio values. The (Ck)>CHOO well depth is decreased from

frequency of the diode laser beam. reactions and phenomenological rate coefficients which include
The iodine atom concentration is probed by a second external-Pathways for H@ and OH formation in the nondeuterated

cavity diode laser tuned to tRy, — 2Py transition at~1315 reactions and D@and OD formation in the deuterated reactions.

nm (i.e., F' = 3) — (F" = 4) hyperfine component of théRy Vibrational frequencies and moments of inertia for the deuter-

~ 2P, spin orbit transition), after making a single-pass through ated spgcies are calculated at the same level agssin the previous
the modified Herriott-type multipass flow cell. The transient calculations of the nondeuterated isotoponéfé:**Phenom-
l-atom absorption is monitored by subtracting the output of enological rate coefficients are obtained from solutions to the
balanced signallf and referencel) detectors. In order to ~ Master equations using the methodology described by Klippen-
stabilize the frequency output of the diode laser, a fraction of Stein and Miller®” Tables 1 and 2 show the set of elementary
the laser beam is phase modulated, directed through a high-réactions and phenomenological rate coefficients that are used
temperature cel¢1100 K), in which b is thermally dissociated ~ to model the reactions ofDs + O, and GD7 + O; at selected.

to generate | atoms, and imaged on a fast IR detector. Thetemperatures and pressures (see Tables for specific conditions)
resulting single-tone FM signal (after subsequent demodulation) Using the stationary point energies described above. Table 3
is used as the “error signal” for a PID controller to automatically Shows analogous results to the ones shown in Tables 1 and 2

correct any frequency deviations away from line center. but for i-CsH7 + O at a total density of 3.65¢ 107 cm™2
Typ|ca| gas concentrations in the deuterated a*k@z Study using the modified Stat|0nary'p0|nt energies described above.
were [3] = 1.5 x 107 cm3 and [alkyl iodide]= 3 x 105 Comprehensive Kinetic Model. The calculated phenom-

cm~3. Approximately 3% of the alkyl iodide molecules were  enological rate coefficients for ethytt O,, n-propyl + O,, and
photolyzed in the beam path volume. Helium is added to a total isopropyl + O, derived from the time-dependent master
density of 3.65x 107 cm™3. Experiments were carried out at equations allows a model of the reaction systems to be
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TABLE 1: Rate Coefficients for Relevant Reactions in the GDs + O, System Generated from Solutions to the Master Equation
at Selected Temperatures and Pressurés

C2D5 + 02 - C2D502 CzDs + 02 - C2D4 + D02 CzDs()z_> C2D4 + DOz Keq (C2D5 + 02 hag C2D502)

623 K, 55 Torr 1.24x 10712 6.91x 10714 3.28 6.72x 10715
650 K, 57.2 Torr 1.0x 10722 6.91x 104 7.88 2.12x 107
673 K, 60 Torr 8.42«x 10°%3 6.94x 10714 15.4 8.64x 10716
25 Torr 4.71x 10713 7.25x 1074 9.09
10 Torr 2.40x 10°% 7.55x 10714 8.40
700K, 61.6 Torr 6.68< 10 6.94x 104 31.2 3.25x 10716
750 K, 66 Torr 4.37x 10713 6.95x 10714 95.9 6.45x 1017

aUnits of cn? molecule® s™* for second-order rate coefficients;'dor first-order rate coefficients, and énfor equilibrium constants.

TABLE 2: Rate Coefficients for the n-C3D; + O, and i-C3D; + O, Systems Generated from Solutions to the Master Equation
at Selected Temperatures and Pressures

reaction [ Keag™® Ke7 ¢ kzof©
I"I-C3D7 + 02_’ n—C3D702 2.14x 10712 1.52x 10712 1.26x 10712 9.90x 10718
n-CsD; + O, — CD;CDCD,0O0D 5.14x 10718 3.32x 10718 3.18x 10718 3.19x 10718
n-CsD7 + O, — C3Dg + DO, 3.90x 1014 5.16x 1014 5.55x 10714 5.94x 1014
n-CsD7 + O, — methyloxiraneds + OD 451x 1071 5.97x 10715 6.41x 10715 6.85x 10715
n-C3D7 + O, — oxetaneds + OD 1.26x 10716 1.73x 10716 2.20x 10716 2.86x 10716
n-CsD7 + O, — propanalds + OD 1.01x 10715 1.38x 1071 1.64x 1071 1.98x 1071
n-C3D702 i n-C3D7 + Oz 391 810 1.80x 108 4.21x 108
n-C;D,0, — CD;CDCD,O0OD 9.16x1072 0.132 0.284 0.712
n-C3D;0, — C3Dg + DO, 13.2 27.6 59.5 135
n-CsD70, — methyloxiraneds + OD 1.53 3.24 6.94 15.6
n-C3D;0, — oxetaneds + OD 4.30x 103 7.51x 103 1.82x 102 4.63x 102
n-CsD70, — propanalds + OD 8.37x 1072 0.157 0.372 0.925
CDsCDCD,OOD— n-C3D7 + O, 1.52 2.16 4.19 9.38
CD3;CDCD,OOD — n-C3D/0, 92.2 74.6 94.0 119
CDsCDCD,OOD — C3Dg + DO, 1.81x 10 1.27 x 10 1.67 x 10* 2.24x 10*
CDsCDCD, 00D — methyloxiraneds + OD 2.80x 10° 2.50x 10° 3.15x 10° 4.05x 10°
CDsCDCD,00D — oxetaneds + OD 1.76x 107 2.10x 10°° 4.46x 1075 1.10x 10
CDsCDCD,00D — propanalels + OD 3.35x 10 4.33x 104 8.99x 104 2.16x 103
i-C3D7 + O, — i-C3D70, 6.86x 10712 4.22x 10712 3.31x 10712 2.44x 1072
i-C3D7 + O, — i-C3DsO0D 1.04x 10716 6.00x 1017 5.11x 107 4.28x 10717
i-C3D7 + O, — C3Dg + DO, 4.68x 10713 5.35x 10713 5.32x 10713 5.24x 10713
i-C3D7 + O, — methyloxiraneds + OD 4.78x 1071 5.52x 10715 5.68x 10715 5.82x 10°%
i-C3D7 + O, — C,D¢CO + OD 2.94x 10716 3.60x 10716 4.24x 10716 5.10x 10716
i-CgD70g_’ i-C3D7 + 02 773 1.43x :l.O’5 3.05x 103 6.83 x :I.O3
i-C3D70, — i-C3DsO0D 0.120 0.208 0.477 1.25
i'C3D702 - CgDe + DOz 57.7 108 219 466
i-C3D70, — methyloxiraneds + OD 0.235 0.417 0.826 1.60
i-C3D702 - CzDeCO + OD 1.60x 1(T3
i-C3DgO0D — i-C3D7 + O, 317 367 574 960
i-C3DsO0D — i-C3D70; 2.18x 10° 1.90x 1¢° 2.32x 10° 2.80x 1¢°
i-C3DsO0D — C3Dg + DO, 2.92x 1P 2.42x 1P 3.16x 1P 4.23x 1P
i-C3sDeOOD — methyloxiraneds + OD 1.96x 10° 1.85x 1¢° 2.35x 10° 3.05x 10°
i-C3DsO0OD — C,DsCO + OD 1.24x 1078 8.39x 104 1.25x 1073 1.94x 10°3

a Units of cn? molecule s~! for second-order reactions andt gor first-order reactions? Total pressure of 45 Torf. Total pressure of 25 Torr.

constructed by using the elementary reactions involved in the In previous publication$?38it was possible to use available
three reaction systems. The experimentally observed &id literature rate coefficients for many reactions in the kinetics
DO, time traces can then be compared to predictions of this models and make estimates based on similar reactions when
model. For these calculated phenomenological rate coefficientsno literature values were reported (for example, estimating rate
to reproduce the observed experimental data, rate coefficientscoefficients based on similar reactions in the more thoroughly
must be added to the model that describe the loss and formatiorstudied CH/O, system or estimating rate coefficients that have
of all other radicals involved in the experiment, as performed not been determined experimentally for theH@O, systems
previously®38Literature rate coefficients associated with these based on analogous rate constants in thds©, system). A
reactions are combined with the rate coefficients derived from similar methodology is employed in the current work. Nonethe-
solutions to master equations to form integrated rate equationless, in the deuterated systems only very few literature values
models that describe HOand DQ formation and removal are available, and many of these studies have only been carried
mechanisms important in the time domain of the experiment. out at room temperature. Therefore, rate coefficients that are
The reactions and rate coefficients used in the deuterated modelsiot available in the literature are estimated based on the
are listed in Table 4 for s + O, and in Table 5 for D7 + analogous nondeuterated reactions.

O,. Chlorine and iodine reactions are included jointly in the One important reaction that has not been experimentally
two master kinetic models. The experiments are initiated by studied at the temperatures of the present investigations is the
either photolysis of Glor photolysis of alkyl iodides, and the  self-reaction of DQ radicals. Only four experimental studies
model is adapted by setting the initial Cl or I-atom concentration are available from the literature of which two studies have only
accordingly. been carried out at room temperaf®and the other two over



4020 J. Phys. Chem. A, Vol. 111, No. 19, 2007 Estupitan et al.

TABLE 3: Rate Coefficients for the i-C3H; + O, System Generated from Solutions to the Master Equation at a Total Density
of 3.65 x 107 cm—3

reaction Keo Kead® Ke7 kzof

i-C3H7 + 02 e i-C3H70z 2.37 x 10_12 1.91 x 10_12 1.52 % 10_12 1.14 x 10_12
i-CgH; + O, — i-C3HsOOH 7.11x 10716 6.00x 10716 5.08x 10716 4.15x 10716
i-CsH7 + O, — C3Hg + HO, 1.11x 10712 1.07x 10712 1.02x 10712 9.72x 10718
i-CsH7 + O, — methyloxiranet+ OH 1.95x 107 1.91x 10 1.87x 1074 1.82x 10
i-CgH; + O, — C;HsCO + OH 8.13x 10716 9.17x 10716 1.03x 10°% 1.18x 10°%
i-C3H;0, — i-CgH7 + O3 566 1.31x 10° 2.78x 10° 6.12x 1C°
i-CgH;0, — i-C3HsOOH 1.63 3.56 7.42 17.0
i-C3H;0, — C3Hg + HO, 204 433 849 1.7% 1C°
i-CsH70, — methyloxiranet+ OH 1.43 2.91 5.29 9.15
i-C3H;0, — C,HsCO + OH 6.72x 1073 1.42x 102 2.75x 1072 5.29x 102
i-C3HgOOH — i-CgH; + O, 1.78x 1C° 2.78x 10° 4.22x 10° 6.67 x 1C°
i-C3HgOOH — i-C3H;0, 1.23x 10 1.52x 10 1.83x 10 2.20x 10
i-CgHgOOH — C3Hg + HO, 5.53x 10* 7.89x 10 1.09x 10° 1.53x 1¢°
i-CsHeOOH— methyloxirane+ OH 9.93x 10° 1.33x 1¢° 1.74x 1¢° 2.31x 1¢°
i-C3HgOOH — C,HsCO + OH 2.86x 1072 4.45x 1072 6.71x 1072 0.105

a Units of cn? molecule? s for second-order reactions and!or first-order reactions.

the temperature range of 23@20 K771 Because the rate  smaller than the H@yield (resulting from the eHs + O,
coefficient for the self-reaction of DQs an important input to reaction) and the secondary production (or “delayed” production)
the kinetics models, experiments are carried out to estimate theis more than 2 times faster for H@han for DQ. It is instructive
kinetic isotope effect for this reaction at 703 K. The reference to review the interpretation of both prompt and delayed, O
system of Cl-initiated methanol oxidation (i.e., reactions 1, 4, order to understand these observations. The prompt yield is the
5) is an excellent method to study the kinetics of the,3€lf- fraction of HQ, or DO, at the establishment of the steady-
reaction because the removal of P® largely dominated by  state between addition and redissociation and it is governed by
that reaction. Back to back experiments are carried out, first the competition between collisional stabilization and direct
with normal isotopic abundance methanol, {CHH, and then reaction (i.e., concerted elimination of H®r DO,, from the
with fully deuterated methanol, GDD. Under these conditions  chemically activated R§). The delayed time constant arises
the DG, and HGQ signal (depending on which system is being from the dissociation of the thermalized R®pecies, which
run) rises rapidly and then decays according to their self-reactioncan be accomplished either by dissociation of,ROR + O,
rate coefficients. The peroxyl radical concentration is assumed followed by direct reaction or by thermal elimination of KO
to be identical in the two experiments, so the ratio of theeHO or DO,, from the stabilized R@radical via the concerted
to DO; self-reaction rate coefficients is obtained from a second- elimination transition state. The deuterated R@duct has a
order rate analysis. Particular care is taken to maintain all otherhigher density of states than its nondeuterated counterpart,
photolysis conditions identical (i.e., concentrations of He, O resulting in more efficient stabilization of the deuterated species.
and C} and photolysis laser powers). The spatial uniformity of More efficient stabilization leads to a slower direct reaction rate,
the radical concentration will affect measurements of second- which lowers the prompt yield. Furthermore, the change in zero-
order decays, albeit modesfl§the present experiments use an point energies yields a higher (by approximately 0.9 kcaltHol
apertured photolysis beam (to reduce radial differences in effective barrier for DQ elimination than for H@ elimination.
illumination) and are carried out in an optically thin medium This results in a slower escape of radicals from thé R, <>
(photolysis absorptions less than 10%). These experiments resulRO, quasi-equilibrium, which leads to slower delayed DO
in a kinetic isotope effect of approximately 1.25 at 703 K. The formation relative to the nondeuterated species.
measured kinetic isotope effect of 1.25 is then assumed to Naturally, the next goal is to simulate the Bprofiles with
remain constant over the entire range of temperatures studiede jntegrated rate equation models. Figure 2 shows a compari-
in this work (i.e., 623-748 K). son of the predicted and observed P6ignals at several
temperatures and a total density of 8.4510'7 cm=3 in the
Cl-initiated GDs + O, experiments. The agreement between
Because the reaction of ethyl O, is the simplest system the experimental data and the model is good at all the
where HQ and alkene formation are possible, it is a good place experimental conditions investigated, especially on the early time
to start looking at the kinetic isotope effect. Figure 1 shows the after the photolysis where the D@roduction depends pre-
formation of DQ from Cl-initiated oxidation of @Ds compared dominantly on the e€Ds + O, reaction. A similar level of
to the HQ formation from GHg at a temperature of 698 K and  agreement between the experiment and the kinetic model is
a total pressure of 61.5 Torr. Figure 1 concentrates on the first found while varying the concentrations 0,GCl, and GDg by
12 milliseconds after the UV photolysis flash where the,HO factors ranging from 4 to 6. The largest disagreements are found
and DQ production depend primarily on the ethylO, reaction for the prompt yields of D@ at the lowest temperatures
and the effects of the additional chemistry are still small. investigated, where the modelig60% of that observed in the
Similarly to the nondeuterated ethyl O, reactior?1°-38and to experiment. The rise time of the B@ignal is underpredicted
other nondeuterated alkyl O, reactions?33-38 the production by at most 35%. The fit of the decay becomes poorer at higher
of DO; displays two clearly separated components: a prompt temperature, possibly because of inaccuracy in the rate coef-
DO,, which is observed immediately following the UV flash ficient for the DQ self-reaction or because of an increasing
and which cannot be temporally resolved under the current role of radial diffusion. At the densities of the present experi-
experimental conditions, and a second, slower delayed rise. Twoments, radial diffusion is approximately equivalent to a first-
observations are evident from Figure 1: the promptDi@ld order loss of 10 s! at room temperature (axial diffusion has a
(resulting from the @Ds + O, reaction) is somewhat(50%) negligible effect on the signal). Because the reactions of interest

Results and Discussion
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TABLE 4: Reactions and Rate Coefficients Used To
and the Photodissociation of GDsl?

J. Phys. Chem. A, Vol. 111, No. 19, 2004021

Model the D@and | Signals from the Cl-Initiated Oxidation of Ethane

reaction AP n E/R (K) refc
C,Ds + O, — products MEd
C;Ds + Cl — DCI + C;Ds 34x10°% 0.7 —150 74
DOz + DOz - Oz + DzOz 1.76 x 10_13 —600 75
CzDst + CzDst - 2C2D50 + Oz (b x 8.5 x 1014 125 76
C:Ds0; + C:Ds0, — C,DsOD + CDsCDO (1—¢) x 85x 107 125 76
CzDst + DOZ - CzDstD + Oz 6.9 x 1013 —702 77
C,Ds + C;Ds — products 1.99% 107 78
CzDs + CzDst_’ 2C2D50 4.0x 1011 79
C,Ds + DO, — OD + C;Ds0 3.3x 1071 7%
CzDs + DOZ - 02 + CzDe 6.0 x 1012 79
C2D5 + CzDsO - (CzDs)gO 2.0x 1012 80
C:Ds0O + O, — DO, + C:D,O 24x 10 325 81
CzDsO + DOz - D202 + C2D4O 5.0x 1013 79
CgDsO + C2D502 - CzD5OOD + C2D4O 5.0x 10_13 79
C:Ds0 + C3:Ds0 — C,Ds0OD + CDsCDO 6.0x 1071 h
C,DsO — CD; + CD,O 7.9x 1013 11060 82
C,DsO— D + C,D40 6.3x 103 12100 82
C,DsO — CDsCDOD 5.0x 10% 13580 82
C,DsO — CD.CD,OD 7.9x 10%? 14830 82
CD3+02+M—’CD302+M i
CD:0; + CD30, — 2CDs0 + O> 9.2x 1074 —390 76
CD302 + C2D502 - CD3 + C2D5O + Og 1.4 x 10_13 j
CDs0 + O, — CD,O + DO, 7.2x 107 1080 83
D+ 0;+M—DO,+ M k
Cl + C;Ds — DCI + C;D4 7.57x 10710 290 84
Cl + C;Ds0, — CIO + C,DsO 7.7x 1071 85
Cl + C,DsO, — DCI + C,D4,O 7.3x 1071 85
Cl+ DO,— CIO+ OD 4.1x 1071 450 75
Cl+ DO, — DCl + O, 1.8x 101 —170 75
Cl+ CgDsO - C2D4O + DCI 1.9x 1011 8
C|2 + CzDs_’ C2D5C| + Cl 1.3 x 1011 —120 86
Cl, + CD; — Cl + CDsCl 4.8x 10712 240 86
Cl,+D—CIl+ DCI 14x 101 209 |
I+1+M—=1+M 5.5 x 10734 —575 87
|+ DO,— DI+ O, 1.47x 1071t 1090 88
| + CoDsl — I + CoDsl 3.85x 1071° 8600 m
| + (:2D5_> DI + C2D4 3.83x 10711 n
| + C;:DsO, — DOI + CDsCDO 2.0x 1072 38
| + X — products 1.0x 10°% 38
I+ OD—DOI + | 2.1x 10710 81
|2 + C2D5 — |+ C2D5| 50 X 10_11 89
DI + OD— DO + 1 7.05x 10712 —440 o]
DI + C;Ds — | + C;Ds 254x 107%? —384 p
CoDsl — CoDs + | 1.41x 108 25201 q
CoDsl — DI + CoD4 3.97 x 103 26602 q

2 Rate coefficients are written in the forA{T/298)e ¥R unless otherwise notelUnits of s for first-order reactions, cfmolecule* s for
second-order reactions and (&molecule? s™) for third-order reactions® Rate coefficients are estimated based on the reactions of analogous
nondeuterated species, unless otherwise nétedte coefficients are generated from solutions to the master equatior’¥MMBate coefficients
are calculated based on the recommendation of Atkinson’@aall the kinetic isotope effect obtained from this work (i.e., 1.25he branching
fraction is fit to the functionp = 1.33 exp{-209/T).”® 9 Estimated on the basis of the @B, system’® " Calculated based on an average of three
literature studieg®°%.°! | Effective second-order rate coefficient is calculated from the expression given by DeMoré°attebrek,3° = 1.2 x
107%° cnf molecule? s, k.*° = 1.4 x 1072 cm® molecule® s71, n = 3.0,m = 1.7, andFcen = 0.46.ko*%, k3%, andFcecare taken from actual
room temperature measurements of;GD0O,.°2 The temperature dependence is estimated from the analogoys- CH reaction?® 1 Calculated
based on an average of the rate coefficient of reactigds@, + C,DsO, and the rate coefficient of reaction @D, + CDs;O,, assuming no
temperature dependence (as estimated by KaiskBffective second-order rate coefficient is calculated from the expression given by DeMore et
al*® wherek*® = 5.7 x 10732 cmP molecule? s72, k3% = 7.5 x 107'* cm® molecule! s, n = 1.6, m = 0, andFcen = 0.6.' Pre-exponential
factor, A, is taken from an absolute value measurement of thie Cl, reaction?® and the temperature dependence is estimated from the analogous
H + Cl, reaction?* ™ Rate coefficients are estimated based on the analogéuS;Hsl reactior?® multiplied by 2.3, which is calculated based on
the negative kinetic isotope effect measured for tHe@H;zl/I + CDsl reaction systeni® " Rate coefficients are estimated based on the analogous
I + CoHs reactiolf” multiplied by 3.3, which is calculated based on the negative kinetic isotope effect measured fer @igsll + CD; reaction
system?” ° Rate coefficients are estimated based on the analogous GH reactiof* divided by 2.3, which is calculated based on the kinetic
isotope effect measured for the HEI OH/ DCI + OD reaction systerff P Rate coefficients are estimated based on the analogouis €4Hs
reactionf® divided by 1.8, which is calculated based on the kinetic isotope effect measured fortheeHIC,Hy/DI + tert-C4Hog reaction systenf®
4 Rate coefficients are estimated based on the analogous decompositighisBfGlivided by 3.2, which is calculated based on the kinetic isotope

effect measured for the GHCD3l decomposition systef?

are exhibited in the early part of the signals, diffusion is delayed production of HOexhibits an apparent activation

neglected in the model.

energy of approximately 25 kcal mdlfor a range of R+ O,

Similar to the nondeuterated alkyl radical oxidation sys- reactions’’3° and the deuterated reactions appear similar.
tems23:38 hoth the prompt and the delayed production of DO However, the delayed production cannot be directly attributed
increase as a function of temperature. The time scale for theto an elementary rate coefficiet?t,but is a convolution of
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TABLE 5: Reactions and Rate Coefficients Used To Model the D@and | Signals from the Cl-Initiated Oxidation of Propane
and the Photodissociation ofn-C3D+l and i-CsD+l2

reaction AP n EJ/R (K) refc
i-CsD7 + O, — products ME¢
n-C3D7+ O, — products ME¢
C3D3 + Cl—DCI + n-C3D7 2.8x 1011 212 e
C3Ds + Cl— DCI + i-CsDy 5.4x 1071 86 f
C3Dg + OD — n-CsD7 + DO ¢ x 4.3x 10713 2.53 14.6 g
C3Dg + OD — i-C3D7 + D20 (1—¢)x43x 1018 2.53 14.6 g
D02 + D02 e Oz + D202 1.76 x 1@13 —600 75‘
OD + DO, — D,O + O, 48x 101 —250 75
OD + OD— O+ DO 25x 10713 —170 103
OD+OD+ M —Dx0,+M 6.89 x 1073t —0.80 75
n-C3D70; + n-C3D;0, — 2n-C3D70 + O, ¢ x3.0x 10713 75
I"I-C3D702 + n-C3D702 i n-C3D7OD + CzDsCDO + 02 (1 — ¢) x 3.0x 10713 75
i-C3D702 + i-C3D702 - 2i-C3D7O + 02 ¢ x 1.6 x 1012 2200 75
i-C3D702 + i-C3D702 - i-C3D7OD + CD3COCD3 + 02 (1 - ¢) x 1.6 x 10_12 2200 75
n-C3D;0; + i-C3D70, — n-C3D;0 + i-C3D;0 + O, j, k
n-C3D70; + i-C3D;0, — products ik
n-C3D;0, + DO, — n-C3D;0,D + O, 6.9x 10713 —-702 |
i-C3D702 + DOZ - i-C3D702D + 02 6.9 x 10_13 —702 |
n-C3D;0, + OD — DO, + n-C3D;0 4.0x 10712 m
i-CgD70g +OD— DOz + i-C3D7O 40x 10711 m
C3DsO0D + O, — DOOGD60- 3.98x 10712 —0.44 n
DOOGDe0O, — C3DsO0D + O, 7.11x 10 —2.45 17665 n
DOOGDeO, — OD + DOOGDsO 1.98x 100 3.27 13954 n
DOOGDsO, — OD + DOOGDsO 1.37x 101 3.19 19588 n
DOOGDeO,; — OD + OOGDsO 3.0x 10 21905 n
DOOGDeO; — DO, + C3DsO2 4.17 x 101 3.51 14331 n
n-C3D7 + OD — C3Dg + DO 40x 101 104
i-C3D7 + OD — C3Dg + D,O 40x 10°% 104
I"I-C3D7 + n-C3D7 i n-C5D14 1.7x 10711 104
n-C3D7 + n-C3D7 — C3Dg + C3Dg 2.8x 10712 104
i-C3D7 + i-C3D7 - i-C5D14 1.0x l(Tll —-0.7 104
i-C3D7 + i-CgD7 - C3D6 + C3D3 6.5 x 1012 —-0.7 104
i-C3D7 + n-C3D7 i C5D14 291x 1011 —0.35 104
i-C3D7 + n-C3D7 - C3D5 + C3D8 1.16 x 1@11 —0.35 104
i-C3D7 + i-C3D702 - 2i-C3D7O 1.66x 10_11 105
i-C3D7 + n-C3D;0, — i-C3D;0+ n-CsD;0 1.66x 10711 (o]
n-C3D7 + n-C3D702 - 2n-C3D70 1.66x 10711 (o]
n-C3D7 + i-C3D702 i i-C3D7O + n-C3D7O 1.66x 10711 (o]
n-CgD7 + DOz — OD + n-C3D70 3.3x 1011 P
i-CsD7 + DO, — OD + i-C3D;0 3.3x 1071t p
n-C3D7 + DOz - Oz + C3Dg 6.0x 10712 P
i-C3D7 + DOZ i Oz + C3D8 6.0x 10712 P
n-CaD7 + n-CaD70 — n-(CaD7);0 2.0x 10712 q
i-C3D7 + i-C3D7O nd i-(C3D7)20 2.0x 10712 q
n-CsD7 + i-C3D-0 — (CsD7),0 2.0x 10712 q
i-C3D7 + n-C3D7O i (C3D7)20 2.0x 10712 q
n-C3D;0 + OD — C3DgO + D,O 3.0x 10711 P
i-C3D70 + OD — C3DgO + D20 3.0x 1071t p
i-C3D7O + 02 - D02 + C3D60 1.6x 1(Tl4 264.6 106
n-C3D;0 + O, — DO, + C3DsO 25x 101 240.6 106
n-C3D;0 + DO, — D,0O, + C3DsO 5.0x 10713 P
i-C3D7O + DOz - D202 + C3Deo 50x 10713 9]
n-C3D70 + n-C3D70, — n-C3D7;00D + C3DeO 5.0x 10713 P
i-C3D7O + i-C3D70z i i-C3D7OOD + C3D50 50x 10713 P
n-C3D7O + i-C3D702 - |-C3D7OOD + C3DGO 5.0x 1013 P
i-C3D7O + n—C3D702 i n-C3D700D + CgDeO 50x 10713 ]
n-C3D7O + n-C3D7O i n-C3D7OD + C3D60 6.0x 10711 r
i-C3D7O + i-C3D7O - i-C3D7OD + C3D50 6.0 x 10‘11 r
n-C3D7O + i-C3D7O i C3D7OD + C3Deo 6.0x 10711 r
i-C3D;0 — D + CO(CDy)2 2.0 x 10 10800 107
i-C3D;0 — CD; + CDsCDO 3.98x 10 8660 107
n-C3D;0 — C;Ds + CD,O 5.01x 10 7850 108
CD3+02+M—’CD302+M S
CD;0; + CDs0O, — 2CDsO + O, 9.2x 107+ -390 76
CD;0 + O, — CD,O + DO, 7.2x 10 1080 83
C.Ds + C;Ds — products 1.99% 1071 78
C2D5 + D02 — OD+ CzDso 3.3x 1011 79p
C2D5 + D02 e 02 + CzDe 6.0 x 1(le 79p
C2D5 + C2D5O - (C2D5)20 2.0x 10_12 80
D+0,+M—DO;,+ M t
n-C3D7 i C3D6 +D 3.98x 1018 17608 109
n-C3D7 — C,D4 + CDs 6.95x 10 —-0.1 15211 110

i-CsD7 — CsDg + D 2.19x 102 1.83 17819 111
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TABLE 5: Continued

reaction AP n EJ/R (K) refe
i-CsD7 — C,D4 + CDs 3.98x 101 14816 112
Cl + n-CsD7 — DCI + C3Ds 7.57x 10710 290 u
Cl +i-CsD7; — DCI + C3Ds 7.57x 10710 290 u
Cl + n-CsD;0, — CIO + n-C3D;O 7.7x 1071 v
Cl+ l"l-C::,D7()2_> DCI + C3D602 7.3x l(f“ v
Cl +i-C3D;0, — CIO + i-C3D;O 7.7x 1071 v
Cl+ i-C3D702 — DCI + C3D502 7.3 % 1011 v
Cl+ DO, — CIO+ OD 4.1x 10712 450 75
Cl+ DO, — DCI + O, 1.8x 10 —170 75
Cl + n-CsD70 — C3DsO + DCI 19x 10°% 112
Cl+ i-C3D70_' C3Deo + DCI 1.9 x 10_11 113
Cly + i-C3D7 — Cl + i-C3D;Cl 2.51x 1071t —240 86
C|2 + I"I-C3D7 —Cl+ I"I-C3D7C| 251x 1011 —240 W
Cl, + CD; — Cl + CDsCl 4.8x 107%? 240 86
Cl,+D— Cl + DCI 14x10% 209 X
I+14+M—=I1+M 5.5x 10734 —575 87
| + DO, — DI + O, 1.47x 10°% 1090 88
I + n-C3D7l — I, + n-CsDy 4.77x 10710 9301 y
| +i-C3D7l — 1, +i-C3D7 4.77x 10710 9301 z
| + n-C3D7 — DI + C3Ds 3.83x 107 aa
| +i-C3D7; — DI + C3Dg 3.83x 1011 aa
| + n-C3D70, — DOI + C;,DsCDO 2.0x 10°%? 38
| +i-C3D70, — DOI + CDsCOCD; 20x 107% 38
| + X — products 1.0« 10 38
I+ OD—DOI + | 2.1x 10710 81
l2 + n-CsD7 — n-CsDyl + | 5.0x 1071t 89
|2 + i-C3D74’ i-C3D7| + 1 5.0 x 1@11 ab
DI + OD—D,O + | 7.05x 10712 —440 ac
DI + n-CsD7; — | + C3Dg 2.22x 107%2 —613 ad
DI + i-C3D7 — |+ C3D3 2.22x 10712 —613 ae
n-CsD7l — n-C3D7 + | 3.13x 10%? 25201 af
I"I-C3D7| — DI + C3D6 3.13x 1012 25201 af
i-C3D7l — DI + C3Dg 1.46x 108 22701 ag

a Rate coefficients are written in the forA{T/298ye 52RT unless otherwise notef Units of s for first-order reactions, cmolecule* s for
second-order reactions and (&molecule? s™1) for third-order reactions® Rate coefficients are estimated based on the reactions of analogous
nondeuterated species, unless otherwise nétedte coefficients generated from solutions to the Master Equation (ME) (see Tables Z&uate3).
coefficients are estimated based on the analogous CiHs reactio®“€ divided by 4.0 to account for the kinetic isotope effect (as described in
the experimental section)Rate coefficients are estimated based on the analogotisG3Hs reactiort®“8 divided by 1.5 to account for the kinetic
isotope effect (as described in experimental sectiofhe branching fraction determined by Droege and Titlgas been fit to the function =
—0.293+ 0.0028a — 3.47 x 10°°T? + 1.51 x 107°T°. Rate coefficients are estimated based on the analogous-@sDsg reaction'* " Rate
coefficients are calculated based on the recommendation of Atkinsor®etrad.the kinetic isotope effect obtained from this work (i.e., 1. Zgte
coefficients are taken from an experimental kinetic determination of the OD self-re&tibBranching ratio to form ¢D-O estimated on the
basis of the @Ds/O, system’® k Estimated on the basis of the mean of ti&D-0, andn-Cs;D-0; self-reaction rate coefficientsLiterature value
of C;DsO, + DO; is used as an estimate of the rate coefficfént? Estimated on the basis of @B, + OD.}'> MEstimated on the basis of
C,DsO0D + 0,.2° °©Estimated on the basis 6{C3D7 + i-C3D70,.19 P Estimated on the basis of the @D, system’® 9 Estimated on the basis
of C,DsO + C;Ds.2° " Calculated based on an average of three literature stiffie¥. s Effective second-order rate coefficient is calculated from
the expression given by DeMore et @lwherek,>° = 1.2 x 10-3° cmf molecule? s %, k2= 1.4 x 10 *?cm® molecule's ™, n=3.0,m= 1.7,
and Feent = 0.46. kg%, k.2, and Feent are taken from actual room temperature measurements @f4€D..%? The temperature dependence is
estimated from the analogous €t O, reaction?® ' Effective second-order rate coefficient is calculated from the expression given by DeMore et
al*® whereks®? = 5.7 x 10722 cmf molecule® s7%, k.,*%° = 7.5 x 107! cm® molecule® s, n = 1.6,m = 0, andFcene= 0.6. Y Estimated on the
basis of GDs + Cl.8* * Estimated on the basis of0s0,+ CI.85 ¥ Estimated on the basis of CF i-C3D+.8¢ X Pre-exponential facto#, is taken
from an absolute value measurement of the- I, reaction?® and the temperature dependence is estimated from the analogb@Heaction?*

Y Rate coefficients are estimated based on the analogousCsH-I reactiort® multiplied by 2.3, which is calculated based on the negative kinetic
isotope effect measured for theH CHal/l + CDsl reaction systenf® ZEstimated on the basis of# n-C3D-1.96116 a2 Estimated on the basis of

| + C,Ds%7 2 Estimated on the basis of # n-C3D-.8% 2°Rate coefficients are estimated based on the analogods ®H reactiof® divided by
2.3, which is calculated based on the kinetic isotope effect measured for the- @€/ DCI + OD reaction systerf? 24 Estimated on the basis
of DI + i-C3D7.99100 2¢ Rate coefficients are estimated based on the analogousikl3H- reactiorf® divided by 1.8, which is calculated based on
the kinetic isotope effect measured for the Hitert-C4Ho/DI + tert-C,Hq reaction systen?® af Rate coefficients are estimated based on the
analogous decomposition @FC3H;I'Y" divided by 3.2, which is calculated based on the kinetic isotope effect measured for $wCO4H
decomposition systeAf? 29 Rate coefficients are estimated based on the analogous decompositiGgHaf!18 divided by 3.2, which is calculated
based on the kinetic isotope effect measured for thel/CiB;l decomposition systerd??

elimination of HQ or DO, from the stabilized R@radical and stabilization of the alkylperoxy radical) becomes difficult to
redissociation of the ROto reactants followed by “prompt”  experimentally distinguish from the “prompt” DQwhich is
HO, or DO, formation in a subsequent reactive encoun- formed from the initial chemically activated ROcomplex).
ter19:33.37.39Both the “prompt” formation and the HG:limina- As Miller and Klippenstein have previously discusééds the
tion are substantially (23 times) slower for the deuterated temperature is raised collisional stabilization of the peroxy
isotopomers. The relative contributions of these pathways haveradical becomes less effective, its thermal dissociation becomes
been experimentally investigated by Kafstar CoHs + O,. faster, and the fraction of DOnolecules (or H@molecules in

At the highest temperatures of the present experiments thethe nondeuterated systems) generated by the direct reaction
rise of the “delayed” D@ (which is generated subsequent to increases. This behavior can be discerned in the temperature
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Figure 1. Comparison of D@formation from Cl-initiated oxidation
of C,Ds (solid circles) with HQ formation from GHg oxidation (open
circles) at a temperature of 698 K and a total pressure of 61.5 Torr
obtained by infrared FM spectroscopy. The experimental concentration
is determined relative to the initial Cl atom concentration using the Figure 3. Comparison of the predicted (solid curve) and observed

reference CI/CHOH/O;, system. There is no arbitrary scaling of the (open circles) D@ and | (shown as an inset) produced in the
amplitudes. photodissociation of &sl at 673 K and 25 Torr obtained by infrared

FM spectroscopy. Observed iodine atom concentrations are derived by
using the absolute absorption cross section for theeB — F = 4
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regime (above~750 K) direct, prompt D@ dominates the
overall production of DQ

Figure 3 shows a comparison of the predicted and observed
DO, and | signals at 673 K and 25 Torr in thellz + O,
experiments initiated by direct photolysis offizl (the measured
| atom concentration is shown as an inset). The agreement
between the experimental data and the model is fairly good for
DO, and reasonably good for | atoms although the model does
not perfectly capture the time behavior of the I-atom decay. As
shown in Table 4, the full kinetic model for the,0s + O,
system consists of approximately 50 chemical reactions. How-
ever, the rise of the DOsignal, just as the rise of the HO
signal in the normal-abundance experiments, is primarily
sensitive to GDs + O, the self-reactions of D£and GDsO,
the cross-reactions of Dand GDsO,, and the reactions of
DO, and GDsO, with | atoms. Unfortunately, the kinetics of
— T T T T T the deuterated side chemistry reactions have hardly been

0
AT
A
& 'C\f <%

[DO,]/ [Cl]y

0 10 20 30 40 experimentally studied at the temperatures of the current
Time (ms) experiments, and thus, most of their rate coefficients are

Figure 2. Comparison of the predicted (solid curves) and observed €stimated based on reactions of the analogous nondeuterated
(open circles) D@ produced in the Cl-initiated oxidation of,0s at species. Some uncertainties still remain as to the initial alkyl

several temperatures and a total density of 84850'” cm™2 obtained radical concentration. Because the photolysis of the alkyl iodides
3yt infr_areg F'l\"t_SPef"?ﬁCOPYt-_ ;”5 etxperimentaltcc:ncentratiorlh.ies does not have a reference reaction like that of the Cl-initiated
etermined relative 1o e Iniua atom concentration usin H : H :

reference CI/CHDOH/O, system. There is no arbitrary scaling ofgthe oxidation, .”.‘? HQ (DOy) signals are scaled relative to the

amplitudes. _observeq initial | atom concentration. However, as postulated
in a previous publicatiof it is conceivable that enough excess
energy remains in the alkyl radical after the 266 nm photolysis

dependence of the individual rate coefficients in Table 1, for to dissociate some of the alkyl radicals before they are

example; the direct reaction rate coefficient is nearly independentcollisionally stabilized. Despite some unresolved isstigbe

of temperature, but because the stabilization rate coefficient kinetic model does a very good job at describing both the prompt

drops rapidly with increasing temperature, the fraction o,DO and delayed D@formation corroborating the results from earlier

produced via the chemically activated channel increases atwork?*3 that the theory of the ethyl radical with,Qs very

higher temperature. The rate constant for elimination ohDO Wwell established at this tinf¥.

from thermalized R@radicals increases rapidly with increasing The next step is to look at the reaction of propyl radicals

temperature, and at some temperature the “stabilization limit” with O,. Figures 4 and 5 show experimental Ptaces taken

is reached? Above this temperature stabilization into the RO  in the direct photolysis experiments {C3D7l andi-C3D-l at

well is impossible at any pressure. Beyond the stabilization limit, 673 K and 25 Torr. The time behavior of the P@roduction

the “delayed” DQ is not merely experimentally indistinguish-  is substantially different for the two propyl isomers, and this

able from the “prompt” D@, but the distinction loses chemical difference is more pronounced than the one observed in the

meaning: essentially all products are formed “promptly” from analogous nondeuterated reacti&0, formation fromi-C3D-

the chemically activated species. Thus, in the high-temperature+ O, displays a larger prompt yield and a faster secondary
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Figure 4. Comparison of the predicted (solid and dashed curves) and
observed (open circles) D@nd | (shown as an inset) produced in the
photodissociation afCsD7l at 673 K and 25 Torr obtained by infrared

FM spectroscopy. The curves show the simulation results of the present

model and the simulation results of the previous mé&tiBloth models
simulate the l-atom concentration almost identically, and thus, the
simulation curves lie on top of each other. Observed iodine atom
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Figure 6. Comparison of the predicted (solid curves) and observed

(open circles) D@ produced in the Cl-initiated oxidation of3Dsg at
the following temperatures and pressures obtained by infrared FM

concentrations are derived by using the absolute absorption cross sectiogPectroscopy: (a) 632 K and 45 Torr; (b) 648 K and 25 Torr; (c) 673

for the F* = 3 — F = 4 hyperfine transition of iodine atoms at 1.315
Mm.65,66

Relative DO, Concentration
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Figure 5. Comparison of the predicted and observed.2ad | (shown
as an inset) produced in the photodissociation-@&D-l at 673 K and
25 Torr obtained by infrared FM spectroscopy. Observed iodine atom

K and 25 Torr; and (d) 703 K and 60 Torr. The experimental
concentration is determined relative to the initial Cl atom concentration
using the reference Cl/GIH/O; system. There is no arbitrary scaling
of the amplitudes.

measured | atom concentration is shown as an inset) using the
present and previously employ#&kinetic models. The most
significant difference between the two kinetic models is the
somewhat different values for the rate coefficients for the
elementary reaction steps involved in the isoprogyl O,
reaction (as derived from solutions to master equations using
the present stationary point energies). The present model
reproduces the experimental trace much better than the previous
model capturing very well the delayed Bf@rmation and doing

a better job (within a factor of 2) at simulating the prompt DO
formation. As shown in the inset, the model also reproduces
very well the I-atom concentration. Figure 5 shows the same
comparison shown in Figure 4 but for a typicalCsD7 + O,
experiment initiated by direct photolysis ai-C3D7l (the
measured l-atom concentration is shown as an inset). The
agreement for both D£and | signals is similar to that observed

in the case of the analogous nondeuterated reattibigure 6
shows the predicted and observed B¥@nals at four different

concentrations are derived by using the absolute absorption cross sectiotemperatures in the D7 + O, Cl-initiated experiments. As

for the F* = 3 — F = 4 hyperfine transition of iodine atoms at 1.315
/,tm.GS'GG

delayed production rate than those of the Df@rmed from
n-CsD7 + Oy; scaled to the initial | atom concentration, the
peak DQ signal is approximately 3 times greater in {h€3D7

+ Oy reaction than in th@-C3D; + O, reaction. As discussed
in a previous publicatiof two main factors contribute to these
differences: the energy of the transition state for@0mina-
tion is lower with respect to reactants in the isopropylO,
reaction 6.0 kcal mof? in isopropyl+ O, vs —3.8 kcal mof?

in n-propyl + O,), and entropically, the elimination transition

discussed in the experimental section, this is mostly-@gD-

+ O, model because the kinetic isotope effect in thetGT3Dg
results in about 70%-CgD; and about 30%n-C3;D;. The
agreement between the experimental data and the model
confirms that the experimental data can be reproduced with the
kinetic models even if the initiation chemistry (and, thus, the
additional side chemistry) is different.

Itis important to see how well the new revised kinetic model
reproduces the experimental data obtained in the study of the
i-C3H7 + Oy reaction (using the revised stationary point energies
compared to the energies employed in a previous publication)
and to discuss how well the new theoretical model compares

state of the isopropylperoxy radical is favored because therewith previous literature studies. Figures 7 and 8 show the

are six available D atoms in the two adjacent methyl groups in predicted HQ and | signals at different temperatures compared

isopropylperoxy versus two adjacent D atoms in the case of to the experimental observations of the previous study of the

n-propylperoxy radical. i-CsH7 + O, reaction by Estupian et al38 The revised kinetic
Figure 4 shows a typical comparison of the predicted and models improve the description of both KH@nd I, capturing

observed D@and | signals at 673 K and 25 Torr in th€3D7 very closely the prompt yield and the secondary-Hi@®mation,

+ O, experiments initiated by direct photolysisie€3D-I (the and reasonably modeling the decay of the t${@nal at longer
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Figure 7. Comparison of the predicted (solid curves) and observed
(open circles) HQ@ produced in the photodissociation BC;H7I at
several temperatures and a total density of 3<650'7 cm~2 obtained

by infrared frequency modulation spectroscopy.
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Figure 8. Comparison of the predicted (solid curves) and observed
(open circles) | atom profiles produced in the photodissociation of
i-CgH-I at several temperatures and total density of 3650 cm™3

Estupitan et al.
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Figure 9. Comparison of predicted (solid curves) and observed (open
circles) HQ produced in the Cl-initiated oxidation of;8s at 673 K

for a total density of 8.45% 107 cm™3, measured by infrared frequency
modulation spectroscopy3® Also shown as a dashed curve for
comparison is the predicted H@enerated by the previously employed
kinetic modeF® The dotted curve in (a) shows a model using the present
stationary point energies and a larger branchingaropyl in the
reaction of Cl with propane. The measurement in (a) is obtained using
Cl, photolysis as the Cl atom source, and the H®ncentration is
determined relative to the initial Cl atom concentration using the
reference CI/CHOH/O, system. In (b) photodissociation of (CO&I)

is used as the Cl atom source and no reference signal was measured;
in this case the model and experiment are scaled to each other.

However, predictions for Cl-initiated 4€g oxidation are
worse with the present model. Figure 9a compares Cl-initiated
CsHg oxidation from photolysis of GIO,/CsHg/He mixtures at
673 K to results of a model using the new values for isopropyl
+ O, assuming a branching betweaspropyl and isopropyl
formation in the CH C3Hg reaction off, = (n-propyl)/(n-propyl
+ isopropyl)= 0.53 based on extrapolation of lower-temper-
ature measurement.*8 Figure 9a also shows a model where
the n-propyl branching fraction is changed to 0.7, for which
the agreement is slightly improved. It is possible that the
branching favors»—propyl more than a simple extrapolation
would predict. Furthermore, as shown in Figure 9b, modeling
of new measurements using 266 nm photolysis of (CQ&)
an alternative source of Cl atom shows better agreement using
the new stationary point energies than the old energies (leaving
the n-propyl branching fraction unchanged at 0.53). Further
investigation of the Cl-initiated propane oxidation, using various
Cl-atom sources to change the competing and secondary

obtained by infrared absorption spectroscopy. Observed iodine atomchemistry, may be warranted.

concentrations are derived by using the absolute absorption cross section

for the F* = 3 — F = 4 hyperfine transition of iodine atoms at 1.315
/,tm.GS'GG

As stated in the introduction, direct photolysis experiments
permit lower Q concentrations to be employed in the experi-
mental studies enabling measurements of the prompt rise time,

times (note that the time scale in these figures is different than a quantity that was not possible to measure in the Cl-initiated

that in Figure 2 and Figure 6). The previous model underesti- experiments. At high temperatures (where stabilization does not
mated the prompt HEproduction, especially as the temperature contribute) this quantity should be closely related to the overall

increased, and displayed slower secondary production rates thameaction rate constant for R O,, although under the present

observed experimentally. The H@roduction from the reaction
of isopropyl radicals with @ appears well understood by the

conditions such a decomposition into elementary rate coef-
ficients remains qualitative. Figure 10 shows a comparison of

theory employed in this study, and it seems that the additional the experimental relative HOconcentration obtained by a

chemistry is adequately described by the kinetic models.

typical i-CsH; + O, experiment initiated by direct photolysis
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Figure 10. Comparison of the predicted (solid curve) and observed
(open circles) H@produced in the photodissociationie€sH;l at 673

K and 25 Torr and an ©concentration of 2.6« 10 cm™2 (factor of

60 lower in Q concentration than in most other experiments conducted
in this study) obtained by infrared FM spectroscopy. The dashed curve
is the predicted H@generated by the previously employed kinetic
model, shown for compariscf.
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Figure 11. Comparison of the predicted (lines) and measured (solid
circles) equilibrium constant for the reactionie€sH; + O, to form
i-CsH;O,. The predicted equilibrium constants are derived from
solutions to master equations and the measured equilibrium constant
is taken from the work of Knyazev and Slag{error bars indicate the
experimental uncertainty a£60% estimated by Slagle et at)The

solid curve shows the simulations results of the present model and the
dashed curve shows the simulation results of the previous mbdel.

of i-CgHyl at a temperature of 703 K, a total density of 365
10Y cm™3, and an @ concentration of 2.6< 10 cm™3. The
solid curve shows the simulation obtained using the present ki-
netic model and the dashed curve shows simulation obtainedby Slagle et al*? however, the agreement with the present theory
using the previous kinetic mod& The latest kinetic model re-  is excellent at lower temperatures.

produces the “resolved prompt rise time” to within about 25%  Ruiz and Baye® measured the absolute rate coefficient of
and does a reasonable job at capturing the decay of the HO j-C3;H; + O, at room temperature by using direct monitoring
signal. On the other hand, the “compromise model” substantially of the radicals with photoionization mass spectrometry. Ruiz

underestimates the HQise time. Similar agreement between and Baye& obtained the following rate coefficients: (1.4
theory and experiment was observed between the latest kineticp.38) x 10711 at a pressure of 1 Torr and values ranging from

model and all the other relatively low- @xperiments conducted
in this work (i.e., Q concentrations ranging from 1.0 10%
cm 3 to 1.1 x 10'® cm3). Overall, a good level of agreement

(1.374 0.64) x 1071 cm® molecule? s™* to (1.61+ 0.34) x
10711 cm?® molecule® s™1 at a pressure of 4 Torr (different
ionization chambers and radical precursors were employed in

is found between theory and experiments over the entire rangethe higher pressure experiments). Within the experimental

of O, concentrations considered in this work (i.e., k910
cm 2 to 1.5 x 10 cm3 a factor of about 80 in ©
concentrations).

The next step is to verify how well the new revised theoretical
model ofi-C3H7 + O, agrees with literature studies because this
is the oxidation reaction where revisions in the theory were per-
formed with respect to previous wofklt is important to point
out that thei-C3H; + O, theoretical model presented in a pre-

uncertainties, the measured rate coefficients are in very good
agreement with the calculated values: 1.2110°11 cm?
molecule* s™*at 1 Torr and 1.73« 10~ cm?® molecule* s™1

at 4 Torr.

Gulati and Walket® measured propene and propane yields,
by gas chromatography, formed in the oxidation of isobutyral-
dehyde (over the temperature range of 6333 K and a
pressure of 50 Torr), and the results were used to obtain rate

vious work® was largely decided by trying to be as consistent coefficients for thei-CsH; + O, reaction to form the propene
with the literature measurements as possible and, at the same timesroduct. Master-equation calculations performed at 653, 693,
trying to simulate the new experimental observations as well as 733, and 773 K and a total pressure of 50 Torr have been
possible (i.e., a “compromise model”). A similar approach is compared with the results obtained by Gulati and Watkend
taken in the present work, but the weighting given to the liter- it is found that the simulated rate coefficients are a factor of 6
ature values is reinvestigated. Three pieces of information arehigher than the values given by Gulati and Walk&G.e., a
available from the literature: the equilibrationie€sH7 radicals substantially larger difference than observed when comparing
with O to form i-C3H,O; radicals, the room-temperature rate  Gulati and Walker'$® values with the results of the previous
coefficient fori-CgHz + O to form products, and the high-  “compromise model’$® Two observations can be made in
temperature rate coefficients folCsHz + O to form propene.  regard to the study of Gulati and Walk&rthe measured rate
Slagle and co-worke¥¢? studied the equilibration of isopro-  coefficients are derived by fitting the data to a complex kinetic
pyl radicals with Q over a range of 100 K (i.e., 592692 K) mechanism and the study is inherently a relative rate determi-
in the transition region by monitoring the decay of isopropyl nation. The accuracy of the results is therefore dependent on
radicals employing photoionization mass spectrometry. Figure both the accuracy of the assumed kinetic mechanism and on
11 compares the results of the equilibrium constant derived by the accuracy of the literature rate coefficients employed in the
master-equation calculations using the present and previousrelative rate determination. The agreement between the kinetic
theory? to the experimental values obtained by Slagle and co- models employed to simulate the experimental data presented
worker$42 (error bars indicate the experimental uncertainty of in this work, particularly the prompt rise time measurements,
+60% estimated by Slagle et atdBoth theoretical models of  and between the theoretical results and the literature studies
the equilibrium constant lie within the uncertainties calculated reviewed here (other than the study presented by Gulati and
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10 transfer, the overall kinetic isotope effects can be expected to
9 exhibit a dependence on the total pressure.
8
7 Conclusions

a 6

fI = - Time-resolved production of HCand DQ from the reactions

< 4 - of nondeuterated and deuterated ethyl and propyl radicals with
3~ RO;-HO, - O, have been measured as a function of temperature and
2 QOOH - OH - —- pressure in the “transition region” between 623 and 748 K.
1 . Experimental measurements, using both pulsed-photolytic Cl-
0_ —

: | : | : : atom initiated oxidation of ethane and propane and direct
650 660 670 680 690 700 photolysis of ethyln-propyl and isopropy! iodides, have been
T® compared to kinetic models based on the results of time-
Figure 12. Deuterium kinetic isotope effecki/kp) as a function of  dependent master equation calculations waithinitio charac-
temperature and a total density of 3.6510"" cm™* derived from terization of stationary points. The present models accurately
solutions to master equations for 3 key elementary steps in the studydescribe the time scale and amplitude of the,E®mation (or
of n-CsH; + O.. . X . .
HO, formation in the nondeuterated reactions studies) froBsC
Walker*3) suggests that a reinvestigation of the high-temperature T Oz, -C3D7 + Oz, i-C3D7 + O, andi-CsH7 + O,. Overall,
kinetics of thei-CsH; + O, reaction is warranted. a very good level of agreement is found between theory and
Deuterium kinetic isotope effects resulting from comparing €xperiments over a wide range of Concentrations, tempera-
the calculated elementary rate coefficients (arising from solutions tures and pressures. Direct photolysis experiments permitted
to time-dependent master equations) of the nondeuterated to théower O, concentrations to be employed in the experimental
deuterated ethyl and propy! radicals with €an be used to ~ Studies enabling measurements of the prompt rise time; a
gain insight into the mechanism (i.e., in terms of expected duantity that was not possible to measure in the Cl-initiated
H-atom motion). Figure 12 shows the calculated deuterium experiments_ because of side chemistry _complications_. Excellent
kinetic isotope effect (shown &s/kp) for the reaction oh-CsH agreement is foun_d be_tween previous _Ilterature studies anq the
+ O, for three temperatures (i.e., 648, 673, and 703 K) and a theory presented in this work except in the case of the high-
total density of 3.65« 1017 cm~3 for three specific elementary ~ temperature rate coefficients measured by Gulati and V\/f‘élker
reaction steps. The kinetic isotope effects for the analogous for the reaction of-CsHy + O, to form propene. A reinvestiga-
reaction steps i-CsH; + O, and in GHs + O, are similar. tion of the high-temperature kinetics of th€Hy + O reaction
The circles show the isomerization step from 4CHi,CH,00 is suggested. The results from the present work indicate that
to CH;CHCH,O0H which occurs via a 5-membered ring '_[he the_ory for HQ formation in the reacFions of ethyl and both
transition state. This reaction step precedes the elimination ofisomeric forms of propyl radicals with Oare very well
OH, which is the principal reaction pathway for OH formation, established at this time. As a result, this study forms the
and it is the main formation step for QOOH species, which is groundwork for the study and interpretation of larger and more
related to chain branching in low-temperature hydrocarbon complex R+ O, systems. In addition, we have seen how
oxidation. The kinetic isotope effect for this reaction step ranges deuterium kinetic isotope effects resulting from comparing the
from 9.5 to 6.2 depending on the temperature. This is completely Ca'pulated elementary rate coef_ﬂments (arising from solutions
consistent with mainly H-atom motion as the H attached to the t0 time-dependent master equations) of the nondeuterated to the
-CH, group migrates toward the O-atom attached to the end deuterated ethyl and propyl radicals with @an be used to
of the RQ radical. The concomitant large change in frequency 9ain insight on the accuracy of the theoretical picture (i.e., in
between reactants and transition state of vibrational modesterms of expected H-atom motion). Finally, this study forms
involving this H atom implies that the zero-point energy the basis for future studies of partially deuterated species, which
difference between reactants and transition state will undergo a@ré expected to give site-specific information.
substantial decrease upon deuteration, increasing the effective
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