The OH-Initiated Oxidation of 1,3-Butadiene in the Presence of @and NO: A Photolytic
Route To Study Isomeric Selective Reactivity

Erin E. Greenwald," Jiho Park,t Katie C. Anderson,’ Hahkjoon Kim, ' B. Jesse E. ReicH,
Stephen A. Miller," Renyi Zhang} and Simon W. North*t

Department of Chemistry, Texas A&M UWarsity, P.O. Box 30012, College Station, Texas 77842, and
Department of Atmospheric Sciences, Texas A&Mvehsity, College Station, Texas 77842

Receied: March 25, 2005; In Final Form: June 27, 2005

We report the study of the isomeric selective OH-initiated oxidation of 1,3-butadiene in the presence of O
and NO using the LP/LIF technique. The photolysis of monodeuterated 1-iodo-3-buten-2-ol provides only
one of the possible OD-butadiene adducts, the minor addition channel product, simplifying the oxidation
mechanism. We find, based on analysis of OD time-dependent traces that prompt rearrangement of initial
B-hydroxyalkyl radicals ta-hydroxyalkyl radicals occurs in agreement with RRKM/ME theoretical predictions.
We report a rate constant of (3:2.0) x 10°* cm® molecules?! s ! for deuterium abstraction from the
a-hydroxyalkyl radical at 298:2 K. Our approach demonstrates the feasibility of isomeric selective kinetic
studies of the OH-initiated oxidation of unsaturated hydrocarbons.

I. Introduction important, channels that are difficult to study in the presence
of major channel kinetics. The photodissociation of a suitable

There is considerable interest in the atmospheric oxidation precursor can, in principle, provide a route to the formation of

of unsaturated hydrocarbons due to their role in 0zone produc- 4 gingle i
’ ; , ’ LU gle isomer.

tion, aerosol formation, and acid rdinAlthough significant In the bresent studv. we focus on the photolvtic production
progress has been made toward unraveling the detailed meChbf one of?wo ossibleyi'somers followin OpH rea)(/:tior?with 1,3-
anisms of OH-initiated oxidation, questions persist. In the case butadi thp dditi fOH to the i 9 b 0 d '

of larger unsaturated hydrocarbons, like isoprene, the electro- utadiene, the addition o 0 Ih€ inner carbons, to demon-
philic addition of OH results in multiple radical isomers. Often strate_the feasibility of this approach. It is expected that th.'s IS
the number of intermediate species increases following thethe minor channel, based on the analogous methyl-substituted

; _ 1 2. ; 17-20 ; _
reaction with Q and further branching can occur during butadiene (2-methyl-1,3-butadiefie) where there is pref

subsequent steps on the way to first generation end products.erem'al addition of OH to one of the terminal carbons. There

Although recent ab initio studiés’® have made a substantial are sgveral requirements which must be c_onsid_er(_ad prior to
impact in providing a priori predictions of these branching ratios selecting a photolytic precursor. The photodissociation should

in isoprene oxidation, direct experimental confirmation is have an appreciable absorption cross-section at the photolysis

unavailable. Recent kinetic studies have relied on OH regenera—""‘"‘.\'ele”gth and FeS“'t Ina 5|.ngle prodgqt channel with near
unity quantum vyield. There is an additional, more subtle,

tion to infer information about the isomeric branchilig:* requirement, which is particularly relevant in the present study
Analysis of the results suggests qualitative agreement with P . - ) :
y 99 g g The thermal addition of OH to 1,3-butadiene results in a highly

theoretical predictions but the complexity of the reaction systems "~ - o .
P prexity y activated radical with internal energy in excess of the exother-

has precluded a quantitative comparison. To date all of the =" . S o
kinetic data reflect “lumped’, nonisomeric selective, rate micity of the reaction. Thus, to mimic subsequent reactivity of

constants. Direct measurements of the intermediates using eitheFhese r_ad|ca|s under thermal (_:on_d|t|o_ns, the p_hotolyt|c_ route must
chemical ionization mass spectromébrgr transient absorption res_ult Ina nascent energy distribution cor_1$|stent with the”‘?a'
have also been unable to extract isomeric specific rate constantgctivation. Halr?gen\a}}eq com_pound§ arltle s_ur[atllle precursois since
and branching ratios. Zalyubovsky and co-workers have recently £xcitation in the UV/vis region typically involves an-r o*
demonstrated the feasibility of using cavity ring-down spec- transltlon on thg eX m0|ety.result|ng in prompt dissociation
troscopy on the resolved-AX transition of peroxy radicals to ﬁf lth's botr:d. ((j?-:lvek? tk;e rel.atlve fb(;nd strengths ((j),f the gaﬁboq
obtain selective detectidf.In those studies, the peroxy radicals "&'09€n .onhs, t e/ ocation of t %ccr)]rrespon ing absorption
were generated via reaction of a hydrocarbon with OH in the MaXima in the UV/vis region, and the energy partitioning

resence of @ As the hvdrocarbons become more complex Predicted for a direct dissociation on a repulsive poteAtiale
P @ 4 P find that the iodine-substituted compounds are ideal. To this

and the resulting number of isomers increases, however, the ) ) X
end, we have synthesized the photolytic precursor, 1-iodo-3-

spectroscopic assignments will be challenging. Ideally one ) .
would like to isolate the isomers and thus simplify the ensuing 2uten-2-ol {). Photolysis at 266 nm should produce activated
pB-hydroxyalkyl radical2a, one of the two possible adducts

kinetics. In addition to making kinetic studies more tractable,

isomeric selective studies permit the investigation of minor, yet following OH addition to 1,3-butadiene. We are particularly
interested in this radical due to the cyclic rearrangement

) pathway, which leads to am-hydroxyalkyl radical. Although
* Address correspondence to this author. A . L .
t Department of Chemistry. this isomerization pathway, 3-exo-trig, is well-known in solu-
* Department of Atmospheric Sciences. tion,22 to our knowledge, the first discussion of this chemistry
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in the gas phase appeared in the context of isoprene oxidation,
as the result of addition of OH to conjugated, unsaturated
hydrocarbong? The reaction ofx-hydroxyalkyl radicals with
O, proceeds via hydrogen abstraction, resulting in carbonyls
and HQ, whereas the dominant fate @thydroxyalkyl radicals ) S .
In he presence of 0 addiion (0 yild peroxy racicalé 1 FEMTE L. Raton images for ) () and 6Py (19 toms
The present paper coalesces the results of several computa-
tional and experimental studies, each of which plays a vital role i, the first 80us). The unfocused 266 nm beam from an Nd:
in demonstrating the viability of this approach. Velocity map yaG Jaser (Spectra Physics GCR-150-10) was used to photolyze
ion imaging (VELMI) experiments are used to determine the 1_jodo-3-buten-2-ol. The LIF technique was used to monitor
nascent energy distribution of th@-hydroxyalkyl radicals OH or OD excited on the @1) transition of the A-X(1,0)
(Section IlIA). The energetics of the isomerization reaction are yjprational band near 282 or 287 nm, respectively, using the
evaluated using quantum chemical calculations, and the final ggo-goubled output of a pulsed dye laser (Quantel TDL-51)
branching ratios between thfehydroxyalkyl ando-hydroxy- running Rhodamine 590 pumped at 532 nm by an Nd:YAG
alkyl radicals are determined using RRKM theory coupled with - aser (Spectra Physics GCR-150-10). Each fluorescence decay
the master equation formalism (Section IlIB). Finally, the \as averaged over multiple shots and integrated. The repetition
kinetics of the OD formation in the presence of &d NO has  rate of the lasers was set at 10 Hz and the delay between
been studied using the LP/LIF technique. The results confirm photolysis and probe lasers was controlled by a digital delay/
a significant yield of-hydroxyalkyl radicals and provide 2298  |se generator (SRS, DG-535). The 1-iodo-3-buten-2-ol was
+ 2 Krate constant for the-hydroxyalkyl radical reaction with  introduced into the cell as a mixture with argon. Both the NO
O; (Section 1IIC). This proof-of-principle study demonstrates (a|drich, 98.5%) and the ©@(BOTCo, 99.6%) were buffered
the feasibility of isomeric selective kinetic studies of the OH- \yith argon in 5-L bulbs to known concentrations and were
initiated oxidation of unsaturated hydrocarbons. introduced into the cell through flow meters. The NO was
purified to remove HONO and NQOmpurities by passing it
through an ascarite trap prior to mixing with argon. The
concentration of NO in the reaction cell was varied from 2.99
x 10%to 1.30 x 10" molecules cm?® and the concentration

()

Il. Experimental Section

The synthesis of 1-iodo-3-buten-2-ol was based on an
approach to iodohydrins reported of Ishii e2&ldentification ] : ¢
and purity of the sample was confirmed by comparison of NMR  0f Oz in the reaction cell was varied from 4.2010* to 1.69
spectra with the report of Masuda e&Monodeuteration of ~ x 10*>molecules cm?®. Several experiments were run with fixed
the sample was achieved by shaking 1-iodo-3-buten-2-ol in an concentrations of 1-iodo-3-buten-2-ol at room temperature (298
ether/DO mixture. + 2 K) while the concentration of NO or Qvas varied. The

The photodissociation dynamics of 1-iodo-3-buten-2-ol at 266 total pressure in the cell was maintained at 50 Torr by buffering

nm were studied using velocity-map imagi#gDetails of the
apparatus will be presented elsewh&reBriefly, a pulsed
molecular beam of 1% 1-iodo-3-butene-2-ol in He (1 atm) was
collimated by a conical skimmer and crossed at 89 the

with argon.

Ill. Results and Discussion

A. lon Imaging Experiments. Raw photofragment images

focused output of a tunable pulsed laser beam. A single color for 1(2P3) and I@Py,) (hereafter referred to as | and I*,
near 266 nm was used for both photolysis and state-selectiverespectively) are shown in Figure 1. The electric field vector
ionization of the iodine atom photofragments using-12 of the laser is vertical in the plane of the image. The images
resonance-enhanced multiphoton ionization (REMPIThe represent 2D projections of the 3D velocity distributions.
light near 266 nm was generated by doubling the output of an Conversion of the raw images into speed and angular distribu-
Nd:YAG (Spectra-Physics LAB-150-10) pumped dye laser tions was achieved using the basis set expansion program
(LAS). The resulting ions were accelerated the length of a 50 (BASEX) for image reconstruction developed by Reisler and
cm flight tube and detected by a 40 mm diameter dual co-workers® The photofragment angular distributions can be
microchannel plate (MCP) coupled to a phosphor screen described by the forét
assembly. The MCP plates were gated to collect omly127.
Images were collected with a fast scan charge-coupled device
camera and integrated using a data acquisition system. A PMT
assembly was used to measure ion arrival times in order to select
the timing gate of the MCP. wheref is the spatial anisotropy parameter @fcod) is the

The detailed description of the laser photolysis/laser-induced second Legendre polynomial. We have determined a best fit
fluorescence (LP/LIF) experiments has been reported else-speed-independent anisotropy parametes ef 1.4 + 0.1 for
wheré12 and only the essential features are described. The both channels, consistent with a parallel transition to a repulsive
kinetics experiments were performed on the monodeuteratedexcited-state potential.
sample and OD was probed to eliminate ambiguous assignment The I/I* branching ratio was determined by integration of
of the origin of OH formation. However, experiments employing the Doppler profiles for the I/I* transitions using identical laser
1-iodo-3-buten-2-ol or monodeuterated 1-iodo-3-buten-2-ol, and power. The integrated Doppler profiles were weighted by the
probing either OH or OD formation, respectively, exhibited relative detection efficiencies of | and I* at 266 rin.
almost identical time-dependent behavior at early times (i.e., Independent confirmation of the detection efficiencies was

P(6) O %[1 + BP,(cos0)]
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TABLE 1: Relative Energies (in kcal/mol), Including Spin—Orbit Splitting for the OH and Zero Point Energy, for the Isomers
at Various Levels of Theory

method and basis et CsHg + OH 2a tsl 2b ts2 2c
B3LYP/6-31G 22.4 0.0 9.7 3.0 8.6 —6.1
B3LYP/6-31H-+G™ 18.9 0.0 10.1 45 8.9 —6.3
CCSD(T)/cc-pVDZ//B3LYP/6-31++G™ 23.4 0.0 12.7 51 12.8 —-4.9
CCSD(T)/cc-pVTZ//B3LYP/6-311+G™ 22.4 0.0 115 45 11.6 —-4.9
a CCSD(T) calculations include zero point energy from the B3LYP/6431G** frequency calculation.
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Figure 3. Schematic reaction diagram for the cyclic isomerization

reaction of the OH-butadiene radical obtained using CCSD(T)/cc-
E;y (keal/mol) pVTZ//B3LYP/6-311+G* energies (including B3LYP/6-31t+G*

Figure 2. Nascenp-hydroxyalkyl radical internal energy distribution ~ zero point energy) and spin-orbit splitting for the OH.

(solid line) based on the measured translational energy derived from

the ion imaging data shown in Figure 1. The dashed line represents aaffect. Increasing the dissociation wavelength could, in fact,

shifted 300 K Boltzmann distribution. result in an internal energy distribution of nascent hydroxyalkyl

radicals which is hotter than that at 266 nm if the I/I* branching

ratio increased.

obtained using the photodissociation of Lt 266 nm. Based
on this analysis, we have determined fractional yields for | and

I* of 0.12 and 0.88, respectively. The energy partitioning and _ B- Calculations of the Cyclic Isomerization Reactions.
I/I* branching ratio are very similar to the results of previous Quantum chemical calculations using the Gaussidh<istware

alkyl iodide photolysis near 260 n#i37:38 package were performed to provide all relevant energetics,
The internal energy distribution of the nascent radicals formed 9e€ometries, and frequencies to obtain state counts as a function

in coincidence with either | or I* products can be obtained from ©f energy for theOH-butadiene adduct radical cyclic isomer-
the measured translational energy distributions of I and I* using 1zation reaction. The highest level calculations performed, which

energy conservation were used in the kinetic modeling, include optimized geometries
of reactants, intermediate species, products, and transition states
E,=hv — DOO(C—I) =E, o+ Esdl) + Exy(C,HOH) using density functional theory (DFT). Becke’s three-parameter
avall rans s

hybrid method employing the LYP correlation functional

whereD%(C—1) is the G-I bond dissociation energy, calculated (B3LYP)**#%in conjunction with the Pople-style triplesplit
at the B3LYP/6-311G level of theory to be 47.7 kcal/mé, valence polarized basis sets was used (6+31® )-#45Single- .
Eso(l) is the iodine spir-orbit energy, ancEr v(CaHeOH) is point energy calculations were performed on these geometries

the rovibrational energy content of tifehydroxyalky! radical. using coupled-cluster theory with single and double excitations

The final energy distribution is shown as the solid line in Figure withAg)f?rtqrbative inclusion of the triples contribution (CCSD-
2. For comparison a 300 K Boltzmann energy distribution, (T))***’with the Dunning-style triple: basis sets (cc-pVTZ}.

shifted by the exothermicity of the addition of OH to the inner Ener_gies f_rom density functional theo_ry and ab initio calc_ulations
position of 1,3-butadiene, as would be predicted for chemical &€ listed in Table 1 and a schematic energy diagram is shown
activation, is shown as the dashed line in Figure 2. The In Figure 3.

distributions are qualitatively similar suggesting that the sub- ~ The initially activated3-hydroxyalkyl radicals are subject to
sequent kinetics of the radicals produced via photolysis of a competition between collisional stabilization, dissociation, and
1-iodo-3-buten-2-ol should effectively mimic the radicals formed isomerizatior?3 We have employed RRKM theory coupled with

by thermal recombinatioff. The measured internal energy the master equation (ME) formalism to calculate reaction rate
distribution is bimodal as a result of the large sparbit splitting constants as well as branching ratios among the isomers and
between the two atomic states of iodine. The small peak, into the dissociative channel, to give 1,3-butadiene and OH.
centered around 40 kcal/mol, corresponds to the ground stateSince the OH-butadiene radicals isomerize through well-defined
I; whereas, the large peak centered around 22 kcal/mol corre-transition states along the potential energy surface, standard
sponds to I*. The relative heights of these peaks reflect the I/I* (honvariational) RRKM theory can be used to calculate micro-
branching ratio. Since the I/I* branching ratio will be dependent canonical rates. An accurate description of the dissociation of
on the dissociation wavelength and a change to this ratio canthe OH-butadiene adduct requires a two transition state model,
significantly alter the nascent energy distribution, careful which includes variational treatments of both the inner and the
measurements of the I/I* ratio must be performed to assess thisouter transition states. Recently, this treatment has been applied
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to the case of the hydroxyl radical addition to ethyléhét
high temperatures, the outer transition state becomes unimportant
and the kinetic model can be accurately approximated by
including only the flux through the inner transition state. At
300 K, the inner transition state serves as the dominant
bottleneck such that an inclusion of both transition states only
reduces the rate by 30%. Furthermore, high level ab initio
calculations revealed that the potential energy surface for the
adduct dissociation includes a saddle point below the asymptotic
energy of separated products and the saddle point appears at
carbon-oxygen separation distances of approximately 2.2 A.
For the purposes of this model, a 2.2 A carboxygen
separation was assumed to adequately describe the saddle point
for the adduct dissociation channel. A B3LYP/6-31tG™
geometry optimization constraining the carbaxygen bond
distance to 2.2 A and frequency calculation were used to
determine harmomc frequenples and rotational constants in orde Figure 4. RRKM/ME modeling of the fractional populations of isomers
to evaluate the microcanonical number of states for the adduct< 5 function of time under laboratory conditions using the energy
dissociation channel. The threshold energy was assumed to bejistribution shown in the solid line in Figure 2 as tBéydroxyalkyl
the asymptotic energy for separated 1,3-butadiene and OH.radical initial energy distribution (solid line); RRKM/ME modeling of
Neglecting variational effects introduces an error of less than the fractional populations of isomers as a function of time under
15% to the dissociation rate in the case of ethylene and has,@boratory conditions using a thermal distribution of energy, 298 K, as
shown in the dashed line in Figure 2 (dashed line).
therefore, been excluded from the current work.

CCSD(T)/cc-pVTZ/IB3LYP/6-31%+G™ energies, unscaled  fraction of 8-hydroxyalkyl radicals, reflecting more efficient
vibrational frequencies, and rotational constants were used tocollisional stabilization.
calculate the RRKM rate constants through the transition states. The present calculations focus on the prediction of the
For all species, the density and sum of states were obtainedbranching ratio between- ands-hydroxyalkyl radicals to help
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through an exact count procedure by the Stdabinovitch
extensiof? of the Beyer-Swinehart algorithiit implemented
in the Multiwell program suité?53 There was no reaction path

explain the observed kinetic data shown in section IlIC. The
measured internal energy distribution for the nasqeity-
droxyalkyl radicals from the photodissociation experiment was

degeneracy for the isomerization reactions. The dissociation used as an initial energy distribution for a simulation at 50 Torr
channel for the OH-butadiene adduct was considered to bein an argon bath gas to model the chemistry in the laboratory
irreversible, and the isomerization steps were considered to beexperiments presented in section IlIC. RRKM/ME calculations
reversible. The transformation from the microcanonical rates Were performed at 298 K and 760 Torr in a nitrogen atmosphere,
to thermal rate constants and the short-time evolution of the pplicable to tropospheric conditions, where a Boltzmann
initial OH-butadiene radical distribution were treated using the distribution, shifted by the exothermicity of the addition reaction,

one-dimensional, energy-grained ME formalism. Implementation
of the ME formalism includes activation and deactivation
processes as well as unimolecular rate constants for reactin
molecule$?-54 The strong collision approximation is not valid
for the treatment of small monatomic or diatomic colliders such
as Ar or N. A more appropriate treatment includes a weak
collision model, which has been implemented by applying the
exponential down model of energy transfer. We have calculated
collision frequencies based on a Lennard-Jones interaction
potential. The necessary quantities for the self-collisions of many
bath gases (g. Ar and N) and several reactant molecules are
listed in the literaturé? In the case of the hydroxyalkyl radicals,

it is necessary to estimat¢eando since these are not available.
We calculated their values using empirical formtaghe
values ofe = 225.6 and 146.4 K and = 4.5 and 4.8 A have

was used for the initial energy distribution fhydroxyalkyl
radicals®® The fractional populations of the isomers as a function

gof time following photolytic preparation and under laboratory

conditions are shown as the solid lines in Figure 4.

At 50 Torr total pressure in Ar and 298 K, the conditions of
the present experiment, the fractional populations of isomers
23, 2b, and2c reach quasi-steady-state values after 1078 s,
which can be considered prompt on the time scale of subsequent
reaction with Q. While the a-hydroxyalkyl radical is thermo-
dynamically favored, the approach to equilibrium, which results
in the quantitative conversion to the-hydroxyalkyl radical,
occurs at a significantly slower rate following initial collisional
stabilization. At the smallest and largest @ncentrations used
in the kinetics experiment, the lifetimes of tBehydroxyalkyl
radical in the presence of,CGare 1 ms and 30@s, which is
faster than the approach to equilibrium.

been adopted as Lennard-Jones parameters for the interactions | the troposphere, the fractional populations of ison@e;s

between the hydroxyalkyl radicals with Ar and,Xespectively.
The average collisional energy transfer paramef&E{own)
was chosen to be 300 crthas molecules of similar size have
been shown to have experimentally determined collisional
energy transfer parameters in the neighborhood of 300-&tn

A change in the average collisional energy transféEjqy )

by +100 cnt? results in a change of less thafl4% in the
final steady-state population of2inder the present laboratory
conditions. Simulations using tropospheric conditions exhibit a
change of+16%. IncreasingAEgowil) @as with increasing the

2b, and2creach quasi-steady-state values faster than1D8

s, which can also be considered prompt on the time scale of
subsequent reactivity. The lifetime gfthydroxyalkyl radicals

in the troposphere is less tham4. The ratio of3-hydroxyalkyl
radicals to a-hydroxyalkyl radicals in the troposphere is
essentially determined by the initial collisional stabilization,
where the majority of the population (0.64) is already in the
o-hydroxyalkyl radical form. Since the fractional populations
of a-hydroxyalkyl radicals an@-hydroxyalkyl radicals do not
change significantly both in the temperature range from 240 to

pressure or decreasing the temperature, results in a larger initiaB40 K at 760 Torr and in the pressure range from 50 to 760
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TABLE 2: Quasi-Steady-State Fractional Populations as a Function of Conditiorts
populations at the following conditions: temp/K; pressure/T@XEqown

hv; 50 300 298; 50,300 298; 760,200 298; 760,300 298; 760,400 240; 760,300 340; 760,300
C4Hs + OH 0.11 0.02 <0.01 <0.01 <0.01 <0.01 <0.01
2a 0.22 0.15 0.26 0.36 0.46 0.48 0.30
2b <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
2c 0.67 0.83 0.74 0.64 0.54 0.52 0.69

a All temperatures are modeled by the shifted Boltzmann excegtfowhich is the internal energy distribution measured by VELMArgon
bath gas and populations takentat 1 x 107 s.¢N; bath gas and populations takentat 1 x 1078 s.
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Figure 5. Pseudo-first-order rate constants vs 1-iodo-3-buten-2-ol
concentration for the reaction between OD and 1-iodo-3-buten-2-ol. NO;

Torr at 298 K, we predict that the reactions of bgthydroxy-
alkyl radicals ando-hydroxyalkyl radicals with molecular
oxygen are important pathways in the atmosphere when
considering OH addition to the inner positions of conjugated

Figure 6. Reaction mechanisms for the subsequent reactivity of the
a- andS-hydroxyalkyl radicals in the presence of @&d NO. Scheme
A is the reaction mechanism for thehydroxyalkyl radical, where
Scheme B is the reaction mechanism for théydroxyalkyl radical.

rate constant of (1.3 0.1) x 10~ molecule’! cm® s~ where

olefins. Quasi-steady-state fractional populations as a functionthe error bars reflect®on the linear fit to the data. Based on

of condition are provided inTable 2.
C. The Kinetics of OD Formation. The kinetics studies seek
to confirm the importance of thed-hydroxyalkyl radical

isomerization pathway and to determine the 298 K rate constant

for the G reaction with thea-hydroxyalkyl radical. These

the previous studies of the OH/OD reaction with unsaturated
hydrocarbons, we believe that the measured rate constant can
be considered close to the high-pressure-limit value.

In the presence of £and NO, photolysis of the monodeu-
terated iodohydrin precursor results in an OD signal that exhibits

experiments rely on the measurement of time-dependent ODan initial rise over~80 us (Figure 7) followed by a long time

formation as a function of @and NO concentrations to provide

decay (inset). We find that the long time decay is not consistent

information about the rate constants of intermediate reactions.with the reaction with 1-iodo-3-buten-2-ol as the sole OD sink
The technique has been shown to be effective with judicious but involves a more complex set of reactions including OD
choice of experimental conditions guided by sensitivity analy- cycling from the precursor analogous to the isoprene system

sig14.56

We observe prompt OD signal following photolysis even in
the absence of £and NO. This signal is the result of the small
fraction of highly excited hydroxyalkyl radicals (Figure 2) which
undergo decomposition to OD and 1,3-butadiene prior to
collisional stabilization, and is predicted by the RRKM/ME
calculations in section IlIB. In the absence of &d NO, this
OD signal exhibits an exponential decay due to reaction with

that has been recently studi&&-114A full investigation of this
set of reactions is beyond the scope of the present work. Based
on sensitivity analysis (vide infra), we focus our attention on
the initial OD formation at short times<@0 us) where the
kinetics are dominated by a limited number of reactions.

The RRKM/ME results, discussed in section IlIB, demon-
strate that the cyclic isomerization and collisional deactivation
of the nasceng-hydroxyalkyl radicals is “prompt” on the time

the 1-iodo-3-buten-2-ol precursor. We have determined the ratescale of the subsequent kinetics. As a result, the starting

constant for the reaction of OD with 1-iodo-3-buten-2-ol
(nondeuterated) at 298 2 K and 50 Torr total pressure using
D,0, photolysis at 248 nm as a source of @DD,0, was
prepared from the hydrogerleuterium exchange of a,D/
H,0O, solution and detailed information is available elsewHére.

conditions for the kinetics fix the initial concentration of OD
and initial concentrations gi-hydroxyalkyl ando-hydroxyalkyl
radicals, the later two species being potential sources of OD in
the presence of £and NO. The formation of OD from the two
hydroxyalkyl radicals occurs by significantly different mecha-

Figure 5 shows a typical set of measured pseudo-first-order OD nisms, and this difference permits isolation of the reaction of
decay rates versus 1-iodo-3-buten-2-ol concentrations. Each ODa-hydroxyalkyl radical with Q. The production of OD from

decay was averaged for up to 100 shots and typically followed

pB-hydroxyalkyl radicals involves several intermediate steps

over 2 orders of magnitude. We have determined a bimolecular (Figure 6): the addition of &8 the reaction of the resulting
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TABLE 3: Reaction Mechanism and Corresponding Rate Constants (298 K; in molecule$ cm?® s71 unless the unit is specified)
Used for Simulation

reaction rate ref
ke o-hydroxyalkyl radical (CHCH(OD)CHCH,) 70% present work
ko f-hydroxyalkyl radical (CHCHCH,CHOD) 30% present work
ks CH,CHCH,CHOD + O, — CH,CHCH,CHO + DO, 3.3x 101t present work
Kq CH,CHCH,CHOD + NO — CH,CHCH,CH(OD)NO 2.2x 1071t 68, 69, 70, 71
Ks CH,CH(OD)CHCH, + NO — CH,CH(OD)(NO)CHCH 22x10°% 68, 69, 70, 71
ks CH,CH(OD)CHCH, + O, — O,CH,CH(OD)CHCH, 2.3x10°% 14, 68
ks 0,CH,CH(OD)CHCH+ NO — OCH,CH(OD)CHCH, + NO, 8.5x 10712 11, 13,14
ks 0,CH,CH(OD)CHCH+ NO — ONO,CH,CH(OD)CHCH, 45x%x 1071 72,73
ko OCH,CH(OD)CHCH — CH,0O + DOCHCHCH 50x 1Ps™? 6
kio OCH,CH(OD)CHCH, + NO — ONOCH,CH(OD)CHCH, 3.0x 101 68, 69, 70, 71
ki1 DOCHCHCH, + O, — OCHCHCH, + DO, 3.0x 1071 27
ki2 DOCHCHCH, + NO — DOCHCHCHNO 3.0x 1071t 68, 69, 70, 71
kis DO, + NO— OD + NO;, 1.1x 101 62,63
Kia OD + NO— DONO 9.4x 10718 74
kis OD + NO, — DONG;, 22x10°% 74
Kis OD + IODCH,CHCHCH, 15x 101 present work

peroxy radicals with NO to form alkoxy radicals, decomposition the G concentration at 8.4& 104 molecules cm? and varying
of these radicals, the reaction of the decomposition productsthe NO concentration between 2.99 104 and 1.30x 10'®
with O, to yield DO, and finally the conversion of D&o OD molecules cm?3,
via reaction with NO. Recent OH/OD cycling experiments on A numerical program, KINTECU®? was used to simulate
isoprenei* for which the S-hydroxyalkyl radicals are the the kinetics data and the sensitivity analysis was performed using
dominant species following OH/OD addition, suggest that, under the same software. Initial simulations of the OD curves involved
the conditions employed in the present experiment, the time a large set of reactions which included the fate of the radicals
scale of OD formation from thg-hydroxyalkyl radicals should  arising from OD addition to 1-iodo-3-buten-2-ol and subsequent
occur on the order of200 us. In contrast, the formation of  steps up until OD regeneration. An abridged set of 16 reactions
OD from a-hydroxyalkyl radicals requires only two reaction used in the kinetics simulations shown in Figures 7 and 8, and
steps (Figure 6): D abstraction by, @llowed by conversion  selected based on sensitivity analysis, is given in Table 3 along
of the DOy to OD by reaction with NO. Figure 7 shows a typical with the rate constants corresponding to each step. Although
set of time-dependent OD data using concentrations of 1-iodo-the simulations are not sensitive to thiesoluteconcentrations
3-buten-2-ol and NO of 6.5@ 10 and 6.49x 10'*molecules of prompt OD, a-hydroxyalkyl radical, and3-hydroxyalkyl
cm 3, respectively. The OD traces have been offset for clarity. radical, therelative concentrations of these species are coupled
The individual curves represent various concentrations 0f O since all three species are related to the short time fate of the
ranging from 4.20x 104to 1.69x 10'> molecules cm?®. The nascent3-hydroxyalkyl radicals. The initial concentration of
experimental time-dependent OD curves exhibit a rapid increasenascenp-hydroxyalkyl radicals is determined by estimating the
during the initial 80us consistent with a significant yield of  fraction of 1-iodo-3-buten-2-ol photolyzed at 266 Ao fit
o-hydroxyalkyl radicals. Figure 8 shows data obtained by fixing the data, we must include a contribution of “prompt” OD equal
. to (54 3)% of the nascerfi-hydroxyalkyl radical concentration.
i Sy This vyield is qualitatively consistent with our RRKM/ME
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Figure 7. Temporal OD fluorescence intensity at severac@ncentra- 0 20 20 50 30
tions. The curves have been offset for clarity. Symbols represent

experimental data and solid lines represent the fits using the reaction Time (microseconds)

mechanism and rate constants in Table 3 with [N©pH.49 x 10* Figure 8. Temporal OD fluorescence intensity at several NO concen-
molecules cmi. The G concentrations were varied: (A) 1.6910'° trations. Symbols represent experimental data and solid lines represent
molecules cm3; (B) 8.40 x 10 molecules cm?; and (C) 4.20x 10* the fits using the reaction mechanism and rate constants in Table 3

molecules cm® The dashed lines are simulations assuming only with [O,] = 8.40 x 10** molecules cm?. The NO concentrations were
B-hydroxyalkyl radicals are present, i.e., cyclization is negligible. The varied: (A) 1.30x 10* molecules cm®; (B) 6.49 x 10 molecules
inset plot shows the long time behavior of OD time profile. cm~3; and (C) 2.99x 10 molecules cmd.
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06 — ki3 pressure and bath gas would provide additional constraints on
this branching ratio and assess the accuracy of the theoretical
calculations. We have determined a value of (3.8.0) x 1011

cm?® molecules?! s™1 for D-abstraction from the-hydroxyalkyl

04 - k3 radicals by Q at 298+ 2 K.54 This value is within the range

of 1.2 x 1071 to0 3.7 x 101 cm® molecules! s~* reported by
Miyoshi and co-worker® for severala-hydroxyalkyl radicals
with O,. The invariance in this rate constant upon isotopic
substitution (i.e., OH from the photolysis of nondeuterated
precursor) is consistent with a mechanism that involves O
addition followed by HG/DO; elimination®5-67 In addition, this

0.0 observation also serves to limit the possible origin of the early
time OH/OD in these experiments.

02—

NSC

IV. Conclusions

02L . - .
Figure 9. Normalized sensitivity coefficients evaluated at a delay time we _have _demonstrated a p_hotolytlc r_oute_ t0 studying isomeric
of 30 us and with [NO]= 6.49 x 10“ molecules cm?® and [Q] = selective klnetlcs_ of OH-initiated OX|_dat|on_ of uns_aturated
8.40 x 10 molecules. hydrocarbons using the UV photolysis of iodohydrins. The
present study focuses on the reactivity of the nasgeny-
9 s droxyalkyl radical formed when butadiene undergoes oxidation
]j ; 06 by hydroxyl radical addition. Velocity map ion imaging permits
0.5 the direct determination of the internal energy distribution of

the nascent radical ensuring that the energy distribution of the
radicals can be “tuned” to mimic the kinetics of radicals formed
from electrophilic-OH addition. The theoretical predictions
modeling isomerization vs collisional relaxation of tBeny-

100 droxyalkyl radicals predict a significant proportion gfhy-

o
(73]
'OSN

sc10% % . 560‘-\66\ droxyalkyl ra_dicals isome_rize to th&h_ydroxyalkyl radic_al form_
X 1.5%10" 4 o1s “‘-\010‘-"“ before collisional relaxation. Early time OD generation during
[O;] (em?) -fms\“*k the kinetics experiments offers conclusive evidence supporting

Figure 10. Normalized sensitivity coefficient for the rate constant the cyclic isomerization te-hydroxyalkyl radicals.

associated with @reaction with theo-hydroxyalky! radical. ) )
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