J. Phys. Chem. 2006,110,5081-5090 5081

High-Temperature Reactions of OH Radicals with Benzene and Toluene
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The rate constants for the reactions of OH radicals with benzene and toluene have been measured directly by
a shock tube/pulsed laser-induced fluorescence imaging method at high temperatures. The OH radicals were
generated by the thermal decomposition of nitric acidest-butyl hydroperoxide. The derived Arrhenius
expressions for the rate constants wi@@H + benzene)= 8.0 x 10 exp(—26.6 kJ mot/RT) [908—1736

K] and k(OH + toluene)= 8.9 x 10 1t exp(—19.7 kJ mol/RT) [919-1481 K] in the units of cubic centimeters

per molecule per second. Transition-state theory (TST) calculations based on quantum chemically predicted
energetics confirmed the dominance of the H-atom abstraction channel fer dthzene and the methyl-H
abstraction channel for OH toluene in the experimental temperature range. The TST calculation indicated
that the anharmonicity of the-€H—0 bending vibrations of the transition states is essential to reproduce the
observed rate constants. Possible implications to the other analogous H-transfer reactions were discussed.

Introduction Because of the small binding energy, the €tbénzene or
OH-—toluene adduct is no longer stable at elevated temperatures.
Lin et al23 observed the equilibrium reaction, OH CgHg <>
CsHeOH, in the temperature range 34385 K and derived the
heat of reactionAH (365 4+ 20 K) = —84 4+ 4 kJ mol™.
Though limited, a few kinetic studies have been also reported
at higher temperature4-27 Tully et al2* employed the flash
photolysis-resonance fluorescence technique for the study of
reactions 1 and 2 up to 1150 K. Madronich and Fefler
"determined the rate coefficient for reaction 1 over the temper-
ature range 7961410 K using the high-temperature photo-
chemistry technique. It has been well-established that, as
temperature increases, the apparent rate constant for reaction 1
or 2 steeply drops in the region around 350 K and starts

to increase over500 K28 This strange temperature dependence
has been well-interpreted by the equilibrium around-3%00

K as observed by Lin et & and the opening of the H-

Elucidation of the oxidation/formation mechanisms of the
aromatic hydrocarbons is one of the most important research
areas in combustion chemistry. The aromatic compounds are
major constituents of practical fuels, and for example, their
contents are-30% in gasoline anet20% in diesel fuel. Because
of the high resistance toward autoignition, they are used as
antiknock additives to enhance the octane number of gasoline.
Also, the aromatic hydrocarbons are produced in combustion
even in the combustion of aliphatic fuels, and are known to
play central roles in the mechanism of the formation of PAHs
(polycyclic aromatic hydrocarbons) and particulate matters, or
soot. However, the kinetic information is still limited for the
reactions of aromatic hydrocarbons, especially at elevated
temperatures, mainly due to the experimental difficulties.

The reactions of OH radicals with benzene and toluene

OH + C4Hg — products (1) abstraction channels above500 K. The observed kinetic
isotope effect for OH+ benzené;?* ki(H)/ky (D) ~ 2, also
OH + CgHsCH; — products (2)  supports the dominance of the H-abstraction channel for reaction

. I N .1 above 500 K. Further, Tully et &t.used partially deuterated
are important initial oxidation steps of benzene and toluene in ;a6 for the elucidation of the mechanism of the reaction

combustion. Also, the reactions are important key reactions in 2. and the side-chain H-abstraction channel has been shown to
PAH formation. For example, thesBs (phenyl) radical formed be predominant above 500 K

as one possible product by OHbenzene (reaction 1), produces Recently, Tokmakov and L# and Chen et & reported

the cyclopentadienyl radical, an important key species ; . . L
for ar)c/)maaic fing gr)cgvv(tf'S\)/ia subsequent?eactior@i);:—l—po extensive theoretical investigations on the OH benzene
— CeHsO + O and Q;Hsé) + M — CgHs + CO + M' 2 (reaction 1). The thermochemical properties of intermediates,

Because they are also important in the atmospheric photo_OH adduct, and prereaction complex and the structures and

oxidation processes, reactions 1 and 2 have been investigatetfl’ro|_O(?r_tieS of the ".“porta”t. transition sta_ltes were_estimated by
extensively at arounél room temperatéir& Under atmospheric ab initio and density functional calculations. Their RRKM or
conditions, they are known to proceed mainly via the formation QRRK calculat|_ons su_cceeded in reproducing the observed rate
of OH adducts, hydroxycyclohexadieny! radicalsf@OH and constants semiquantitatively and concluded that the H/OH-

HOGsHsCHs), though the subsequent oxidation mechanism is substitution channel at high temperatures is negligible. However,
still controversial. The H-atom abstraction channels have been"€ither study reproduced the experimental rate constants ac-

reported to be minor~5% for OH + benzene and-10% for curately above 500 K. The slope of the Arrhenius plot seems
OH + toluene at roo;n temperatufe to be significantly different. Considering the importance of the

reaction in the combustion of benzene, as an initial oxidation
*Corresponding  author. ~ E-mail  address: miyoshi@ Step and as a possible key reaction in PAH formation, extension
chemsys.t.u-tokyo.ac.jp. of the experimental and/or theoretical investigations is needed

10.1021/jp0575456 CCC: $33.50 © 2006 American Chemical Society
Published on Web 03/25/2006




5082 J. Phys. Chem. A, Vol. 110, No. 15, 2006 Seta et al.

% '-’E F"E 3.0

~ 18 N > 1.5} S 25f

F} 5 S 20k

(4] [+ o

2 5 1.0 E

5 10 % %’ 1.5

E & o oF E 1.0f

S 08 2 S 05f -

= b < 00 S 0.0 E—

g‘ 0.0~ (a) HNO; g (b) HNO; / Benzene T .05F (c) HNO; / Toluene

=} i i ' ' L L L L o = 1 L 1 1
-20 0 20 40 60 80 = -20 0 20 40 60 80 = 20 0 20 40 60 80

time [us] time [us] time [us]

Figure 1. Observed PLIF images and derived [OH] time profiles for (a) HQM®mixture, (b) HONQ/benzene/Ar, and (c) HONfDoluene/Ar
mixtures. Experimental conditions: (@)= 1455 K,P = 1.80 atm, and [HNg}o = 1.36 x 10" molecules cm?. (b) T = 1451 K,P = 1.80 atm,
[HNOg]o = 1.38 x 10" molecules cm?®, and [GHe]o = 1.87 x 10'®> molecules cm®. (c) T = 1442 K,P = 1.79 atm, [HNQ], = 3.11 x 10%®
molecules cm?, and [GHsCHs]o = 4.32 x 10* molecules cm®. The solid and broken lines denote the results of the numerical simulation with
ke = ko =1 x 109 andks = kg = 1 x 10°° cm® molecule® s7%, respectively (see text for details).

for the high-temperature region. As for GHtoluene (reaction it decomposes within a sufficiently short time<107° s)
2), theoretical calculations on the formation of OH adduct compared to the time scale of observation of reaction 1 or 2.

isomers have been reported by Suh e#aNo theoretical For temperatures below 1300 K, TBHP was used for the OH-
investigation including the H-abstraction channels has beenradical source, since it decomposes much more rapidly than the
reported so far. nitric acid and was useful down to 900%K The use of TBHP

In the present work, high-temperature reactions of OH radicals was limited below~1300 K, since it starts to decompose in
with benzene and toluene have been investigated by a shockhe incident shock wave. It should be noted that the other
tube/pulsed laser-induced fluorescence imaging méthaet dissociation product of TBHP, thert-butoxy radical [(CH):C—
veloped recently in our laboratory. The kinetic measurements O], rapidly decomposes to methyl radicals and acetone
were extended to high temperatures up to 1736 K for ©H
benzene and up to 1481 K for OHtoluene, in order to provide (CHy);C—O+ M — CH; + CH,COCH; + M (5)
reliable experimental rate constants in the temperature range of . . . ) ) )
combustion interest. The result for OHbenzene was analyzed ~and the effect of side reactions is relatively large in comparison
by the transition-state theory (TST) based on quantum chemicalt® the case of HON® Details of the secondary kinetics will

calculations, in order to resolve the disagreement between theP€ discussed in the following section. _
theory and the experiments. The reaction of ®kbluene was _The gaseous nitric acid was prepared by adding concentrated
also analyzed on the basis of TST calculations. nitric acid (Wako, 70%) to two to three times the volume of

concentrated sulfuric acid (Wako, 98%and was purified by
Experimental Section trap-to-trap distillatior_L The sample containing TBHP was

) . prepared by evaporating the aqueous solution of TBHP (Wako,
_ Experiments were c_arrleq out by a shock tube/pulsed Iaser-7o%)_ The concentration of TBHP in the sample gas was
induced fluorescence imaging method (ST-PLiFfeveloped  ggtimated by assuming the ideal solution, which seems to be
recently by the authors, and the details of the apparatus havey|igwable since the vapor pressure of TBHP is similar to that
been described leewhéaeA prlef description is given here. ¢ \vater. Ar (Nihon Sanso, 99.9999%), which was used as
The PLIF_I detection system is Iocated_at t_he end of th_e shock gijuent throughout the present study, was purified by passage
tube. An image of a Iaser-lrradlqted cylindrical fluorescing part through a cold trap. He (Japan Helium Center, 99.9999%) for
of the shock-heated gas sample is focused upon the photocathodge griver gas was used without further purification. Benzene
plate of an image intensifier (Hamamatsu V4436U) by ultra- (ako, 99.8%) and toluene (Katayama Chemical first grade,
violet focusing lenses. The intensified fluorescence image is ggos) were purified by repeated trap-to-trap distillation cycles.
digitized by a digital CCD camera. The OH radicals were excited e typical sample gas contained-4 ppm of OH-radical

at the overlapping @1) and R(3) lines of the A-X (1, 0) band precursor (HON@or TBHP) and 206-1100 ppm of benzene
at 281.99 nm. A band-pass filter with peak transmission at 310 4 tojuene in Ar.

nm and 5-nm fwhm was used to select the A (1, 1) band
fluorescence of the OH radical. The probe laser light was Resylts
generated by a XeCl excimer laser (Lambda Physik ComPex . . .
102) pumped dye laser (Lambda Physik Scanmate 1) with a A Experiments Using HONO; for OH-Radical Source.
frequency doubler (Lambda Physik Scanmate UV). The typical Figure 1 shows three typical OH-PLIF images recorded with
laser pulse energy wasl mJ at 281.99 nm by using coumarin  92S samples containing HON@s the OH-radical source and

540A dye and g-barium borate (BBO) frequency-doubling derived concentrationtime profiles of OH. Upon the arrival
crystal. of reflected shock waves (time 0), the OH radicals were

The OH radicals were generated by the thermal decomposition9enerated nearly instantaneously and stayed at constant con-
of HONO;, (gaseous nitric acid) or TBHReft-butyl hydrop- centration during the observation period without hydrocarbon
eroxide, (CH)sC—OOH). reactant (Figure 1a), while a decay of OH concentration was

observed due to reaction 1 or 2 when benzene (Figure 1b) or
HONO, + M — OH + NO, + M 3) toluene (Figure 1c) was added to the gas sample. The time
variation of the fluorescence intensity was well-described by a

(CH,;),C—O0OH+ M — OH+ (CHy),C—O0+M (4) single-exponential function

The nitric acid was useful for temperatures above 1300 K, where 1(t) = I exp=kt) (E1)
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Figure 2. Observed PLIF images and derived [OH] time profiles for (a) TBHP/Ar mixture, (b) TBHP/benzene/Ar, and (c) TBHP/toluene/Ar
mixtures. Experimental conditions: (a) [TBHP¥ 1.5 x 10% (open circles, observed [OH]; solid gray line, simulated [OH]) and 8.Q0'3
molecules cm?® (open triangles, observed [OH]; solid black line, simulated [OH]). TbF 1058 K, P = 1.08 atm, [TBHP] = 1.94 x 104
molecules cm®, and [GHelo = 8.49 x 10" molecule cm®. (c) T = 1097 K,P = 1.14 atm, [TBHP] = 1.67 x 10'® molecules cm?, and [GHs-

CHs]o = 5.16 x 10'®> molecules cm®. The solid and broken lines denote the results of the numerical simulatiorkyvithe = 1 x 10710 andks

=ko = 1 x 107° cm® molecule? s7%, respectively (see text for details).

wherely is the fluorescence intensity at= 0 andk' is the pseudo reactions, possible interference was evaluated by numerical
first-order decay rate of OH radicals. Since the experiments weresimulation by varying the rate constants for these reactions. The
performed under pseudo first-order conditions, that is, [benzenereactions used in the numerical simulation are listed in Table
or tolueney/[OH]o = 130—-440, the rate constant for reaction 1 1S (Supporting Information). Although other reaction products,
or 2, k; or kp, was derived from a simple relatiolk = three isomers of methyl phenyl radicals, can be expected for
ki[benzeng] or k' = ky[toluene}. OH + toluene, and the products may decompose further to other
Although the absolute concentrations of OH radicals are not species such as benzyne and its derivatives, these are represented
important in the pseudo first-order analysis, they are neededby a single species 8ls or CHsCH, in the numerical
for the assessment of the possible effect of side reactions, mossimulation. The distinction of these species makes no practical
of which are radicatradical reactions. The absolute OH-radical difference because of the lack of their rate constants with OH
concentration was evaluated by assuming [H]HONO]o, radical.
since the nitric acid is known to dissociate to OH NO, The calculated OH radical concentrations are compared with
quantitatively3* The typical initial concentration of OH radicals  experiments in Figure 1b,c. The solid lines show the calculations
was around 2x 10 molecules cm?®. Possible side reactions  with kg (or kg) = 1 x 10719 cm?® molecule® s (typical rate

of the species originating from HONGre as follows: constant for radicatradical reactions), while broken lines denote
those with 1x 1079 cm?® molecule! s~ (estimated maximum

OH + NO,—~HO, + NO (6) rate constant- gas kinetic collision rate constant). The effect

of reaction 8 or 9 was found to be minor, though it was slightly

OH+OH—=H,0+0 (7) larger for the OH+ benzene experiment (Figure 1b) than for

OH + toluene (Figure 1c), reflecting the smaller rate constant
for reaction 1 than that for reaction 2. Furthermore, a trial was
also made to investigate the rate constagtfor OH + CgHs
(reaction 8) by separate experiments using nitrosobenzehig-(C
NO) as a pyrolytic source of phenyl radical. The upper limit
for kg was evaluated to be-1071° cm® molecule’! s%. This
indicated that the contribution of reaction 8 was sufficiently
small in the present experimental conditions. Other side reactions
were also concluded to be negligible by the numerical simula-
tions.

B. Experiments using TBHP.Since HONQ is useful as an
OH radical source only for temperatures abov&300 K,
measurements were extended to lower temperatures by using
STBHP. Figure 2 shows typical fluorescence images and time
profiles of [OH]. Similarly to Figure 1, Figure 2&c indicates
the results without reactants, with benzene, and with toluene,

The contribution of these reactions can be readily excluded from
the time profile in Figure 1a, which was observed without
benzene or toluene since no decay of [OH] was visible. This
can also be confirmed from the rate constants for these reactions
that is, by using = 2 x 10712 k; = 5 x 10712 (both in units
of cm® molecule® st and at 1500 K$2>36and the maximum
possible concentration of NCand OH, <[HONO;]p ~ 2 x
10" molecules cmd. Their contributions to the first-order decay
were estimated to be 405and 100 s?, respectively, which
are less than 1% of the observed decay rate, typicathBj2x
100 sL

The dominant channels of reactions 1 and 2 are expected to
be H-atom abstraction reactions (1a and 2a) at high temperature
The minor substitution channels (1b, 2c, and 2d) and ring
H-abstraction channel (2b), which will be discussed in the

following section, are neglected here. respectively. Unlike the case of HONGa slight decay of [OH]
OH + CgH; — CgHs + H,O (1a) was observed even in the absence of reactants (Figure 2a),
> mainly due to the subsequent reactions of OH radicals with the
OH + CH;CH; — C;H;,CH, + H,O (2a) dissociation products of (CHC—O radicals, acetone (GH
COCHg), and CH radicals.
The most significant side reactions will be the reactions of OH
radicals with the reaction products. OH + CH,COCH; — products (10)
OH + C4H; — products (8) OH + CH; — products (11)
OH + C4HCH, — products 9) By using the rate constants for reactions”ldnd 128 at 1200

K, kio=9 x 10712andky; = 2.7 x 10711 cm® molecule’l s71,
Since no direct kinetic measurement has been reported for thesand [CHCOCH]max = [CHz]lmax = [TBHP]p ~2 x 1013
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T 1 the specified temperature range. The present results for reactions
OH + toluene

! 1 and 2 agree well with those of Tully et#land Madronich
M 3:2 :vaf]‘z EPTISPTSZ) and FelderS Derived activation energies are slightly larger (by

v Tullyetal. 5—8 kJ moi1) than those reported in the earlier works for the
- N lower temperature range, suggesting non-Arrhenius behavior of

o0k 4

T 1 the rate constants.

= v ]

k> 01 iyd Y v ] . .

g ° 1 Discussion

o A o 1 . . . .

5 A For the reaction of OH radicals with benzene (reaction 1),
I 10-12 OH + benzene A

previous extensive theoretical analy®$&8 have clearly estab-

+ this work (HONO) lished the mechanism based on the experimental kinetic data.

4 this work (TBHP)

o Madronich & Felder However, the agreement between experimental and theoretical
a Tullyetal 7 rate constants was not satisfactory at temperatures ab50@
o —L 1 . . K. In the present study, previous high-temperature rate constants

0.6 0.8 1.0 1.2 14

100K for OH + benzene have been confirmed and extended up to

Figure 3. Arthenius plots for the rate constants for OHbenzene 1740 K. Since this reaction is an important initial oxidation step
and toluene in the high-temperature region. The symbols in lower left fpr the simplest aromatlc' hydrocarbon, the thepre'ucal Investiga-
legend are measurements for GHbenzene® anda, present studies  ti0N was also extended in the present study in order to resolve

with HONO; and TBHP, respectivelyd, Madronich and Felde® A, the discrepancy. A theoretical investigation was also made for
Tully et al?¥), and those in the upper right legend are measurements the reaction of OH radicals with toluene (reaction 2).
for OH + toluene @ andv, present studies with HONGand TBHP, A. Energetics of OH + Benzene and OH+ Toluene

respectively, Tully et al). Solid lines correspond to the Arrhenius  Reaction SystemsThe energetics of the reaction systems were
expressions, derived in the present work. estimated from the experimental heats of formation, the
estimates proposed in the previous theoretical investigations,

molecules cm3, contributions to the [OH] decay rate were - |
[OH] y and quantum chemical calculations of G3(MP2)//B3EY&nd

estimated to be 180 and 540'srespectively, both of which

are less than 2% of the measured decay rates of OHp)Y(& CBS-QB3? models carried Ol.Jt using t_k@aussian 98or 03
10* L. To confirm the estimated mechanism, an experiment Programst! Although the previous studies seem to have well-
was also performed with about five times larger TBHP established the dominance of the H-abstraction channel (reaction

concentration, and the result is also shown in Figure 2a. The 1@) for OH+ benzene at high temperatures, the barrier for the

decay rate was found to increase as expected, and the profileé’”oH'S”bsltitUtion reaction 1b was estimated to lie only-10.
could be fairly well reproduced by the numerical simulation, 20 kJ mof™ above that of the H-abstraction channel, and this

To avoid the effect of these reactions, experiments were channel may contribute significantly at elevated temperatures.

performed with lowest possible concentration of TBHR, x OH+ C.H.— C.H. + H.O (1a)
1013 molecules cm?. 61 16 6l 15 2
Similar to the case of HONQ experiments, numerical — C4H:OH (phenol)+ H (1b)

simulations were performed by using the reactions listed in Table

2S (Supporting Information), and the time profiles calculated Thus, the quantum chemical calculations were made for both

for two cases withkg (or ko) = 1 x 10719 and 1x 107° cm? channels. Other reaction channels, which have been extensively

molecule’! s™* are shown in Figure 2b,c by solid and broken investigated by Chen et & were excluded, since the barrier

lines, respectively. The effect of side reactions 8 and 9 was heights were reported to be much higher, by at least 50 kJ*mol

confirmed to be negligible. than that for the H-abstraction channel. Similarly, for GH

C. Temperature Dependence of the Rate Constant3he toluene (reaction 2), four H-abstraction channels (reactions 2a,

measured rate constants are summarized in Table 3S (Supportin@b-o, 2b-m, and 2bp) and four substitution channels (reactions

Information) with experimental conditions and are shown in the 2c, 2de, 2d-m, and 2dp) have been investigated. The calculated

Arrhenius plots (Figure 3). The rate constants for ®kbluene

(reaction 2) were found to be two to three times larger than OH + CgHsCH; — CgHsCH, + H,0 (2a)

those for OH+ benzene (reaction 1). No significant difference — 0. m-. p-C.H.CH. + H.O

was found between the results with HON@nd TBHP. By a T Pt 7 1Y

least-squares analysis, Arrhenius rate constant expressions for (2b-0, 2b-m, 2bp)

;(E?)ctions 1 and 2 were derived to be (in units of cnolecule® — C,H:OH + CH, (2¢)

. — 0-, m-, p-C¢H,CH;OH (cresol)+ H

k,=(B.0+1.7)x 10 " x (2d-0, 2d-m, 2d)

exp{ —(26.6+ 2.0[kJ mol ])/RT}

F=132 (9081736 K) internal energy 80 K relative to the reactant (0 K), are

summarized and compared with experimental thermodynamic

_ 11 data and previous estimations in Table 1. The last column of
kp=(8.9+2.9)x 10 x the table shows the best estimate€gf(0 K), which are used

exp{ —(19.7+ 2.7[kJ mol''])/RT} in the TST calculations described in the following subsection.

F=1.20 (919-1481K) For OH + benzene, the best-estimate energetics for H/OH-

substitution steps were taken from the previous work by

Here, the error limits for preexponential factor and activation Tokmakov and Lir?8 who have chosen these so as to reproduce
energy are at the two standard deviatiow)(2vel. F is the the reported rate constants for OHbenzene at low temper-

uncertainty factor (also, at thes2evel) of the rate constants in  atures, as well as those for reverse OH/H-substitution reaction,
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TABLE 1: Estimated Energetics for OH + C¢Hg/CsHsCH3 Systems
G3(MP2)/I Tokmakov TST best
Erel(0 K)/kJ moit B3LYP CBS-0QB3 exp. & Lin¢ fitd este
OH + CgHs (benzene) system
OH + benzene (6He) 0 0 0 0 0 0
TSabs 325 147 12 12.0
H,O + phenyl (GHs) -12.1 —16.6 —23.0 —23.0
vdW (OH:+-CgHe) —10.9 —10.9
TSadd 18.4 21 0.4 0.4
adduct (GHsOH) —52.7 —67.5 -71.1 -71.1
TSelim 53.5 38.5 34.7 34.7
H + phenol (GHsOH) 7.9 1.1 1.3 1.3 1.3
OH + CgHsCHjs (toluene) System
OH + toluene (GHsCHz) 0 0 0 0 0
TSabs-CH 11.6 5.2 25 25
H,0 + benzyl (GHsCH,) —107.1 —-119.1 —122.8 —122.8
TSabse 25.4 12.6 9.9
TSabsm 27.8 155 128
TSabsp 29.7 13.9 112
H,O + 0-CH;—Phenyl —-12.3 —20.2 —26.9
H20 + m-CH;—Phenyl -12.3 —20.4 —26.7
H2O + p-CHz—Phenyl -9.8 —-155 —-21.8
vdW (OH"‘CeHsCH3) —-10.9
TSaddipso 12.4 —4.3 —4.3
ipsc-adduct {(pso-HOCsHsCHs) —-71.4 —86.0 —86.0
TSelimdipso 35.6 185 185
CH; + phenol (GHsOH) —33.2 —36.2 -37.9 —37.9
TSadde 11.1 —4.6 —6.3
TSaddm 18.0 0.7 -1.0
TSaddp 16.6 —0.4 —2.1
o-adduct -HOCsHsCHs) —67.0 —82.6 —86.2
mradduct (n-HOCsHsCHs) —62.6 —77.4 —81.0
p-adduct p-HOCsHsCHs) —63.5 —79.0 —82.8
TSelim-o 46.2 30.8 279
TSelimm 534 37.0 33.%
TSelimp 54.7 38.7 35.0
H + o-cresol p-HOCsH4CHs) 55 2.1 11 1.1
H + m-cresol (m-HOCsH4CHa) 12.2 0.9 -1.9 -1.9
9.7 24 5.0 5.0

H + p-cresol p-HOCsH4CHs)

2 All energies reported her&;(0 K), are the internal energies @ K relative to the reactants, Ok benzene or OH* toluene, in kJ moit.
b ExperimentaE(0 K) was derived from experimentakH,qs andH.gs — Ho calculated from the B3LYP/6-31G(d) optimized geometry and frequencies.
For OH, experimental spinorbit splitting was used, and for toluene and creselSH; group was treated as a hindered rotor. Experimeidbos
values were taken from thermodynamic tabffeé? except for OH!> CHjs,*6 and phenyt for which revised heats of formation have been reported
recently.c Energetics used by Tokmakov and t§in their final rate-constant evaluatiohDerived by the best fit to the experimental rate constants
measured in this study. See text for detdiiBest estimates evaluated in the present stliEgtimated a&£(CBS-QB3)— 2.73 kJ mot?, based on
the difference between TST fit (best estimate) and CBS-QB3 energies for H-atom abstraction transition staté de@t¢ne? Estimated as
E(CBS-QB3)— 6.34 kJ mot?, based on the difference between experimental and CBS-QB3 energiegXer Hhenyl (GHs). " Estimated to be
same as vdW (OH:-CgHe). ' E(CBS-QB3)— 1.68 kJ mot*. | E(CBS-QB3)— 3.59 kJ mott. K E(CBS-QB3)— 3.76 kJ mof™.
H + CeHsOH — OH + CgHg. The hei iti TSetim 34.7

6Hs sHe. ight of T&s transition Pl

state for the H-abstraction channel, was adjusted so as to
reproduce the high-temperature rate constants determined in the
present and previo&s? studies. Details of this procedure will
be described below. It should be noted that the CBS-QB3 model
reproduces the experimental and best estimated energetics quite
well. The differences were onkt3 kJ mol?! on average and
6.3 kJ mot? at maximum. The best-estimate energy diagram
for the OH+ benzene system is shown in Figure 4.

For the OH+ toluene system, experimental thermochemical
information is available only for the methyl H-abstraction
products (HO + benzyl) and substitution products (gH ol \
phenol and H+ cresol). Again, because the CBS-QB3 model |

well-predicted the experimental relative energies of these
products, the unknown energetics were estimated from the CBS-Figure 4. Estimated energy diagram for the OHbenzene system.

QB3 results. Since the CBS-QB3 model overestimatedEtlie The ordinate E(0 K), is the internal energyt® K (in other words,

(0 K) of H,0 + phenyl by 6.3 kJ mott, the E;¢(0 K) values of the potential energy corrected for the zero-point vibrational energy)
aromatic ring H-abstraction products,,® + o-, m-, and relative to the reactant, OHt benzene. See text and footnotes of Table

p-methyl phenyl radical, were estimated by shifting the CBS- 1 for details.

QB3 energy lower by 6.3 kJ mol. Similarly, the height of not for theipso-OH/CHs-substition channel, for which CBS-

ring H-abstraction transition states, bSo, TSaps-m, and TSps-p, QB3 energies were used without shifting. The barrier height
for the methyl H-abstraction channel, which is most sensitive

were estimated a&(CBS-QB3) — 2.7 kJ motl. A similar
procedure was applied to the OH/H-substitution channels, butto the rate constants at high temperatures, was adjusted so as
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Figure 5. Estimated energy diagram for the OHtoluene system. The ordinaté.(0 K), is the internal energyt® K relative to the reactant,
OH + toluene. For detail of the estimation procedure, see text as well as footnotes of Table 1.

to reproduce the present and previous measurements (seaddition barriers£6—1 kJ mol?), it is reasonable to assume
following subsection for detail). The best-estimate energetics pre-equilibrium between the reactants and the OH adduct. In
for the OH+ toluene system is shown in Figure 5. this situation, TST rate constants for the substitution channel,
The OH--CgHg and OH--CgHsCH3 van der Waals (vdW) ksub become
complexes are also shown in Table 1 and Figures 4 and 5 based
EQZIim XF{_ EO)

on the calculation by Tokmakov and L#.For addition or Qug D,
insertion reactions without high entrance barriers, such com- =K x k;=——expg—=| x « e —
g ksub kehm Qr kBT h Qad kBT

plexes are known to be important in the theoretical treatment
of the rate constants at low temperatut&® However, their TO D
H H H : : I(B Qelim EO 0
roles are minor at high temperatures, and no further investigation = — exd — (E2)
was made for these complexes in the present study. h Q kgT

B. TST (Transition-State Theory) Calculations.Molecular
properties required for the TST calculations, structures, and whereK is the equilibrium constant between the reactants and

vibrational frequencies, were estimated by B3LYP/6-31G(d) the OH adductkeim is the rate constant for the H-elimination
density functional calculations. The optimized structures of (or CHs-elimination) stepy is the tunneling correction factor;
reactants, products, intermediates, and transition states are showf);, Qa4 and Qj;,, are the partition functions of the reactants,
in Figures 1S and 2S (Supporting Information), and properties the OH adduct, and the H-elimination transition st&lgjs the
used in the TST calculations are summarized in Tables 4S andbackward dissociation energy of the OH adduct to reactants,

5S. Since the methyl torsion of toluene was found to have an andE, is the threshold energy for the H-elimination reaction.
Note that eq E2 is the same as the TST rate constant derived

extremely low vibrational frequency, 30.6 cf and a low
by ignoring the OH adduct, except that the parameters for the

barrier, 6.7 cm?, by B3LYP/6-31G(d) calculations, its partition
function was calculated by assuming a sinusoidally hindered Eckart potential used to evaluaie are determined for the

rotor with sixfold symmetry by using the PitzeGwinn H-elimination step from the OH adduct.
approximatiorf®® The methyl torsion modes of OH toluene C. Rate Constant for OH + Benzene.The rate constant
transition states and products were treated similarly except for for the H/OH-substitution channel, OH CsHg — CsHsOH +

the methyl H-abstraction transition state. The sqrbit splitting H (reaction 1b), was calculated by eq E2 with the best-estimate

of the 2IT ground state of the OH radical was incorporated in E(0 K) in Table 1. The result is shown in Figure 6 by a dotted
broken line, and the H/OH-substitution channel was confirmed

the calculation by using the experimental coupling constant,
to be minor; that is, it is less than 10% of the measured rate

Ay = —139.21 cm1?, for the vibrational ground state. The
molecular models thus estimated were confirmed by comparing constant. Then, the rate constant for the dominant H-abstraction

the calculated entropies and heat capacities with experimentalchannel, OH+ C¢Hg — CeHs + H,O (reaction la), was
values, if available, as shown in Table 6S. The one-dimensional calculated with the harmonic oscillator (HO) approximation for

tunneling correction was applied to the canonical TST rate all internal motions of the transition state (HO model). The
barrier height was adjusted so that the calculated total rate

constants by assuming an asymmetric Eckart potetitiabugh
the effect was found to be minor at high temperatures. constant reproduces the experiments. However, as shown by a
broken line in Figure 6, the HO model did not reproduce the

The benzeneOH or toluene-OH adducts, which are domi-
nant products at low temperatures, are not likely to be formed temperature dependence of the experimental rate constant

and stabilized as a product under high-temperature conditionsproperly, and the derived threshold enerBy= 24 kJ mot?,

in the present study, because the binding energies are estimatedas significantly higher than the CBS-QB3 estimate (14.7 kJ
to be small, 7386 kJ motL. Since the H-elimination or CH mol~%; see Table 1). Since such disagreement is often caused
elimination barriers (1835 kJ mot?1) are higher than the OH- by the overestimated partition function of the transition state
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06 08 10 12 14 16 18 on B3LYP/6-31G(d) calculations, and the energy levels of the
T7 /107K vibrational states (horizontal solid lines;) of the H-abstraction

Figure 6. Comparison of the TST calculations with experimental rate
constants for OHt+ benzene. The symbols denote the experimental

transition state for OHt+- benzene. The broken curve (- - -) and the
broken horizontal lines (- - -) show the potential energy curve and the

rate constants (see the caption of Figure 3 for their legends). The solidenergy levels, respectively, for the harmonic oscillator approximation

(—) and broken {---) lines show the overall TST rate constant

based on the conventional frequency analysis, that is, the frequency

calculated with and without one-dimensional anharmonic corrections estimated from the second derivative of the potential energy at the

for two bending and one torsional vibration of the transition state,

respectively. The estimated rate constant for the H/OH-substitution

channel is also shown by the dotted broken line-{}.
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Figure 7. Variation of the potential energy, (middle trace) and the
reduced moment of inerti&, (upper trace) along the-€H—0 wagging
(a"'-bending) vibration coordinate, of the H-abstraction transition
state for OH+ benzene, estimated by B3LYP/6-31G(d) density
functional calculations. Definition of the wagging coordinafe,is
shown schematically in the bottom.

due to improper harmonic oscillator approximation, three low-
frequency vibrational modes,-¢H—0 wagging &' bending),
C—H-0O rocking @ bending), and-OH torsion, were inves-
tigated in detail.

Figure 7 shows a potential energy curve for the HC-O

minimum.

weighted coordinatep, by

dp = (1/1)** do (E3)
where,lg is the reduced moment of inertia at the equilibrium
geometry. Then, the vibrational energy levels were calculated
by solving the time-independent Sctinger equation;—(h%
2lo)(d%pldg?) + V(p)y = Ev, with the BEx1D progran® The
potential energy curve along the inertia-weighted coordinate,
¢, and the derived energy levels are shown in Figure 8. The
potential energy and the energy levels were significantly
different from those estimated from the frequency analysis,
which are also shown in Figure 8 by broken lines for
comparison. The partition function was calculated directly from
the energy levels.

Similarly, the partition functions for EH—0O rocking @’
bending) and-OH torsion vibrations were calculated from the
energy levels obtained by solving the Sdtirger equation. For
the torsion vibration, th& for inertia weighting was chosen as

62 == [T 1% do (E4)

by which the intuitive and convenient periodicity is retained,
becausep = 27 at 0 = 2.

By using the partition functions derived above, TST calcula-
tion well-reproduced the experimental rate constant, as shown
by the solid line in Figure 6. The derived threshold eneky,
= 12 kJ mot1, was also reasonable, being slightly smaller than
the CBS-QB3 estimate, 14.7 kJ mél It should be noted that
the theoretical investigations by Tokmakov and®iand Chen
et al?® did include similar anharmonic correction for théOH
torsion vibration. However, the effect on the partition function

wagging vibration of the H-abstraction transition state estimated was not large for the-OH torsion vibration. The correction

by B3LYP/6-31G(d) calculations. The potential curve is highly

factor, (that is, the ratio of the anharmonic partition function to

anharmonic, and the reduced moment of inertia dependsthat calculated by harmonic oscillator approximation using
significantly on the bending coordinate. The reduced moment frequency analysis resultsf(anh)Q(HO), was 0.79-0.95

of inertia for the CG-H—0O bending vibration was calculated by

(1800-500 K) for —OH torsion, while it was 0.430.53 for

the same protocol as for the asymmetric internal rotor describedC—H—0O rocking and 0.550.62 for C-H—O wagging in the
by Pitzer®2 except that the axis of rotation is set to pass through same temperature range. The anharmonicity of the twbl €O

the center H atom and perpendicular to theHC-O bending
plane. The bending coordinat®,was transformed to the inertia-

bending vibrations was essential for the reproduction of the
experimental rate constants by TST.
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Figure 9. Comparison of the TST calculations with experimental rate
constants for OHt toluene. The symbols denote the experimental rate
constants (see the caption of Figure 3 for their legends). The se)id ( Figure 10. Potential energy curve along the inertia-weighteehG-O
and broken (- - -) lines show the overall TST rate constant calcu- rocking @-bending) vibration coordinate), (solid curve,—) based
lated with and without one-dimensional anharmonic corrections for B3LYP/6-31G(d) calculations, and the energy levels of the
one bending and two torsional vibrations of the transition state, \iprational states (horizontal solid lines) of the methyl H-abstraction
respectively. The dotted line with open rhombug--+<-+-) indi- transition state for OH+ toluene. The broken curve (- - -) and the
cates the rate constants for methyl H-abstraction channel, and the doty,;xen horizontal lines (- - -) show the potential energy curve and the
ted line with crosses:(+---+-:-) denotes the sum of the rate con-  gnergy levels, respectively, for the harmonic oscillator approximation

stants for aromatic ring H-abstraction channels. The total rate constantyyaseq'on the conventional frequency analysis. Definition of the rocking
for the four substitution channels is shown by the dotted broken line coordinate, is shown in the bottom figure.

anharmonicity originated from the-OH torsion and the

D. Rate Constant for OH + Toluene. The TST rate C—H—0 rocking.
constants for all four substitution channels of GHtoluene E. Effect of the Anharmonic Vibrations. The present direct
(reaction 2) were calculated by eq E2. The sum of the rate experimental investigation at high temperatures, along with the
constants for substitution channels is shown in Figure 9 by a theoretical investigation, indicates the importance of the anhar-
dotted broken line and was confirmed to be minor as in the monjc vibrational motions in the transition state. Although
similar case, OHt benzene. Rate constants for the thi@eho-, similar problems are well-known for the loose transition states
meta, and para-) aromatic-ring H-atom abstraction channels of hond-fission reactiort$ and have also been pointed out for
were calculated by the harmonic oscillator approximation and H-apstraction reactiorf§,no quantitative approach based on the
corrected by multiplying the anharmonic correction factor, quantum chemical calculations has been reported for H-
Q(anh)Q(HO), calculated for OHt- benzene. The sum of the  gpstraction reactions. Although the experimental rate constants
rate constants for three ring H-abstraction reaction channels ismay be reproduced parametrically by adjusting the relevant
also shown by a dotted line with crosses in Figure 9, which yiprational frequencies and/or by assuming a two-dimensional
was larger than that for substitution channels, but was still minor, spherically hindered rotor with an adjustable hindrance angle,
IeSS than 30% Of the eXpeI’imenta| OVera" rate constant. Thethe anharmonicity was incorporated as a priori as possible in
barrier height for the major reaction channel, H abstraction from e present study. The experimental rate constants could be well-
the Ch group, was adjusted so that the total rate constants agregeproduced by only slight adjustment of the barrier height from
with the experiments. The harmonic oscillator model cannot the CBS-QB3 result, though it should be noted that further
reproduce the temperature dependence of the rate constant, arecise investigations are necessary for the problems arising
shown by broken line in Figure 9. from the limited accuracy of the potential energy calculation

The potential energy curves for the three internal motions (at B3LYP/6-31G(d)) and the one-dimensional assumption
corresponding to the three lowest vibrational frequencies of the ignoring the possible coupling between the internal motions,
methyl H-abstraction transition state were investigated by and so forth.
B3LYP/6-31G(d) calculations. The calculated potential energy  Because similar bending vibrations are expected in many
curve and the vibrational energy levels for theld—O rocking other H-atom abstraction reactions from hydrocarbons, consid-
(&’-bending) mode are shown in Figure 10. Obviously, the erations on the possible effect of the anharmonicity seem to be
harmonic approximation based on the frequency analysis resultsuseful. The effect of the anharmonicity of the bending vibrations
in a significant overestimate of the partition function. Thus, the was found to be larger for OH benzene (reaction 1) than for
partition functions were evaluated from the energy levels. OH + toluene (reaction 2). The major reason for this difference
Similar calculations were also done for th®©H torsion mode can be explained as follows: In the OH toluene transition
and the GHs—CHz(OH) torsion. After correction for anhar-  state, the coupling between the-8—0 wagging &"'-bending)
monics, the TST rate constant agreed well with the experimentsand the—CHj torsion results in two normal modes: One is the
as shown in Figure 9. The best-fit threshold energy was derived in-phase torsion, in which the-CHz(OH) rotates as a whole
to be,Ep = 2.5 kJ mof?, which is slightly smaller than, butin  against the phenyl group, and the other is the reversed-phase
good agreement with, the CBS-QB3 estimate, 5.2 kJfol  torsion, in which nearly only the-CHz group rotates against
Unlike the case of OH+ benzene, the-OH torsion is nearly the rest of the molecule, with OH staying still. As a result, the
a free rotor with a barrier less than 70 thh The major reduced mass of the latter normal mode, which dominantly
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TABLE 2: Recommended Rate Constants for OH+ Benzene and OH+ Toluene (706-1900 Ky
k= AT° exp(—E4/RT)

A EJ/R
cm®moleculets™ b K

OH + Benzene
ka1 = kya+ kip 7.33x 10°% 2.907 231
kia (H-abstraction) 3.8& 107 2.683 369
kip (H/OH-substitution) 2,20« 10722 3.249 2813

OH + Toluene
ko = koa+ kop + kac + kog 2.52x 1072 2.779 —405
koa (methyl-H-abstraction) 2.94 10°1° 2.394 —303
kap (ring-H-abstraction) = kab—o * Kob-m + kopp 2.26x 107 2.691 312
Kob-o (ortho-H-abstraction) 8.5% 10 2.611 156
Kab-m (metaH-abstraction) 1.2% 1072 2.691 464
Kob—p (para-H-abstraction) 7.36< 10°% 2.665 305
kac (CH3z/OH-substitution) ipso 1.30x 1072 2.884 1621
kaq (ring-H/OH-substitution) = Kag—o 1 Kod-m + Kag—p 521x 10 3.365 2375
Kad-o (ortho-substitution) 2.74< 1075 3.263 2071
kad-m (metasubstitution) 7.34 10°% 3.244 2667
Kadp (para-substitution) 4.3% 10°% 3.231 2901
Ksubs-total = koc + kog 5.39x 107 3.393 1530

a Estimated uncertainty factor is 1.35 for overall rate constdatandk; in the specified temperature range.

contains the change of the-®1—0O angle, becomes smaller Acknowledgment. Authors thank Dr. Joe V. Michael
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of anharmonicity is also expected for the alkane hydrocarbons

with many loose torsion vibrational modes, though the precise  Supporting Information Available: Tables 1S and 2S
theoretical investigations based on the reliable experimental ratecontain the reaction mechanisms used in the kinetic numerical
constants is needed for further assessment of the possible effecsimulations. Table 3S shows the measured rate constants for
of anharmonicity. The effect of the anharmonicity of8—-0 OH + benzene/toluene with the experimental conditions. Tables
bending in the transition state is expected to be most prominent4S and 5S and Figures 1S and 2S show the results of quantum
in the H-abstraction reactions from a tight molecule like chemical calculations used in TST calculations. Table 6S shows
benzene, and similar ring H abstractions from aromatic hydro- the comparison of experimental and calculated entropies and
carbons. heat capacities. This material is available free of charge via the

F. Recommended Rate Constant©n the basis of the TST  Internet at http:/pubs.acs.org.
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