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The capability of various high-level DFT and ab initio MO methods to predict molecular and energetic
parameters has been critically tested for the OH radical reaction with benzene. G3 theory proved to be the
most accurate in estimating reaction barriers and enthalpies. For the first time, the molecular structure,
stabilization energy and nature of the bonding interactions of tlel#&OH] prereaction complex have

been characterized. Accurate thermochemistry for major reaction channels was established by making combined
use of experimental and theoretical parameters. A multistep kinetic model for the OH-addition channel was
proposed, and the effects ©f P, and reaction time on the apparent rate constants were evaluated by weak
collision master equation/RRKM analysis. Available experimental kinetic data for all relevant reactions are
critically analyzed and correlated with modeled effective rate constants.

Introduction where reaction 3 is a sequence of two elementary steps, namely,

. N . the OH addition to benzene (reaction 2) and the elimination of
The gas-phase chemistry of the OH radical is very important o 4 atom from the adduct (reactiof).3

in high-T combustion as well as in low-atmospheric processes.

This radical acts as a scavenger by initiating tropospheric CgHsOH — C;H.OH + H (3)
oxidation of such major anthropogenic pollutants as unsaturated

hydrocarbons. Particularly important is the removal of aromatic Different pathways dominate under different experimental
hydrocarbons and PAH because of extensive environmental andconditions. In the lowF regime, the OH-addition channel (eq
health hazards presented by these pollutants. The developmené) prevails, followed by the 6’HGOH removal in secondary

of macroscale models of complex atmospheric processes, such g, tions. i:or instance, reactions with &d NO result in

as those responsible for tropospheric ozone and smog formatio”several competing deg,radation pathways under tropospheric

over urban areas, puts a high demand on accurate kinetic datgqpjtjong4-26 Despite an abundance of experimental measure-
for elementary reactions describing the OH-radical-initiated . onts near roor (RT)8-12.17.2737 an uncertainty still exists

atmospheric degradation of aromatic compounds. in the activation energy for reaction 2. As a result of extensive
The combustion of hydrocarbon fuels is another rapidly jiterature review#;? small positive values of 0.6 0.1 kcal/
evolving area of macroscale kinetic modeling. Putting an mo| have been recommended for this parameter, whereas
emphasis on its competitive nature, Tsang characterized COM-egative values from-0.7 to —2.8 kcal/mol appear in the
bustion as a “race between pyrolysis and oxidatibNeedless Arrhenius expressions derived in the later studié.18 The
to say, OH radicals and small aromatics are among the key accuracy of experimental activation parameters is adversely
players in that competition. Whether a higher yield of oxidation zffected by the reversibility of reaction 2. Aboifex 350 K,
products is desirable (as in combustion engines) or not (as inthe GHOH radical becomes unstable. In a fast equilibrium,

in fuel-rich flames), a detailed knowledge of oxidation mech- (esctants:

anisms initiated by @ O, and OH radicals is of crucial
importance for the determination of controlling parameters and CeHgOH — C,Hg+ OH -2)
the optimization of experimental conditions.

This study is concerned with a detailed mechanistic analysis  |n the highT regime [ > 450 K), benzene decay is attributed
of the OH radical reactions with benzene, the simplest aromatic almost entirely to the abstraction channel (eq 1). However, the
compound. In the course of previous experimefitdependence  discrepancy between different recommended rate constants for
studie$™® and theoretical investigation,23 the primary  this channel reaches a factor of 5 at 406K Several sources
reaction modes of the OH radical attack on benzene have beerconsidered direct-displacement reaction 3 to be a viable

identified as follows: competitor to H-abstraction at higi#® and to OH addition at
low T, where channel 3 may be responsible for a 25% yield of
CsHg + OH— CH; + H,O Q) phenol at RT condition¥-2° However, the rates of H displace-
ment by OH radicals obtained from QRRK analy$&nd from
CeHg T OH = CeHsOH (2) kinetic studies of the reverse procEsare so slow that they
Ce¢Hg + OH— CH.OH+ H (3) preclude its occurrence at RT.
Thus, despite an apparently large amount of available
experimental data, not all mechanistic questions can be readily
* Corresponding author. E-mail: chemmcl@emory.edu. answered. The complexity of the reactions involved (particularly
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in the intermediatd range) leads to a nonexponential decay of between the stationary points located on the reaction paths. Tight
reactants requiring extensive kinetic modeling to account for convergence criteria were reinforced in both geometry and
measured concentrations profiles. A lack of reliable kinetic electronic wave function optimizations. Unscaled vibrational
parameters for various secondary reactions combined withfrequencies were employed for the calculation of zero-point
narrow T ranges spanned by each experimental technique energy (ZPE) corrections, the characterization of stationary
inevitably introduce additional uncertainty in the modeled rate points, and rate-constant calculations. All energies herein include
constants and activation parameters. a ZPE correction unless specifically noted.

The accuracy of theoretical results is less susceptibledio For a more accurate evaluation of the energetic parameters,
other conditions. Theoretical errors are more predictable and higher-level single-point calculations were carried out on the
often can be accounted for in a systematic manner. Hence,lower-level optimized structures. Upon a comparison of the
theoretical studies could provide a valuable complement to the calculated molecular parameters with available experimental data
experimental data. The consistency of both theory and experi-for the reactants and products (vide infra), the B3LYP density
ment is ultimately required for the interpretation of the mech- functional with the 6-31+-+G(d,p)*® basis set was chosen as
anism and for reliable kinetic data. Prior theoretical investiga- the lower-level geometry optimization method. At the higher
tions of the OH+- CgHg reactions by semiempirical MO methods  |evel, we performed a series of QCISD(T), CCSD(T), MP4,
(MINDO/3,*® PM320 and AM1!) have been very limited in  and MP2 calculations with various basis sets as a part of2M
their success. Activation barriers are strongly overestimated by and G3% model chemistries. A quadratically convergent SCF
these methods. The corrections needed are so large (tens of kcalfroceduré® provided all post-SCF methods with an initial
mol) that they effectively diminish the predictive power of Hartree-Fock wave function. For all of them, a frozen core
theoretical results. Consequently, the rate-constant calculationgFC) approximation was in effect, except for the MP2/G3Large
were rarely performed. The only study that provided calculated calculation, which included all electrons (FU) in a correlation
rate constants was the QRRK analysis of Lay, Bozzelli, and calculation.

Seinfeld?® However, they used empirical rather than theoreti-  The G2M methoff was originally based on the B3LYP/6-
cally predicted reaction barriers and fitted degenerate vibrational311G(d,p) geometries and frequencies, and several schemes
frequencies to evaluaf€ and P effects on the apparent rate  \yere proposed to approximate the CCSD(T)/6-8G(3df,2p)
constants for channels 2 and 3 and some other related reactionsynergetic parameters with a “higher-level correction” (HLC) that
Berho, Rayez, and Lesclatbemployed the B3LYP/6-31G(d)  gepends on the number of paired and unpaired electrons. The
density functional for geometry optimization and BAC-MP4 G2M(CC,MP2) scheme is chosen in this study as the most
single-point calculations to obtain energetic parameters, but theaccyrate and is still affordable for the present system with open-
scope of their study was limited to the CeHe bond-  gpe seven-heavy atoms. More details on the presently employed

dissociation energies for a series of substituted cyclohexadienyIGZM(CC MP2)//B3LYP/6-311+G(d,p) version of the G2M
radicals. The more recent work of Barckholtz, Barckholtz, and ,athod a{re given in our previous vx;o‘rk.

Hadad® focused on the elucidation of the initial reaction . .

. . . - Gaussian-3 theof§y was found to be less computationally
mechanism of the H, O, and OH radicals with a series of . . : .
aromatic compounds. Their rate constants for the ©BgHs demanding and more accurate thar_1 |ts_pr_edecessors, including

' the G28 and G2M“* methods. In its limit, G3 theory ap-

reactions calculated on the basis of B3LYP energetic and ) -
- - proximates the QCISD(T,FU)/G3Large level and includes an
molecular parameters significantly depart from the experimental additional (empirical) HLC and a spirorbit correction for

counterparts both in absolute and relative values. For instance, ) . .

the predicted preference of H abstraction (1) at RT over OH azt?jrf'ns. Tti)1e '.33LY|: density fu.n(.:tlolr;al with ?’31((13(?) and 6'31?'

addition (2) is in sheer contradiction with experiment. No g tir’r?i)zati?)?]lsinsti: GV\é7/SB3OJIY(E]£2n)& gg)%‘%irsio?\rs gf(én;e ry

attempt was made on correcting theoretical deficiencies to obtainv\s) h vzed th ; f B3LYP/6-821G(d )

more reliable rate constants. Given the importance of the OH e have analyzed the performance of I . (. P)

+ CgHg system, we feel that it deserves more attention from a and BSLYP/6-31G(2df_,p_) density functionals for a limited set
of H-, C-, and O-containing compounds relevant to the present

theoretical standpoint. In this work, we will present detailed o . S
potential energy profiles for all reaction modes calculated by stu(;jy. The olptlmlzed geometrllcgll parame.ters welre vlery sm_wrlLar
various DFT and high-level ab initio MO methods. Then the \{j/lirt])rat\ils:él ?rgcs]ﬁe;%i;sevv:rvea;?so?n eg)(()%edngzﬁgfaamevr?t'uﬁj\;veveer
rate constants for all elementary steps will be calculated by ’ R
statistical theories and analyzed with respect to experimentalt.he B3LYP/6-313+G(d,p) values generally had smaller devia-
data. tions from the experiment. The calculations with the G-B}_G- _
(d,p) basis set were also faster than analogous calculations with
. the 6-31G(2df,p) basis set. Therefore, we favored B3LYP/6-
Computational Methods 311++G(d,p) over the originally proposed B3LYP/6-31G(2df,p)

Geometry optimizations of the reactants and products were Method for geometry optimizations in G3 calculations. Further-
performed with second-order MollePlesset perturbation theory ~ More, the consistent use of the same level of theory for geometry
(MP2) as well as with B3LYP® (Becke's three-parameter Optimization also permitted us to make a more accurate
gradient_corrected exchange functional with the gradient_ Comparison of the G2M and G3 theoretical parameters obtained
corrected correlation functional of Lee, Yang, and Parr), in this study with our previous G2M results for relategHg +
MPW1K% (modified PerdewWang one-parameter model CHs and GHg + H reactions!’>!
optimized against 20 forward and reverse reaction barriers), and For brevity, the following short notations for basis sets will
KMLYP 4! (two-parameter model combining a mix of HF and be used in this work: (1) for 6-3&+G(d,p), (Il) for 6-311-+G-
Slater exchange functionals with a mix of VosK&/ilk —Nusair (d,p), and (ll1) for 6-31G(2df,p). Results calculated at the G2M-
(VWN) and Lee-Yang—Parr (LYP) correlation functionals)  (CC,MP2)//B3LYP/6-311++G(d,p) and G3//B3LYP/6-3H+G-
density functional theories with several basis sets. Intrinsic (d,p) levels of theory will be denoted simply as G2M and G3.
reaction coordinate (IRC) calculatid8sallowed us to obtain We should note that all reactions considered in this study are
accurate reaction profiles and make unambiguous connectionssogyric (the number of electron pairs is conserved), resulting
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in the cancellation of HLCs for all relative energies. Hence, all suggested using B3LYP and MP2 theories as lower-level
predicted barriers and enthalpies of reaction are effectively optimization methods. In the following section, the performances
independent of the empirical coefficients in the HLCs. However, of these theories at the 6-3%#G(d,p) level are compared to
those coefficients have to be reoptimized for the present each other and to the MPW#K and KMLYP* density
variations of G2M and G3 theories before they can be used for functionals, which have been suggested recently for the predic-
atomization energy calculations and any nonisogyric reactionstion of accurate reaction barriers and enthalpies within the
in general. For all DFT and ab initio MO calculations, the framework of DFT. The effect of basis-set expansion to
Gaussian 98 program packagwas used. 6-311++G(d,p) and 6-31G(2df,p) is tested for B3LYP-
The rate-constant calculations were carried out with the optimized geometries of some molecules relevant to this study.

recently éjpdated version 1.19 (Feb. 20, 2002) of the ChemRate A Analysis of Selected Geometry Optimization Methods.
progrant®from NIST. This program provides the computational The geometric parameters of the reactants and products of the
means for accounting for non-steady-state effects in complex cHg + OH reactions optimized by selected methods are listed
kinetic schemes including chemical activation, isomerization, i Table 1. Also in Table 1, the list of geometrical parameters
collisional energy transfer, and unimolecular decomposition for each molecule is followed by the average of the absolute
processes. The usual energetic and molecular parameters (reagg|ative deviations of calculated vibrational frequencies from
tion barriers, moments of inertia, and vibrational frequencies) ne experiment. The experimental data for OH an® it taken
are required as input for the sum and density-of-states computafrom a NIST compilatiorf Electron diffraction intensities and
tions, followed by the microscopic rate-const&(E) calcula-  microwave spectroscopy of benzéhand phendt were used
tions by RRKM theory>*"5¢ In the present study, the energy 1 determine theirg and e-type molecular structures. Averages
increment was fixed at 10 chin all sum and density-of-states  of ; and ¢ geometric parameters have been adopted in this study
calgulatlons tha.t were performed using the modified Beyer for comparison with theory. A complete set of observed
Swinehart algorithn§/ The standard form of the “exponential-  \;iprational frequencies for benzefieand phend® is also

” s 8 e H . A ) . ) )
down” modef>°®was used for collisional energy transfer. This  gyailaple for testing the quality of theoretical predictions. The
model requires theAEldown parameter (average energy 10ss per iprational spectrum of the phenyl radical in an Ar matrix has
collision of the active component with a bath gas molecule) on gen updated recentty, and now all but the lowest A
the input. We used fitted (where available) or assumed values,inrational frequency have been assigned from the experimental
of this parameter since no other theoretical or experimental jrare® and Rama#f spectra. We question®dfive earlier
estimates could be found. The frequency of collisions with the assignmentd of the GiHs vibrational frequencies. Four of them

bath gas was estimated from the Lennard-Jones parametersyaye heen corrected, and those were the four largest corrections
adopted from Reid et & Finally, the apparenP-, T- and introduced in the updated version.

t-dependent rate constants have been obtained after solving the The molecular structures of OH.,8, CiHe, and GH<OH

master equatioP? which describes the evolution of all active . .

. are accurately predicted by MP2/(I) and B3LYP/(I) theories.
components. The present app.roach to solving the r.naSt.erThe agreement with experimental bond lengths is within 0.01
equation consists of two steps: (1) the master equation IS & tor O—H and even better for €H. C—C. and C-O bonds

expressed in matrix form and then (2) the eigenvalues/ S
eigenvectors problem is solved by a method based on House-The.major'ty of cal_culat_eo! bond lengths ?”d valence angles are
holder’s tridiagonalization algorithf?. The default energy bin within the uncertainty limits of the experimental values (typi-
size of 6 = 100 cn® was used in the master equation cally, £0.005 A for distances angt0.5° for angles). We note
computations, and the matrix size was 52626. More details that the H-atom substitution for OH causes a relatively small
about the implementation of the time-dependent master equationfg;'itargon dor thetﬁenzzng é'f% Tr:erefore, t?eoretécan:,t‘amd
RRKM analysis in ChemRate are available from a series of ondlengths an valence angles an 4 (at the
publications of Tsang and coauthés. ortho and meta carbons) have been averaged in order to be
compared to the experimental counterparts, which were derived
Results and Discussion with assumptions about the loc&h, symmetry of the GHs

An adequate description of the energetics and electronic anddroup in phenof?
molecular structures of aromatic and highly delocalized radicals  Considerable differences between B3LYP/(I) and MP2/(l)
involved in the present study requires a sophisticated treatmentmolecular parameters arise for phenyl. The molecular structure
of electron correlation in combination with large basis sets. of CeHs optimized at the B3LYP/(1) level features<C bonds
Unfortunately, current limitations of available computer re- at the radical siter(C1—C2)) that are shortened by ca. 0.02 A
sources prohibit extensive searches on the potential energyand small changes in the length of the other four@bonds
surfaces (PES) obtained with highly correlated methods and compared to those of benzene. At the MP2/(l) level, however,
basis sets of a size sufficient to approach the limit of infinite all six C—C bonds are tightened relative to the-C bonds in
expansion. During the past decade, however, a novel approactbenzene. They become 0.04 A shorter at the radical site and
of model chemistries was successfully introduced and has beershorten half as much at the remaining positions. No experimental
rapidly evolving ever since. This approach takes advantage of structure of the free phenyl radical is available for comparison.
the separability of certain theoretical deficiencies and relatively However, the quality of theoretical molecular structures can be
small displacements of stationary points on the PES calculatedjudged by other molecular parameters such as vibrational
with different but sufficiently accurate methods. On the basis frequencies (see Tables 1 and 2). Clearly, the B3LYP/(I) method
of the last assumption, the higher-level energy of a given provides a good approximation of the experimental vibrational
chemical species can be approximated from a single-point high-spectrum of GHs with a mean absolute deviation of 2.3%,
level calculation at the geometry optimized on the lower-level whereas the MP2/(1) theory performs very poorly with a mean
PES. The choice of the lower-level method is, therefore, absolute deviation of 9.5% and an absolute deviation of more
important for the good performance of the whole scheme. than 20% for several individual frequencies. Similar problems

Two high-level theories will be used in this work, namely, with MP2 theory at the 6-31G(d,p) level have been encountered
G2M* and G3% Previously, several implementations have been previously®® Apparently, a basis-set expansion to include
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TABLE 1: Performance of Selected Geometry Optimization Methods

parametey B3LYP/(l) MPW1KI/(1) KMLYP/(1) MP2/(1) B3LYP/(Il) B3LYP/(IIl) expt®

OH (Cun, 2T)
r(0O—H) 0.980 0.967 0.963 0.974 0.976 0.976 0.971
<|Vth — Vexpl/Vexp™ 1.4% 6.4% 7.9% 4.7% 1.6% 1.2%

H,0 (Cy,, *Ay)
r(0O—H) 0.965 0.953 0.950 0.963 0.962 0.962 0.957
OH-0—H) 105.7 106.2 106.9 105.4 105.1 103.7 104.5
<|Vth — Vexpl/Vexp™ 3.0% 7.2% 8.2% 4.7% 3.1% 4.3%

CoHe (Do, *Asg)
r(C-C) 1.398 1.387 1.380 1.399 1.395 1.394 1.396
r(C—H) 1.086 1.080 1.077 1.083 1.084 1.085 1.085
<t — VexplVexp™ 2.5% 5.7% 7.4% 3.8% 2.2% 2.4%

CeHsOH (Cs, 'A)

<r(C-C)> 1.399 1.387 1.379 1.398 1.394 1.394 1.396
<r(C—H)> 1.086 1.080 1.077 1.083 1.084 1.085 1.085
r(C1-0) 1.372 1.353 1.342 1.379 1.370 1.364 1.378
r(0O—H) 0.966 0.954 0.951 0.967 0.963 0.963 0.958
0C2—-C1-C6 (o) 120.2 120.1 120.1 120.4 120.2 120.0 121.3
0C1-C2-C3 () 119.6 119.7 119.7 119.5 119.6 119.7 119.1
0C2—-C3-C4 (y) 120.6 120.7 120.6 120.5 120.6 120.6 120.6
0C3—C4—-C5 (9) 119.3 119.2 119.2 119.4 119.3 119.3 119.4
gc2-C1-0 122.5 122.5 122.4 122.7 122.5 122.6 122.1
0C1-0—H 110.0 110.2 110.9 109.1 109.7 109.0 1068.8
<|Vth — Vexpl/Vexp™ 2.4% 5.8% 7.5% 4.7% 2.0% 3.1%

C6H5(C21/y 2Al)
r(C1-C2) 1.379 1.370 1.363 1.357 1.374 1.374
r(C2—C3) 1.406 1.394 1.386 1.376 1.403 1.402
r(C3—C4) 1.399 1.389 1.381 1.374 1.396 1.394
<r(C—H)> 1.086 1.080 1.077 1.082 1.084 1.085
0C2—-C1-C6 (o) 125.9 125.8 125.9 125.8 126.0 125.9
0C1-C2-C3 (B) 116.5 116.5 116.5 116.4 116.5 116.5
0C2—-C3-C4 (y) 120.2 120.2 120.2 120.6 120.2 120.2
0C3—C4-C5 (9) 120.6 120.6 120.6 120.3 120.7 120.7
<|Vth — Vexpl/Vexp™ 2.3% 5.8% 7.5% 9.5% 2.2% 2.4%

2Bond lengths are given in angstroms, and angles are given in defegeerimental molecular structure data was taken from ref 62 for OH
and HO; molecular parameters were averaged between the values determined by electron diffraction and microwave spectroscopy®or benzene
and phenof4 ¢ From ref 64b.

diffusion functions does not cure the theoretical deficiencies of contain 175, 203, and 231 basis functions, respectively. Evi-
this method in the calculation of the molecular structure of the dently, the molecular geometries are not strongly influenced
phenyl radical. by the basis-set expansion beyond (l), and the structural

For the other molecules listed in Table 1, vibrational parameters obtained by the B3LYP theory with basis sets (ll)
frequencies predicted at the MP2/(l) level are more accurate,and (lll) are particularly similar. The best agreement of
with mean absolute deviations 0f-%% from the experimental  vibrational frequencies with experiment is obtained not with
values. However, this is still worse than the 2% deviations the largest basis set (IlIl) but with (Il). This probably reflects
exhibited by the B3LYP/(l) frequencies. the importance of adding to the basis set diffuse rather than

The molecular parameters obtained at the MPW1K/(I) and extra polarization functions for a more accurate calculation of
KMLYP/(1) levels of theory systematically underestimate bond the vibrational spectra of the presenelectronic systems.
lengths and overestimate vibrational frequencies. Molecular The last factor that should be taken into account when
structures optimized with the KMLYP functional are particularly choosing the method of geometry optimization is speed. The
tight. In contrast to the performance of MP2 theory, the computational time increases for the methods discussed in this
performance of these density functionals does not deterioratesection in the following manner: B3LYP/(E KMLYP/(l) ~
for phenyl radicals, which makes them more acceptable for MPW1K/(l) < B3LYP/(Il) < B3LYP/(lll) < MP2/(l). There-
systematic use as a geometry optimization method. However,fore, the B3LYP/(I) level of theory would be a good compromise
it is the B3LYP density functional that consistently yields between speed and accuracy for the present system and for larger
accurate molecular structures and the closest matches to thenolecular systems. Nevertheless, our favorite method is B3LYP/
experimental vibrational spectra of the species examined in this(ll) on the basis of its performance for the molecules and radicals
section. examined in this section.

The quality of the B3LYP molecular parameters further  Therefore, all higher-level calculations discussed in the
improves with basis-set expansion. The results obtained with following sections have been carried out on the B3LYP/(Il)-
basis set (1), (I1), and (I1l) are compared in Table 1. Our choice optimized geometries. Vibrational frequencies calculated at the
of (II) is dictated by our previous experience of using the same level of theory have been used without any adjustment.
B3LYP/(Il) level of theory for the geometry optimization of We advocate the use of unscaled B3LYP/(Il) vibrational
related aromatic hydrocarbofs’!whereas the B3LYP/(lll) was  frequencies mainly because the adjustment of low and high
recommended as a reliable geometry optimization method for frequencies by a uniform scaling factor is not well justified. It
the G3X family of method&? The basis-set size increases from has been shown previoughthat different scaling factors are
() to (1) so that for a GH;O molecular system these sets more suitable for different purposes (to fit experimental
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TABLE 2: Moments of Inertia 2 (I a, g, Ic), Symmetry Numbers (), and Vibrational Frequencies of the Species Involved in the

OH + C¢Hg Reaction

frequenciesi/cm™1)

molecule Ia, I, 1c/1074° g cn? symmetry calculated experimental
OH 1.50 b 3709 3652
H,0 1.02, 1.95, A 1603, 3817 1595, 3657
n=2 2.97 B 3922 3756
CeHs 147.1, Ay 1011, 3192 993, 3074
n=12 147.1, Ayg 1381 1350
294.3 Ay 686 674
Biu 1022, 3155 1010, 3057
Bag 719, 1011 707,990
Bou 1175, 1335 1150, 1309
Eig 862 849
Eiu 1059, 1510, 3181 1038, 1484, 3057
Exg 622, 1197, 1633, 3166 608, 1178, 1610, 3050
Eou 410, 980 398, 967
CeHs 133.3, A 619, 987, 1014, 1049, 605, 973, 998, 1028,
n=2 149.4, 1175, 1468, 1570, 1151, 1439, 1497,
282.8 3156, 3174, 3188 3037, 3072, 3086
A, 399, 812, 962 (?)816, 945
B1 424, 665, 719, 892, 984 415, 655, 703, 873, 990
B> 600, 1071, 1176, 588, 1060, 1159,
1301,1324, 1461, 1281, 1310, 1432,
1627, 3162, 3177 1593, 3060, 3070
CeHsOH 148.1, 228, 314, 405, 417, 225, 309, 403, 409,
320.6, 509, 536, 633, 674, 503, 526, 619, 686,
468.6 751, 820, 827, 879, 751, 817, 823, 881,

952, 972,1013, 1043,
1093, 1177, 1191,
1192, 1275,1349,
1368, 1499, 1527,
1635, 1646, 3149,
3167,3176, 3190,
3197, 3836

958, 973, 999, 1025,
1070, 1150,1168,
1176, 1261, 1277,
1343, 1472, 1501,
1603, 1610, 3027,
3049, 3063, 3070,
3087, 3656

a Calculated at the B3LYP/(ll) leveP. Experimental frequencies are from refs 62 (OH an®} 65 (GHe), 66 (GHsOH), and 67 (GHs). ¢ No

experimental value is reported.

fundamentals, harmonic frequencies, ZPE, or vibrational parti-
tion functions). The proposed scaling factors for vibrational
frequencies obtained from B3LYP calculations with sufficiently
large basis sets modify them by less than 2%; the adjustment is
even smaller when using a scaling factor optimized for low
frequencied} thus making negligible the effect of frequency
scaling on relevant thermodynamic functions. Overall, small
deviations from the available experimental values validate the
use of unscaled B3LYP/(Il) vibrational frequencies in this study.

B. Potential Energy Profiles and Molecular Structure of
the Intermediates and Transition States. H-Abstraction
Channel.lllustrated in Figure 1 are the potential energy profiles
for two reactive modes of the OH radical attack on benzene.
The first channel is the H-atom abstraction from benzene; it
proceeds in a single step via the transition state TS1 and yields

Erel (0 K), TS3
kcal/mol —
i10.7
TS1 - iaL0)
L7530 i22]
(6.6) )
52 03] (_%%)
*OH + C6H6 ”‘;' (40) [51]
00 i ., “H+ CgHOH
[0.0] [CeHg HOY “ Hy0 + CgHs’
2.6 42
(-2.8) b ; (-4.0)
-13.2]¢
1-16.4 |

ipSO-C6H6OH'

water and a phenyl radical. The molecular structure of TS1 (seeFigure 1. Potential energy diagram for the OHt CgHs reaction
Figure 2) reflects its transitional nature: the breakingHCbond calculated at the G3, G2M (in parentheses), and B3LYP/(ll) [in square
is elongated by 0.16 A, and the forming-® bond is 0.30 A brackets] levels of theory.

longer than its equilibrium value in the products. The second
O—H bond is not directly involved in the reaction, but it
becomes stronger and its length decreases by 0.014 A as anoth
H atom transfers to the O atom. The transient length of this
bond is slightly closer to that of the OH reactant. The bonds (4)
and valence angles in thelds fragment of TS1 are intermediate

between the corresponding values in benzene and the phenyln contrast to the H abstraction by hydroxyl (reaction 1), reaction
radical. The overall structure of TS1 is slightly closer to that of 4 is endothermic. Accordingly, the transition state of the H
the reactants, which is in accordance with the small exother- transfer from benzene to GHTS1(CH—H—CgHs), is closer
micity of reaction 1. to products. For instance, the breakingHg—H bond is 1.382

It is worth noting that we have previously investigated at the
same level of theory the abstraction of the H atom from benzene
Yy methyist

CeHg + CH; — CgHg + CH,
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TS1(X-H-C¢Hy) TABLE 3: Moments of Inertia (I, lg, Ic), Symmetry
X=0H X=CH; Numbers (n), and Vibrational Frequencies of the
a 1.385  1.385 Intermediates and Transition States
b 1.399 1.399
¢ 1395 1395 la, lg, I/ sym-
a 1233 1225 10%°gcn? metry frequencies{cm )2
118.0 118.5 _
5 1201 120.0 _T810=2)
5 1204 1203 150.3, A 1193i, 107, 363, 442, 632, 673, 722, 775, 914,
<C-H> 1084 1.085 491.8, 992, 1009, 1030, 1069, 1186, 1245, 1499, 1598,
TS2X.CgHy) 638.6 3162, 3182, 3193, 3766
X—OH %x2cH internaP A" 100, (118}, 405, 612, 827, 972, 1042, 1118,
. 142 1424 1.48 1181, 1322, 1334, 1468, 1619, 3170, 3188
b 1.385 1.385 TS2 m — 1)
o LAl Ll 197.8, A 327i,134,392, 609, 667, 728, 795, 907, 963,
B 1204 1204 332.0, 997, 1017, 1031, 1043, 1195, 1484, 1602, 3166,
v 1201 1205 433.1 3185, 3195, 3211, 3766
5 1203 1197 A" 132,188, 405, 610, 836, 984, 1053, 1173, 1181,
(C1-H) 1.081 1.084 1325, 1378, 1496, 1578, 3175, 3196
<C-H> 1.084 1.084 [CeHe--OH](C) (n= 1)
ipso-CgHX 210.8, A 74,135,414, 475, 619, 683, 710, 875, 982, 999,
X=0H X=CH, 376.7 1004, 1023, 1051, 1197, 1502, 1624, 3163, 3181,
a 1501 1.504 461.9 3192, 3211, 3745
b e Lo A" 39,107, 404, 618, 857, 982, 1059, 1177, 1195,
¢ ' : 1334, 1381, 1508, 1613, 3173, 3191
a 113.1 112.3
B 1224 1227 CeHeOH" (n = 1)
iPSO-ZCGH60H 116.5 ! mi 112119‘; 173.8, A 105, 399, 533, 616, 703, 811, 864, 937, 974, 990,
Cs, 2A") : : 318.2, 1016, 1192, 1213, 1383, 1450, 1592, 2975, 3156,
( gzt 17D e 1oss soss 452.4 3179, 3194, 3796

A" 283, 355, 442,584, 756, 971, 1030, 1122, 1170,

TSIH-CeHsX) 1309, 1358, 1411, 1539, 3159, 3179

X=0H X=CH;

a 1.417 1416 TS3 m — 1)
b L 156.0, A 951i, 210, 288, 369, 419, 478, 501, 528, 625,
¢ LB L 328.6, 632, 684, 773, 815, 826, 909, 969, 989, 1004,
& lo7 1210 471.9 1035, 1094, 1174, 1184, 1187, 1254, 1338, 1367,
Y1207 1203 1491, 1508, 1597, 1620, 3160, 3171, 3179, 3194,
-~ , 5 1196 1196 3202, 3832
T83 (G, "A") O 1219 1193 0O ) 10 e aCalculated at the B3LYP/6-3#:+G(d,p) level." OH torsional
' ’ rotor.

Figure 2. B3LYP/6-31H+G(d,p)-optimized geometries (bond lengths
in angstroms, angles in degrees) of the transition states and intermediat

involved in the OH+ CgHs reaction. Selected geometric parameters Darriers predicted at these levels and a larger magnitude of the

are compared for isoelectronic species involved in thetXCeHs imaginary vibrational frequency,(B3LYP/(Il)) =i1193 cnr,

reactions (X= OH, CH). vim(MPW1K/(1)) = 11664 cnt?, vim(KMLYP/(I)) =i1775 cnt?,
vim(MP2/(1)) = 2283 cntY).

A in TS1(CH;—H—CgHs), which is considerably longer than Other calculated vibrational frequencies of TS1 are tabulated

its length of 1.243 A in TS1(H&H—CgHs). Nevertheless, the  in Table 3 (B3LYP/(Il) values) and in Supporting Information
two processes are isoelectronic, and the molecular structuredMP2/(l), KMLYP/(I), and MPWI1K/(I) values). The OH
of the H-abstraction transition states by OH and;Gatlicals torsional motion in TS1 is expected to be largely anharmonic.
have a lot in common. From the comparison of selected Therefore, we treated it as a 1-D hindered rotor. To estimate
geometrical parameters in Figure 2, we found that in these the internal rotational barriéf>(TS1), the planar conformation
transition states the ¢Els units closely resemble each other. of TS1 has been optimized on the B3LYP/(Il) PES. This
Furthermore, judging by the similarity of the expectation values conformation is a second-order saddle point with two imaginary
of the [(Foperator for TS1(%H—C¢Hs) at both the B3LYP/ frequencies corresponding to the H transfer from benzene to
(1) (= 0.76 for X= OH, CHs) and UHF/6-311G(d,p)E0 OH and the OH torsional motion. The energy difference-06f6
= 1.33 for X= OH, [¥[= 1.38 for X= CH) levels of theory, kcal/mol found between the planar and nonplabasymmetric
we expect a similar quality of the electronic wave functions for conformations of TS1 is accepted &s(TS1). The reduced
these transition states at different levels of theory and a similar moment of internal rotationg(TS1)= 1.5 x 10749 g cn?, has
magnitude of theoretical errors in their energies. been calculated according to Pitzer and Gwinwith the
The geometry of TS1 optimized by the MPW1K/(I), KMLYP/  assumption that the axis of internal rotation passes through the
(1), and MP2/(l) methods is given in Supporting Information. C1 and O atoms.
The most significant differences involve the reaction center.  OH-Addition Channel. The second channel of the OH
Transient values for the breaking-El and forming O-H bonds radical attack on benzene leads to tipsoCsHsOH (2,4-
are shorter in the MP2/(l)-optimized structure (1.228 and 1.226 cyclohexadienyl, 6-hydroxy) radical, as shown in Figure 1. This
A, respectively). The MPW1K/(I) and KMLYP/(l) methods  radical will preferably decompose back to reactants at higher
predict very similar lengths of the breaking-€l bond to that via TS2 (reaction-2). Alternatively, it can undergo H elimina-
predicted by B3LYP/(Il) but a much shorter-® bond of tion to produce phenol via TS3 (reactiof).3The molecular
only 1.223 A (MPW1K/(l)) and 1.212 A (KMLYP/(l). The  structures of TS2jpso-CsHsOH, and TS3 calculated at the
tighter structure of the TS1 at the KMLYP/(l), MPW1K/(I),  B3LYP/(ll) level of theory are illustrated in Figure 2. Next to
and MP2/(1) levels of theory correlates with the higher reaction each structure, selected geometric parameters are compared to
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Figure 3. (A) Reaction path following the results from TS2 at the
B3LYP/6-31H+G(d,p) level of theory. IRC calculations were per-
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with the C-0 bond separation coupled with small changes in
the geometric parameters of thgHg fragment that bring its
structure back to benzene. Apparently, the orientation of OH
does not change significantly in this interval. However, a number
of stationary points of virtually the same energy as that of the
prereaction complex have been located on the PES of the OH
addition to benzene, suggesting that the structure of the OH
van der Waals complex withgBlg is very flexible with respect

to the OH (1,2) and (1,4) shifts (along and across the aromatic
ring) and the OH rotation from the parallel to the orthogonal
orientation relative to the plane ofs8s. The common feature

of all of these structures is that the H end of OH is always
pointing toward the aromatic ring.

The most symmetric of these stationary points has the OH
radical lying on theCg axis of symmetry drawn through the
center of the benzene ring (see Figure 4). It is characterized by
one small imaginary vibrational frequencyi{ = i52 cnT?)
corresponding to OH migration across the ring and by four other
low-frequency modes (8, 79, 121, and 145@pthat originate
from the OH translational and rotational degreees of freedom.
The remaining vibrational frequencies ofgfds:--HO]-Cg, are
essentially those of pure benzene and OH; theHSstretching
frequency exhibits the largest shift ef19 cnrl. This bata-
chromic shift is a sign of a weakened-®l bond by the donation
of m-electronic density into the antibonding*(O—H) MO.
However, the magnitude of the frequency shift and theHD
bond elongation+0.001 A vs OH) appear to be too small to
explain the strength of benzen®H interactions. We can gain
insight into the nature of these interactions by optimizing the
entire profile of the OH addition to benzene and looking at the
changes in the electronic structure along this profile.

A long portion of the profile is readily available from our
IRC calculations for TS2 (Figure 3A). The remaining interval

molecular symmetry was constrained during the PES scan. Effective connects the [gHg-*OH]-Cs prereaction complex to the

TS-vdW locations at different values are designated by.

those obtained for the analogous species involved in the H-for-

CHs exchange process in the reaction of benzene with méthyl.

C¢Hg + CH; — CH,CH,4 5)
CeHcCH; — C¢Hg + CH,4 (—5)
C¢He + CH;— CH,CH; + H (6)
Ce¢HgCH; — C;H;CH; + H (6"

Again we observe very similar geometric transformations in
the GHs units in both H-for-X processes (> OH, CHg). The
substituent effects are primarily manifested in small variations
of valence angles near the reaction center. igexpectation
values at the B3LYP/(ll) and UHF/6-311G(d,p) levels are
practically identical for isoelectronic species; the largest dif-
ference is found for TS3(HCgHsX) at the UHF/6-311G(d,p)
level, where[®(1= 1.36 for X= OH and[®(= 1.38 for X=
CHs.

An important mechanistic difference in the two H-for-X (X
= OH, CHs) exchange processes is found in the OH-addition
step. In contrast to the GHhddition to benzene and a recently
published DFT study of the OH addition to benzéhaur
detailed IRC calculations for TS2(H8CsHs) did not connect
it directly to the reactants but rather to thegg---OH]-Cs

reactants. Unfortunately, a straightforward scanning procedure
is not applicable for a minimum-energy path optimization in
this interval because of the extreme flatness of the PES in the
subspace spanned by transitional degrees of freedom. An
approximate profile can be obtained if some assumptions about
the reaction coordinate are made. At long separations, the
reaction coordinate can be reasonably assumed to be the center-
of-mass separationR¢y) of the GHg and OH fragments.
Because the OH radical prefers to orient its H end toward the
aromatic ring, and taking into account the intrinsic symmetry
of the system, the average most-favorable orientation of OH
with respect to @Hg will be that of the [GHg --HO]-Cs,
conformation. Therefore, an approximate profile of the OH
addition to benzene at long separations can be obtained with
Ces, Symmetry constraints, and it will be an upper bound to the
minimum-energy path.

Figure 3B shows the long-range interaction potential in the
interval from [GHg:--HO]-Cs, to CsHg + OH. The dashed curve
was calculated at the B3LYP/(Il) level of theory by increasing
the Rew separation up to 11.4 A in steps of 0.1 A. Then it was
scaled to pass through five points computed by G3 theory at
the B3LYP/(Il)-optimized geometries (dashed curve with circles).
For higher accuracy, the calculated interaction potential also
has to be corrected for the basis-set superposition error (BSSE).
Using the counterpoise methédwe evaluated the BSSE
correction at the same five points of the G3 potential shown.

prereaction complex (see Figure 3A). Its molecular structure is The magnitude of this correction is 1.0 kcal/mol at the minimum,

shown in Figure 4. Along the minimum-energy path from TS2
to [CgHe-+-OHJ-Cs, the reaction coordinate is mainly associated

and it decreases exponentially at longer separations. After
including the BSSE correction, the G3 interaction potential (solid
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Figure 4. Molecular structure of the [§Ee---OH] van der Waals complex. B3LYP/6-31#G(d,p)-optimized geometries of two configurations
are shown.

OH(x) CsHg(a,B) OH(B)  [CeHlsHOICs) [C(,Hs"_'Hm(cs) TS2
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@ g: a-(HOMO-6) a~-(HOMO-6)

OH) En(l) En) OO

B-(HOMO-1) B-(HOMO-1) B-(HOMO-2)
Figure 6. Key molecular orbital interactions betweegHg and OH
px in the o- andS-spin systems involving the partially occupiedapbital

of OH.

E1 (1) E1 (2) the OH radical. Applying an unrestricted formalism to the OH
P + g g +py radical, we obtain different sets of frontier MOs for different
y A spins. Thex spin system is represented by a vacant antibonding
'H" 2u 0*(0O—H) MO (a-LUMO) and two occupied p orbitals centered
Px + on the O atom. We will use andy indexes to distinguish
between them; the,symbol will designate the orbital hosting
an unpaired electroraHOMO). In the S spin system, only
the g orbital is occupied £-HOMO), whereas the other two
frontier MOs (i and ¢*(O—H)) are vacant £-LUMO and
Figure 5. Schematic frontier MO diagram for thejlds + OH system. B-LUMO + 1, respectively).
The dashed line designates the most important intermolecular MO In the interval from GHg + OH to [CsHe:--HO]-Cs, (Figure
interaction in the early stages of the OH-addition reaction. 3B), the only nonnegligible MO overlap is found for the
0*(0O—H) + A,y(CsHg) combination, but even this interaction
curve) features a significantly greater well depth than the is very weak because the energy gap between the MOs involved
uncorrected B3LYP potential but coincides with it at long is too big to allow significant electron density donation from
separations. From the shape of the benzedi interaction A2(CeHeg) to 0*(O—H). As a result, the molecular structures
potential, we can see that the strength of attractive interactionsOf the GHg and OH fragments are subject to very small changes
slowly decreases with distance so that even at separations greatefompared to those of pure benzene and OH (see Table 1 and
than 5 A substantial attraction still exists. This behavior signifies Figure 4).
the importance of long-range interactions (electrostatic and The nature of benzere€OH interactions changes at smaller
dispersion) in the stabilization of the §8¢:--HQO] van der Waals separations. A simple frontier MO analysis (Figure 5) identifies
complex. the a-px + o-Azy andp-py + S-Ei1¢(2) interactions as the most
Additional stabilization can occur as a result of molecular important in theo andg spin systems, respectively. The changes
orbital (MO) overlap. The associated interactions quickly in the corresponding MOs are followed along the OH-addition
decrease with distance; therefore, they are referred to as shortprofile in Figure 6. These MOs are not involved in the
range interactions. We can gain insight into their nature by intermolecular interactions at theds---HO]-Cs, geometry and
tracing the changes in the frontier MOs along the OH-addition beyond because of the large spatial separation. As the molecular
profile. Figure 5 shows the initial frontier MO diagram. The symmetry breaks down 1Gs and the O atom of OH approaches
mr-electronic cloud of benzene is represented hyahd a pair the benzene ring in the {Be--+OH]-C; structure, thex-py orbital
of E;g MOs; its o-electronic density is spatially separated from of OH overlaps with the energetically closestA,, orbital of
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TABLE 4: Thermochemical Parameters of Selected Molecules and Radicals Relevant to This Study
species g? AfH®, kcal moi? S208 cal molt K1 AfH°29g, kcal mol?t ref
51.63 27.42 52.10 62

N

hydrogen (H)

hydroxyl (OHY 21y, 2 8.86+ 0.07 43.89 8.92: 0.07 75
1z 2
water (HO) 1 —57.10+ 0.01 45.13 —57.80+ 0.01 62
methyl (CH;) 2 35.86+ 0.07 46.41 35.0% 0.07 76
methane (Ch) 1 —15.99+ 0.08 44.52 —17.90+ 0.08 62
methanol (CHOH) 1 —45.54+ 0.05 57.33 —48.16+ 0.05 74
propene (GHe) 1 8.58+ 0.1 63.2 4.88: 0.1 78
allyl alcohol (GHsOH) 1 —25.6+0.4 69.5 —29.8+ 0.4 74
phenyl (GHs) 2 84.3+ 0.6 68.9 81.2£ 0.6 77
benzene (6He) 1 23.9440.15 64.2 19.74 0.15 74
toluene (GHsCHa) 1 17.59+ 0.15 76.7 12.0% 0.15 74
phenol (GHsOH) 1 —-18.5+0.2 75.2 —23.0+0.2 74
2,4-cyclohexadienyl (g) 2 54.3+ 2.0 71.9 495+ 2.0 47
2,4-cyclohexadienyl, 6-methyigso-CsHsCHs) 2 49.1+ 3.0 80.5 42.9+ 3.0 47
2,4-cyclohexadienyl, 6-hydroxypso-CeHsOH) 2 15.8+ 3.0 79.1 10.6t 3.0 this work

aElectronic degeneracy.The ground state of the OH radical is split into two sparbit components[1y, and?Ils;,, A = 140 cnt?).

benzene while th8-Ei4(2) orbital of benzene donates electronic quantities were evaluated from the theoretical molecular pa-
density into the unoccupigéHpy orbital of OH. The flow ofa rameters calculated by the B3LYP/(ll) method. The thermo-
electron density from OH’s.-py orbital and the counterflow of ~ chemical data calculator included in the ChemRate pacRage
p electron density from benzenesEi(2) orbital into the was used as a handy tool for such computations.

forming C-O bond become even more apparent in TS2 (see To assess the stability of the;l@sOH radical, we analyzed
Figure 6). Simultaneously with the-€O bond formation, the  the following isodesmic reactions:

uncompensated flows af andj electron densities described

above stipulate a shift of the radical center from the O atom of CeHgOH + CH, — C¢H; + CH;OH (7)
OH to the carbon atoms of benzene that are not directly involved C.H.OH + C.H. — C.H. + C.H.OH @8)
in the reaction. 66 6 T s

The OH-addition profile has been studied in less detail at CeHgOH + CgHg — CgH, + CgH;OH 9)

the MPW1K/(1), KMLYP(l), and MP2/(l) levels of theory. The
optimized molecular structures and vibrational frequencies of  Apart from preserving all bond types, these reactions are also
TS2, ipso-CeHsOH, and TS3 are given in the Supporting very well balanced with regard to the nature of the open-shell
Information. They can be compared to those obtained by the System because each of them has cyclohexadienyl-type radicals
B3LYP/(Il) method, which are presented in Figure 2 and on both sides of the equation. Given all these features, the
Table 3. As in the case of TS1, the MPW1K/(I), KMLYP(l), cancellation of errors in the theoretical estimates of the heats
and MP2/(I) methods predict tighter molecular structures and of these isodesmic reactions is expected to be nearly complete.
higher vibrational frequencies. For example, the formirgCC Indeed, all predicted values &fHr) (0 K) (R=7, 8, 9) fall in
bond in TS2 is 2.010, 1.988, 1.974, and 1.975 A long according very narrow ranges for eacR, as follows from the data
to B3LYP/(Il), MPW1K/(l), KMLYP(l), and MP2/(l) predic- presented in Table 5. The predictions are particularly consistent
tions, respectively. The corresponding imaginary frequency for the heats of reactions 8 and 9. Taking the values obtained
increases from i327 cnd (B3LYP/(I1)) to i431 cnt (MPW1K/ by the most accurate G3 method as a base and assuming an
(1)) to 453 cnm! (KMLYP(1)) to i660 cm~t (MP2/(l)). The accuracy of 0.5 kcal/mol, we arrive at the following estimates
imaginary vibrational frequency of TS3 increases in the same of the heats of reactions—® at 0 K: AH7)(0 K) =9.1+ 0.5
order from {951 cm? to i1039 cm* to i1040 cm'! to 11495 kcal/mol, AHg)(0 K) = 3.9+ 0.5 kcal/mol,AHg)(0 K) = —3.7
cm™, in parallel with the C+H bond-length decrease from = 0.5 kcal/mol.
1.760 A (B3LYP/(Il)) to 1.745 A (MPW1K/(l)) to 1.736 A Then, the heat of formation of the;@OH radical evaluated
(KMLYP(l)) to 1.660 A (MP2/(1)). by isodesmic reaction analysis can be expressed relative to the
The vibrational frequency of the OH-torsional motion assumes heat of formation of the g1 radical:
higher values in TS2pso-CsHesOH, and TS3 than in TS1, which R R
makes a harmonic oscillator approximation suitable for evaluat- AfHe*(CeHgOH) = AHo*(CeHy) + Ayi—for—on ("
ing its contribution to the partition functions, sums, and densities
of states.
C. Energetic Parameters and Thermochemistry. Experi- = ° _ ° _
mental Thermochemistry of the GHg + OH Reactions and Ari-tor-on = Ao’ (CH;OH) = AH™(CH,) = AH (0 1)
Isodesmic Enthalpy of Formation of the Hydroxycyclohexa-
dienyl Radica!. Table 4 contains a compilation of availab'le Ap—tor—on = AH (C3HsOH) — A{H°(CoHg) — AH(s)(O K)
thermodynamic parameters for various molecules and radicals for reaction 8
that appear as reactants or products in reactierdnd in the
isodesmic reactions considered in this study. The thermodynamicAy_¢,,—on = AfHy (CgHsOH) — AiHy*(CaHg) — AH (0 K)
parameters were adopted from standard reference s$dfées, for reaction 9
except for the hydroxyl, methyl, phenyl, and cyclohexadienyl
radicals and propene, for which more accurate values have been Combining our calculated heats of isodesmic reactions and
established elsewhefé7578 For those species whose entropies availabe 0 K enthalpies of formation of relevant hydrocarbons
or thermal corrections were not readily available, the missing and their alcohols from Table 4, we can estimate the correction

where

for reaction 7
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TABLE 5: Enthalpy of Formation of the ipso-C¢HgOH Radical from Isodesmic Reaction Analysis

reaction 7 reaction 8 reaction 9
AH®7(0 K), AtH°o(CsHeOH), AH®g(0 K), AtH°o(CsHesOH), AH°4(0 K), AtH°o(CsHeOH),
computational methods kcal/mol kcal/moP kcal/mol kcal/moP kcal/mol kcal/moP
KMLYP/(I) 8.52 16.24 3.45 16.67 —4.63 16.43
MPW1K/(I) 7.91 16.85 3.25 16.87 —4.66 16.46
B3LYP/(Il) 7.89 16.87 3.30 16.82 —4.03 15.89
MP2/6-311G(d,p) 9.85 14.91 4.20 15.92 —3.90 15.76
MP2/6-31HG(3df,2p¥ 9.18 15.58 3.94 16.18 —-3.77 15.63
PMP2/6-311G(3df,2p¥ 9.11 15.65 3.87 16.25 —3.84 15.70
MP2(FU)/G3Large 9.19 15.57 3.89 16.23 —4.17 16.03
MP4(SDTQ)/6-311G(d,p) 10.05 14.71 4.40 15.72 —3.60 15.46
PMP4(SDTQ)/6-311G(d,p) 9.93 14.83 4.28 15.84 —-3.72 15.58
QCISD(T)/6-31G(d) 9.75 15.01 4.30 15.82 —3.50 15.36
CCSD(T)/6-311G(d,p) 9.51 15.25 4.15 15.97 —3.50 15.36
G2M(CC,MP2¥} 8.85 15.91 3.89 16.23 -3.37 15.23
GZ 9.14 15.62 3.94 16.18 —3.70 15.56

a All reaction enthalpies include a ZPE correction calculated at the B3LYP/6-313(d,p) level of theory? The 0 K heats of formation of
CeHeOH are calculated fromhH°&(0 K) (R =7, 8, 9) using eq I° Based on B3LYP/(Il) geometries.

term for the H-for-OH substitution in the cyclohexadienyl 10000
radical, Ay—for—on. Values of—38.6 + 0.8, —38.1+ 1.0, and
—38.7+ 0.9 kcal/mol are derived for this correction term from
reactions 7, 8, and 9, respectively. The three independent
estimates agree very closely so that the weighted meai385

+ 1.0 kcal/mol can be accepted fay—tor—on. Upon addition

of the H-for-OH correction term to the enthalpy of formation
of the GHy> radical from Table 4, we obtain:Hy°(CsHsOH)

= 15.8 + 3 kcal/mol. Corrected to standard conditions, the
enthalpy of formation of thepso-CsHgOH radical becomes
AiH298’(CsHsOH) = 10.6 + 3 kcal/mol. Then the heat of the
OH addition to benzene can be estimated from the enthalpies N S
of formation of the reactants and products id(»(0 K) = 290 300 310 320 330 340 350 360 370 380 390
—17.04£3 kcal/mol andAH(2)(298 K) = —18.1+ 3 kcal/mol. T,K

The error range of these estimates is the sum of the theoreticalrigure 7. Temperature dependence of tie(2) equilibrium constant.

and experimental uncertainties of all thermodynamic parametersThe solid line and the two dotted lines represent theoretical values based
used in the isodesmic reaction analysis. Therefore, the actualon theAH(0 K) = —17.04 0.2 kcal/mol. Experimental values are
accuracy of our predictions should be better than 3 kcal/mol. taken from Witte et al? (#)133 mbar, [1) 200 mbar), Lin et at*
Although all previously determined standard enthalpies of (W), and Knispel et al’ (O).

reaction 2 61%6-5i 1410-18.4+ 317 —18.4+ 1.47 and agrees remarkably well with our theoretical curve shown in
—19.9: 1.2% keal/mol) are within a rather conservative error  gig e 7, All experimental points can be accounted for by theory
range of our estimate, we suspect that the recommendation of, i, AH2(0 K) = —17.0% 0.2 kcal/mol, which confirms the

Witte, Urbanik, and Zetzséhmay underestimate the exother- ¢t that the actual accuracy of our predicted enthalpy of reaction
micity of reaction 2 (see its criticism in ref 11), whereas the 5 s petter than the 3 kcal/mol stated above.

value suggested by Lin, Kuo, and léerobably overestimates
this quantity. The latter value was derived by the third-law
method along with the entropy of reaction &S°»(298 K) =
—33.4+ 2.5 cal/(mol K). A considerably different estimate of
AS (298 K) = —29.0 cal/(mol K) follows from our data
presented in Table 4. If a smaller value of the entropy of reaction
2 had been used by Lin, Kuo, and Lee, then a higher value of
—18.6 kcal/mol for the heat of reaction 2 at RT would have AH (0 K) = —5.6+ 0.8 kcal/mol
been derived from the third-law method. Berho, Rayez, and
Lesclau®? obtained an estimate 6f17.6 kcal/mol forAHqy- AH(4(0 K) = 8.5+ 0.9 keal/mol
(298 K) from the BAC-MP4 calculations; their prediction is in AH(Z)(O K) = —17.0+ 3 kcal/mol
close agreement with ours.

To confirm our estimate ofAHp), we reviewed previous AH5(0 K) = —10.7+ 3 kcal/mol
studies of the gHg + OH = CgHeOH equilibrium and extracted _
the Kpz) equilibrium constants derived in those studies. The AH(0 K) = 0.3+ 0.4 keal/mol
theoretical Kp) has been estimated from the B3LYP/(Il) AH (0 K) = 9.4+ 0.4 kcal/mol
molecular parameters of the reactants and product combined .
with the AH(2(0 K) = —17.0 kcal/mol value obtained from AH(_4)(0 K) = —17.3£3 kcal/mol
isodesmic reaction analyses. Despite a large difference in the AH_g)(0 K) = —20.1+ 3 keal/mol
AHy) values derived by the third-law method by Witte et@l.
and Lin et al1' the T dependence of the equilibrium constants On the basis of these enthalpies and theoretical molecular
extracted from both of these studies and from Knispel ét al. parameters, the equilibrium constants for the majgtC- OH

1000

Kp(2), 1000/atm

g

The thermochemistry of all other reactions relevant to this
study is readily available from the thermodynamic parameters
of the individual species listed in Table 4. The following
experimental enthalpies of reactions have been adopted as
benchmarks for examining the performance of various theoreti-
cal methods:
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TABLE 6: Total Energies (ZPE-Corrected, in hartrees) of the Reactants and RelativeEnergies (in kcal/mol) of the Products,
Intermediates, and Transition States for the OH+ CgHg Reactions at Various Levels of Theory

[OH"'CaHe]' [OH"'CeHe]'

species OM+CeHs TS1  HO + CeHs (CyP (Ce,)P TS2 GHOH TS3 GHsOH + H*
[S2(UHF/6-311G(d,p)) 0.755 1.328 1.377  1.269 0.755 1.396  1.179 1.358 0.750
[S2(B3LYP/(II)) 0.752 0.758 0.757  0.757 0.752 0.781  0.785 0.773 0.750
ZPE (B3LYP/(Il)) 68.10 65.65 67.90  69.33 68.61 69.75  71.12 66.62 65.24
B3LYP/()) —-307.89872 —0.11  —4.30  —2.54 —2.15 ~-1.20 -14.21 11.53 4.61
MPW1K/(1) —-307.79608 5.82 —2.13 ©) ) 2.89 —16.57 12.06 3.77
KMLYP/(I) —-307.27154 414 —2.19 ) ) 058 —21.64 7.47 1.67
MP2/(1) —306.95068 28.98 16.95  — ) 27.15 0.85 3279  —4.07
B3LYP/(ll) —-307.96519 0.26 —4.71  —2.42(-1.83) —2.07 (-1.64) —0.79 —13.21 12.16 5.13
MP2/6-311G(d,p) —307.04205 29.90 19.27  20.64 —3.67 (-2.20) 28.46 1.05 30.38 —4.90
MP2/6-311G(3df, 2p} —307.22952 28.20 15.11 19.83 ~4.06(-3.06) 26.69 —1.65 27.14 -821
PMP2/6-31%G(3df,2pf ~ —307.23149 6.22 —4.53 2.97 —4.05(-3.05) 1.77 —16.83 6.06 —6.98
MP4(SDTQ)/6-311G(d,5) —307.13625 22.61 14.83 13.70 —3.47(-2.01) 20.14 —4.17 26.70 0.87
PMP4(SDTQ)/6-311G(d,p) —307.13710  8.93 2.04 —0.80 —3.46 (-2.00) 4.96 —14.75 13.28 1.40
CCSD(T)/6-311G(d,p})  —307.13456  8.29 0.14  1.00 —-3.37(-1.91) 577 —13.47 14.25 2.54
G2M(CC,MP2} —-307.42104 6.60 —4.02  0.19 —3.77(-2.77) 4.00 —16.18 11.01  —0.77
G¥F -307.75022 5.25 —4.18  —0.77 ~3.64(-2.64) 2.76 —16.38 10.65 0.81

a Energies relative to reactantsBSSE-corrected relative energies are given in parentheBesed on B3LYP/(ll) geometries.

reaction pathways can be estimated over the extefdadge because of considerable uncertainties in the benchmark values

of 200—2500 K: of the reaction enthalpies.
On the basis of the comparison of the G2M(CC,MP2) and
K, = 130T %% exp(2643T) G3 energetic parameters, we conclude that G3 theory performs
better for the present system and that it provides the most
K,=6.15x% 10327 exp(94601) cm® molecule ™ accurate thermochemistry for reactions-3l among all the
methods employed in our study. The largest error of 1.4 kcal/
Ky =5.65x 10 'T"**exp(3101) mol is found in the G3 prediction oAH)(0 K); all other

reaction enthalpies deviate from the benchmark values by less

The expressions df; andKs obtained in this work update than 0._6 kcal/mol, whlc_:h means that they are within the
those of Baulch et af.which are recommended for combustion uncertainty of the experimental values.
modeling. Substantial differences between the old and new An accurate prediction of reaction barriers from first prin-
values of these equilibrium constants originate from using ciples is a more difficult task than the estimation of reaction
updated thermochemistry of OH angHG in the present work. enthalpies because an equally good performance of the theoreti-

Theoretical Energetic Parameters for the GHg + OH cal method is now required for both the equilibrium and transient
Reactions.The energetic parameters for reactions31calcu- structures. Because of the intrinsic d|ff|CU|ty of an accurate
lated at various levels of theory are presented in Table 6. treatment of electron correlation away from equilibrium geom-
Potential energy profiles are schematically shown in Figure 1. €tries, even highly correlated methods such as CCSD(T) or

In our previous investigatior&5lwe pointed out systematic QCI_SD_(_T) with insufficiently large _baS|s sets may not recover
theoretical errors in the G2M energetic parameters for reactions® Significant part of the correlation energy. In our earlier
of the methyl radical with benzene (reactionsé). These errors ~ €xPeriencé/ the G2M barriers had to be scaled down by as
have been tied to the high spin contamination of the UHF wave much as 3.5 kcal/mol in order to account for the experimental
function for phenyl and cyclohexadienyl radicals. Our earlier activation energies of the H-atom addition to benzene and
analysis of the molecular structures of the transition states andt©luéne. The estimates provided by G3 theory surpass in quality
intermediates involved in reactions-3 showed that they closely ~ those obtained by the G2M method not only for reaction
resemble the isoelectronic structures involved in reactiorg 4  €nthalpies but for barriers as well. The G3 reaction barriers are
Therefore, qualitatively similar deficiencies in the theoretical SyStematically lower than the G2M values; the improvement is
energetic parameters can be expected for reactier® dnd as muph as 1.9 kcal/mol for the barrier of H addition to phenol
4—6. Indeed, the MP2 theory fails to predict the heats of (réaction—3).
reactions 1, 2, and By tens of kcal/mol; the perturbation series ~ Figure 1 compares other relative energies obtained at the G3
converge very slowly for those species whose wave functions and G2M levels of theory to each other and to the B3LYP/(Il)
suffer from high spin contamination §8s, TS1, TS2, [GHe* values. For the present system, the B3LYP energetic parameters
-OH]-Cs, ipso-CeHeOH, and TS3), much as in the case of are the least reliable among those of the three methods. This
reactions 4-6. Even quantitatively, the magnitude of theoretical can be illustrated for the present system by the enthalpy of
errors is very similar for analogous reactions. For example, the reaction 3, which is overestimated by 4.8 kcal/mol at the
G2M method underestimates the exothermicity of reactions 1 B3LYP/(Il) level. Furthermore, this density functional typically
and 4 by 1.6 and 1.8 kcal/m®lrespectively. The same method underestimates barrier heights, as in the case of both OH-
has an identical error of 1.1 kcal/mol for the heats of reactions addition and H-abstraction transition states. That is why B3LYP
3 and 6. The heat of H addition to benzene and toluene wasenergetic parameters cannot give reliable estimates of the rate
underestimated by 2.6 kcal/mol at the G2M leffethis error constants and branching ratios for competing channels in the
is reduced to 1.9 kcal/mol for H addition to phenol at the ipso reaction of the OH radical with benzene.
position (reaction—3'). An exact coincidence of theoretical The formation of the relatively stabilized van der Waals
errors should not be expected for the aforementioned isoelec-complex of the OH radical with benzene is an important step
tronic reactions (particularly for such reactions&% and—6') in the OH-addition pathway. Previous theoretical investigations
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of the mechanism of OH addition to ethyléfe®? concluded 100 o
that the formation of the [gH4---OH] prereaction complex \
explains an apparently negative activation energy for that

reaction. The ability of BSLYP theory to describe OH radical 104 Fujii, Asaba * RN
addition reactions in general and molecular structures of N

Atki .
inson This work,

E =4.6 kcal/mol

¢ *n

prereaction complexes in particular was questioned in two of mﬁ
those studie&\-82Consequently, the authors favored optimization 221 MPWIK“/"\“‘
by the MP2 method with large basis sets. The reported results 2
on the use of B3LYP theory were somewhat controvefSiml, o<

o
o
1

part because of the intrinsic difficulty of geometry optimization
of very flexible structures and the incompleteness of the PES.

In our opinion, the molecular structures of various species 001 GM - G3T
optimized by the B3LYP/(Il) method in the present study are 00 05 10 15 20 25 30 35 40
reasonable. However, the lowest-energy configuration of the 1000/T, K

LC):(GZ?'imgnglrr%rf:fﬂ?nhgfg\%?g Or]?mglorls to be confirmed Figure 8. Arrhenius plot of the rate constant for the OHCgHs =
P y 9 Y. H,O + C¢Hs reaction. Four theoretical curves are calculated by
As alluded to above, we have studied two conformations of conventional TST with Eckart tunneling corrections based on MPW1K/
the [GHe++-OH] van der Waals complex in detail (Figure 4). (1), KMLYP(l), G2M//B3LYP(ll), and G3//B3LYP(ll) molecular and
The Ce,-symmetric structure lacks significant interfragment MO ~ €nergetic parameters. The recommended rate constant is based on the
overlap, and it is relatively well described by different methods. feaction barier of(0 K) = 4.6 kcal/mal. Literature values are taken
Long-range attractive forces play the most important role in from Atkinsor? (~|~| =), Knispel et ali” (=x=x =, 4), Fuji and
g-range ¢ - X Asabd (H), Madronich and Felder®), Tully et al” (¥), Lorenz and
the stabilization of this structure. The most accurate estimatesze|inep (0), Wallington et aP (»), and Perry et &.(#).
of the stabilization energy are given by G3 and G2M methods

in the amount of 2.62.8 kcal/mol. These estimates include ZPE of PMP2/6-31% G(3df,2p) reaction barriers and enthalpies is

and BSSE corrections. A highly correlated level of theory is - . .
needed to evaluate attractive dispersion interactions betweencomparable to the G2M and G3 predictions, with the exception

the two fragments in the complex accurately. HF and density of lAH_ISﬁ(O ,\ljl)av\\'/v{'}fh 'Sd u;&irfgtlanategg bfy mc;re ti|1an ’ kgal/
functional theories lack this capability; as a result, the stabiliza- mol. The an ensity functionals provide

) i . - more realistic barriers than B3LYP. In particular, the KMLYP/
ttl)?/rlk?gggl)_/\?;/tgs ﬁ;fhog?s]eie%;%ﬁgpée; 's underestimated (I) method predicts very accurate barriers for reactions 1 and 2

; . (vide infra). However, the enthalpies of reaction 1 calculated
All post-SCF methods have problems in accurately describing y, these methods deviate from the experimental value by more

the electronic structure of théssymmetric form of the [€Hs* 13 3 kcal/mol. In addition, the KMLYP/(I) model considerably

--OH] prereaction complex, which is reflected in an abnormally \ arestimates the exothermicity of the H- and OH-radical

high _expectation value of theJoperator for the U_HF Wave  addition to aromatic substrates (reactions 2 af)d\8hereas
function of [CsHe*+-OH]-Cs. Only G3 theory places this complex e Mpw1K/(1) method gives a poor prediction of théis(0
below the reactants. Clearly, the stabilization energy of the yy a1ye. Deviations in excess of 3 kcal/mol in the reaction
[CeHe:-+OH]-Cs complex is considerably underestimated even gnihainies disqualify the MPW1K and KMLYP density func-
at high levels of theory such as G2M and G3. With such jonais from being recommended for the elucidation of reliable
deviations, no definite conclusion can be drawn with respect to energetic parameters for thgkl; + OH system. Nevertheless
whether the [@He--OH]-Cs structure really corresponds to the  \ye selected these methods, along with G2M and G3 theories,
minimum of the GHs and OH intermolecular potential or 45 sources of energetic parameters for rate-constant calculations.
whether it is just an artifact of the B3LYP method. Regardless gy comparison with available experimental kinetic data, we will
of the nature of this structure, we estimate the stabilization gerjve the scaling factors for theoretical barriers and discuss
energy of the [€Hs:+-OH] van der Waals complex to ke2.6 the predictive power of the best theoretical estimates.
kcal/mol AHygw(0 K) < —2.6 kcal/mol) on the ba_'sls_of the D. Rate-Constant Calculations. GHg + OH — CgHs +

G3 energy for [GHe:++OH]-Ce,. Interestingly, the binding of 14,0 The H-abstraction mode (reaction 1) dominates in the OH
OH to GHe is stronger than that to £, in this stage of the  ragical reaction with benzene at elevated temperatures. The
van der Waals complex formation, but the final heat of OH gyajlable experimental kinetic data pertinent to reaction 1 is
addition to benzene is much smaller than that in the reaction presented in Figure 8. Atkinsdapplied a unit-weighted least-

with ethylene. This is a direct consequence of the different nature sqyares analysis to the combined data of Felder and Madronich,
of binding interactions at different intermolecular separations Ty|ly et al.7 and Lorenz and Zellndrto obtain the recom-

(the stability of the prereaction complexes is determined by the mendation ofk, = 4.67 x 10-18T2 exp(—543T) cm¥s at
strength of electrostatic and dispersion interactions, whereas ther = 453-1409 K. The preferred values of Baulch e€gk, =
stability of the OH-addition products depends on the strength 5 7 . 1g-16T142 exp(=732IT) cm¥/s) differ by less than 25%
of the C-O chemical bonds). from those suggested by Atkinson and are not shown in Figure
In conclusion of this section, we briefly examine the PMP2, 8 to avoid clutter. Wallington et &lstudied the gHs + OH
MPW1K, and KMLYP energetic parameters. According to reaction at 393 and 438 K and concluded that the abstraction
Sekusak, Leidl, and Sabljfé,the annihilation of admixtures of ~ channel still dominates even at these lower temperatures. The
unwanted spin states by means of the projection operatortotal rates of the gHg + OH reaction measured by Wallington
significantly improves the energies of the open-shell species et al? are in good agreement with Atkinson’'s recommended
involved in the OH reaction with ethylene. The PMP2 method values ofk; extrapolated to lowef, whereas the rate constants
with large basis sets was recommended as the most reliableobtained under similar conditions by Perry e @re up to 2
method, surpassing G2 and CCSD(T) theories with triple-  times higher. According to Tully et althe OH-addition channel
quality basis sets. For the presegHg+ OH system, the quality =~ may still contribute to the total rate up o~ 450 K. Further
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support for this opinion can be found in the study of Lin, Kuo, 100 ———— T ——
and Lee'! who concluded that the H-abstraction channel is
negligible atT as high as 385 Kky(385 K) < 0.5 x 10713 ¢cn?
molecule’l s71). Clearly, this conclusion is in contradiction with
theky(393 K) value of 1.9x 1013 cm® molecule! s~ reported

by Wallington et al® which makes the interpretation of the a8
kinetic data of Wallington et &.and Perry et &dt.in terms of < 07
the abstraction mechanism alone questionable. The validity of @_
the extrapolation of the higfi-expression fok; to ambientT =
is questionable because much lower valuesgohave been
derived by Knispel et &’ from modeling the OH decays at
low T (298—-374 K). The latter rate constants, however, have a 14
relatively large scatter and uncertainty and should be taken 00 05 10 15 20 25 30 35 40 45 50 55
cautiously. Nevertheless, Knispel eftalsed them in combina- 1000/T. K

tion with the highT data of Tully et af. to obtain an improved ’

expression ok; = 1.89 x 10717T2 exp(—1650/) cm?/s over Figure 9. Kinetic isotope effect in the OH CsHs = H,0 + CgHs
an extended range of 298-1050 K. The discrepancy between reaction. Our prediction=) is compared to the reported values of Tully
the k; values recommended by Knispel et al. and Atkinson’s €t al’ (®), Lorenz and Zelinér(v), and Mulder and Lou# (O).
high-T expression ok; extrapolated to lowT reaches 1 order

of magnitude at RT' . " . by quantum mechanical tunneling at Idw Tunneling correc-

We have applied the canonical transition-state theory with tjons of a similar magnitude apply to the rate constants
unsymmetric Eckart tunneling correctioh® to evaluate the  cajculated from the KMLYP/(I) molecular and energetic pa-
ki rate constant from theoretical molecular and energetic rameters. These rate constants are very close to the values
parameters (Tables 2, 3, 6). The calculated rate constants argeported by Wallington et &.and to Atkinson’s highF
plotted in Figure 8. As we mentioned in the previous section, expression ofk; extrapolated to lowT.3 The agreement,
reaction barriers are likely to be overestimated by G2M theory. nowever, becomes worse at highAs alluded to above, similar
As a result, the G2M rate constants are consistently lower thanyate constants can be obtained from B3LYP/(Il) molecular
the experimental values. At this level, the theoretical barrier parameters and an assumed reaction barrier of 3.5 kcal/mol.
needs to be lowered by 2 kcal/mol for the calculated rate However, we believe the extrapolation of the higaxpressions

constants to approach the recommended values of Knispel efof k; to low T is not reliable (i.e., KMLYP method overestimates
all” Such an adjustment is qualitatively and quantitatively thek; values both at high and loW).

S|m|!ar to the we_II-estabhshed G2M errors (_)f 138.0 kcal/ Complementary experimental kinetic data for a reverse
mol in the enthalpies of the H-abstraction reactions from benzene g ction of the phenyl radical with water would be very valuable
by H2* CHs%* and OH radicals. These errors result from the o establishing the lowF kinetic parameters with more
poor performance of the G2M theory for the phenyl radical, configence. Unfortunately, no direct experimental measurement

hence the overestimated-&i bond strength in .5 A larger of the rate of reaction-1 is available. Madronich and Felder
downward shift ob~3.1 kcal/mol has to be applied to the G2M  recommended a value &f ; = (1.0 + 0.3) x 104 cn¥/s at

barrier for reaction 1 to account for loW-rate constants T ~ 1310 K. Using their measured value kf(1309 K) =
extrapolated from thi, expressions recommended by Atkindon (5.74 £ 0.34) x 10712 cn¥/s, we arrive at the estimate of
and Baulch et al.Even after such an adjustment, the calculated tpe equilibrium constank;(1310 K) = 574 + 200. This
rate constant fits recommended values atTobut overestimates  yajue is in poor agreement with our calculated value of
the more-reliable higfi- reference data. We also believe that K1(1310 K) = 160 + 50, which is based on the experimental
the error in the G2M barrier for reaction 1 is unlikely to exceed yg|ye of AH)(0 K) = —5.6 + 0.8 kcal/mol and theoretical
3 kcal/mol. Therefore, we tentatively assign a value of 4.6 kcal/ molecular parameters of the reactants and products calculated
mol (the G2M value lowered by 2 kcal/mol) to the barrier of py the B3LYP/(Il) method. The calculated equilibrium constant
reaction 1 at 0 K. After this adjustment, the rate constant should be very reliable since the thermochemistry of reaction 1
calculated from the B3LYP/(I) molecular parameters for s well established and the replacement of theoretical molecular
reaction 1 is best expressed in the following fort:= 6.70 parameters with available experimental moments of inertia and
x 107227333 exp(~732.4T) cm? molecule* st (T = 200 vibrational frequencies changég by less than 10% at any
2500 K). The expression &f recommended by Knispel et &l. givenT.
agrees very well with the latter theoretical estimate. Another quantity that can be estimated very reliably is the
As expected, the rate constants calculated from the G3//kinetic isotope effeck;(H)/ky(D) for H versus D abstraction
B3LYP/(Il) energetic and molecular parameters are in better from benzene. Although our predicted absolute barrier for
agreement with experimental values than the G2M rate constantseaction 1 may not be very accurate, théH)/ky(D) ratio is
discussed above, but the reaction barrier is still likely to be not sensitive to it because only the relative height of TS1(D)
overestimated at this level. The rate constants calculated fromversus TS1(H) is important. The barrier for theDg + OH =
the molecular and energetic parameters obtained with the CsDs + HOD reaction is 1.17 kcal/mol higher than that for
MPW1K density functional are very close to the G3-based reaction 1, as follows from the differences in ZPE corrections
estimates. The major difference is a stronger curvature of for CgHg, CsDs, TS1(H), and TS1(D) calculated by the B3LYP/
the Arrhenius plot at lowTl. On the basis of the magnitude (lI) method. This is the main factor that influences théH)/
of imaginary frequenciesvin(B3LYP/(Il)) = i1193 cn1?, ki(D) ratio. The second most-important factor is due to quantum
vim(MPWZ1K/(I)) = i1664 cnt?), the barrier for reaction 1 is  mechanical tunneling, which further increases kig)/ki(D)
substantially narrower at the MPW1K/(l) level of theory, which ratio at low T. Therefore, the predicted kinetic isotope effect
explains the larger enhancement of the MPW1K rate constantshas a strong dependence, as illustrated in Figure 9.
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Only a few studies reported the measured valuek; @)/
ki(D). Our calculation agrees only with the highdata of Tully
et al’ In contrast to our prediction, the kinetic isotope effects
measured by Tully et dl.and Lorenz and Zelln&rdo not
increase at lowl but remain constant witlk;(H)/ky(D) <
over the range of = 520-1000 K. The uncertainty of these

Tokmakov and Lin

proposed mechanism of the OH-addition channel involves only
chemical activation, reversible isomerization, collisional stabi-
lization, and decomposition reactions, as depicted in reaction
scheme II.

The chemical activation channel is variational for the present
system because the TS-vdW is not clearly defined on the

experimental kinetic isotope effects is relatively large because potential energy profile (see Figure 3B). Furthermore, the

the measurements were made separatelkifi¢t) and k(D).
Strictly speaking, only the total rates of theHg + OH and

molecular structure in the transition region is very flexible with
respect to internal rotations of thels and OH fragments. A

CsDe + OH reactions were measured and ascribed to be thesuitable approach to evaluate thgw rate constant is given by
abstraction rates. Contributions from other reactions, such ascanonical flexible transition-state theory (FTS¥):

those involved in the OH-addition channel, would lower the
observed kinetic isotope effects at lowerThis could be the
reason for their deviation beyond the error limits from the
theoretical curve al < 800 K. The deviation of the kinetic
isotope effects measured by Tully ef@nd Lorenz and Zellnér

from the theoretical predictions for reaction 1 is another reason
to doubt the accuracy of previously reported rate constants below

800 K.
Mulder and Louw® derived much different kinetic isotope

=g L2 OXPFEIswaw) QUM
w eﬂh GT QtraniT) QV,CGHG(T) QV,OH(T)

QM Qe (M QI,OHmFT "

Qe Qo (1

At long separations, the molecular structures of teddgand

effects from the competitive measurements of phenol production OH fragments are virtually the same as for the reactants,

in the OH+ CgHe/CsDsg reactions. Their data has the corré&ct
dependence but systematically underestimateiith/k;(D)

resulting in the cancellation of electronic, external rotational,
and vibrational partition functions. To a first approximation,

ratio by 30-40%. The accuracy of these values is expected to the hindering functionl'(T) is equal to 1 (i.e., the internal

be superior to the results of Tully et@nd Lorenz and Zellnér

rotation is free). Then the simplified expression lgfiw is

because they were derived from product analyses of theobtained as follows:

competing OH+ CgHe/CgDg reactions. However, the validity
of attributing the measured kinetic isotope effects tokifel)/

ki(D) ratio depends on reaction 1 being the rate-determining

step in the complex mechanism of phenol formation in the
presence of @and other compounds. Phenol yields~a?5%
have been reported under tropospheric condit?dn®, where

reaction 1 is far less important than the OH-addition channel.

Therefore, reaction 1 cannot be responsible for theTgetrenol
formation, and it may not be the only pathway from benzene
to phenol at highr. If other reactions (such asg8s + OCP)
or CeHgOH + O, — CgHsOH + HO,) can contribute to the
formation of phenol or to its isotopically selective removal (such
as GHsOH/CsDsOH + OH/OEP)/0y,), that would explain the
systematic underestimation of thHa(H)/ky(D) ratio in the
experiments of Mulder and Lout¥.

OH-Addition Channel. The mechanism of the OH CgHg
reaction under atmospheric conditions is dominated by the OH-

exp(p TS—vdW)
k() ~ 21 WQW(U (V)
where
_ 87 uRy (2w, 1
QM = T QuandT) = (ﬁ) B= T

The Rcm distance used in the calculation of the pseudo-
diatomic rotational partition functiolj?gd is the separation of
the centers of mass of the two fragments, at which the minimum
of the k,gw rate constant is located at a given temperaiure
Els .qw iS the effective barrier equal to the potential energy of
the GHs and OH fragments separated Wem. At any
separation, th&El  ,.(Rev) value is negative because it is

addition channel, which has been typ|ca||y described by a model defined relative to the reactants. We found that the effective

including reactions 2;-2, and 3as elementary steps. According

TS-vdW location varies withT as illustrated in Figure 3B

to our theoretical f|nd|ngs a more accurate model can be (BSSE -corrected G3 interaction potentlal was used for FTST
proposed that breaks reaction 2 into two elementary steps,calculations). Therefore, for eacl, we defined specific

namely, the initial formation of the [§Hs---HO] prereaction
complex followed by its isomerization to thpso—CgHgOH
radical:

TS-vdW ™)
C¢Hg + OH =— [C4H,..HO]* === [C¢H(...HO] (k,qw)

1S3 ﬂTsz

(k;) C¢HsOH + H <—— C4HOH* === CH,OH

(k) am
This model would be more realistic if various radical-loss
reactions (diffusion of R out of the reaction zone, loss due to
collisions with the reactor walls, and side reactions of R with
other radicals and molecules, where=ROH, [C6Hs---OH],

and GHgOH) were included. However, these processes are

molecular and energetic parameters for the effective TS-vdW.
For all other TSs and stable species, we u$eddependent
molecular parameters given in Tables 2 and 3.

Note thatk,aw [CeHg] [OH], wherekyaw is given by eq Il or
IV, is the total rate of chemical activation, which is not corrected
for the decomposition of a fraction of active molecules back to
the reactants. This fraction is determined by an interplay of
association, isomerization, decomposition, and stabilization
channels (see scheme Il), which in turn is governed by the
master equatioPf To calculateP-, T-, andt-dependent effective
rate constants that can be related to those derived from
experimental studies, we carried out weak collision master
equation/RRKM modeling with the help of the ChemRate
program?3

Realizing that some critically important theoretical input

specific to a given experimental setup and cannot be accuratelyparameters, such as reaction barriers, are not accurately known,
quantified a priori. That is why we assume in our model that we tried to deduce their values by analyzing the most-reliable
the radical-loss reactions can be neglected. Therefore, ourexperimental kinetic data. The high-pressure limiting (HPL)
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value of the effective total rate constaki(298 K) = 1.4 x
102 cm?® molecule! s7* has been recommended by Atkinson,
and it is supported by the majority of experimental studies. Our
test rate-constant calculations showed that at RT andmigh

> 100 mbar) the total rate of thegBs + OH reaction is most
sensitive to te 0 K energy of TS2 relative to that of the
reactants. We will designate this parameteEa% When using

the G3 value ofE, = 2.8 kcal/mol, the calculate#™, rate
constant is more than 1 order of magnitude below the experi-
mental value. However, thk®, rate constant is considerably
overestimated at low if the B3LYP/(Il) value ofE;, = —0.8
kcal/mol is used. A fitted value of, = 0.1 & 0.1 kcal/mol
allows us to account for the experimenk&}h(298 K) value.

After accepting thés; = 0.1 kcal/mol value in our final rate
constant calculations based on B3LYP/(Il) molecular parameters,
we were able to reproduce closely the experimentally observed
effects of P and T on the rate of reaction 2 (vide infra).
Apparently, the closest theoretical estimateEafis obtained P, mbar
V,V'th the KMLYP density functional, which overestllmates the Figure 10. Main plot: P-dependence of the apparent rate constant
fitted value by 0.5 kcal/mol. The G2M and G3 barriers have to for the OH addition to benzene at RT. Inset: Lindemann plot of the
be lowered (by~3.9 and~2.7 kcal/mol, respectively) to account  same rate constant at 298 and 350 K with bath-gas He. Experimental
for the measured rates of theHs + OH reaction. Although data: Goumri et al® (@), Baulch et af5 (a), Davis et aP* (W), Witte
the corrections are substantial, they reasonably agree with aretal*® (©), L(zrenz and Zelnér(Q), Tully et al” (k in He, ¥ in Ar),
error of 3.5 kcal/mol previously four@in the G2M barriers of 'C";gjgt‘i;tlsazs(ﬁ)' Ir?:okri?]tgiacl ‘;’g‘ég‘f 3;2;%2&”?2 IL%mtg(?eggﬁfe
simpler radical additions to aromatics (H CgHg/CsHsCHs). following energy-t?ansfer parameter\Eldou(He, 208 K)= 150 cnT™:

Similar theoretical errors are expected in the G2M and G3 [AEow, (He, 350 K)= 220 cnt?; [AEown (Ar, 298 K) = 400 cnm;
estimates ofs, the relative energy of TS3. By analyzing the Lennard-Jones parameters(He) = 2.55 A, ¢(He) = 10.2 K, o(Ar)
experimental kinetic data for theg8sOH + H reaction (see = 3.54 A, (Ar) = 93.3 K, 0(CeH70) = 4.50 A, ande(CsH-0) = 450
Appendix 1), we estimated ¢h0 K barrier for H addition to K. @s adopted from phen#i.Reaction time:t = 1 ms.
phenol at the ipso position to g3 = 8.0 = 0.5 kcal/mol,
which converts intdes = AH3)(0 K) + E3) = 8.3+0.9 kcal/
mol. However, even after lowering the; value to 7.4 kcal/
mol, the H-elimination branch’3makes a negligibly small
contribution to the total rate of thesHs + OH reaction so that

it could be safely neglected in our rate-constant calculations ; . !
for the OH-addition channel &t < 400 K. rate constants measured in He by plotting the inverse rate
. i : . ) constant versus inverse pressure (Lindemann plot). The data of

Summarizing the preceding discussion, the following ener- ga,ich et aP5 exhibits an unexpected linear dependence with

getic parameters have been adopted in our final rate-constant, very steep rise at loR. Therefore, among all of the reported

calculations for the OH-addition channeErs ,qy Varies  effects of P on the apparent rate of reaction 2 in He, our

with T (Els ,qw = —0.25-0.42 kcal/mol for calculations at  calculation reasonably agrees only with the data of Goumri et

T = 200-400 K); AHygw(0 K) = —2.6 kcal/mol;E, = 0.1 alls

kcal/mol; AHz(0 K) = —17.0 kcal/mol,E; = 8.3 kcal/mol; The latter study was the only one that also provided the

AH3(0 K) = 0.3 kcal/mol. In the following section, the effects  p-dependent rate constants at other than RT. As shown in the

of P, T, and reaction time on the apparent rate of the OH- inset of Figure 10, the rate constants measured at 350 K can be
radical addition to benzene will be evaluated and compared to closely modeled WitHAEown &~ 220 cnT?, suggesting that

4 1

k, 10" em’ molecule™ s

10 ™., molecule s cm

-
2l

R
Co v b o @

10 .
1/P, mbar

2.

05

T T
0.1 10 100 1000

values at the sante, including those measured in Ar, which is
in sheer contradiction with the expected bath-gas effect. The
two lowestP points of Baulch et al® cannot be accounted for
by theory with a reasonable value DRE[Jown €ither. In the
inset of Figure 10, we provide another view of fR@ependent

the experimental observations.

A strongP dependence of the apparent rate of the OH addition
to benzene has been reported at RT bafow 10 mbay®10.18.3436
Figure 10 illustrates the effects & and the bath gas on the
apparent rate constarkb. Its falloff behavior is primarily
determined by the magnitude of theEld,wn parameter (average
energy loss per collision) used in the calculation of the energy-
transfer probabilities. Values diNE[down Were obtained by

this parameter strongly depends Ve should comment that
the apparent rate constant of the OH addition to benzene also
depends on the reaction time. Experimental kinetic measure-
ments were typically made on the millisecond time scale. Our
calculations show that low- rate constants are essentially
independent of on the experimental time scale<{ 50 ms) at

RT but not at 350 K. The time dependence of the apparent rate
constant at higher is caused by the decomposition of thgHe

fitting the experimentally observeld dependencies, and they OH adduct back to reactants, which gains in importance soon
amounted to 15@: 30 cnt! for He and 400+ 100 cn?! for after a large enough concentration of the adduct is accumulated.
Ar. The uncertainties in these estimates are very large becausédn our model, the apparent rate constant eventually drops to
theP dependence was measured over a relatively narrow rangethe rate of GHsOH + H production because no other consump-
and with large scatter. Nevertheless, simulated rate constantdion channels are included. However, in the experiment of
accurately reproduce the experimental falloff behavior observed Goumri et all8 the excess of radical scavengers was used to
by Lorenz and Zellnérand by Witte et al® in Ar and by suppress the g1sOH accumulation. As a result, the apparent
Goumri et al*®in He. TheP-dependent rate constants reported rate constant may not be affected by the reverse decomposition
by Davis et af* are systematically higher. Helium was used as even at very long reaction times. In our calculation of the

a bath gas in the latter study. However, the rate constantseffect at 350 K, we used an artificially shortened reaction time
obtained by Davis et & considerably exceed all other reported of 1 ms instead of the experimental-480 ms. This allowed
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Figure 11. T andt dependencies of the apparent rate constant for the
OH addition to benzene & = 133 mbar (Ar). Experimental data:
Tully et al’ (x), Lorenz and Zellnér(O), Witte et al'® (<), Lin et

alt! (m), Knispel et alt” (a), Wallington et aP (¥), Semadeni et df

(@), Perry et af (O). Theoretical curves: G = 2.8 kcal/mol E-,

= 19.1 kcal/mol); B3LYP/(ll) E; = —0.8 kcal/mol,E-, = 12.4 kcal/
mol); KMLYP (E; = 0.6 kcal/mol,E-, = 22.2 kcal/mol); this work

(E> = 0.1 kcal/mol,E-> = 17.1 kcal/mol).

us to account for the observé&deffect without modifying our
model to include all secondary reactions explicitly.

The effect of reaction time is shown in more detail in Figure
11, where we also illustrate thedependence of the apparent
rate constank,. We can see that it is essentially independent
oftatT < 300 K on the millisecond time scale and that it has
a very weakT dependencek”,(200-300 K) = (1.2—1.4) x
1072 cm® molecule! s1. All low-T measurements were
performed near HPL, and their results agree well with our
calculated values d€,. The experimental kinetic data is much
more scattered at high@r where the time and@ dependencies

Tokmakov and Lin

of the BSSE and ZPE-corrected G3 dissociation energy of the
[CsHg+-HO]-Cs,, conformation.

Both frontier MO analysis and the shape of the OH-addition
profile support the dominant role of electrostatic and dispersion
interactions rather than short-range MO interactions in the
benzene-OH intermolecular attraction in the interval frongtd
+ OH to the [GHe:--HO] prereaction complex. The molecular
structures of the gHs and OH fragments remain virtually the
same in this interval as in the pure reactants. At shorter
intermolecular separations, the frontier MO interactions play
an important role in the mechanism of the OH addition to
benzene. The overlap of th&# HOMO of benzene with the
B-LUMO of OH is the most important among them, and it
determines the reactivity of an aromatic substrate toward
transformation from the [gHg:--HO] van der Waals complex
to theipso-CsHgOH radical.

Reaction barriers had to be adjusted to better reproduce the
most-reliable experimental kinetic data. Within its uncertainty,
the following estimates of #h0 K reaction barriers have been
derived: 3.5 kcal/mok E; < 5.0 kcal/mol (abstraction channel)
andE; = 0.1 £+ 0.1 kcal/mol (addition channel). A relatively
large uncertainty in the H-abstraction barrier is due to the
guestionable interpretation of the highkinetic data T > 390
K) in terms of the abstraction mechanism alone, as typically
reported in all highf measurements of the;8s + OH reaction.
Inconsistencies in the reportdd rate constants and kinetic
isotope effects have been identified, which prevent us from
giving a more precise estimate Bf.

From first principles, the G3 theoretical scheme predicts the
most-reliable energetic parameters but tends to overestimate the
reaction barriers. Nevertheless, the theoretical predictions show
a considerable improvement compared to the previous genera-
tion of G2M theory. Within the DFT framework alone, the
B3LYP, KMLYP, and MPW1K density functionals may be used
for survey calculations to identify the most-important reaction
channels. These relatively fast calculations may provide the
upper (MPW1K) and lower (B3LYP) bounds for questionable
reaction barriers, as appears from a limited comparison for

of k, become very strong. Since all reported rate constants arereactions relevant to this study. The KMLYP method reproduces
much higher than the computed values at 10 ms, the secondarythe barriers of reactions 1 and 2 remarkably well. However,
reactions of the gHsOH radical must be responsible for its none of these functionals can deliver consistently good perfor-
consumption. The presence of radical scavengers, the totalmance for different chemical processes.

radical concentration, and other experimental conditions may On the basis of deduced (i.e., reaction barriers, collisional
affect the rates of these secondary reactions and the apparengénergy transfer parameters) and predicted (i.e., molecular
total rate. The variation of these factors in different experiments parameters) theoretical parameters, the final kinetic model for
is probably responsible for the large scatter of the experimental the OH-addition channel that includes barrierless association,
kinetic data aff > 300 K. two-well isomerization, collisional stabilization and excitation,
and unimolecular decomposition of the chemically activated
intermediates has been constructed. Except foPtlependence
studies of Davis et &* and Baulch et af® available kinetic
data for the OH-addition channel can be accurately accounted
Sfor with our calculatedR, T)-dependent effective rate constants.
H-for-OH exchange reaction 3 is predicted to be negligible
compared to H-abstraction channel 1 over the wideange
(200—2500 K). Upon its extension to include secondary
reactions of the gHgOH radical, the present model can be
utilized for larger-scale gas-phase systems containighty @d

Conclusions

The mechanism of the addition and abstraction modes of the
OH radical attack on benzene has been investigated by variou
ab initio and DFT methods. Different approaches to geometry
optimization and energetics have been examined. The compari-
son with available experimental data indicates that the B3LYP
density functional affords more accurate molecular parameters
for the present system than the MP2, KMLYP, and MPW1K
methods. OH
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Appendix

Supporting Information Available: Molecular parameters
. for various species calculated by the MP2/(l), MPW1K/(l), and
phenol with H has been measured by He, Mallard, and Tang \y vp/(1) methods (Tables S1 and S2). This material is

i 15 HQ
and by Manion af?d LO.U\M The ab_solute vglues of the-s) available free of charge via the Internet at http://pubs.acs.org.
rate constant derived in these studies are in good agreement.

However, theT range where the experiments were conducted
was relatively narrow (9221180 K), and activation parameters
derived from the Arrhenius fits are markedly different. The ) Banlch, D L Cobos C. 1o Con R ALE o o Just

H H H H aulicn, D. L.; Cobos, C. J.; CoX, R. A.; ESser, C.; Frank, F.; JUst,
experimental and. theoretlc.al .ValueSk@f3) are plotted in Figure Th.; Kerr, J. A; Pilling, M. J.; Troe, J.; Walker, R. W.; Warnatz,1J.
Al. The theoretical predictions were derived by the same phys. Chem. Ref. Dati992 21, 411429 and references therein.
approaches as discussed previously for reaction 1. As follows  (3) (a) Atkinson, RChem. Re. 1986 86, 69—201. (b) Atkinson, R.
from Figure Al, all experimental data can be accurately J. Phys. C_h_em. Ref. Dat®d89 Monograph 1,_204 and references therein.
accounted for by theory with the energy barrieiEpf3° = 8.0 1899'2)25}”"' N.; Asaba, T.J. Fac. Eng., Uni. Tokyo, Ser. BL977, 34,
+ 0.5 kcal/mol. The G2M and G3 methods overestimate the (5) (a) Madronich, S.; Felder, W. Phys. Cheml985 89, 3556. (b)
fitted barrier by 3.8 and 1.9 kcal/mol, respectively. The rate Felder, W.; Madronich, SCombust. Sci. Technal986 50, 135-150.
constants calculated from the MPW1K/(l) energetic and mo- __ (6) Perry, R. Al Atkinson, R.; Pitts, J. N., Jf. Phys. Chem1977,
!ecular parameters agree with the experimental value_s surpris-— (7) Tully, F. P. Ravishankara, A. R.; Thompson, R. L.; Nicovich, J.
ingly well, whereas the B3LYP/(Il) and KMLYP/(l) estimates  M.; Shah, R. C.; Kreutter, N. M.; Wine, P. H. Phys. Chem1981, 85,
are somewhat too high. The following expression gives the best 2262.
theoretical prediction of the H-for-OH desubstitution rate . (8) Lorenz, K. Zeliner, RBer. Bunsen-Ges. Phys. Cheh983 87,

. . o 629; see also ref 2.

constant based on the adjusted barrier of 8.0 kcal/kok) = (9) Wallington, T. J.; Neuman, D. M.; Kurylo, M. ft. J. Chem. Kinet
8.9 x 10718120 exp(—27534 250/T) cm? molecule s, where 1987, 19, 725. _
T = 200-2500 K. Interestingly, the substituent effects on the 32é110)( b()a%/v \_/:/tltte',: FZ Ltlrbaﬁlk(bﬁ-; Z'étﬁsch, élhl;%s. Chelzjmﬁ9t86P90,

: : s : : . Iitte, F.; Zetzscn, &nys. em. be mos. Pollut., Proc.
enthalpies and the barriers of H qddmon to various aromatic g Symp.,3rdl984 168, (¢) Rinke, M.; Zetzsch, (Ber. Bunsen-Ges.
substrates show excellent correlation for a series of monosub-phys. Chem1984 88, 55. (d) Wahner, A.; Zetzsch, Q. Phys. Chem.
stituted benzenes. An increase in the enthalpies of the H 1983 87, 4945.

The rate of the H-for-OH desubstitution in the reaction of
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