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Kinetics for the chemical activation reaction of the OH radical with benzene and unimolecular dissociation
of the adduct are analyzed using quantum Rice-Ramsperger-Kassel (QRRK) theory fork(E) and master
equation analysis for pressure falloff. Thermochemical properties and reaction path parameters are determined
by ab initio and density functional calculations. Molecular structures and vibration frequencies are determined
at the B3LYP/6-31G(d,p) and MP2(full)/6-31G(d) levels, with single point calculations for the energy at the
B3LYP/6-311++G(2df,p)//B3LYP/6-31G(d,p), composite methods of CBS-Q, CBS-QB3 and G3(MP2) and
the G3 methods. The OH addition to benzene forms a chemically activated prereactive complex with a shallow
well (ca. 3 kcal mol-1), which predominantly dissociates back to reactants. Additional reactions of the energized
precomplex include stabilization, or forward reaction to form hydroxycyclohexadienyl radical,C•HDOH ,
which has a well depth of 16 kcal mol-1. ThisC•HDOH adduct can either eliminate H atom to form phenol,
undergo intramolecular addition of the radical to an unsaturated carbon site to form bicyclo[3.1.0]hexan-6-ol
radical (I in Figure 2), or react back through the prereactive complex. The radical (I) can cleave a strained
exocyclic, cyclopropane bond forming cyclopenta-2,4-dienylmethan-1-ol radical (II in Figure 2). Rate
coefficients for reactions of the energized complex are obtained from canonical transition state theory. The
high-pressure addition rate constant for OH+ benzenef prereactive complex is calculated from variational
transition state theory with a center-of-mass reaction coordinate approximation. A detailed mechanism with
mass conservation and microscopic reversibility is assembled and used to identify the intermediates and products
of the benzene+ OH reaction for comparison with experiment. The prereactive complex has a small effect
on the overall kinetics and can be considered negligible over the temperature and pressure range investigated.
The most important product formation channel in the OH+ benzene addition reaction system is formation
of phenol plus H atom. Comparisons of our calculated rate constants with experimental data that exhibit
complex temperature and pressure dependence of [OH] vs time shows very good agreement and illustrate
that microscopic reversibility needs to be included in analysis of experimental data on this reaction system.
The important products for benzene+ OH addition are predicted to beC•HDOH and phenol+ H. At 800
K, product formation from cyclopentadiene intermediates is at least 3 orders of magnitude lower than phenol
+ H.

Introduction

Aromatic hydrocarbons constitute a significant fraction of
transportation fuels and consequently a detailed understanding
their oxidation chemistry is desirable. Modeling studies that
couple elementary level kinetic mechanisms with multidimen-
sional fluid dynamics are becoming computationally feasible
and hold the promise of helping to ameliorate photochemical
urban smog and optimize the performance of internal combus-
tion engines. The detailed oxidation and pyrolysis kinetics of
aromatics are less well understood than those for aliphatic
hydrocarbons, however, reflecting in part the rich and intricate
chemistry of the aromatic ring. Recent experimental and

theoretical studies that have focused on understanding the
reaction dynamics of prototypical systems have started to shed
light on the key initial steps in aromatic fuel degradation.

The benzene+ OH system has been the focus of numerous
studies due to its relative simplicity and its practical and
fundamental importance. As one example, the oxidative deg-
radation of tropospheric benzene is initiated almost exclusively
by OH. Since benzene and several of its degradation products
are toxic and carcinogenic, it is important to understand the
fate of atmospheric benzene. This requires a detailed kinetic
model that is valid over temperatures of atmospheric relevance
(250-400 K). Similarly, the auto ignition kinetics of aromatics
at intermediate temperatures (∼700-1100 K) are strongly
influenced by reactions with OH. Combustion strategies are
presently under development that promise significant improve-
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ments in vehicle efficiency and emissions, and these strategies
rely strongly on controlling the oxidation kinetics of the fuel.
Additionally, the high temperature (>1200 K) oxidation and
flame front consumption of aromatics initially involve reactions
with the radicals H, OH, and O. These decomposition reactions
include pathways that generate soot precursors and thus affect
pollutant formation with aromatic fuels. Consequently, there is
much interest in elucidating the important kinetic pathways for
benzene+ OH over a very wide temperature range.

Early experimental measurements of the rates for benzene
+ OH f products identified two main reaction channels, whose
branching ratio depends strongly on temperature.1-6 At low
temperature, addition reactions predominate and the collisionally
stabilized complex is the major intermediate formed (reaction
1). At temperatures near∼325 K (depending on pressure), the
decomposition of the complex becomes sufficiently fast to lead
to a marked reduction in the bimolecular rate coefficient. As
the temperature is raised further, the direct H abstraction channel
increases in importance and is the dominant pathway under
combustion conditions (reaction 2). The production of significant
quantities of phenol in flow reactor and atmospheric chamber
experiments has indicated the presence of an additional reaction
channel.7-10 This has been suggested to arise from H atom loss
from the hydroxycyclohexadienyl complex through unimolecular
elimination (reaction 3) and/or reaction with O2.11

A number of theoretical studies have focused on character-
izing the benzene+ OH potential energy surface in order to
explain the experimentally observed branching ratios, thermo-
chemical properties, and rate coefficients.12-16 Early studies that
relied on semiempirical methods did not reproduce the experi-
mental data well due to uncertainties in the energetics that were
comparable to both the transition state barriers and relatively
weak binding energy of the hydroxycyclohexadienyl adduct.
Recently Berho et al.14 estimated bond dissociation energies for
a series of substituted cyclohexadienyl complexes using the
B3LYP/6-31G(d) density functional for geometry optimization
and BAC-MP4 single point calculations for energy parameters.
Barckholtz et al.15 carried out a mechanistic study of H, O, and
OH reactions with several aromatics including benzene using
potential energy surfaces calculated using the B3LYP density
functional and rate coefficient estimation via nonvariational
transition state theory with tunneling corrections. While the
thermochemical enthalpies and barriers exhibit reasonable
agreement with experiment, the kinetic rate coefficients are
qualitatively incorrect. Tokmakov and Lin16 recently presented
a detailed analysis of reactions 1, 2, and 3 using several high
level DFT and ab initio MO methods. They concluded that G3//
B3LYP/6-311++G(d,p) theory is capable of accurately calcu-
lating thermochemical properties. They also calculated for the
first time the properties of the benzene-OH hydrogen-bonded
complex, and on the basis of their IRC analysis, they conclude
that it is this complex, rather than the separated reactants, that
is connected to the transition state for formation of hydroxy-
cyclohexadienyl radical. Effective rate coefficients calculated
using master equation, RRKM analysis, and a near 1-3 kcal
mol-1 adjustment in the barrier demonstrated good agreement
with selected experimental data on OH addition rates. They also
indicate that the direct formation of phenol (reaction 3) is
negligible over the temperature range 200-2500 K.

The present study is an extension of our earlier computational
study12 of the kinetics and thermochemistry of the benzene+
OH system. Structures, intramolecular rotation barriers, and
thermochemical properties are calculated using ab initio and
density functional calculations. This study incorporates the
results from our recent study of the hydroxycyclohexadienyl
radical.17 In addition to the three pathways represented by
reactions 1-3, isomerization barriers and energetics are calcu-
lated for three higher energy pathways. The kinetics for the
bimolecular reactions of the adducts are analyzed using quantum
Rice-Ramsperger-Kassel (QRRK) theory fork(E) with master
equation and/or modified strong-collision analysis for pressure
effects.

Methodology

All calculations are performed using the Gaussian 98 program
suite.18 The structural parameters are optimized at B3LYP/6-
31g(d,p)19 and MP2(full)/6-31g(d) levels of theory for the most
stable conformer of each species. Harmonic vibration frequen-
cies and zero-point vibrational energies (ZPVE) are computed
at the same level. Transition state (TS) geometries are identified
by the existence of only one imaginary frequency in the normal
mode coordinate analysis, evaluation of the TS geometry, and
the reaction coordinate’s vibrational motion. The B3LYP/6-31g-
(d,p), B3LYP/6-311++g (2df,p)// B3LYP/6-31g(d,p), and
composite methods of CBS-Q,20,21CBS-QB322 and G3(MP2)23

with both MP2(full)/6-31g(d) and B3LYP/6-31g(d,p) determined
geometries, are utilized to calculate total energies in this study.
The CBS-Q and G3(MP2) calculations with B3LYP/6-31g(d,p)
and MP2(full)/6-31g(d) geometries are referred to as CBSQ//
B3LYP, CBSQ//MP2, G3MP2//B3LYP, and G3MP2//MP2 in
this study. The initial addition reaction 1, the most important
product formation reaction 3, and the H-abstraction reaction 2
are also studied at a higher calculation level, the G3 theory level
of Curtiss et al.24

Thermodynamic Properties: ∆Hf°298, S°298, and Cp(300)
to Cp(1500). The scheme below shows isodesmic reactions
IR1-IR10 that are used to determine∆Hf°298 for intermediate
radicals and products. Calculations are performed on each
species in the reaction to determine∆Hrxn, 298. ∆Hf°298 values
of the target species in a reaction are determined from the
∆Hrxn,298and evaluated literature∆Hf°298values of the remaining
species. Enthalpies of formation for transition states are
calculated using an average calculated energy difference between
the reactants and products, where these are each determined on
an absolute basis using the work reactions as described in our
previous study.25 Our thermochemical and kinetic parameters
are incorporated into a small elementary reaction mechanism,
which is numerically integrated for comparison of our model
with a range of experimental data at varied temperature,
pressure, and reaction times.

Entropies (S°298) and heat capacities (Cp(T)’s, 300e T/K e
1500) are calculated using the rigid-rotor-harmonic-oscillator
approximation. Contributions from hindered rotors toS°298 and
Cp(T) are determined by direct integration over energy levels.
Energy levels are calculated from solution of the Schroedinger
equation using free rotor wave functions with potentials
representing the intramolecular rotation potential energy curves26,27

on the reactants, intermediates, transition states and products.
Use of this internal rotation partition function accounts for
contributions to entropy from the rotational conformers of each
rotor. The number of optical isomers and spin degeneracy of
unpaired electrons were also incorporated for calculation ofS°298

andCp(T).

C6H6 + OH f C•HDOH (1)

C6H6 + OH f phenyl+ H2O (2)

C6H6 + OH f phenol+ H (3)
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Kinetic Analysis. High-pressure limit rate constants are
determined from the following: vibration partition functions
from all frequencies (torsions omitted), external rotation partition
functions from the determined molecular structures, internal
rotor partition functions from the detailed analysis of each
internal rotor. These data are converted into macroscopic kinetic
parameters using established statistical mechanics procedures.

The chemically activated and stabilizedC•HDOH adducts
have access to a number of reaction paths, which can vary with
both pressure and temperature. It is important to include the
pressure effects in the determination (estimation) of the kinetic
parameters and branching ratios to stabilization and new product
channels, as well as dissociation back to reactants. Kinetic
parameters are derived for product formation from the chemi-
cally activated adduct resulting from bimolecular association
and from unimolecular, thermal dissociation of the stabilized
adduct. These parameters are estimated using a multifrequency
quantum Rice-Ramsperger-Kassel (QRRK) analysis fork(E)
with the steady-state assumption on the energized adduct, a
Boltzmann thermal distribution of the adduct when formed, and
master equation analysis for falloff.

The current version of the QRRK computer code utilizes a
total of 3n - 6 frequencies expressed as a reduced set of three

frequencies (low-medium-high, sum of three sets equals 3n
- 6) that accurately reproduce the molecule’s (adduct’s) heat
capacity (Cp(T)’s).28-30 Molecular density-of-state functions are
constructed through direct convolution of single frequency
density functions on a 10 cm-1 grid. The functions correspond-
ing to each reduced frequency set are explicitly convolved into
a relative density-of-states (F(E)), which is normalized by the
partition function (Q). The inclusion of one external rotation,
corresponding to the symmetric top, is incorporated into the
calculations by convolving the vibration density function with
the proper rotational density function. A detailed description
of this and comparisons of theF(E)/Q ratios with the direct
countF(E)/Q ratios are shown to be in good agreement.30 The
program provides a chemical activation analysis on complex
reaction system with a large number of adducts (wells) and
product sets. The resulting kinetic parameters have been
incorporated into small detailed mechanisms that have repro-
duced and extended experimental data in many complex reaction
systems25,31-34 as well as in this study. The QRRK formalism
used in this work is described by Chang et al.31 (∆E)°down of
600 and 1000 (cal mol-1)35,36 are used in master equation
analysis for He and Ar as third body, respectively. An energy
interval of 0.08 kcal mol-1 is used in the master equation
analysis for chemically activation.

The ChemRate program37 was also used to calculate the high-
pressure limit rate constants and rate constants of reactions 1
and 3. (∆E)°down of the bath gas and the energy interval for
solving master equation are the same values used in the QRRK
analysis.

Detailed Reaction Mechanism and Chemkin Analysis.A
moderately small elementary reaction mechanism is developed
from the chemical activation and unimolecular dissociation
reaction analysis along with radical generation and intermediate
association reactions where these are important. This mechanism
is implemented in the Chemkin suite of mechanism integration
codes38 and is utilized to analyze and understand the kinetic
processes as a function of time, temperature, and pressure and
to compare the model against experimental results in the
literature. The mechanism includes microscopic reversibility for
all the elementary reactions with reverse rate constants deter-
mined from the forward rate constant, the thermodynamic
parameters, and microscopic reversibility.

Results and Discussion

1. Geometries and Vibrational Frequencies.The geometries
of all species are optimized at the B3LYP/6-31G(d,p) level. The
intermediates (I , II , and III ) and transition states (TS1, TS2,
TS3, TS4andTS5) are also optimized at MP2(full)/6-31G(d)
levels (shown in italics in Table 1). We were unable to locate
transition statesTS6, TS7, TS8, andTS9 in calculations at the
MP2(full)/6-31G(d) level, however. The geometries of all
species optimized at B3LYP/6-31G(d,p) and MP2/6-31G(d)
levels are available in the Supporting Information. Differences
of DFT and MP2 bond lengths are within 0.02 and 0.12 Å for
intermediates and transition states, respectively. Bond angles
and dihedral angles are within 3.7° between B3LYP/6-31g(d)
and MP2/6-31G(d) geometries, with the exception of dihedral
angles ofTS4 (12.2°). The vibration frequencies and moments
of inertia for all species are also listed in Table 1. The torsion
frequencies corresponding to the hindered rotors are shown in
Table 1 (bold).

2. ∆Hf°298. The vibrational frequency contributions to ZPVE
are scaled by 0.9806, 0.9661, and 0.8929 for B3LYP/6-31g-
(d,p), MP2(full)/6-31G(d), and HF/6-31g(d) theoretical frequen-
cies,39 respectively. The frequencies are not scaled in calcula-
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TABLE 1: Vibration Frequencies and Moments of Inertia for Model Stable (Parent) Molecules and Model Free Radicals

prereactive complex frequencies (cm-1)a

PRI 17i, 71, 135, 140, 410, 417, 493, 618, 619, 694, 716, 861, 873, 976, 978, 1009, 1013, 1019, 1060, 1066,
1181, 1200, 1202, 1352, 1380, 1516, 1521, 1635, 1643, 3180, 3190,

460.9, 792.6, 969.2b 3197, 3208, 3209, 3229, 3736
PRII 121i, 86i, 25, 37, 96, 412, 414, 621, 621, 703, 716, 873, 874, 984, 985, 1017, 1017, 1020, 1065, 1066,

1181, 1203, 1204, 1352, 1381, 1522, 1522, 1648, 1649, 3181,
239.6, 478.8, 644.9 3190, 3190, 3205, 3205, 3214, 3699
236.7, 472.6, 636.4 57, 62, 116, 142, 163, 400, 408, 561, 622, 641, 698, 858, 859, 915, 916, 1027, 1029, 1073, 1084, 1090,

1212, 1232, 1389, 1393, 1465, 1539, 1541, 1670, 1824, 3225, 3234, 3247, 3248, 3256, 3273, 3761

complex frequencies (cm-1)

I 228,270, 314, 376, 434, 543, 651, 674, 741, 800, 825, 869, 915, 932, 963, 1030, 1036, 1064, 1079, 1093,
1150, 1175, 1261, 1283, 1297, 1343, 1413, 1421, 1484, 3111, 3173,

272.4, 799.6, 952.1 3183, 3206, 3227, 3238, 3788
270.2, 789.4, 939.5 235, 283, 331, 388, 442, 559, 682, 707, 756, 823, 856, 917, 944, 972, 997, 1056, 1071, 1099, 1106, 1144,

1183, 1207, 1296, 1316, 1332, 1348, 1431, 1464, 1550, 3178, 3235, 3247, 3267, 3287, 3298, 3743
II 109, 115, 273, 359,447, 550, 626, 666, 723, 740, 804, 846, 885, 952, 965, 982, 1010, 1018, 1117, 1123,

1175, 1203, 1243, 1315, 1341, 1405, 1435, 1568, 1655, 3019, 3189,
357.5, 797.6, 880.1 3205, 3216, 3236, 3242, 3757
364.7, 766.5, 835.6 116, 134, 286, 365, 454, 551, 639, 713, 739, 770, 818, 861, 903, 910, 936, 1014, 1046, 1054, 1139, 1147,

1204, 1247, 1281, 1339, 1375, 1437, 1467, 1577, 1645, 3099, 3253, 3254, 3263, 3280, 3286, 3711
III 149, 198, 252,352, 446, 490, 533, 645, 664, 738, 811, 821, 848, 926, 949, 964, 1052, 1115, 1145, 1151,

1201, 1268, 1328, 1341, 1387, 1409, 1466, 1524, 1620, 2992, 3014,
255.6, 951.9, 1196.3 3209, 3219, 3229, 3242, 3806
PI 145, 208, 278, 490,537, 587, 646, 695, 719, 768, 828, 899, 917, 926, 948, 1027, 1108, 1117, 1190, 1223,

1316, 1374, 1385, 1446, 1523, 1611, 1710, 3204, 3208, 3221, 3232,
242.8, 920.4, 1163.2 3246, 3784
PII 81, 110, 340, 444, 518, 573, 737, 750, 819, 836, 943, 958, 961, 971, 1022, 1034, 1043, 1122, 1131, 1193,

1257, 1320, 1409, 1416, 1549, 1646, 1816, 2926, 3096, 3213,
267.9, 893.9, 1053.1 3224, 3244, 3249
PIII 131, 196,272, 376, 498, 527, 710, 726, 825, 886, 894, 928, 966, 968, 1025, 1031, 1121, 1132, 1222,

1261, 1360, 1405, 1412, 1429, 1563, 1652, 1768, 2896, 3044, 3071,
242.1, 924.4, 1155.5 3211, 3222, 3242

transition states frequencies (cm-1)a

TS1 328i, 112, 132,217, 391, 408, 609, 611, 664, 726, 800, 839, 898, 968, 971, 992, 1009, 1025, 1045, 1060,
1177, 1186, 1199, 1342, 1377, 1498, 1510, 1599, 1621, 3182, 3191,

429.2, 710.4, 924.5 3201, 3211, 3212, 3230, 3749
423, 671.9, 876.5 678i, 144, 146, 252, 419, 451, 637, 639, 702, 792, 866, 942, 985, 1007, 1040, 1055, 1064, 1114, 1124,

1133, 1175, 1242, 1258, 1295, 1418, 1564, 1591, 1732, 1749, 3244, 3253, 3264, 3272, 3275, 3288, 3721
TS2 1251i, 70, 110,164, 350, 411, 447, 611, 634, 686, 728, 789, 834, 914, 968, 993, 997, 1007, 1037, 1077,

1106, 1185, 1189, 1323, 1338, 1343, 1477, 1512, 1620, 1638, 3177,
324.5, 1049.8, 1365.5 3185, 3197, 3203, 3208, 3758
313.2, 1001.7, 1303.5 2316i,84,123, 183, 367, 487, 518, 655, 691, 721, 819, 882, 1020, 1022, 1070, 1078, 1112, 1120, 1132,

1133, 1172, 1219, 1270, 1278, 1378, 1533, 1616, 1646, 1940, 1966, 3238, 3248, 3262, 3268, 3268, 3737
TS3 979i, 210,294, 366, 421, 484, 502, 531, 624, 647, 685, 771, 812, 830, 898, 959, 983, 1003, 1041, 1100,

1179, 1190, 1192, 1280, 1353, 1374, 1503, 1522, 1608, 1638, 3173,
336.8, 708.2, 1017.4 3186, 3193, 3210, 3219
323.9, 695.4, 999.7 1541i, 215, 291, 385, 456, 519, 554, 611, 649, 728, 756, 828, 873, 901, 983, 1031, 1045, 1053, 1101,

1161, 1174, 1229, 1241, 1299, 1322, 1409, 1565, 1589, 1703, 1746, 3235, 3247, 3255, 3272, 3278, 3764
TS4 698i, 225, 307, 340, 398, 476, 516, 593, 636, 697, 732, 799, 841, 907, 976, 1023,
298.7, 762.8, 974.7 1030, 1091, 1129, 1142, 1156, 1207, 1284, 1302, 1320, 1410, 1432, 1487, 1570, 2995,
292.8, 746.9, 948.4 3176, 3187, 3192, 3202, 3217, 3802

1159i, 239, 310, 344, 425, 495, 530, 648, 719, 798, 799, 876, 939, 987, 1047, 1062, 1096, 1153, 1177,
1189, 1208, 1247, 1319, 1349, 1354, 1424, 1515, 1536, 1970, 3089, 3241, 3245, 3251, 3261, 3287, 3751

TS5 478i, 170, 205,341, 405, 417, 542, 572, 699, 722, 803, 820, 837, 943, 952, 979, 1039, 1056, 1102, 1113,
1145, 1215, 1247, 1284, 1312, 1384, 1425, 1444, 1565, 3083, 3205,

278.2, 856.2, 1005.6 3214, 3228, 3240, 3254, 3802
292.8, 746.9, 948.4 582i, 201, 230, 353, 427, 438, 570, 705, 712, 751, 841, 849, 880, 961, 1002, 1035, 1107, 1128, 1146,

1167, 1243, 1310, 1360, 1409, 1426, 1443, 1533, 1541, 1580, 3297, 3360, 3382, 3398, 3409, 3429, 4102
TS6 1255i, 51, 201, 235,345, 449, 526, 590, 649, 704, 724, 773, 848, 881, 921, 937, 1080, 1093, 1096, 1152,

1169, 1204, 1290, 1332, 1341, 1453, 1474, 1503, 1536, 1983, 3211,
249.2, 964.6, 1200 3227, 3231, 3239, 3255,3808
TS7 754i, 142, 201, 251, 280, 447, 485,520, 582, 634, 703, 724, 763, 825, 884, 908, 914, 935, 1028, 1108,

1118, 1183, 1216, 1313, 1363, 1379, 1439, 1525, 1620, 1648, 3211,
263.3, 931.9, 1156.8 3218, 3223, 3236, 3249, 3789
TS8 1205i, 53, 93, 154, 236, 420, 540, 567, 674, 709, 721, 787, 815, 865, 947, 953, 962, 997, 1023, 1043,

1119, 1132, 1192, 1261,1321, 1399, 1418, 1573, 1653, 1666, 2962,
324.8, 848.6, 1003 2975, 3212, 3223, 3243, 3254
TS9 932i, 141, 184, 210,271, 369, 453, 518, 532, 709, 743, 822, 889, 926, 929, 970, 971, 992, 1029, 1128,

1132, 1200, 1277, 1318, 1395, 1422, 1428, 1532, 1624, 1657, 2954,
255.2, 959, 1192.6 3027, 3055, 3219, 3239, 3247

a B3LYP/6-31G(d,p) and MP2(full)/6-31G(d) theoretical frequencies. Frequencies and moments of inertia optimized at MP2(full)/6-31G(d) levels
are shown in italics. The torsion frequencies corresponding to the hindered rotors are shown in boldface.b Moments of inertia in amu Bohr2.
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tions of the vibration component of the thermal contribution to
enthalpy. Total energy differences (at 298 K) between TS and
reactants, intermediates, and products determined at different
theory levels are listed in Table 2. Isodesmic reaction enthalpies
(IR1-IR10) calculated at the different computation levels are
listed in Table 3.∆Hf°298 of reactant, intermediate radicals, and

products from group balance isodesmic reactions at various
calculation levels are listed in Table 4.

Enthalpy values from each calculation level are listed in Table
4. Our data show that the G3MP2 values result in higher∆Hf°298

values than CBSQ calculations on corresponding structures.
They further show that geometries optimized with the MP2

TABLE 2: Total Energy (at 298 K) Differences between TS’s and Reactants, Intermediates, and Productsa (in kcal/mol)

//B3LYP/6-31G(d,p) //MP2(full)/6-31g(d)

reaction G3 G3MP2 CBS-Q CBS-QB3 G3MP2 CBS-Q CBS-QB3 B3LYPb B3LYP_Bc

1 benzene+ OH w TS1 0.86 3.64 -2.95 -2.37 6.31 -1.50 -0.96 6.31 -1.50
C•HDOH w TS1 18.62 19.19 17.91 18.12 20.02 17.11 17.32 20.02 17.11

2 benzene+ OH w TS2 5.97 6.52 1.55 1.61 12.51 7.60 7.80 12.51 7.60
phenyl+ H2O w TS2 9.40 9.10 5.91 6.09 10.80 7.26 7.47 10.80 7.26

3 C•HDOH w TS3 26.29 27.16 13.13 13.00 27.39 12.03 12.14 25.49 24.44
phenol+ H w TS3 7.30 11.34 -2.72 -2.60 13.48 -1.28 -1.00 6.01 5.88

4 C•HDOH w TS4 34.82 35.09 35.28 37.60 38.33 38.41 38.04 37.74
I w TS4 15.86 15.38 15.63 19.09 19.75 19.89 16.75 14.65

5 I w TS5 12.56 11.63 11.74 13.79 13.64 13.73 11.41 9.85
II w TS5 10.78 7.31 7.48 12.62 10.51 11.35 7.92 7.93

6 II w TS6 19.92 19.45 18.20 17.15
III w TS6 38.51 44.16 42.37 40.99

7 II w TS7 29.25 27.21 29.11 27.42
PI + H w TS7 4.83 4.06 3.11 3.14

8 II w TS8 36.56 36.13 34.01 33.88
PII + H w TS8 12.52 10.63 7.41 7.85

9 III w TS9 48.28 52.23 45.46 45.76
PIII + H w TS9 11.50 9.04 3.84 4.58

a Reaction enthalpies include thermal correction and zero-point energy correction.b On the basis of 6-31G(d,p) basis set.c B3LYP/6-
311++G(2df,p)//B3LYP/6-31G(d,p).

TABLE 3: Isodesmic Reaction Enthalpies (in kcal mol-1)

//B3LYP/6-31G(d,p) //MP2(full)/6-31g(d)
reaction G3 CBSQ CBS-QB3 G3MP2 CBS-Q CBS-QB3 G3MP2 CBS-Q CBS-QB3 B3LYPa B3LYP_Bb SDc

limited
errorsd

IR 1 -1.67 -1.17 -1.18 -1.82 -1.23 -1.24 1.26 0.13 (0.46 (1.8
IR 2 4.61 5.59 5.50 4.36 5.49 5.41 5.52 4.95 (0.21 (2.62
IR 3 -1.28 -0.17 -0.18 -1.34 -0.11 -0.12 -0.75 -0.79 (0.23 (1.25
IR 4 1.42 1.41 1.37 1.27 1.97 2.65 2.81 1.84 (0.26 (2.3
IR 5 1.97 4.41 2.76 2.50 (0.61 (1.07
IR 6 -1.55 1.03 -2.28 -2.34 (0.91 (1.07
IR 7 7.66 9.23 9.28 9.07 (0.45 (1.89
IR 8 -0.42 0.98 0.46 -0.05 (0.35 (1.42
IR 9 2.97 5.47 3.49 3.54 (0.63 (1.4
IR 10a 4.26 4.47 4.18 (0.11 (1.22
IR 10b 27.67 28.20 27.54 (0.25 (0.94

a On the basis of the 6-31G(d,p) basis set.b B3LYP/6-311++G(2df,p)//B3LYP/6-31G(d,p).c Statistical standard deviations.d Uncertainty in
enthalpy values for the reference compounds.

TABLE 4: Enthalpies (at 298 K) of Intermediates and Products Calculated from the Isodesmic Reactions (IR1-IR10)c

//B3LYP/6-31G(d,p) //MP2(full)/6-31g(d)

∆H°f,298 G3 CBS-Q CBS-QB3 G3MP2 CBS-Q CBS-QB3 G3MP2 CBS-Q CBS-QB3 B3LYPa B3LYP_Bb

phenyl radical 83.01 83.38 82.90
I 29.89 28.90 28.99 30.14 29.00 29.08 28.97 29.54
II 35.60 35.61 35.65 35.75 35.05 34.37 34.21 35.18
III 15.37 11.23 14.48 14.75
PI 9.49 7.05 8.70 8.96
PII 7.07 5.67 6.19 6.70
PIII -2.38 -4.88 -2.90 -2.95
TS1 29.32 31.00 27.06 27.46 32.74 27.38 27.76 25.80 25.46
TS2 34.72 34.85 30.76 30.88 38.69 34.59 34.79 27.12 29.22
TS3 36.53 38.98 24.94 24.93 40.17 25.10 25.30 35.48 34.89
TS4 45.20 45.10 45.31 48.21 48.90 49.01 47.26 46.06
TS5 44.01 41.80 41.95 45.54 44.41 44.88 42.00 41.23
TS6 53.54 56.12 54.60 53.39
TS7 60.77 61.52 55.54 56.06
TS8 71.44 70.28 67.61 67.77
TS9 64.89 63.49 63.96 63.13

a On the basis of 6-31G(d,p) basis set.b B3LYP/6-311++G(2df,p)//B3LYP/6-31G(d,p).c Literature data used in isodesmic reaction to determine
∆H°f, 298 of species studied in this work:∆H°f, 298 of (C2H4) ) 12.54( 0.1;59 (CC) ) -20.04( 0.07;60 (C3C) ) -32.25( 0.28;60,61 (CdCC) )
4.879;62 (CCC)) -25.02( 0.12;60 (CdCOH) ) -29.59( 0.47;63 (CdCCdO) ) -20.06;64 (C2CCdO) ) -51.57( 0.37;65 (C2COH) ) -65.07
( 0.22;66 (C2CCOH)) -67.80( 0.2;67 (YCCC) ) 12.74( 0.14;68 (YPE) ) 8.5 ( 0.21;69 (YPD) ) 33.2( 0.93;70 (CDYPE)) 27.6;71 (fulvene)
) 53.6.70 Bond dissociation energy (kcal mol-1) ∆H°f,298 of (CdCC-H) ) 88.12;71 (H-CH2OH) ) 98.17.71
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calculation method result in higher∆Hf°298’s than values
resulting from the same level of calculation using the B3LYP
geometry. The differences between use of MP2 vs B3LYP
geometry in the G3MP2 calculations are less than 1.0 and 3.8
kcal mol-1 for intermediates and transition states, respectively.
CBSQ has larger differences between MP2 and B3LYP
geometries, 1.7 and 4.7 kcal mol-1, for the respective intermedi-
ates and transition states. The largest deviations are between
the G3MP2//MP2 and CBSQ//B3LYP results. The G3 calcula-
tion results in a value between the G3MP2 and CBSQ. We
recommend∆Hf°298 of TS1, TS2, and TS3 from the G3
calculation values, each with a downward adjustment of 1.2

kcal mol-1 in the barrier as discussed below. Similar adjustments
have been made in previous calculation analysis on this benzene
+ OH system.16 Recommended∆Hf°298 for intermediatesI and
II and transition statesTS4 and TS5 are from an average of
the following four calculation methods: G3MP2//MP2, G3MP2//
B3LYP, CBSQ//MP2, and CBSQ//B3LYP. All other transition
states (TS6, TS7, TS8, andTS9), products (PI, PII , andPIII ),
and intermediateIII are from an average of the G3MP2//B3LYP
and CBSQ/B3LYP.

The accuracy of our theoretical∆Hf°298 values is assected
by several factors: the choice of the working chemical reactions
used to cancel calculation errors, the calculation level (method

TABLE 5: Ideal Gas Phase Thermodynamic Propertiesa

species Hf°298
b S°298

c Cp(300)c Cp(400) Cp(500) Cp(600) Cp(800) Cp(1000) Cp(1500)

H 52.1 27.36 4.97 4.97 4.97 4.97 4.97 4.97 4.97
O 59.55 38.47 5.23 5.14 5.08 5.04 5.01 5.01 4.98
OH 8.96 43.88 7.15 7.1 7.07 7.06 7.13 7.33 7.87
H2O -57.8 43.72 8.17 8.88 9.56 10.2 11.3 12.1 12.98
C6H6 19.81( 0.12 64.37 19.92 27.09 33.25 38.38 45.87 51.05 58.31
PHOH -23.03( 0.14 75.43 24.9 32.45 38.64 43.54 50.62 55.49
phenyl 83.1( 1.70 68.81 18.94 25.47 31 35.44 41.9 46.34 52.85
PRII TVRd 26.13 86.49 28.93 35.83 41.78 46.68 54.04 59.32 67.5
C•HDOH 17 10.39( 1.55 79.24 27.17 35.46 41.91 46.87 54.05 59.14 67.02
I TVRd 75.94 24.30 32.61 39.50 44.92 52.69 58.04 66.07

internal rotore 3.69 2.08 1.80 1.58 1.43 1.26 1.17 1.07
total 29.33( 3.21 79.63 26.38 34.41 41.08 46.35 53.95 59.21 67.14

II TVR 77.13 23.32 31.11 37.68 42.93 50.59 55.93 64.01
internal rotor 9.11 5.52 5.63 5.41 5.09 4.45 3.92 3.06
total 35.34( 3.00 86.24 28.84 36.74 43.09 48.02 55.04 59.85 67.07

III TVR 79.03 25.31 33.00 39.51 44.76 52.46 57.85 65.99
internal rotor 2.69 2.30 2.30 2.23 2.12 1.87 1.67 1.36
total 13.30( 2.78 81.72 27.61 35.30 41.74 46.88 54.33 59.52 67.35

PI TVR 76.35 23.56 30.69 36.73 41.59 48.69 53.63 61.04
internal rotor 1.17 2.28 2.78 2.96 2.98 2.81 2.55 1.99
total 8.27( 2.12 77.52 25.84 33.47 39.69 44.57 51.50 56.18 63.03

PII TVR 73.40 22.14 29.54 35.85 40.94 48.42 53.60 61.25
internal rotor 4.68 3.52 3.55 3.18 2.76 2.12 1.75 1.34
total 6.37( 2.21 78.08 25.66 33.09 39.03 43.70 50.54 55.35 62.59

PIII TVR 75.80 22.49 29.56 35.72 40.77 48.30 53.55 61.27
internal rotor 3.95 2.55 2.67 2.63 2.56 2.42 2.33 2.09
total -3.63( 2.47 79.75 25.04 32.23 38.35 43.33 50.72 55.88 63.36

TS1 TVR 78.99 24.07 31.64 38.03 43.15 50.67 55.94 63.98
internal rotor 2.97 2.79 2.60 2.27 1.99 1.61 1.40 1.18
total 28.12( 2.00 81.96 26.86 34.24 40.30 45.14 52.28 57.34 65.16

TS2 TVR 81.6 25.3 33 39.48 44.66 52.16 57.3 64.92
internal rotor 3.77 1.94 1.74 1.57 1.44 1.28 1.18 1.08
total 33.52( 3.02 85.37 27.24 34.74 41.05 46.10 53.44 58.48 66.00

TS3 TVR 77.79 24.94 32.90 39.46 44.65 52.15 57.29 64.90
internal rotor 3.34 1.99 1.94 1.82 1.69 1.49 1.36 1.18
total 35.33( 3.34 81.13 26.93 34.84 41.28 46.34 53.64 58.65 66.08

TS4 TVR 77.25 23.96 31.73 38.21 43.39 50.93 56.20 64.17
internal rotor 2.69 2.51 2.66 2.50 2.24 1.80 1.52 1.22
total 46.96( 5.27 79.94 26.47 34.39 40.71 45.63 52.73 57.72 65.39

TS5 TVR 78.71 24.21 31.94 38.42 43.57 51.03 56.23 64.13
internal rotor 3.80 1.96 1.96 1.96 1.94 1.84 1.70 1.43
total 43.76( 7.02 82.51 26.17 33.90 40.38 45.51 52.87 57.93 65.56

TS6 TVR 83.64 24.86 32.37 38.77 43.93 51.50 56.74 64.56
internal rotor 3.29 2.06 2.21 2.29 2.28 2.14 1.95 1.57
total 54.83( 6.51 86.93 26.92 34.58 41.06 46.21 53.64 58.69 66.13

TS7 TVR 80.51 26.83 34.32 40.53 45.47 52.64 57.59 65.01
internal rotor 2.53 2.06 2.45 2.65 2.71 2.61 2.39 1.88
total 64.19( 6.92 83.04 28.89 36.77 43.18 48.18 55.25 59.98 66.89

TS8 TVR 80.40 25.52 33.28 39.76 44.94 52.49 57.69 65.31
internal rotor 4.95 3.61 3.53 3.13 2.70 2.08 1.72 1.31
total 70.86( 6.31 85.35 29.13 36.81 42.89 47.64 54.57 59.41 66.62

TS9 TVR 80.09 25.65 33.10 39.48 44.65 52.27 57.54 65.26
internal rotor 3.95 2.55 2.67 2.63 2.56 2.42 2.33 2.09
total 61.15( 5.69 84.04 28.20 35.77 42.11 47.21 54.69 59.87 67.35

a Thermodynamic properties are referred to a standard state of an ideal gas gas and pure enantiometer of the most stable conformer at 1 atm.b In
kcal mol-1. c In cal mol-1 K-1. d The sum of contributions from translation, external rotation, vibration, optical isomer, and spin degeneracy.e S°298

and Cp(T) contributions from hindered rotors.
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+ basis set) applied to calculate the electronic energy, the
uncertainty in ZPVE and thermal corrections, and the accuracy
for ∆Hf°298 of reference compounds. We assumed that our
calculations on species in the isodesmic reactions have similar
error ranges for ZPVE and thermal corrections; we assign the
cumulative uncertainty corrections to be 0.44 kcal mol-1 from
Scott and Radom.39 The errors of∆Hf°298 were calculated by
summing the deviations between various levels, the errors from
the ZPVE and thermal corrections, and the maximum uncertain-
ties in enthalpy of the reference compounds. The maximum
uncertainly in enthalpy values for the reference compounds and
the statistical standard deviations from calculation levels in the
isodesmic reactions are listed in Table 3. The errors of∆Hf°298

for the intermediates, transition states and products are listed
in Table 5.

3. Rotational Barriers

Potential barriers for internal rotations ofI , II , III , PI, PII ,
PIII , andTS3 are calculated at the B3LYP/6-31G(d,p) level.
The internal barrier ofTS2 is calculated using molecular
mechanics force field (MMFF), and the barrier ofTS1 is
calculated at G3MP2//B3LYP/6-31g(d) to provide higher ac-
curacy values in entropy and heat capacity contribution from
the hindered internal rotor. The potential energy as a function
of the dihedral angle is determined by varying the torsion angle
in 30° intervals and allowing the other parameters to be
optimized; the minima and maxima on the torsional potential
are then fully optimized. One exception is the calculation on
TS2 where bond lengths of the forming O-H bond and the
cleaving H-C bond were fixed at the length of most stable

Figure 1. Potential barriers of internal rotations. Points are calculated values at B3LYP/6-31G(d,p) level of theory. Lines are results of Fourier
expansion equation, F1. The total energies where the zero point vibrational energy (ZPVE) and the thermal correction to 298 K (HT298) are included
are shown as triangles.
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conformer. The O-H-C angle was also fixed at that of the
most stable conformer. The barriers for internal rotations are
calculated from the differences between the total energy of each
conformation and that of the most stable conformer. The
calculated rotation barriers vs torsion angle are shown in Figure
1. A Fourier series was used to represent the potential calculated
at discrete torsion angles (shown as lines in Figure 1)

where values of the coefficients are calculated to provide the
true minima and maxima of the torsional potentials with
allowance of a shift of the theoretical extrema of angular
positions. Further description on this method to calculate S and
Cp(T) contributions from the internal rotors are reported by Lay
et al.26

4. S°298, and Cp(300) to Cp(1500).S°298 and Cp(T)’s were
calculated using the rigid-rotor-harmonic-oscillator approxima-
tion based on scaled vibrational frequencies, molecular mass,
and moments of inertia from the optimized B3LYP/6-31G(d,p)
structures (prereactive complexPRII is based on MP2(full)/6-
31G(d) structure). The ROTATOR program calculates theS°-
(T)’s and Cp(T)’s from hindered rotor contributions by direct
integration over energy levels resulting from solution of the
Schroedinger equation for the corresponding internal rotor using
calculated intramolecular rotation potential energy curves.26,27

The analysis includes contributions of the conformers tran-
scended by each internal rotor and includes hindered rotor
contributions to S and Cp at all temperatures.

S°298 andCp(T)’s for species in the benzene+ OH system
are summarized in Table 5. TVR represents the sum of
contributions from translations, external rotations, and vibrations
for S°298 andCp(T)’s. The symbol IR represents theS°298 and

Cp(T) contributions from hindered rotors. The thermodynamic
parameters:∆Hf°298, S°298, and Cp(300) to Cp(1500) used in
kinetics analysis for this OH addition to benzene reaction system
are listed in Table 5. We note that values are only accurate to
1 digit after the decimal for the kcal mol-1 units. Values are
listed for each rotor, and coefficients for equation F1 are listed
in the Supporting Information.

5. Benzene+ OH Reaction System.Figure 2 shows the
potential energy diagram used for the chemical activation
calculations of OH addition to benzene and for dissociation
reactions of the stabilized adduct. The abstraction of H atoms
by OH (via TS2) which forms phenyl radical+ H2O, is also
illustrated in Figure 2. The values of∆Hf°298 for the intermedi-
ates, transition states and products are listed in Table 5.

OH addition to benzene forms a chemically activated prere-
active complex which has a very shallow well (ca. 3 kcal mol-1)
and predominantly dissociates back to reactants under all
conditions. Additional reactions of the energized precomplex
include stabilization (formation of the resonance stabilized
hydroxycylcohexadienyl radical,C•HDOH (adduct)) which has
a near 16 kcal mol-1 well depth. ThisC•HDOH adduct can
either eliminate H atom to form phenol, undergo intramolecular
addition of the carbon radical site to an unsaturated carbon
forming the bicycle[3.1.0]hexan-6-ol radicalI , or react back to
the prereactive complex. The radicalI can cleave a strained
exocyclic cyclopropane bond to form cyclopenta-2,4-dienyl-
methan-1-ol radical (II ). IntermediateII can undergo H atom
elimination via two channels to form an olefin (PI) or an
aldehyde (PII ), or it can react through a lower barrier (TS6)
via a 1,2 H atom shift in concert with a corresponding diene
shift. This forms a stabilized cyclopentylidenemethan-1-ol
radical (III) where this diene is conjugated with the radical on
the methyl group and the conjugation extends through the radical

Figure 2. Potential energy diagram for the chemical activation reaction calculations on OH addition to benzene and for dissociation reactions of
the stabilized adduct, along with abstraction of phenyl H atoms by OH (viaTS2) which forms phenyl radical+ H2O. Numbers are∆Hf°298 (kcal
mol-1) used in this study for kinetics analysis (listed in Table 5).

V(Φ) ) a0 + ai cos(iΦ) + bi sin(iΦ), i ) 1, 2, 3, ... (F1)
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site to the oxygen. This radical (III ) will â-scission the hydroxyl
hydrogen resulting in cyclopenta-1,3-dienecarbaldehyde (PIII )
+ H, where the diene is conjugated with the carbonyl group.

An asymmetric Eckart calculation for H tunneling as de-
scribed in Yamada et al.,40 Schwartz et al.,41 Louis et al.42 and
Knyazev et al.43 is used to calculate the tunneling factor (Γ(T))
for H-abstraction (TS2), H shift (TS6), and H elimination (TS3,
TS7, TS8 andTS9). The imaginary frequencies ofTS2 (1263
cm-1), TS3 (391 cm-1), TS6 (648 cm-1), TS7 (376 cm-1), TS8
(743 cm-1), and TS9 (557 cm-1) used in Eckart tunneling
calculation are adjusted (down) from the HF/6-31g(d) deter-
mined imaginary frequency of 3157, 977, 1619, 940, 1858, and
1392 as recommended by Schwartz et al. The values ofΓs at
300, 800, and 1500 K are

This tunneling influence on H-elimination throughTS7, TS8,
andTS9 are ca. 1.4, 5.1, and 5.2 kcal mol-1 in barrier at 300
K and 0.3, 0.6, and 0.6 kcal mol-1 at 1500 K, respectively.
The effect is not significant when considering the reaction
barriers of 60-70 kcal mol-1. The tunneling effects are more
important in H-abstraction viaTS2 (to phenyl + H2O) and
H-elimination throughTS3 (to final products phenol+ H atom)
since these reaction barriers are much lower.

5a. Initial Reaction: OH Addition to Benzene to form
C•HDOH. In our recent study of the hydroxycyclohexadienyl
radical (C•HDOH ),17 the∆Hf°298 calculated for this species was
10.39 kcal mol-1.

The low-temperature (240-340 K) experimental activation
barriers for this OH addition reported by Lorenz et al.3 (0.994
kcal mol-1), Baulch et al.44 (0.676 kcal mol1), and Tully et al.2

(0.537 kcal mol-1) are in good agreement with the G3 calculated
energy barrier of 0.86 kcal mol-1 (enthalpy differences between
TS1 and reactants at 298 K). Lin et al.45 and Knispel et al.5

reported negative barriers of 2.82 and 0.696 kcal mol-1,
respectively, at temperatures between 298 and 385 K. Our ab
initio and DFT calculations for forward reaction 1 result in
negative values of-1.5 and-3.0 kcal mol-1 at CBS-Q//MP2-
(full)/6-31g(d) and CBS-Q//B3LYP/6-31g(d,p) levels, respec-
tively, and positive barriers at G3MP2 level, 6.3 and 3.6 kcal
mol-1 with MP2(full)/6-31g(d) and B3LYP/6-31g(d,p) geom-
etries.

The Arrhenius preexponential factor for reaction 1 (A∞,1) is
calculated via canonical TST with DFT determined structure
parameters. The high-pressure limit rate constants, fit by a three-
parameter (A, n, Ea) modified Arrhenius equation over a
temperature range of 230 to 1500 K, are 2.47× 107T1.7080exp-
(-808.8 cal/RT) (s-1) and 2.87× 1013T0.14885exp(-19534 cal/
RT) cm3 mol-1 s-1 for forward and reverse reaction 1,
respectively, based on a G3 calculated barrier (0.86 kcal mol-1).
If we use thesek∞,1 andk∞,-1 values, the resulting QRRK rate
constant for C6H6 + OH f C•HDOH is underestimated by a
factor of 0.13 compared to experimental data. To match the
experimental data, we need to lower this G3 calculated barrier
by 1.2 kcal mol-1 (∆H°f, 298 of TS1 is adjusted down by1.2
kcal mol-1). k∞,1 andk∞,-1 are then 2.47× 107T1.7080exp(391.2
cal/RT) (s-1) and 2.87× 1013T0.14885exp(-18334 cal/RT) cm3

mol-1 s-1, respectively.

Prereactive Complex(es) and IRC Analysis on Formation
of Hydroxycyclohexadienyl Radical.One prereactive complex
(PRI) is located at a geometry between the reactants andTS1
at B3LYP/6-31g(d,p) level and has an energy 0.49 kcal mol-1

below reactants at a G3MP2//B3LYP/6-31g(d,p) calculation. The
oxygen atom of OH is directed toward the carbon atom on the
ring with a C-O bond distance of 2.5 Å. It has one very small
imaginary vibration frequency (17i cm-1) corresponding to the
O atom migration across the C-CdC in the ring. The vibration
frequencyν4 (134 cm-1) corresponds to the reaction coordinate
for the formation of complex (PRI) from reactants. We are
unable to locate thisPRI complex at MP2, HF and BH&HLYP
level.

A second prereactive complex (PRII ) is located at MP2(full)/
6-31g(d), HF/6-31g(d,p), BH&HLYP/6-31g(d,p), and B3LYP/
6-31g(d,p) levels. The OH radical in complexPRII is oriented
perpendicular to the benzene ring plane, forming the weak
interaction between H atom of OH radical and theπ electron
density of the benzene ring. A frequency calculation for complex
PRII at MP2 level shows the lowest vibration frequency to be
57 cm-1 (29 and 24 cm-1 at HF and BH&HLYP, respectively);
this frequency corresponds to the OH radical migration across
the ring (along C2-C5 axis). The MP2 vibration frequencyν3

(116 cm-1) corresponds to the reaction coordinate for the
formation of complexPRII from reactant molecules. DFT
calculations on complexPRII show two imaginary vibration
frequencies (121i and 86i cm-1) corresponding to migration of
the H atom on the OH radical across the ring; these are
determined to be 142 and 163 cm-1 with MP2. The enthalpy
difference between reactants and complexPRII is 2.15 and 2.64
kcal mol-1 at G3MP2//MP2 and G3 calculations, respectively.
Vibration frequencies of the prereactive complexes are listed
in Table 1. The corresponding normal mode vector of complex
PRII is given in Figure 3.

The reaction 1 takes place in two steps: first via formation
of the prereactive complex (reaction 1a) and then via formation
of the C•HDOH adduct (reaction 1b).

Figure 3. Corresponding normal mode vector of complexPRII .

benzene+ OH 798
TS1

C•HDOH (1)

benzene+ OH T complex (PRII ) (1a)

complex (PRII ) 798
TS1

C•HDOH (1b)
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The high-pressure limit rate constant (k∝) for forward reaction
1a is calculated employing a center-of-mass reaction coordinate
in an EJ-resolved variational transition state theory evaluation
as implemented in VARIFLEX.46 The Monte Carlo integration
is used for energy and total angular momentum (J) resolved
calculation. A single binding energy (D0) of 923.31 cm-1 is
used. The potential energy surface calculated at G3//B3LYP/
6-311++g(d,p) level of theory is obtained from that reported
by Tokmakov et al.16 The Varshni potential47 is employed to
represent the potential energy along the reaction coordinate.

where De is the dissociation energy excluding zero-point
vibrational energy.R is the reaction coordinate, i.e., the distance
between the two bonding atoms, andR0 is the equilibrium value
of R. Kinetic parameters for the reverse reaction (-1a) are
calculated from thermodynamics and microscopic reversibility
(MR) principles. The high-pressure limit rate constants (k∞,1a

andk∞,-1a) are listed in Table 6.
The Arrhenius preexponential factor,A∞,1b, is calculated via

canonical TST along with MP2-determined entropies. The high-
pressure rate for reaction 1b ofPRII f TS1 is calculated as
1.02× 1012T0.08514exp(-3762 cal/RT) (s-1). To fit the QRRK
rate (vs temperature) on C6H6 + OH f C•HDOH with
experimental data, we needed to lower theEa of reaction 1b,
PRII f TS1, by 1.2 kcal mol-1. With this adjustment, the high-
pressure limit rate constant,k∞,1b, fit by a three-parameter (A,
n, Ea) modified Arrhenius equation over the temperature range
230-1500 K, is 1.02× 1012T0.08514exp(-2562 cal/RT) (s-1).

5b. C•HDOH T Phenol+ H Elimination Reaction (Reac-
tion 3a). Phenol plus H atom is the most important product
formation channel in the OH+ benzene addition reaction
system. The calculated energy barriers fromC•HDOH are 26.3
kcal mol-1 at G3 and∼27 kcal mol-1 at G3MP2 with B3LYP
and MP2 geometries. The calculated barrier for reverse reaction
(-3a), 7.3 kcal mol-1 by G3 method, is in agreement with the
experimental data reviewed by Baulch et al.44 (7.93 kcal mol-1)
and He et al.48 (7.91 kcal mol-1) while the G3MP2 calculated
barriers for reaction (-3a) are higher by 4 and 6 kcal mol-1

with B3LYP and MP2 geometries, respectively. The CBS-Q
method consistently underestimates energy barriers by∼13 kcal
2mol-1 relative to than G3 for forward reaction 3a and by∼9

kcal mol-1 for reverse reaction (-3a).

Tunneling is incorporated into the high-pressure limit rate
constants using the asymmetric Eckart calculation.40-43 The
tunneling factors (Γs) range from 54.2 to 1.2 between 300 and
2000 K. The high-pressure limit rate constant fit by a three-
parameter modified Arrhenius equation over a temperature range
of 300-2000 K is 3.06× 106T2.1598exp(-20740 cal/RT) cm3

mol-1 s-1 for forward reaction 3a. We have lowered the G3
calculated barrier on reaction 3a by 1.2 kcal mol-1 for
consistency with the downward adjustment of the barrier on
reaction 1b by 1.2 kcal mol-1. This adjustment is based on
assuming the same systematic errors apply for reactions 1b and
3a, which have similar TS structures involving radical addition
to aromatic ring or resonance structures. Figure 4 shows a plot
of G3 vs G3MP2//B3LYP addition barriers for the series of
reactions below. The fit is quite linear, with a correlation
coefficientR2 of 0.998.

Tokmakov and Lin16 also lower their calculated G2 M(rcc,-
MP2) and G3//B3LYP/6-311++G(d,p)) barrier (by∼3.9 and
∼2.7 kcal mol-1, respectively), to reach agreement with
experimental data of the C6H6 + OH reaction.

5c. Formation of Bicyclo[3.1.0]hexan-6-ol Radical (I).The
cyclopentadiene products (cyclopenta-2,4-dienylidenemethan-
1-ol (PI), cyclopenta-2,4-dienecarbaldehyde (PII ), and cyclo-
penta-1,3-dienecarbaldehyde (PIII )) are from the subsequent
reactions of radicalI . This bicyclic radical results from an
intramolecular addition reaction by a carbon radical to aΠ bond
in C•HDOH (via TS4). Formation of this new intra-ring bond
(reaction 4) involves coupling the unpaired electron with one

TABLE 6: Input Parameters and High-Pressure Limit Rate Constants (k∞) for QRRK Calculation Benzene+ OH f Productsa

reaction no. reaction
A (s-1 or cm3

mol-1 s-1) n R Ea (kcal mol-1) fnt.

1a benzene+ OH f PRII 1.56× 108 3.4906 0.016 41 0.0 b
-1a PRII f benzene+ OH 6.30× 106 4.4530 0.021891 2.51 c
1b PRII f C•HDOH (via TS1) 1.02× 1012 0.085 14 2.56 d
-1b C•HDOH f PRII (via TS1) 2.87× 1013 0.148 85 18.33 e
3 C•HDOH f phenol+ H (via TS3) 3.06× 106 2.159 83 20.74 f
4 C•HDOH f I (via TS4) 2.92× 1012 0.327 83 37.03 e
-4 I f C•HDOH 1.09× 1012 0.466 68 18.10 c
5 I f II (via TS5) 3.78× 1011 0.784 24 14.56 e
-5 II f I 1.36× 1013 -0.26403 9.10 c
6 II f III (via TS6) 2.17× 1012 0.300 07 19.41 f
-6 III f II 1.53× 1011 1.048 71 41.14 c
7 II f PI + H (via TS7) 7.51× 107 1.4714 26.62 f
8 II f PII + H (via TS8) 4.03× 10-5 5.033 49 24.41 f
9 III f PIII + H (via TS9) 2.24× 10-7 5.984 62 35.76 f

a Geometric mean frequency.PRII : 416.1 (12.871), 1296.7 (15.813), 3302.3 cm-1 (7.317). C•HDOH: 521.2 (12.939), 1151.5 (14.538), 3165.2
cm-1 (8.023). I : 554.9 (14.536), 1353.9 (15.072), 3680.3 cm-1 (6.392). II : 503.9 (15.089), 1349.5 (15.999), 3999.8 cm-1 (4.913). III : 450.7
(12.049), 1226.4 (16.661), 3252.3 cm-1 (6.789). Lennard-Jones parameters:σ ) 5.5471 Å,ε/k ) 584.86 K.73 b Variational transition state theory
with center-of- mass reaction coordinate approximation. Fit with the four-parameter modified Arrhenius equationk ) ATn exp(-RT) exp(-Ea/RT).
c 〈MR〉 . d Fit with the three-parameter modified Arrhenius equationk ) ATn exp(-Ea/RT); Ea reduced by 1.2 kcal mol-1. e Fit with the three-
parameter modified Arrhenius equation.f Fit with the three parameter modified Arrhenius equation; H tunneling effect has been included.

V ) De{1 - (R0 /R) exp[-â(R2 - R0
2)]}2 - De

C•HDOH 798
TS3

phenol+ H (3a)

CdCC• + O2 f CdCCOO•

C2
•CdC + O2 f C2DCOO•

OH + benzenef C•HDOH

H + benzenef C•HD

phenol+ H f C•HDOH

(addition to hydroxyl-carbon site)
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of the two electrons of theΠ bond being broken while the other
Π electron is localized in the larger ring. The reaction has a
relatively high barrier of 35-38 kcal mol-1.

5d. Formation of Cyclopentadienes (Reactions 5-9). The
cleavage of one exocyclic cyclopropane bond (viaTS5) in the
intermediateI (reaction 5) is endothermic (5.5 kcal mol-1) with
a 12-14 kcal mol-1 calculated barrier. The reaction results in
intermediateII (cyclopenta-2,4-dienylmethan-1-ol radical), which
can react forward through three channels, or it can react back
to the bicyclic radical with a low barrier. Two of the forward
reaction paths involveâ-scission (H atom elimination) reactions
and the third path involves a combined H atom and double-
bond shift. The two H atom elimination channels form either a
cyclopenta-2,4-dienylidenemethan-1-ol with the hydroxy group
on the methylene carbonPI or an aldehydePII . The third
reaction of radicalII is a 1,2 H shift in concert with a
corresponding diene shift through a lower barrierTS6. It forms
a resonance stabilized intermediateIII (cyclopentylidenemethan-
1-ol) (reaction 6), where the diene in the ring is conjugated with
the radical on the hydroxymethyl group, and conjugation extends
through the radical site to the oxygen. The intermediate radical
III will â-scission the hydroxyl hydrogen resulting in aldehyde
PIII + H (reaction 9), where the diene is conjugated the
carbonyl group.

The H atom eliminations (reactions 7 and 8) from the
cyclopenta-2,4-dienylmethan-1-ol radicalII to form PI (cyclo-
penta-2,4-dienylidenemethan-1-ol)+ H (via TS7) and PII
(cyclopenta-2,4-dienecarbaldehyde)+ H (via TS8) are endot-
hermic (26 and 24 kcal mol-1) with respective barriers of 28
and 36 kcal mol-1. The three-member ring ipso-carbon H-shift
of II to the resonance stabilized radicalIII (reaction 6) has
barrier of 20 kcal mol-1 which is lower than the barriers for
H-elimination reactions 7 and 8. IntermediateIII will â-scission
the hydroxy hydrogen to form the cyclopenta-1,3-dienecarbal-
dehyde+ H (via TS9) with a relatively high barrier of 48-52
kcal mol-1, ∆Hrxn is 36 kcal mol-1. The reverse reaction back
to the bicyclo[3.1.0]hexan-6-ol radicalI has the lowest overall
barrier at ca. 7-13 kcal mol-1.

These cyclopentadiene channels do not show high importance
to forward reaction paths in this OH+ benzene reaction system.

This is due to the relatively tight transition states, loss of internal
rotors, loss of ring bending modes, and the higher barriers
relative to H+ phenol or reverse reaction to OH+ benzene.
The reaction paths from association and addition reactions of
smaller molecules and radicals that form and react through the
resonance stabilized cyclopentadienes are, however, likely to
be important in formation of benzene and phenol.

5e. OH Radical Abstraction H Atom (Reaction 2).

The G3 calculated barrier of 5.97 kcal mol-1 for OH abstraction
reaction 2 is slightly higher than the experimental activation
energies reported by Lin et al.45 of 5.09 kcal mol-1, Knispel et
al.5 of 3.28 kcal mol-1, Tully et al.2 of 4.49 kcal mol-1, and
Perry et al.1of 4.0 kcal mol-1. The CBS-Q method again
underestimates energy barriers relative to values calculated at
G3MP2 by∼5 kcal mol-1 and∼3 kcal mol-1 for forward and
reverse reaction 2. Both CBS-Q and G3MP2 with DFT geometry
have lower barriers than with MP2 geometry by∼6 and∼1.5
kcal mol-1 for the respective forward and reverse reaction 2.

The rate constant includes H tunneling, using the enthalpy
calculated at G3 (∆H°f, 298 of TS2 is adjusted down by 1.2 kcal
mol-1 for agreement with the experimental data and consistency
with the downward adjustment on the G3 barrier on reaction
1b by 1.2 kcal mol-1). Entropy and heat capacity values from
vibrations and structure at B3LYP/6-31g(d,p) level of theory
along with the hindered rotors contributions from internal barrier
calculated at molecular mechanics force field (MMFF). We note
that the G2M(rcc,MP2) and G3//B3LYP/6-311++G(d,p) cal-
culated barriers, reported by Tokmakov and Lin,16 are lowered
by ∼2.0 and∼0.7 kcal mol-1, respectively. The rate constant
in the form of three parameter modified Arrhenius equation is
1.20T4.10 exp(301cal/RT) cm3 mol-1 s-1 for forward reaction
2.

Kinetic Analysis of Benzene+ OH Reaction System.Data
on the high-pressure rate constants, Lennard-Jones parameters,
and vibration frequencies for the intermediates in the chemical
activation calculations on benzene+ OH reaction system are
listed in Table 6. These parameters are used as input to the
calculations using quantum RRK analysis fork(E) and master
equation for falloff in order to estimate rate constants to the
varied products vs temperature (230-1500 K) and pressure
(0.5-105 Torr). These QRRK calculations assume steady state
for the energized intermediates. A detailed mechanism is used
to study the overall reaction process vs time.

The QRRK/Master Equation calculated rate constants for
forward reaction as a function of pressure at 298 K are illustrated
in Figure 5, and rate constants as a function of temperature at
100 Torr are presented in Figure 6. Rate constants for OH+
benzenewith the prereactive complex PRII, are shown by
filled symbols where reaction 1 takes place in two steps, 1a
and 1b (systemA). Rate constants determinedneglecting PRII
(system B) are shown as open symbols. Rate constants
calculated with Ar bath gas are shown as solid lines and dashed
lines are used to represent He bath gas.

For reaction systemA which incorporates the prereactive
adductPRII, the energizedPRII* complex primarily undergoes
dissociation back to reactants. This is a result of the low barrier
(3 kcal mol-1 well) and high preexponential factor forPRII
dissociation to reactants. The unimolecular reaction from the
C•HDOH adduct back to reactants also dominates all forward
reaction paths of this adduct. The contribution ofPRII to the
overall kinetics is small and considered to be negligible; the

Figure 4. Addition barriers calculated at G3 vs G3MP2 for reactions
of CdCC• + O2 f CdCCOO•, CdC(C)C• + O2 f CdC(C)COO•,
C6H6+OH f C•HDOH , C6H6 + H f C•HD, phenol+ H f C•HDOH .
(J ) radical site.)

benzene+ OH 798
TS2

phenyl+ H2O (2)
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dissociation back to reactants is three or more orders of
magnitude faster than stabilization toPRII over the entire
temperature and pressure range.

In systemB where the prereactive complexPRII is neglected,
the energizedC•HDOH* and stabilizedC•HDOH° complexes
primarily undergo dissociation back to reactants above 400 K;
the stabilization toC•HDOH adduct dominates below 400 K.
The two systems (A andB) predict almost the samek(E) for
formation of theC•HDOH adduct (deviation less than 10%
below 800 K). The hydrogen atom elimination from the
C•HDOH adduct to form phenol plus H becomes an important
product channel with increasing temperature. It is faster than
formation of products out of the varied cyclopentadiene
intermediate adduct channels by at least 3 orders of magnitude
below temperatures of 800 K. System A predicts a higher rate
than system B for this phenol formation channel but predicts a
lower rate by 1-2 orders of magnitude for cyclopentadiene
product formation channels below 3 atm. Rates of isomerizations

to cyclopentadiene intermediates are slightly higher in system
A below 298 K and above 75 Torr, and become lower than
values predict in system B with increasing temperature and
decreasing pressure. Forward reaction through the cyclopenta-
diene intermediates do not appear to be important due to higher
barriers.

Figure 7 illustrates high-pressure limit rates constants calcu-
lated in this study (application of canonical TST,49 S°298 and
Cp(T)s from statistical mechanical analysis on all nontorsion
frequencies, plus translations, external rotations, with partition
functions for each hindered rotor, and electronic contributions).
It also shows rate constants from the ChemRate37 program which
uses RRKM calculated values (internal rotor potentials assumed
symmetric). The enthalpies of formation, moments of inertia
and vibration frequencies required in ChemRate calculations
use∆Hf°298 determined from isodesmic reaction analysis (listed
in Table 5) and B3LYP-determined molecular parameters (listed
in Table 1). The rate constants of reactions 1 and 3a calculated

Figure 5. QRRK rates for OH+ benzene as a function of temperature at pressure) 100 Torr. Rate constants for OH+ benzenewith the
prereactive complex PRII, are shown by filled symbols where reaction 1 takes place in two steps, 1a and 1b (systemA). Rate constants determined
neglecting PRII (systemB) are shown as open symbols. Rate constants calculated with Ar bath gas are shown as solid lines and dashed lines are
used to represent He bath gas.

Reactions of Benzene with OH J. Phys. Chem. A, Vol. 108, No. 21, 20044643



from our QRRK analysis and from ChemRate RRKM theory
are shown in Figure 7 (insert). Our QRRK rate constants are in
good agreement with RRKM data at temperatures below 800
K (at P ) 100 Torr).

Comparison of Kinetics and Model to Experimental Data.
An elementary reaction mechanism (model) that includes the
kinetic results of the chemical activation and the thermal
dissociation analysis, as well as abstraction and other reactions
of the intermediates, is used to model the system and to compare
the calculated and experimental data. The mechanism also
includes reactions that are specific to a given experiment, such
as wall loss, or diffusion out of an optical path. The reaction
mechanism, which is based on the OH+ benzene reaction
systemΑ with prereactive complexPRII, is listed in Table 7
for a pressure of 100 Torr. It consists of 48 species and 97
reactions. The thermochemical parameters are listed in Table
4. The NASA format is given in the Supporting Information.

The CHEMKIN integrator code is utilized to calculate first-
order OH radical decay rate (k′) vs reaction time for 26

temperatures (230-1500 K), 9 pressures (0.5 Torr- 200 Torr),
initial concentration of [OH]0 ) 5 × 1011 molecules cm-3, and
[C6H6]0/[OH]0 ) 80-500. The bimolecular rate constant (k)
for the overall reaction OH+ benzenef products is computed
from the slope of a linear least-squares fit of thek′ vs benzene
concentration. The plots of first-order OH radical decay rate
(k′) vs time (∼ 0.02 and∼ 3 ms) and thek′ vs benzene
concentration are available in the Supporting Information.

We construct four elementary reaction mechanisms, one for
each of four temperature regimes, to reduce the error between
the fitted modified Arrhenius equation rate constants vs the
specific QRRK calculatedk(T) values. The four temperature
regimes used in the CHEMKIN integrator are as follows: (i)
low (230-335 K); (ii) intermediate (335-550 K); (iii) high
intermediate (550-1000 K); (iv) high (1000-1500 K). The
comparison of our calculated rate constant and the literature
rates are shown in Figure 8 (k vs pressure) and in Figure 9 (k
vs temperature). The QRRK-calculated forward rate of addition

Figure 6. QRRK rates for OH+ benzene as a function of pressure at 298 K.

4644 J. Phys. Chem. A, Vol. 108, No. 21, 2004 Chen et al.



pathway and rate for abstraction reaction studied in this work
are also shown in Figure 9 (as solid and dotted lines, re-
spectively).

Several experiments have reported rate constants (k) as a
function of pressure at room temperature using flash (or laser)
photolysis techniques with detection of the OH by resonance
fluorescence. Our CHEMKIN calculated rate constants (k’s:
lines with small symbols) shown in Figures 8 and 9 are in good
agreement with experimental data (large symbols) under com-
parable conditions. Both experimental and calculated results
demonstrate significant falloff behavior and negative temperature
dependence. At room temperature the addition channel (C6H6

+ OH f C•HDOH ) is ∼4 times faster than the abstraction
reaction at 0.5 Torr and∼27 times faster at 200 Torr.

Figure 9 illustrates a comparison of the rate constants (k) as
a function of temperature (in different time windows) from
CHEMKIN results at 100 Torr (Ar bath gas), with experimental
data at the comparable conditions. The experimental results show
the rate constant for OH+ benzenef products increasing
slightly as the temperature is raised from near 200 to 298 K.

The calculated and the experimental data both show a dramatic
decrease in rate constant with further increase in temperature.
The forward rate constant resulting from the OH addition
decreases until the abstraction becomes a competitive path for
[OH] loss. The calculated data also illustrate that the experiments
based on longer time measurements observe the decrease in the
measured rate constant at lower temperature.

The one exception to the observed experimental decrease in
OH decay rate with temperature increase above 298 K is
reported by Wallington et al.50 These experiments were per-
formed at total pressures between 25 and 50 Torr, which are
lower than other data (P ) ∼ 100 Torr). [OH] profiles from
the experiments of both Tully et al.2 and Perry et al.1 exhibit
nonexponential decays between ca. 320 and 400 K (325 K< T
< 380 K, in Perry et al.’s work), and both studies indicate that
the bimolecular rate constants decrease rapidly with increasing
temperature. Above 400 K (380 K, in Perry et al.’s experiments),
the decrease in rate constant turns over and it begins to increase
with temperature. The temperature at which nonexponential OH
decay occurs, for a given pressure, depends on the time

Figure 7. Comparison of high-pressure limit rates constants calculated from our analysis method and ChemRate program calculated values. Lines:
QRRK. Points: ChemRate. The enthalpies of formation, moments of inertia and vibration frequencies required in ChemRate program calculations
are used∆Hf°298 determined from isodesmic reaction analysis (listed in Table 5) and B3LYP-determined molecular parameters (listed in Table 1).
Insert: comparison of pressure-dependent rate constants of reactions 1 and 3 between QRRK analysis and ChemRate RRKM theory. (J) radical
site.)
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resolution of the experimental technique. Explanation of this
based on our mechanism analysis is described below.

Our QRRK and CHEMKIN calculations show very good
agreement with the experimentally observed slow increase in
rate at temperatures below 298 K. Our calculations also
reproduce the data on exponential [OH] decayk′ vs time (∼20
ms) and lineark′ vs [C6H6] concentrations between 230 K< T
< 298 K (available in the Supporting Information). Above 325
K, the rate rapidly decreases as temperature increases, since the
reverse reaction ofC•HDOH becomes more important. This
results in regeneration of OH radical and a decrease in [OH]
decay with increase in temperature between 325 and 350 K. In
this interval 325 K< T < 350 K, the [OH] decayk′ is observed
to be nonexponential vs time (∼20 ms). OH loss does exhibit
exponential decay at short reaction time,e5 ms, where the
correlation coefficient on linear regressions of [OH] decaysk′
vs time are within 98%. The dash line with open square points
in Figure 9 represents the CHEMKIN calculated rate constant
(k) using the [OH] decay vs time (∼5 ms); it shows good
agreement with experimental values reported by Tully et al.2

and Perry et al.1 Our model predicted rate constant (k) at reaction
time ∼ 1 ms (dash line with triangle points in Figure 9) is in
good agreement with the experimental rate constant from Lin
et al.45 In the CHEMKIN analysis, the bimolecular rates
approaches that of the QRRK calculation values at time scales
∼2 × 10-5 s.

When the reverse reaction of C6H6 + OH S C•HDOH is
omitted (forward reaction allowed, reverse not allowed) in the
model, the CHEMKIN rate constants are identical to the sum
of the QRRK forward rate via addition and the abstraction rate
constants as shown in Figure 9 (dashed line with circle points).
This provides support for our kinetic methods using ab initio
and density functional results for most reaction processes
(experimentally adjusted for several) with chemical activation
and unimolecular dissociation with pressure falloff from our
QRRK/master equation analysis and Chemkin with full revers-
ibility for time dependence. The advantages of using Chemkin
are at least 2-fold: (i) low temperatures can be treated readily;
(ii) reactions outside the limited chemical activation system
(where mass has to be conserved), e.g. abstraction or addition
of a second oxygen (part II of this study) are allowed.

Figure 10 shows profiles of benzene, OH, H, O,C•HDOH ,
phenyl radical, H2O, and phenol vs time (at 298 K as Figure
10a) and vs temperature (at time) 3 ms as Figure 10b). The
data are from the OH+ benzene reaction system with inclusion
of the prereactive complexPRII at pressure) 100 Torr (Ar),
initial concentration of OH radical) 5 × 1011 molecules cm-3,
and [C6H6]0/[OH]0 ) 200. The concentration ofC•HDOH
increases slightly as the temperature increases, then decreases
significantly above 335 K. The decrease in [C•HDOH ] is due
to (i) the increasing importance of reverse reaction C6H6 + OH
S C•HDOH with increasing temperature between 335 and 425
K), (ii) reaction to the phenol+ H atom channel, and (iii)
abstraction reaction (C6H6 + OH S phenyl+ H2O) increasing
in importance. Points i and iii result in reductions inC•HDOH
and phenol formation. The oxygen atom source is the OH self-
reaction, OH+ OH S O + H2O, where the rate constant is
obtained from the Baulch et al.44 reported value of 1.5× 109T1.14

exp(-100 cal/RT) cm3 mol-1 s-1.
The concentration of phenol increases with temperature up

to 1000 K, above which it decreases. The formation of phenyl
radical and H2O also increase with temperature resulting from
the increased importance of the abstraction reaction 2. We note
that further reactions of phenyl radical should be included inT
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the mechanism for a complete description in systems where O2

is present. The loss of H atom is mainly via diffusion to the
reactor walls, where a diffusion rate coefficient of 250 s-1 is
used in the model. The H atom is produced along with the OH
radical from ultraviolet photolysis of H2O in refs 1, 2, 5, 34,
and 40.

CHEMKIN sensitivity analysis on OH radical at pressure)
100 Torr and reaction time of 3 ms is shown in Figure 11. The
OH addition to C6H6 to form C•HDOH is the most important
reaction for [OH] decay. Its importance decreases with increas-
ing temperature. Above 385 K, the abstraction reaction is more
important than addition and its importance increases with

increasing temperature. OH radical diffusion is an important
loss channel between 300 and 600 K. The OH diffusion rate
coefficient of 77 s-1 obtained from experimental data of Lin et
al.45 is used in the mechanism.

Bjergbakke et al.8 reported phenol as the major ring-retaining
product with a yield of about 24-25% in pulse radiolysis of
Ar/H2O/C6H6 mixtures at 1 atm and 298 K. CHEMKIN
sensitivity analysis on phenol formation is shown in Figure 12
with five reactions showing high sensitivity to phenol formation
at 298 K, 1 atm, initial concentration of [OH]0 ) [H]0 ) 5.5×
1014 molecules cm-3 (H atom is from initiation reaction: Ar*
+ H2O f Ar + H + OH, where we assume the H atom and

Figure 8. Comparison of our calculated rate constant and the literature rates (k vs pressure). Initial concentration of [OH]0 ) 5 × 1011 molecules
cm-3, and [C6H6]0/[OH]0 ) 80-500.
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OH radical are produced in the same initiation concentration),
and [C6H6]0/[OH]0 ) 180.

The rates for reactions 10 and 13 are estimated as 2.4×
108T2.0 and 9.0× 108T1.5 cm3 mol-1 s-1, respectively, following
the procedure from Dean and Bozzelli51 for abstraction rate
constants by H and OH radicals, and fit experimental data yield
of 24% phenol. Analysis of rate using the reaction mechanism
shows that a decrease in the preexponential factor (A) in reaction
10 by a factor of 2 results in a decrease of phenol formation by
56% (yield of phenol of 10%) at 298 K and 1 atm (reaction
time ) 0.3 s). The rate constant for reaction 11 is estimated as
1 × 1013 cm3 mol-1 s-1. High-pressure limit rate constant of
reaction 12, 1.84× 1011T0.91526exp(-5392.9 cal/RT) cm3 mol-1

s-1, is calculated via canonical TST along with DFT-determined
entropies and G3 calculated barrier. Reaction 10 contributes 98%
of phenol formation. This is in disagreement with the pathway
suggested by Bjergbakke et al.;8 they suggest the reaction 3a
C•HDOH S phenol+ H with rate constant of 1.7× 1011 cm3

mol-1 s-1 at 298 K is major channel for phenol formation. We
note that our rate constants for reaction 3a are 1.2× 107

cm3mol-1 s-1 at 298 K and 1.9× 1011 cm3 mol-1 s-1 at 1000

Figure 9. Comparison of our calculated rate and the experiment data (k vs temperature). Initial concentration of [OH]0 ) 5 × 1011 molecules cm-3,
and [C6H6]0/[OH]0 ) 80-500 with Ar bath gas. (a) This only corresponds to experiment data at a very short time, ca. 10-5 s (where almost no
reverse reaction from stabilized C•HDOH occur). (b) This shows the chemical activation reaction of C•HDOH (where no C•HDOH° dissociation to
benzene+ OH is allowed). (c) At longer time, more C•HDOH is formed and reacts back to benzene+ OH, resulting in lower observed OH decay.

(i) C•HDOH radical plus H atom (abstraction) forms
phenol+ H2

C•HDOH + H S phenol+ H2 (10)

(ii) C•HDOH radical-H radical combination reaction

C•HDOH + H S CHDOH (11)

(iii) OH abstraction of H fromC•HDOH forms phenol+
H2O

C•HDOH + OH S phenol+ H2O (13)

(iv) H addition to benzene formsC•HD radical

C6H6 + H S C•HD (12)

(v) OH addition to benzene formsC•HDOH radical (1)

Reactions of Benzene with OH J. Phys. Chem. A, Vol. 108, No. 21, 20044649



K, the latter of which is close to the value of 6.5× 1010

cm3 mol-1 s-1 reported by Baulch et al.44 and He et al.48 at
1000 K.

Summary
A thermochemical and chemical activation reaction analysis

is presented on the important reaction system: benzene+ OH.

Figure 10. (a) The concentrations vs time based on the OH+ benzene reaction system with inclusion of the prereactive complexPRII at 298 K,
[OH]0 ) 5 × 1011 molecules cm-3, [C6H6]0/[OH]0 ) 200 with Ar bath gas. (b) The concentrations of benzene, OH, H, O,C•HDOH , phenyl radical,
H2O, and phenol vs temperature based on the OH+ benzene reaction system with inclusion of the prereactive complexPRII at pressure) 100
Torr, [OH]0 ) 5 × 1011 molecules cm-3, [C6H6]0/[OH]0 ) 200, and reaction time of 3 ms with Ar bath gas.H atom is from initiation reaction: Ar*
+ H2O f Ar + H + OH, (as per experiment description) where we assume the H atom and OH radical are produced in the same initiation
concentration.
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Thermodynamic proprieties, reaction paths and elementary
reactions are presented with kinetic parameters evaluated vs
temperature and pressure. An elementary reaction mechanism
with microscopic reversibility has been developed to model OH
radical reaction with benzene over the temperature range from
230 to 1500 K and to model the experimental bimolecular rate
constant of benzene+ OH f products. Comparison of our
calculated constants with experimental data from varied tem-
perature and pressure condition sets show very good agreement
and illustrate that microscopic reversibility needs to be included
in analysis of experimental data on this reaction.

Supporting Information Available: A table of the geom-
etries of species used in this work figures showing plots of first-
order OH radical decay,k′ vs benzene concentration, and tables
of THERMO data in NASA format and the mechanism listing
and pressure dependent rate constants. This material is available
free of charge via the Internet at http://pubs.acs.org.
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