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OH radical reactions with benzene and toluene have been studied in the 200-600 K temperature range via
the CBS-QB3 quantum chemistry method and conventional transition-state theory. Our study takes into account
all possible hydrogen abstraction and OH-addition channels, including ipso addition. Reaction rates have
been obtained under pseudo-first-order conditions, with aromatic concentrations in large excess compared to
OH concentrations, which is the case in the reported experiments as well as in the atmosphere. The reported
results are in excellent agreement with the experimental data and reproduce the discontinuity in the Arrhenius
plots in the 300 K < T < 400 K temperature range. They support the suggestion that the observed
nonexponential OH decay is caused by the existence of competing addition and abstraction channels and by
the decomposition of thermalized OH-aromatic adducts back to reactants. We also find that the low-temperature
onset of the nonexponential decay depends on the concentration of the aromatic compounds and that the
lower the concentration, the lower the temperature onset. Under atmospheric conditions, nonexponential decay
was found to occur in the 275-325 K range, which corresponds to temperatures of importance in tropospheric
chemistry. Branching ratios for the different reaction channels are reported. We find that for T g 400 K the
reaction occurs exclusively by H abstraction. At 298 K, ipso addition contributes 13.0% to the overall OH +
toluene reaction, while the major products correspond to ortho addition, which represents 43% of all possible
channels.

Introduction

Kinetics and mechanisms associated with the atmospheric
oxidation of aromatic compounds are important in the chemistry
of urban and regional atmospheres. These contaminants are
emitted into the troposphere mainly from anthropogenic sources,
and they account for 20-30% of non-methane hydrocarbons
in urban air.1 Their major atmospheric loss process during
daylight hours is their reaction with hydroxyl radicals (OH),2

which proceeds by H abstraction from the alkyl group and by
OH addition to the aromatic ring.3,4 It has been established that,
at room temperature and atmospheric pressure, the formation
of OH-aromatic adducts accounts for more than 90% of the
overall reaction in the case of benzene and toluene.5

In their classical book on atmospheric chemistry, Finlayson-
Pitts and Pitts6 have summarized the mechanism and observed
kinetics of aromatic molecules reacting with OH radicals. Three
distinct regions can be observed in Arrhenius plots of log k
versus 1000/T. At low temperatures, below ∼325 K, the plot is
linear but with a slope that is negative for benzene and positive
for toluene. At temperatures above ∼380 K, a linear plot is
obtained with a negative slope, typical of a normal Arrhenius
behavior. Between these two temperatures, a nonexponential
decay is observed7,8 and the Arrhenius plot presents an abrupt
discontinuity. There are no recommended values for the rate
constants in this region.

The existence of the positive slope in the low-temperature
region in the toluene reaction, which implies that the observed
activation energy is negative, can be explained in terms of a
complex mechanism that has been discussed elsewhere.9 The
nonexponential OH decay in the intermediate temperature
region, as well as the unusual Arrhenius plots, have been
rationalized on the basis of two types of reaction paths, addition
and abstraction, occurring simultaneously. It has been postulated
that the thermalized OH-aromatic adduct formed by the OH
radical addition to the ring decomposes back to reactants,8 thus
decreasing the importance of the addition channel and leading
to bimolecular reaction rate-constant values significantly lower
than those measured near room temperature. However, com-
putational kinetics calculations using quantum chemistry data
for these reactions under pseudo-first-order conditions have not
been used to account for the observed Arrhenius plots. Suh et
al.10 have performed B3LYP/6-31G(d,p) calculations for the OH
+ toluene reaction and concluded that the equilibrium constant
at 1 atm and 299 K indicates that unimolecular decomposition
of the OH-toluene adduct is too slow to compete with
bimolecular recombination. However, this temperature falls out
of the interval where the adduct decomposition is assumed to
occur.

In general, only addition to ortho, meta, and para positions
has been considered in laboratory studies for OH/aromatic
systems. Yet only about 70% of the reacted carbon has been
fully accounted for.11 Thus, pathways involving the initial
formation of ipso adducts might also play a nonnegligible role
in the laboratory and tropospheric chemistry of aromatic
compounds. In fact, Trayham12 has described numerous ex-
amples of ipso free radical substitution and he emphasized the
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importance of the ipso position in free radical reactions with
aromatic hydrocarbons. Tiecco13 has shown that radical additions
to ipso sites can be equally important, or even more important,
than the addition to the nonsubstituted C sites of aromatic
compounds. In previous works from our group, isomeric adduct
stability in the addition of H, O(3P), F, and Cl to toluene14 and
xylenes15 has been discussed, and we have shown that ipso
addition is clearly favored for F radicals. Several recent
calculations have emphasized the possible role of ipso adducts
in toluene,16 xylenes,17,18 and phenol.19 Rather than a steric
hindrance, stabilization due to interactions between the lone pair
on the oxygen atom and two methyl hydrogen atoms has been
described in some of these studies. Details of the systems studied
and the major results published in the literature have been
summarized in a recent review.20

In this work, quantum chemistry and computational kinetics
calculations will be used in the 200-600 K temperature range
to study the OH reactions with benzene and toluene. All possible
H abstraction and addition channels, including ipso addition,
will be taken into account, and the same methods will be
employed for all channels. We will use a theoretical approach
that is in line with both experimental and environmental
conditions and that takes into account the fact that aromatic
concentrations are in large excess compared to OH concentra-
tions. Thus, pseudo-first-order kinetics will be used to describe
the addition reactions, and the possibility of the reverse reaction
will be explicitly introduced. Branching ratios will be obtained
for all channels.

Computational Methodology

Electronic structure calculations have been performed with
the Gaussian 03 program.21 The high-level composite method
CBS-QB322 has been used for all the calculations. The complete
basis set (CBS) models are compound methods that extrapolate
to the CBS limit by using asymptotic convergence of MP2 pair
energies calculated from pair natural orbital expansions.22,23

They were developed to overcome the truncation of the basis
sets, which is a major source of error in quantum mechanical
calculations. CBS-QB3 is a five-step method that starts with
B3LYP geometry and frequency calculations, followed by
CCSD(T), MP4SDQ, and MP2 single-point calculations and a
CBS extrapolation.22 It also corrects for spin contamination, an
important issue in OH addition reactions to unsaturated
compounds.

In all cases, the character of the stationary points was
confirmed by analyzing the frequency calculations: only positive
eigenvalues for minima and one negative eigenvalue (imaginary
frequency) for transition states. It was verified that the motion
along the reaction coordinate corresponds to the expected
transition vector.

Rate constants were obtained in the temperature range
200-600 K, by conventional transition-state theory (TST)24–26

as implemented in TheRate program27 at the Computational
Science and Engineering Online Web site (www.cseo.net).28

For the calculation of the rate constants (k), a complex
mechanism has been proposed for many radical-molecule
reactions9,29–33 and particularly for radical additions to unsatur-
ated compounds.34–36 It involves a fast pre-equilibrium between
the isolated reactants and a reactants complex (RC), followed
by an irreversible step leading to the formation of products. In
a classical treatment, the calculation of the overall rate coef-
ficient depends only on the properties of reactants and transition
states, and it can be shown that the RC energy and partition
function cancels out in the rate constant expression.37 However,

when there is a possibility of quantum mechanical tunneling,
the existence of the reactant complex implies that the actual
barrier is higher and that there are additional energy levels from
where tunneling may occur; thus the tunneling factor increases.
It should be noticed that this is used since the studied reactions
are at the high-pressure limit. Accordingly, one can ignore
reactant complexes in addition channels, but they are essential
for the correct calculation of H abstraction rate constants.

Results and Discussion

Two different kinds of reaction paths have been considered:
(I) OH additions to the ring and (II) H abstractions. For benzene
there are only two different paths since all the C sites are
perfectly equivalent. For toluene, on the other hand, there are
four possible nonequivalent additions depending on the position
of the OH attacksortho, meta, para, and ipsoswhile H
abstraction is expected to occur almost exclusively from the
methyl group38 (Scheme 1).

Geometries. The optimized geometries of the transition states
(TS) involved in all modeled reaction paths are shown in Figure
1, where the most relevant geometrical parameters have been
indicated. According to the Hammond postulate,39 the earlier
the TS, the lower the heat of reaction. When the TS structures
for the addition channels are compared, it can be noticed that
the latest one (i.e., the most productlike) is the one for benzene,
which has the shortest O · · ·C distance. This suggests that the
less exothermic channel should correspond to OH addition to
benzene. This finding is in line with the common knowledge
that methyl substituent groups activate the reactivity of the ring
with respect to OH radical attacks. From the structures of the
transition states involving toluene, it can be inferred that meta
channels should be those least likely to occur among the addition
reactions, while ortho adducts are expected to be the most
abundant ones, at least at room temperature. Comparisons of
the TS geometries involved in H abstraction reactions (path II)
are not straightforward since the distances of the forming O · · ·H
and breaking C · · ·H bonds are both significantly longer in the
TS-II structure involving benzene. The L parameter has been
calculated. This parameter not only denotes if a TS structure is
reactantlike (L < 1) or productlike (L > 1) but also quantifies
the corresponding trend. It has been calculated for each H
abstraction, following refs 40 and 41, as

SCHEME 1
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L) δr(C-H)
δr(H-O)

(1)

where δr(C-H) represents the variation in the breaking bond
distance between transition states and reactants and δr(H-O)
stands for the variation in the forming bond distance between
transition states and products. The calculated values are LII-
(benzene) ) 0.61 and LII(toluene) ) 0.08. Accordingly, all the
H abstractions are expected to be exothermic, although signifi-
cantly less for benzene (aromatic abstractions) than for toluene
(aliphatic abstractions).

Energies. CBS-QB3 Gibbs free energies of reaction (∆G)
and barriers (∆Gq) at room temperature are reported in Table
1. All the modeled reaction paths were found to be exergonic
(∆G < 0), in agreement with the geometrical features of the
transition states discussed above; that is, all of them are
reactantlike (early) transition states. When the ∆G values for
the H abstraction channels are compared, it can be noticed that
the path involving abstractions from the ring (benzene) is
significantly less exergonic than the one involving the methyl
group in toluene. Regarding OH additions to toluene, the largest
exergonicity was found for the formation of ortho and ipso
adducts. Accordingly, the relationship between the earliness of
the transition states and the ∆G values is very well observed.

Upon analysis of the Gibbs free energy barriers, it becomes
evident that while for benzene the channel with the lowest
barrier is also the most exergonic one, for toluene no direct
correspondence between these two magnitudes is observed. In
fact, for toluene, the H abstraction channel is the most exergonic
one, but it is also the one with the highest barrier. Among the
OH additions to toluene, the formation of the ipso adducts is
the most exergonic channel, while its barrier is third in
increasing order of height. Therefore, for substituted aromatic
compounds, Gibbs free energies of reaction are definitely not
an adequate criterion for predicting the relative importance of
different channels. It is imperative to compute transition states
and to calculate energy barriers in terms of Gibbs free energies,
since the entropy evolution may vary for different paths. This

explains why previous theoretical work based only on heats of
reaction always found ipso adducts to be as important as ortho
adducts, in contradiction with the available experimental
evidence.

Kinetics. The rate coefficients have been calculated within
the temperature range 200-600 K. We have assumed that
neither mixing nor crossover between different pathways occurs
and that the overall rate constant (k) corresponding to each
aromatic compound + OH can be calculated as the sum of the
rate coefficients of each path:

koverall(benzene)) k(I) + k(II) (2)

koverall(toluene)) k(I ortho) + k(I meta) + k(I para) + k(I ipso) + k(II)

(3)

As mentioned before, in H abstraction channels, tunneling
effects might be significant and the existence of the reactant
complexes must be taken into account. Therefore, for paths II,
a complex mechanism has been modeled involving a fast pre-
equilibrium between the isolated reactants and a reactant
complex (step 1), followed by an irreversible step (step 2)
leading to products formation:

Step 1: OH+ arom {\}
k1

k-1

[OH · · · arom]

Step 2: [OH · · · arom]98
k2

products

According to this mechanism, if k1 and k-1 are the forward and
reverse rate constants for the first step and k2 corresponds to
the second step, a steady-state analysis leads to a rate coefficient
for the overall reaction channel that can be written asFigure 1. Optimized geometries of the transition states.

TABLE 1: CBS-QB3 (∆G) and Barriers (∆Gq) at Room
Temperature

∆G (kcal/mol) ∆Gq (kcal/mol)

benzene
I -10.35 8.89
II -5.84 11.80

toluene
I ortho -10.57 8.15
I meta -9.46 8.69
I para -8.97 8.25
I ipso -10.68 8.43
II -28.20 9.09

TABLE 2: Comparison between Calculated and
Experimental Arrhenius Parameters within the 250-400 K
Temperature Range of Pre-exponential Factor A and
Activation Energy Ea

adduct formation (bimolecular) adduct decomposition

A (cm3 molecule-1

s-1)
Ea

(kcal/mol) A (s-1)
Ea

(kcal/mol)

benzene
calc 5.2 × 10-12 0.71 4.7 × 1013 19.47
ref 7 4.0 × 10-11 0.91 ( 1.0 3 × 1013 18.70 ( 1.00
ref 8 3.1 × 10-12 0.53 ( 0.43
ref 52 6.3 × 10 -12 1.00 ( 0.10 4 × 1013 18.88 ( 0.72
ref 53 3 × 1013 17.80 ( 0.69
ref 50 2.3 × 10-12 0.38 ( 0.12 3 × 1013 16.25 × 0.72
ref 54 1.3 × 10-12 0.00 3 × 1013 19.00
ref 55 3.4 × 10-13 0.70 ( 0.18 9 × 1012 17.03 ( 0.34
toluene
calc 1.48 × 10-12 -0.56 6.1 × 1014 20.90
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k)
k1k2

k-1 + k2
(4)

Even though the energy barrier for k-1 is about the same height
as that for k2, the entropy change is much larger in the reverse
reaction than in the formation of the products. Thus, k-1 is
expected to be considerably larger than k2. On the basis of this
assumption, first considered by Singleton and Cvetanovic,42 k
can be rewritten as

kII )
k1k2

k-1
)Keqk2 (5)

where Keq is the equilibrium constant between the isolated
reactants and the reactant complex and k2 is the rate constant
corresponding to the second step of the mechanism, that is, to
the transformation of the reactant complex into products. We
have assumed that the reactant complex undergoes collisional
stabilization, that is, the reaction occurs at the high-pressure
limit. We have used this limit as our working hypothesis, since
there is no experimental evidence that indicates otherwise. In
fact it has been established that the high-pressure limit is reached
at 100 Torr.8 This approach has been previously used to describe
OH radical reactions with several volatile organic compounds
(VOCs).37,43–46 It is also adequate to account for the experimental
negative activation energy observed for OH reactions with
toluene.47–49

For addition paths I, although reactant complexes also exist,
they can be ignored in the rate constant calculation because no
tunneling effect is expected. We have assumed that an equi-
librium is established between the reactants and the adduct:

OH+ arom {\}
k3

k-3

[adduct]

k3 and k-3 have been calculated as

k3 ) σ
kBT

h
e-(∆G3

‡)⁄RT (6)

k-3 ) σ
kBT

h
e-(∆G-3

‡)⁄RT (7)

where kB and h are the Boltzmann and Planck constants, ∆Gq

is the Gibbs free energy of activation (GTS - GR), and σ rep-

resents the reaction path degeneracy, which accounts for the
number of equivalent reaction paths.

The calculated Arrhenius parameters corresponding to adduct
formation and decomposition, within the 250-400 K temper-
ature range, are compared to the available experimental data in
Table 2. Some experimental studies use a biexponential function
to extract the information on forward and backward reactions,50,51

while they are directly calculated in this work. For benzene +
OH reaction, the experimental activation energies corresponding
to adduct formation range from 0.38 to 1.00 kcal/mol and the
calculated value was found to be equal to 0.71 kcal/mol. For
the adduct decomposition, the experimental values range from
16.2 to 19.0 kcal/mol, and the value obtained from the present
calculations was found to be slightly overestimated at about
19.5 kcal/mol. Accordingly, there is good agreement between
the calculated values and those estimated from experimental
data.

The observed rate for the addition reactions is

V)- d[arom]
dt

)- d[OH]
dt

) d[adduct]
dt

) k3[arom][OH]-

k-3[adduct] (8)

However, under both experimental and environmental condi-
tions, [arom] . [OH], and the reaction occurs in pseudo-first-
order regime, so eq 8 becomes

V) k3′[OH]- k-3[adduct] (9)

where

k3′ ) k3[arom] (10)

Initial concentrations of [benzene]0 ) 1 × 1013 molecule/cm3

and [toluene]0 ) 6 × 1013 molecule/cm3 have been used to
mimic experimental conditions, and the corresponding equilib-
rium constants

Ke′ ) k3′/k-3 (11)

for the pseudo-first-order addition reactions are reported in Table
3 within the studied temperature range. As the values in this
table show, for T e 325 K

TABLE 3: Equilibrium Constants (Ke′) for Pseudo-First-Order Addition Pathsa in the 200-600 K Temperature Rangeb

toluene

T benzene ipso ortho meta para global

200 3.51 × 108 3.38 × 1010 3.22 × 1011 5.36 × 1010 5.36 × 108 2.00 × 1010

250 2.78 × 104 6.77 × 105 5.19 × 106 1.79 × 106 2.28 × 104 3.06 × 105

275 9.05 × 102 1.34 × 104 9.47 × 104 4.26 × 104 5.84 × 102 5.58 × 103

298 6.48 × 101 6.50 × 102 4.33 × 103 2.39 × 103 3.45 × 101 2.58 × 102

300 5.25 × 101 5.11 × 102 3.39 × 103 1.90 × 103 2.75 × 101 2.03 × 102

325 4.76 × 100 3.26 × 101 2.04 × 102 1.38 × 102 2.07 × 100 1.25 × 101

350 6.11 × 10-1 3.10 × 100 1.84 × 101 1.46 × 101 2.26 × 10-1 1.17 × 100

375 1.04 × 10-1 4.06 × 10-1 2.31 × 100 2.10 × 100 3.31 × 10-2 1.53 × 10-1

400 2.21 × 10-2 6.90 × 10-2 3.76 × 10-1 3.86 × 10-1 6.18 × 10-3 2.61 × 10-2

425 5.69 × 10-3 1.45 × 10-2 7.62 × 10-2 8.71 × 10-2 1.41 × 10-3 5.55 × 10-3

450 1.71 × 10-3 3.67 × 10-3 1.85 × 10-2 2.32 × 10-2 3.78 × 10-4 1.42 × 10-3

475 5.87 × 10-4 1.08 × 10-3 5.25 × 10-3 7.17 × 10-3 1.17 × 10-4 4.20 × 10-4

500 2.25 × 10-4 3.58 × 10-4 1.69 × 10-3 2.49 × 10-3 4.08 × 10-5 1.42 × 10-4

525 9.49 × 10-5 1.33 × 10-4 6.09 × 10-4 9.61 × 10-4 1.57 × 10-5 5.34 × 10-5

550 4.35 × 10-5 5.44 × 10-5 2.42 × 10-4 4.05 × 10-4 6.63 × 10-6 2.21 × 10-5

575 2.14 × 10-5 2.41 × 10-5 1.04 × 10-4 1.85 × 10-4 3.02 × 10-6 9.89 × 10-6

600 1.12 × 10-5 1.15 × 10-5 4.83 × 10-5 9.02 × 10-5 1.47 × 10-6 4.75 × 10-6

a Calculated with [benzene]0 ) 1 × 1013 molecule/cm3 and [toluene]0 ) 6 × 1013 molecule/cm3. b The values highlighted in boldface type
correspond to those cases where direct and reverse rate constants are of similar magnitude.
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k3′ . k-3 (Ke′ . 1)

while for T g 400 K

k3′ , k-3 (Ke′ , 1)

These ranges correspond exactly to those at which OH
exponential decays are observed. The apparent rate constant of
addition reactions is expected to be ∼k3′ at low temperatures
and ∼0 at high temperatures, while in the range 320 K e T e
400 K both direct and reverse reactions are expected to occur
to a significant extent. This supports the hypothesis that the
nonexponential OH decays observed in the 300 K < T < 400
K range are caused by partial decomposition of the thermalized
OH-aromatic adducts back to reactants, as proposed by Tully
et al.8 It also means that in the temperature region where OH
nonexponential decay occurs it is not possible to find a unique
value for the rate constants.

The results in Table 3 indicate that, at the aromatic concentra-
tions used in experimental conditions, for T e 325 K OH
adducts are expected to be the main products of the benzene
reaction, while for T g 375 K the main products should be
those formed by H abstraction. Analogous results are obtained
for the toluene + OH reaction, although several paths contribute
to adduct formation. Additions are the main mechanisms at T
> 375 K, and H abstraction is favored at T < 400 K. These
results are in agreement with the experimental data.8

A different situation is observed under atmospheric condi-
tions: the pseudo-first-order behavior is still present, but the
aromatic concentrations ([benzene]0 ) 1 × 1010 molecule/cm3

and [toluene]0 ) 8 × 1010 molecule/cm3) are significantly lower
than those used in experiments. The corresponding equilibrium
constants are reported in Table 4. In this case, the OH
nonexponential decay is predicted to occur at lower temperatures
and in a narrower range: 275 K e T e 300 K. This finding is
relevant to atmospheric chemistry. It should be noticed that
under actual atmospheric conditions these systems become much
more complicated since adducts are likely to react also with
other species, particularly with O2, also in a reversible way.56

However, the above discussion, even if not complete, would
still be valid.

Let us analyze the values in Table 4 in detail. For benzene,
at 275 K the equilibrium constant Ke′ is almost equal to 1, which

means that the largest possible adduct concentration is half the
initial OH concentration. At temperaturese 250 K, Ke′ becomes
significantly larger than 1 and most benzene adducts are
expected to be the major reaction products. On the other hand,
at temperatures g 298 K, a large proportion of adducts
decomposes back to reactants, and the major observed products
of the OH + benzene reaction are those corresponding to H
abstractions, provided that further reactions (usually with O2)
are not much faster than adduct decomposition. For the OH +
toluene reaction, the analysis becomes more complicated since
there are four different addition channels. In this case, OH
addition yields the main products of the reaction at T < 298 K,
and H abstraction products are favored at T > 325 K. If one
compares these results with those obtained when the aromatic
concentrations correspond to experimental conditions, it be-
comes clear that the turning point where H abstractions start to
play an important role shifts toward lower temperatures when
the reaction takes place in atmospheric conditions, that is, when
the initial concentration of aromatic compounds is smaller.

At any reaction time, the hydroxyl concentration can be
written as

[OH]) [OH]0 - x[OH]0 (12)

where [OH]0 is the initial concentration and x is a variable that
measures the extent of reaction and lies in the 0 e x e 1 range.
In addition:

[OH]0 ) [OH]+ [adduct] (13)

Then eq 9 can be written as

V) (k3′ - k-3
x

(1- x))[OH] (14)

and the apparent rate coefficient for the addition paths is

k(I)
app ) k3

app ) k3′ -
x

(1- x)
k-3 (15)

It is important to notice that this is not a true constant, since its
value depends on the variable x, which changes as the reaction
progresses. The values of x can be estimated from the initial
OH decay rates, which have been measured for times up to 14

TABLE 4: Equilibrium Constants (Ke′) for Pseudo-First-Order Addition Pathsa in the 200-600 K Temperature Ranged

toluene

T benzene ipso ortho meta para global

200 3.51 × 105 4.51 × 107 4.30 × 108 7.15 × 107 7.15 × 105 5.86 × 107

250 2.78 × 101 9.03 × 102 6.92 × 103 2.39 × 103 3.04 × 101 1.12 × 103

275 9.05 × 10-1 1.78 × 101 1.26 × 102 5.68 × 101 7.79 × 10-1 2.21 × 101

298 6.48 × 10-2 8.67 × 10-1 5.78 × 100 3.19 × 100 4.60 × 10-2 1.09 × 100

300 5.25 × 10-2 6.82 × 10-1 4.52 × 100 2.53 × 100 3.67 × 10-2 8.57 × 10-1

325 4.76 × 10-3 4.34 × 10-2 2.72 × 10-1 1.84 × 10-1 2.76 × 10-3 5.55 × 10-2

350 6.11 × 10-4 4.13 × 10-3 2.46 × 10-2 1.95 × 10-2 3.01 × 10-4 5.37 × 10-3

375 1.04 × 10-4 5.41 × 10-4 3.07 × 10-3 2.80 × 10-3 4.41 × 10-5 7.16 × 10-4

400 2.21 × 10-5 9.20 × 10-5 5.01 × 10-4 5.15 × 10-4 8.24 × 10-6 1.24 × 10-4

425 5.69 × 10-6 1.94 × 10-5 1.02 × 10-4 1.16 × 10-4 1.88 × 10-6 2.65 × 10-5

450 1.71 × 10-6 4.89 × 10-6 2.47 × 10-5 3.10 × 10-5 5.04 × 10-7 6.75 × 10-6

475 5.87 × 10-7 1.43 × 10-6 7.00 × 10-6 9.56 × 10-6 1.56 × 10-7 2.00 × 10-6

500 2.25 × 10-7 4.78 × 10-7 2.26 × 10-6 3.32 × 10-6 5.44 × 10-8 6.72 × 10-7

525 9.49 × 10-8 1.78 × 10-7 8.13 × 10-7 1.28 × 10-6 2.10 × 10-8 2.51 × 10-7

550 4.35 × 10-8 7.25 × 10-8 3.22 × 10-7 5.41 × 10-7 8.84 × 10-9 1.03 × 10-7

575 2.14 × 10-8 3.22 × 10-8 1.39 × 10-7 2.47 × 10-7 4.02 × 10-9 4.59 × 10-8

600 1.12 × 10-8 1.53 × 10-8 6.43 × 10-8 1.20 × 10-7 1.96 × 10-9 2.19 × 10-8

a Calculated with [benzene]0 ) 1 × 1010 molecule/cm3 and [toluene]0 ) 8 × 1010 molecule/cm3. d The values highlighted in boldface type
correspond to those cases where direct and reverse rate constants are of similar magnitude.
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ms.7,8 The following expression can be obtained from the
differential and integrated forms of k3′:

x) 1- 1
exp(k3′t)

(16)

and has been used in the present work to estimate the x values
needed to calculate k3

app in the studied temperature range.
Accordingly, the apparent bimolecular rate constants can be

calculated from the pseudo-first-order rate constants as

kbimol
app (benzene))

k(I)
app

[benz]0
+ k(II) (17)

kbimol
app (toluene))

k(I ortho)
app

[tol]0
+

k(I meta)
app

[tol]0
+

k(I para)
app

[tol]0
+

k(I ipso)
app

[tol]0
+ k(II)

(18)

The calculated values of the apparent bimolecular rate
coefficients, calculated according to eqs 17 and 18 and corre-
sponding to experimental conditions, are reported in Table 5.
The recommended values47 at 300 K are 1.30 × 10-12 and 6.12
× 10-12 cm3 molecule-1 s-1 for benzene and toluene, respec-
tively. The values calculated in this work, at the same temper-
ature, differ from these by a factor of 1.2 for benzene and 1.5
for toluene. The excellent agreement with experiment validates
the methodology used in the present work.

The branching ratios for the different studied channels of
reaction are reported in Table 6 for the temperature range in
which addition and abstraction contribute significantly to the
overall reaction. They have been calculated as

Γpath )
kpath

koverall
(19)

The values in Table 6 correspond to the following initial
experimental conditions: [benzene]0 ) 1 × 1013 and [toluene]0

) 6 × 1013 molecule/cm3 and to measurements at time t )
14 ms.

For the toluene reaction, at 298 K, ipso addition was found
to contribute 13.0% to the overall reaction (Table 6). This
contribution decreases as temperature increases, varying from
18% at 200 K to 0% at T g 375 K. Although small, it is

significant, and this suggests that the initial formation of ipso
adducts plays a role in the tropospheric chemistry of aromatic
compounds. The lack of experimental evidence on the ipso
adducts can be explained by considering that, at room temper-
ature, they are the least abundant addition products: 42% ortho,
17% meta, 17% para, and 13% ipso. In addition, it has been
suggested that they isomerize to the ortho adduct. However, if
ipso adducts were considered, the carbon unbalance between
aromatic reactants and products could be significantly reduced.

Figure 2 shows the temperature dependence of kapp(benzene)
at t ) 0.1, 14, and 200 ms, for [arom]0 ) 1 × 1013 molecule/
cm3. The largest value of t is hypothetical and it has been
included here for the sake of discussion. As this figure shows,
the methodology used in this work reproduces the experimental
behavior from refs 7 and 8. The abrupt drop in the temperature
range where OH nonexponential decay is observed is reproduced
here for the first time. This figure also shows that the temperature
range at which the nonexponential decay occurs depends on
the elapsed time from the beginning of the reaction, that is, on
the advance of the reaction. This seems to be a logical result
since the adduct concentration varies as the reaction progresses,
thus altering the role of the reverse reaction (from adduct back
to reactants). This finding also agrees with the predictions of
Perry et al.7 that if OH observations were performed on a shorter
time scale, then the low-temperature onset of the nonexponential
behavior would move up to higher temperatures. Actually, from
our calculations, the low-temperature onset (TLO) is predicted

TABLE 5: Apparent Rate Coefficientsa

kapp (cm3 molecule-1 s-1)

T (K) benzene toluene

200 9.32 × 10-13 7.39 × 10-12

250 1.22 × 10-12 4.83 × 10-12

275 1.38 × 10-12 4.37 × 10-12

298 1.54 × 10-12 4.14 × 10-12

300 1.55 × 10-12 4.13 × 10-12

325 1.66 × 10-12 3.71 × 10-12

350 1.04 × 10-12 3.01 × 10-12

375 1.31 × 10-13 1.33 × 10-12

400 1.87 × 10-13 8.89 × 10-13

425 2.61 × 10-13 1.04 × 10-12

450 3.56 × 10-13 1.19 × 10-12

475 4.74 × 10-13 1.36 × 10-12

500 6.19 × 10-13 1.55 × 10-12

525 7.94 × 10-13 1.74 × 10-12

550 1.00 × 10-12 1.94 × 10-12

575 1.25 × 10-12 2.16 × 10-12

600 1.54 × 10-12 2.39 × 10-12

a Calculated with [benzene]0 ) 1 × 1013molecule/cm3, [toluene]0

) 6 × 1013 molecule/cm3, and t ) 14 ms.

TABLE 6: Branching Ratios for All Modeled Paths of
Reactiona

benzene toluene

T (K) ΓI ΓII ΓI ortho ΓI meta ΓI para ΓI ipso ΓII

200 1.00 0.00 0.63 0.08 0.10 0.18 0.02
250 0.99 0.01 0.52 0.13 0.15 0.15 0.05
275 0.98 0.02 0.47 0.15 0.17 0.14 0.07
298 0.98 0.02 0.43 0.17 0.17 0.13 0.10
300 0.98 0.02 0.42 0.17 0.17 0.13 0.10
325 0.97 0.03 0.41 0.20 0.12 0.13 0.14
350 0.92 0.08 0.41 0.25 0.00 0.13 0.21
375 0.00 1.00 0.11 0.32 0.00 0.00 0.57
400 0.00 1.00 0.00 0.00 0.00 0.00 1.00

a Calculated with [benzene]0 ) 1 × 1013 molecule/cm3, [toluene]0

) 6 × 1013 molecule/cm3, and t ) 14 ms.

Figure 2. Temperature dependence of kapp(benzene) at t ) 0.1, 14,
and 200 ms, for pseudo-first-order conditions with [benzene]0 ) 1 ×
1013 molecule/cm3.
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to be around 325 K if t ) 14 ms, which corresponds to the
reported experimental values,7,8 while it is ∼400 K for t ) 0.1
ms and ∼275 K for t ) 200 ms. The agreement with the results
and predictions by Perry et al.7 is remarkably good: these authors
proposed TLO ∼ 325 K for t ∼ 1-30 ms and TLO ∼ 400 K for
t ∼ 10-100 µs.

It should be noticed that similar time does not represent the
same advance of reaction for different [arom]0. Accordingly,
there are two different ways of analyzing the low-temperature
onset as [arom]0 varies: at a fixed time or at a fixed advance of
reaction. However, in the atmosphere, neither of these two
magnitudes can be restrained. Actually, in the atmosphere the
reaction progresses to time scales longer than 14 ms, which
means that TLO would be accordingly lowered and the H
abstraction paths might start to contribute to the overall reaction
at temperatures lower than those predicted from the experiments
carried out up to date. This is in line with the predictions made
on the basis of the pseudo-first-order equilibrium constant
discussed above. It seems relevant to insist on the fact that this
study is based on a simplified model from the actual atmospheric
conditions, where other molecules are present and able to
interact with the species involved in the studied reactions. It
should also be noticed that using the same time for systems
with different [arom]0 is not expected to change the value of
TLO under pseudo-first-order conditions, since at a specific time
t the system with higher [arom]0 would also have the larger x
and the two effects would cancel each other. For instance, t )
14 ms would be equivalent to x ) 0.14 for [benzene]0 ) 1 ×
1013 molecule cm-3, while x ) 0.0018 for [benzene]0 ) 1.2 ×
1010 molecule cm-3. Accordingly, experimental product analysis
using the actual atmospheric concentrations would be desirable
in order to validate the predictions from this work.

Conclusions

Branching ratios based on Gibbs free energy barriers have
been obtained for all channels in the 200-600 K range, and
the role of the ipso addition channel has been clarified. The
lack of experimental evidence for the ipso adducts can be
explained by considering that they are expected to be the less
abundant addition products. In addition, they may evolve into
different species. However, at room temperature, their contribu-
tion is approximately 13%. Thus, if ipso adducts were taken
into account, the carbon unbalance between aromatic reactants
and products could be considerably reduced.

This study has been performed under pseudo-first-order
conditions, with aromatic concentrations in large excess com-
pared to OH concentrations as is the case both in previous
experiments and in the atmosphere. Our results are in excellent
agreement with the experimental data in the whole 200-600 K
temperature range. They reproduce the observed nonexponential
OH decay. The suggestion that the nonexponential OH decays
observed in the 300 K < T < 400 K range are caused by the
decomposition of thermalized OH-aromatic adducts back to
reactants and the competition between abstraction and addition
channels is confirmed. The low-temperature onset of the
nonexponential decay depends on the concentration of the aro-
matic compounds: the lower the concentration, the lower the
temperature onset. This finding could have atmospheric implica-
tions since under atmospheric conditions the nonexponential
decay was found to occur in the 275-325 K range, which
corresponds to temperatures of importance in tropospheric
chemistry.
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