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Abstract
This work reports density functional and composite model chemistry calculations performed on the reactions of toluene with 
the hydroxyl radical. Both the experimentally observed H-abstraction from the methyl group and possible OH-additions to 
the phenyl ring were investigated. Reaction enthalpies and barrier heights suggest that H-abstraction is more favorable than 
OH-addition to the ring. The calculated reaction rates at room temperature and the radical-intermediate product fractions 
support this view. At first sight, this might seem to disagree with the fact that, under most experimental conditions, cresols 
are observed in a larger concentration than benzaldehyde. Since the accepted mechanism for benzaldehyde formation involves 
H-abstraction, a contradiction arises that calls for a more elaborate explanation. In this first exploratory study, we provide 
evidence that support the preference of H-abstraction over OH-addition and present an alternative mechanism which shows 
that cresols can be actually produced also through H-abstraction and not only from OH-addition, thus justifying the larger 
proportion of cresols than benzaldehyde among the products.
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1 Introduction

Atmospheric chemistry is a subject of paramount impor-
tance and increasing research interest since the ‘70 s of the 
last century [1–3]. Thousands of reactions, giving products 
and intermediate species of great relevance, both under 
daylight and nighttime conditions, have been the focus of 
extensive studies [3], ranging from anthropogenic climate 
change to aerosols, from ozone hole to pesticides, and from 
dioxines to volatile organic compounds in the atmosphere. 
Toluene is the simplest aromatic molecule with a side carbon 
chain, allowing competition between hydrogen abstraction 
and ring addition of OH. It is also one of the main anthro-
pogenic aromatic molecules in the atmosphere, due to car 
exhaust, solvent use and biomass burning. Therefore, it has 
been studied repeatedly, both experimentally and theoreti-
cally [4–7]. A general consensus exists that addition of OH 
to the ring and H-abstraction from the methyl group are the 
main reaction channels, the former being apparently faster 
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than the latter. However, the detailed mechanism of toluene 
oxidation in the atmosphere remains uncertain [8, 9].

Davis et al. [10] were the first to determine the abso-
lute rate constants for the reactions of the hydroxyl radical 
with benzene and toluene at 300 K. They obtained values of 
1.59 × 10−12 and (6.11 ± 0.40) ×  10−12  cm3  molecule−1 s−1, 
respectively, with the latter result corresponding to global 
H-abstraction (rate constant k1a) and ring addition reactions 
(rate constant k1b) at a total pressure of 100 Torr of He. They 
interpreted these data in terms of hydroxyl radical reaction 
with toluene both through pressure-dependent OH-addition 
to the aromatic ring and via pressure-independent hydrogen 
abstraction from the side-chain methyl group. Other authors 
did similar experiments, simultaneously or shortly after-
ward, studying different aspects of the gas-phase reaction 
[11–13]. Tully et al. [14] investigated toluene and several 
deuterium substituted isomers to explore also the competi-
tion between OH-addition and H-abstraction. At low tem-
peratures (250–298 K) they found an activation energy of 
0.54 ± 0.44 kcal mol−1 and a rate constant of (6.36 ± 0.69) × 
 10−12  cm3  molecule−1 s−1. With respect to the mechanism, 
they concluded that the addition reactions are predominant 
at low temperatures (below 298 K) while abstraction from 
the methyl group (and, in a small proportion, from the ring) 
prevails over 500 K.

Gery et al. [15] studied the gas-phase reaction of toluene 
and the hydroxyl radical generated in situ in a continuous 
stirred tank reactor by the photolysis of nitric acid. Leaving 
aside the reactions producing nitro-derivatives, the authors 
identified not only benzaldehyde but also cresols and small 
molecules like glyoxal and methylglyoxal, presumably aris-
ing from secondary reactions. They concluded that the H 
atom abstraction reaction, leading to benzaldehyde after fur-
ther reaction with  O2, occurred with a 13 ± 4% total yield, 
while the addition reactions producing the cresols occurred 
with a 83 ± 4% total yield.

Hatipoglu et al. [16] performed a study of the photo-
oxidative degradation of toluene in aqueous solution by the 
hydroxyl radical. In this combined experimental/theoretical 
study they used ultraviolet excitation of nitrate as a source 
of OH radicals to generate the products. Benzaldehyde 
and cresols were observed as final products, with yields of 
30.5 ± 6.0% for o-cresol (the dominant pathway according to 
the DFT calculations presented), 47.0 ± 10.1% for the com-
bined m- and p-cresols and 17.0 ± 3.3% for benzaldehyde.

Zhang et al. [17] studied experimentally the ring versus 
side-chain attack of substituted benzenes via dual stable iso-
tope analysis. In the case of toluene, they concluded that there 
is a dominant role of aromatic ring OH-addition over abstrac-
tion, at variance with xylene isomers and anisole. A plot of 
Δ�2H vs. Δ�13C showed that the behavior of toluene is similar 
to that of benzene and intermediate between the behaviors of 
nitrobenzene and ethylbenzene, with all these plots showing 

a negative slope implying that addition is more favorable than 
abstraction.

A first quantum mechanical (MPn and B3LYP) study of 
the addition products was performed by Uc et al. [18]. While 
unlikely and not observed experimentally, they suggested the 
possibility that an ipso addition product would be collaborating 
to the experimentally observed high yield of o-cresol. Another 
theoretical study, this time on the fate of the benzyl radical 
under reaction with the oxygen molecule, was performed at 
the CBS-QB3 level by Murakami et al. [19]. Although ther-
mochemical results were compatible with previous informa-
tion, the data obtained for the possible dissociation channels, 
including benzaldehyde formation, were not conclusive. A 
slightly more sophisticated theoretical study of the oxidation 
of the benzyl radical was performed by da Silva et al. [20] 
using the G3B3 method. The novelty of this study was the 
inclusion of the benzyl hydroperoxide stable intermediate into 
the mechanism at high temperatures.

Very recently, the most comprehensive experimental/
theoretical study of the atmospheric oxidation mechanism of 
toluene, performed by Ji et al. [21] arrived to different conclu-
sions. They predicted that phenolic compounds rather than 
the peroxy radicals represent the dominant products and their 
experimental work suggested that there is a larger yield of 
cresols and a negligible formation of ring-cleavage prod-
ucts like methylglyoxal. The most recent theoretical study, 
performed by Zhang, Truhlar and Xu using DFT methods 
(M06-2X/MG3S and M08-SO/MG3S) [22], concluded that 
“abstraction of H from the methyl should not be neglected 
in atmospheric chemistry, even though the low-temperature 
results are dominated by addition”.

To summarize the available information, one can say that 
there are three different situations in which the reaction of 
toluene with hydroxyl radicals could be significant: high tem-
perature (combustion), gas phase (atmospheric) and aque-
ous solution. Leaving aside the high temperature situation, 
the experimental and theoretical information available until 
now gives slightly contradictory information concerning: (i) 
the appearance or not of ring-cleavage products, (ii) the paths 
leading to benzyl alcohol and benzaldehyde, (iii) the main 
pathways in the absence of  NOx radicals and iv) the detailed 
mechanism of secondary reactions with hydroxyl radical and 
oxygen. It is the purpose of this paper to analyze in depth the 
existing evidence and to find all possible pathways for the oxi-
dation of toluene in the absence of  NOx radicals in gas phase, 
by investigating the competing OH-addition and H-abstraction 
reactions from both the thermodynamic and kinetic point of 
view.
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2  Theoretical and computational details

It is well-known that the results obtained by state-of-the-
art quantum mechanical methods, for instance CCSDTQ 
with a complete basis set (CBS), are very accurate (unless 
static correlation plays an overwhelming role). However, 
this approach is impractical for all except the smallest mol-
ecules. Thus, some kind of approximation has to be used. 
The simplest molecular orbital post Hartree–Fock model is 
based on second order Møller–Plesset perturbation theory 
(MP2) [23]. However, since this approach is normally not 
very accurate for radicals, the corresponding results are 
not reported in this study. Density functional (DFT) and 
quantum chemistry composite methods were used instead.

Equilibrium geometries, thermodynamic and kinetic 
properties were systematically obtained using DFT. 
We chose the M06 exchange–correlation functional 
[24], in view of its accurate description of main-group 
bond energies (Mean Unsigned Error = 1.8 kcal mol−1) 
and non-covalent interactions (MUE = 0.4 kcal mol−1). 
The M06 method depends on parameters which were 
optimized using different basis sets. Since this is a fac-
tor that may influence our own results, we tried a lim-
ited variation of the basis sets employed. We selected 
the 6-311++G(3df,2pd) [25] basis set as the standard 
option, but performed also calculations using a smaller 
one, 6-31 + G(d,p) and a more sophisticated one, the cc-
pVQZ Dunning basis set [26], to judge the variability of 
our results with the basis set. Since during the preparation 
of this manuscript we became aware of a paper by Truh-
lar and coworkers showing the excellent performance of 
the M06-2X functional [22], we included also this DFT 
method in our study.

Furthermore, two composite models were used for 
the refinement of the energetic properties of the species 
involved, namely the CBS-QB3 method of Peterson et al. 
[27, 28] and the G4 method of Curtiss et al. [29]. These 
methods account for basis set extension and correlation 
energy effects by additive schemes on top of B3LYP 
equilibrium geometries and frequencies. Both of them 
are approximations, increasingly accurate, to CCSD(T)/
CBS calculations, which are not feasible on molecules 
of this size. The estimated average errors of CBS-QB3 
and G4 methods for a large series of molecules are below 
2 kcal mol−1 and often around 1 kcal mol−1.

Correlation energy within the composite methods 
mentioned above is obtained by different combinations 
of MP2, QCISD and CCSD(T) methods. In recent times, 
the powerful but costly CCSD(T)-f12 method [30], which 
includes the explicit non-averaged 1/r12 dependent correla-
tion, has been successfully applied to many molecules. In 
this work we have applied the CCSD(T)-f12/cc-pVDZ-f12 

method to some selected species, to further check our 
other calculations.

Most calculations have been carried out with the Gauss-
ian 09 series of programs [31]. As usual, eigenvalues of the 
Hessian were checked for the critical points, to assure the 
correct number of negative eigenvalues for minima and tran-
sition states. Geometry optimizations were performed in all 
cases until Cartesian coordinates were accurate at least to 
1 × 10−4 Å. An ultrafine grid was used for integration of 
the density in the density functional calculations. CCSD(T)-
f12 single-point calculations at the M06-2X geometries 
were performed using the Molpro program [32] with the 
cc-pVDZ-f12 basis set, which is comparable to the jun-cc-
pVTZ basis set employed in Ref. [22].

3  Results and discussion

The purpose of the study we are undertaking is to reanalyze 
the different reaction paths for the attack of toluene by the 
hydroxyl radical. Uc et al. [33] found that ring hydrogen 
abstraction is significant only at high temperatures. There-
fore, we considered only H-abstraction from the methyl 
group and OH-additions to the ring. Secondary reactions 
with OH and  O2 were also included in the study. The set of 
reactions analyzed in our current publications on the subject 
is sketched in Scheme 1 below. No secondary reactions with 
 NOx radicals were considered up to now.

3.1  Thermodynamic point of view

The general reaction network presented in Scheme 1 is 
deceptively simple, but it actually masks a great deal of com-
plexity. It can be decomposed, in principle, in two sets, one 
of ring-preserving reactions and another of ring breaking 
reactions. As products of the first reaction paths, one could 
obtain benzaldehyde, benzyl alcohol, cresols and other ring-
preserving derivatives, as will be shown in a forthcoming 
publication. The second set of reactions would lead to gly-
oxal, methylglyoxal and other dialdehydes. Aromatic oxides 
are possible intermediates, even if later they would be easily 
transformed. The presence of OH,  H2O and  O2 in excess may 
lead to further reactions, eventually giving dihydroxylated 
products. Furthermore, the reaction of the benzyl radical 
with those species can lead to salicyl alcohol, benzoic acid, 
phenol, catechol, p-benzoquinone and bicyclic products. All 
reactants, products, intermediates and transition states for 
these reactions have been located and will be presented in a 
forthcoming publication.

The purpose of this publication is to study only the initial 
steps in the oxidation mechanism. However, it is necessary 
to discuss briefly how these reactions fit within the rest of 
the reaction paths, in order to appreciate the necessity of this 
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previous work. For that reason, we have included in the Sup-
plementary Material section three schemes (Figures SM1-
SM3) that summarize most of the reactions that are being 
studied at present. The mechanism is admittedly complex, 
and the nomenclature reflects this fact.

Figure SM2 shows the reaction paths leading essentially 
to cresols. Direct and indirect paths arising both from tolu-
ene (T) and the benzyl radical (TR) were uncovered. As 
was already known, hydroxyl addition to T produces the 
isomeric hydroxymethyl-cyclohexadienyl radicals (M03_oC, 
M18_pC, M37_mC) which may further react with oxygen 
(in the atmosphere) and/or with additional hydroxyl radi-
cals, to produce diols (M16_oC, M25_pC, M44_mC) (in 
case of high concentration of hydroxyls or absence of oxy-
gen in reaction chambers). Oxygen reactions may occur by 
direct H-abstraction (M06_oC, M21_pC, M36_mC) or by 
addition to the ring (M07_oC, M26_pC, M37_mC) and 

further transformation. Addition at the o-, m- and p-posi-
tions may lead to cyclic peroxides by abstraction of an OH 
radical (M11_oC, M28_pC, M42_mC), while in the case of 
the addition at the o- or p- positions a secondary path was 
found. In these cases, internal transfer of a hydrogen atom 
and abstraction of an  HOO· radical is a more energetically 
favorable path than direct H-abstraction by oxygen. This 
alternative path is not present in the route to obtain mC, and 
this might explain its lower concentration in the products.

Another thing we considered in this study is the pos-
sibility of reactions with a secondary hydroxyl radical 
that is regenerated during the process. The reaction of TR 
with excess hydroxyl radicals may lead to benzyl alcohol 
(M29_TR) by direct addition to the methylene moiety or, 
after addition to different positions at the ring (M12_oC, 
M22_pC, M44_mC), to the cresols themselves, by paths 
involving different bicyclic species. Two reaction paths 

Scheme 1  Possible reaction paths after primary attack of the hydroxyl radical on toluene in the absence of  NOx radicals



Theoretical Chemistry Accounts (2020) 139:112 

1 3

Page 5 of 16 112

were found leading to o-cresol, two leading to m-cresol 
and only one leading to p-cresol. A full discussion of the 
energetics of the intermediates, products and transition 
states will be presented in a forthcoming publication.

On the other side, Fig. SM2 shows the reactions of TR 
with  O2 that we were able to identify theoretically. Benzyl 
radical can in principle react with the oxygen molecule 
at five different sites. It can be added at the methylene 
residue or at the i-, o-, m- and p-positions in the ring. 
The methylene carbon is the preferred site of addition by 
far. Therefore, the addition reaction paths to the ring were 
not investigated further in this paper. Reaction paths are 
labeled like in the paper by Hatipoglu et al. [16], when 
possible, to facilitate comparison, but several additional 
new routes and intermediates were identified. Contrary to 
what has been repeatedly described, the route leading to 
benzaldehyde is not the most favorable one (as we show 
in the explicit study of the mechanisms). A path involving 
conversion to benzoyl radical is preferred, probably with 
the intervention of catalytic water molecules. Other routes 
involving the appearance of catechol, salicyl alcohol, phe-
nol, benzoquinone or other products are less probable. The 
importance of these reaction channels is that they lead 
to new products which may be experimentally identifi-
able under suitable conditions. The properties of some of 
the intermediates and products, like, e.g., their enthalp-
ies of formation, were not until now established and had 
to be determined, either theoretically or experimentally. 
Our theoretical results on these species and the expected 
accuracy of the methodology employed in the whole work 
were analyzed and presented in an earlier publication [34].

Channel A in Fig. SM2 is of special interest, because 
only the breaking down of the benzyl peroxy radical to 
benzyloxy radical and oxygen was investigated previously. 
There is an obvious alternative route, which yields diben-
zotetroxide by dimerization of the benzyl peroxy radical, 
and further reacts to give dibenzylperoxide and oxygen 
(see Fig. SM3). This mechanism, which may be important 
in the framework of combustion, has also been investi-
gated in this study, but its discussion is postponed for an 
upcoming publication.

It is apparent from this discussion that the mechanism 
of reaction, in the presence of varying amounts of hydroxyl 
radicals and oxygen, is fairly complex. This complexity 
explains why different concentrations of products were 
obtained under different experimental conditions, in par-
ticular the proportion of cresols and benzaldehyde. Relative 
abundance of these products in a given experiment does not 
necessary correlate with the amount of TR and hydroxyl 
methylcyclohexadienyl radicals formed. Therefore, we focus 
only on the initial steps in these mechanisms in this commu-
nication, namely H-abstraction and OH-addition to toluene 
(see Scheme 2).

Pre-reactive complexes (PRCs) for this reactions pre-
sented a special challenge. In particular, only two PRCs 
were obtained for the interaction between T and OH using 
CBS-QB3, G4 or MP2 (ortho and para, see Fig. 1a–c) but 
less stable pre-reactive complexes at the ipso position and 
for the interaction with the  CH3 hydrogens at the opposite 
side of the ring were found at the M06 and M062X levels 
(see Fig. 1d–f).

The first complex shows a main interaction of OH with 
the ortho carbon atom (M01_oC, Fig. 1a), while the second 
does the same with the carbon at the para position (M17_
pC, Fig. 1b). The spin distribution on these complexes shows 
that while M17_pC exhibits a well-localized OH fragment 
which will react mostly at the para position, M01_oC shows 
a much less bound OH, which has the ability to move nearer 
to the ipso, ortho or meta positions. The distance from the 
OH to the H atom in  CH3 is small enough to allow also the 
reaction of H-abstraction to occur (Fig. 1c).

Since the energies involved are small (see later on), the 
existence or not of these pre-reactive complexes might be 
masked by the inherent incertitude of the computational 
methods used. IRC calculations however show that at the 
M06/6-311++G(3df,2pd) level, a TS for abstraction of a 
methyl group hydrogen (TS01_TR) is obtained from the 
M01_oC PRC (see Fig. 2). Hatipoglu et al. [16] found pre-
reactive complexes for each of the addition positions and 
the abstraction. However, their results are probably heav-
ily influenced by the method used, B3LYP with the small 
6-31G(d) basis set. In fact, comparing their p-PC complex 
with our equivalent M17_pC, one sees that they obtain an 
exceedingly short C-O distance, 1.918Å compared to our 
values of 2.393, 2.378, 2.356, 2.384, 2.428 and 2.698 Å, 
at the CBS-QB3, G4, M06 (with the three basis sets) and 
M062X/aug-cc-pVTZ methods, respectively. Uc et al. [33] 
used BHYandHLYP/6-311++G** method to obtain a Cs-
symmetry structure for the abstraction, while Zhang et al. 
[22] determined that this structure is a TS at the M06-2X/
MG3S level. Interestingly, Zhang et al. [22] did not find any 
other PRC and they assert that all reaction channels share 
the same pre-reactive complex. The authors made a com-
parison of the PRC they found with that of Uc et al. [33] in 
their Fig. 1; the distance between the oxygen atom and the 
hydrogen of the methyl group they found at the M06-2X/
MG3S level is 2.953 Å, much smaller than that of Uc et al. 
and intermediate between the values we obtained at the 
M06/cc-pVQZ (2.827 Å) and M06-2X/aug-cc-pVTZ (3.046 
Å) levels. Once again, this fact confirms that the general 
structure of the PRCs is heavily dependent on the method 
of calculation.

In addition to the previously described complexes, 
both M06 and M06-2X computations afforded another 
PRC structure, M01_TR, where the OH is weakly bound 
to the hydrogens of the methyl group. The OH moiety is 
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Scheme 2  Initial steps in the OH-oxidation mechanism of toluene
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positioned at the opposite side of the ring along the C-CH3 
axis, thus avoiding any interaction that would lead to the 
addition isomers. This complex is weaker than the addi-
tion ones (see later on) and it is affected by the method 
used. While neither CBS or G4 reproduce it (because the 

geometry optimization within those composite methods 
is done at the B3LYP level), M06 affords a complex with 
only one clear  O…H interaction, while the M06-2X opti-
mum structure presents two such interactions (see Fig. 1c, 

Fig. 1  Structure of the pre-
reactive complexes found. For 
both M01_oC (1a) and M17_pC 
(1b), a perspective view, a view 
from above the ring and the 
spin distribution are shown in 
the upper panel, while the most 
important parameters of both 
species are shown in the lower 
panel (1c), from top to bottom, 
each entry corresponds to G4, 
M06/6-311++G(3df,2pd), M06/
cc-pVQZ and M06-2X/aug-cc-
pVTZ optimized structures. The 
M06 and M06-2X structures of 
M01_TR are shown in (1d) and 
(1e) while side and top views 
of the M06_2X structure of the 
ipso complex is shown in (1f)
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d). It is clear then again that an accurate structure cannot 
be precisely determined with the methods used.

Something similar occurs with the ipso complex, M01_iC 
(see Fig. 1e). It was located using the M06-2X method, but 
reverted back to M01_oC when either M06, CBS-QB3 or 
G4 were applied to the M06-2X optimum structure. Thus, in 
general, one can say that the theoretical methods used are not 
able to describe precisely the structure of the PRCs, a fact 
that has two consequences. On the one side, it does affect 
the shape of the PES and the precise structure of the initial 
complex. On the other side, since what is normally used 
for calculating reaction coefficients is the ZPE-corrected 
energy, the precise value is heavily dependent on a series of 
influences. A painstakingly detailed analysis, like the one 
done by Zhang and Truhlar [22] is necessary to approximate 
accurately the reaction properties.

In addition to the difficulties of the theoretical methods to 
locate precisely the structure of the pre-reactive complexes, 
the small interaction energies (see Table 1) imply that these 
PRCs would be of some interest only in gas phase at low 
temperatures. Gibbs energies at normal pressure and tem-
perature are higher than those of the separated reactants, 
showing that the complexes are of marginal relevance for 
the reactions at room temperature (although they may be 
important in some regions of the atmosphere).

While OH-addition to the phenyl ring produces cova-
lently bound product radicals (identified in the following 
as M03_oC, M18_pC and M33_mC for o-, m- and p-addi-
tion, respectively, see Scheme 2), H-abstraction obviously 

produces a vdW post-reactive complex (M02_TR) where a 
water molecule is non-covalently bound to the phenyl ring in 
the benzyl radical (TR). All four species are separated from 
the pre-reactive complexes by transition states (TS01_TR, 
TS02_oC, TS13_pC and TS21_mC see Scheme 2, Fig. 3 
and Table 1). In the case of M02_TR, the final complex 
may be obtained either from M01_oC or M01_TR through 
two different transition states. However, the actual calcula-
tions show that the transition state coming from M01_oC 
is almost exactly the same as that coming from M01_TR. 
Interestingly, CBS-QB3 and G4 geometry optimizations of 
this TS also converge to a similar structure than those of 
the DFT methods, although M01_TR does not seem to be a 
minimum at these levels (both calculations end up giving the 
final complex M02_TR). Whether this situation is an artifact 
of the methods of calculation or a real feature of the potential 
energy surface we cannot say at the moment. In case it is a 
real feature, it has then implications for the whole kinetics 
of the process.

It is clear that the ortho, meta and para transition states 
have a similar structure, with the H atom of the hydroxyl 
radical pointing toward the π electronic cloud of the ben-
zene ring, the oxygen placed directly on top of the C atom 
to which it will be added and with a COH angle of 90 deg. 
Once added, the OH group rotates and the OH bond points 
away from the cycle. Abstraction TS01_TR does also exhibit 
a general disposition of the OH bond toward the ring, while 
the H atom being transferred is midway between the C and 
O atoms.

Fig. 2  M06/cc-pVQZ IRC for 
the conversion of M01_TR to 
M02_TR, showing the very 
small height of the barrier
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Table 1  Energies (with respect to T + OH) of the pre-reactive complexes, transition states and products

Reaction Species Chemical model ΔET Δ(ET + ZPE) ΔH(298) ΔG(298) Ea
a Δ‡Go(298)b

H-abstraction M01_TR CBS-QB3 nf
G4 nf
M06/6-311++G(3df,2pd) − 1.9 − 1.2 − 1.2 5.1
M06-2X/aug-cc-pVTZ − 1.6 − 0.9 − 0.6 4.8
CCSD(T)-f12/cc-pVDZ-f12 − 1.1 − 0.7 − 0.3 5.1

TS01_TRc CBS-QB3 1.2 1.3 1.1 7.9 2.8 7.9
G4 − 0.8 − 0.5 − 0.6 5.9 1.2 5.9
M06/6-311++G(3df,2pd) − 2.0 − 2.7 − 3.5 4.9 2.7 4.9

− 1.5d − 0.2d

M06/cc-pVQZ − 0.7 − 1.9 − 2.6 6.1 2.7 6.1
M06-2X/aug-cc-pVTZ 1.1 0.3 − 0.5 9.1 4.7 5.2

1.2d 4.3d

CCSD(T)-f12/cc-pVDZ-f12 1.2 0.5 0.3 8.7 4.3 5.0
1.2d 3.6d

CCSD(T)-F12ae − 0.5
M02_TR CBS-QB3 − 29.9 − 28.8 − 28.0 − 23.1

G4 − 30.9 − 29.7 − 29.0 − 23.9
M06/6-311++G(3df,2pd) − 34.0 − 33.1 − 32.8 − 27.6
M06/cc-pVQZ − 32.3 − 31.4 − 31.2 − 24.3

TR + H2O CBS-QB3 − 28.3 − 28.5 − 28.0 − 29.4
G4 − 28.1 − 28.2 − 27.7 − 29.1
M06/6-311++G(3df,2pd) − 30.6 − 30.7 − 30.7 − 30.5
M06/cc-pVQZ − 28.9 − 29.0 − 29.1 − 28.1
M06-2X/aug-cc-pVTZ − 27.3 − 27.7 − 27.7 − 26.5
CCSD(T)-f12/cc-pVDZ-f12 − 28.5 − 28.8 − 28.9 − 27.6
CCSD(T)-F12ae − 28.2

o-Addition M01_oC CBS-QB3 − 3.1 − 1.5 − 1.2 5.4
G4 − 3.3 − 1.7 − 1.4 5.2
M06/6-311++G(3df,2pd) − 7.1 − 5.5 − 5.8 2.6
M06/cc-pVQZ − 6.1 − 4.6 − 4.8 3.9
M06-2X/aug-cc-pVTZ − 5.7 − 4.4 − 4.5 4.1
CCSD(T)-f12/cc-pVDZ-f12 − 1.7 0.1 − 0.7 8.1
CCSD(T)-F12ae − 4.8

TS02_oC CBS-QB3 − 3.0 − 1.1 − 1.5 7.0 0.4 7.0
G4 − 2.2 − 0.4 − 0.7 7.6 1.3 7.6
M06/6-311++G(3df,2pd) − 6.2 − 4.5 − 5.4 4.7 1.0 4.7
M06/cc-pVQZ − 4.9 − 3.2 − 4.2 6.6 1.4 6.6
M06-2X/aug-cc-pVTZ − 3.5 − 2.9 − 3.1 5.5 2.2 5.5
CCSD(T)-f12/cc-pVDZ-f12 − 3.8 − 3.1 − 3.7 5.3 2.0 5.3
CCSD(T)-F12ae − 1.7

M03_oC CBS-QB3 − 20.9 − 18.0 − 18.4 − 9.8
G4 − 20.6 − 17.6 − 18.1 − 9.5
M06/6-311++G(3df,2pd) − 23.5 − 20.5 − 21.5 − 11.3
M06/cc-pVQZ − 22.2 − 19.3 − 20.3 − 9.3
CCSD(T)-F12ae − 21.7

p-Addition M17_pC CBS-QB3 − 2.3 − 1.0 − 1.1 5.8
G4 − 3.4 − 2.1 − 2.1 4.5
M06/6-311++G(3df,2pd) − 5.9 − 4.5 − 4.6 2.7
M06/cc-pVQZ − 4.9 − 3.8 − 4.4 4.5

TS13_pC CBS-QB3 − 1.8 − 0.2 − 0.4 7.0 0.9 7.0
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In the final complex, the water molecule lies in a plane 
nearly perpendicular to that of the TR plane, with one 
of the H atoms interacting with the cycle and the other 
with the methylene group. Some of the most interesting 
geometric features of the transition states and the final 
products for the three additions and the H-abstraction are 
shown in Fig. 3.

The optimized parameters support our previous asser-
tions. In the case of the transition states, they are all between 
160 and 180 degrees. In the case of TS01_TR and TS13_
pC, the structures have a plane of symmetry containing the 
OH radical and bisecting the ring, while in the other two 
transition states, the OH is slightly tilted so that the H of 
OH points away from the methyl group. Once the addition 

Activation energies and standard Gibbs energies of activation are also given. All values in kcal mol−1

a Ea = Δǂ(E + ZPE) with respect to the pre-reactive complexes
b ΔǂGo (298.15) with respect to T + OH
c Barriers for all entries are reported with respect to M01_oC
d for those methods for which the PRC M01_TR was found, a second line is included reporting the barrier with respect to this PRC
e jun-cc-pVTZ basis set from Ref. [22]

Table 1  (continued)

Reaction Species Chemical model ΔET Δ(ET + ZPE) ΔH(298) ΔG(298) Ea
a Δ‡Go(298)b

G4 − 0.7 0.9 0.7 7.9 2.9 7.9
M06/6-311++G(3df,2pd) − 4.7 − 3.2 − 3.9 5.2 1.3 5.2
M06/cc-pVQZ − 3.4 − 1.9 − 3.3 8.2 1.9 8.2
CCSD(T)-F12ae − 0.2

M18_pC CBS-QB3 − 19.7 − 16.9 − 17.2 − 9.5
G4 − 19.2 − 16.5 − 16.8 − 9.4
M06/6-311++G(3df,2pd) − 22.1 − 19.3 − 20.1 − 10.7
M06/cc-pVQZ − 20.7 − 18.0 − 18.8 − 8.9
CCSD(T)-F12ae − 20.6

m-Addition TS21_mC CBS-QB3 − 1.5 0.2 − 0.1 7.5 1.2 7.5
G4 − 0.4 1.2 1.0 8.5 3.3 8.5
M06/6-311++G(3df,2pd) − 4.1 − 2.4 − 3.3 6.3 2.0 6.3
M06/cc-pVQZ − 2.8 − 1.2 − 2.1 8.2 2.6 8.2

M33_mC CBS-QB3 − 19.4 − 16.6 − 17.0 − 8.5
G4 − 19.1 − 16.3 − 16.7 − 8.2
M06/6-311++G(3df,2pd) − 21.5 − 18.6 − 19.6 − 9.5
M06/cc-pVQZ − 20.1 − 17.4 − 18.3 − 7.5
CCSD(T)-F12ae − 20.4

Fig. 3  Structure of the transi-
tion states and products formed 
in the H-abstraction from 
the methyl group and in the 
addition of OH to the ring at 
ortho, meta and para positions. 
Some important parameters are 
shown; the entries correspond to 
G4, M06/6-311++G(3df,2pd) 
and M06/cc-pVQZ calculations 
(from top to bottom)
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product has been formed, the local interaction between OH 
and the H on the same carbon forces the asymmetry of the 
group, with an angle that is between 55 and 62 degrees for 
all structures and methods. M02_TR is special of course, 
because the resulting product is a weakly bound complex 
(less than 2 kcal mol−1, see Table 1) of the TR radical and 
water.

The data collected in Table 1 show that the different 
methods used in this work give a consistent picture of all the 
products. Formation of the benzyl radical, whether bound 
to the water molecule or not, is thermodynamically more 
favorable than the production of any of the addition radical 
adducts. This is a remarkable difference from the results 
reported by Hatipoglu et al. [16] which show an endothermic 
abstraction. The stability order of the addition products is, 
as expected from qualitative arguments, ortho < para < meta, 
all above the energy of the benzyl radical.

Moreover, it must be stressed that the results obtained 
at our best computational levels (G4 and M06/cc-pVQZ) 
are very close. Looking at the final radicals, for instance, 
the Gibbs energies of reaction are − 24.3, − 9.3, − 8.9, and 
− 7.5 kcal mol−1 at the M06/cc-pVQZ level for the abstrac-
tion, o-, p- and m-addition, respectively, while they are 
− 23.9, − 9.5, − 9.4 and − 8.2 kcal mol−1 at the G4 level. 
In all cases, the difference is below 1 kcal mol−1. The dif-
ferences are larger in the case of the initial complexes, a 
problem which is compounded by the already small value 
of the stabilization energies. This is also noticeable in the 
barriers, which end up showing in the activation energies, 
where discrepancies of up to 1.7 kcal mol−1 are observed. 
The differences are nonetheless smaller in the Gibbs ener-
gies of activation.

The picture of the interaction emerging from these results 
is that the OH radical tends to interact more strongly with 
the cycle than with the side methyl group. In this last case 
indeed, only some methods can locate the PRC, which is 
nonetheless about half as stable as the complexes of OH with 
the ring. The latter, in turn, all exhibit a marked interaction 
of the hydrogen atom in OH with the electron cloud above 
the cycle, the OH somehow pivoting on this H while the 
oxygen interacts with each possible carbon, giving origin to 
ipso, ortho, meta and para complexes. All these complexes 
are stable only at low temperatures, not at all at 298 K.

Perhaps the most striking result is that the transition state 
for the abstraction, TS01_TR, can be reached both from the 
PRC on the  CH3 side, M01_TR, and the ortho complex 
M01_oC. This is most probably a result of lack of sufficient 
discrimination by the theoretical methods used. In the fol-
lowing, we have chosen to compute the barriers with respect 
to M01_oC since nevertheless, this will be the most stable 
complex.

According to the previous discussion, from a purely ther-
modynamic point of view, the benzyl radical should be the 

most abundant product, strongly prevailing over addition 
radicals. On the other side, the theoretical analogous to the 
experimental activation energy (i.e., Δ(E + ZPE)) is very 
similar at the best theoretical levels both for abstraction and 
ortho addition. These results deserve a more careful analysis 
from the point of view of kinetics.

3.2  Kinetic point of view

From the kinetic point of view, the situation is more com-
plicated. First, one should notice that the activation energies 
are quite small, no matter which method is used for the cal-
culation, and variations of up to 1.5 kcal mol−1 or slightly 
larger, are observed between methods for each of the iso-
meric transition states. This means that the ordering of the 
activation energies does depend heavily on the method and 
it even changes if one considers Gibbs energies of activation 
in place of activation energies. Considering the latter quan-
tity, all methods but G4 agree that the smallest activation 
energy is that leading to the ortho addition. G4 predicts the 
abstraction to be favored instead. In the second place would 
be either ortho addition (G4) or para addition (all the other 
methods). Taking into account the Gibbs energies of activa-
tion instead, (which we will later use in the Eyring equation 
to obtain classical rate constants) we see that the G4 and 
M06/cc-pVQZ models agree in that the order of the barriers 
would be, from smaller to larger, H-abstraction, o-, p- and 
m-additions. It is also remarkable how the Gibbs energy of 
activation of the ortho addition increases within the M06 
method when the basis set is augmented from 6-31 + G(d,p) 
to cc-pVQZ. In Fig. 4 are shown the Δ(E + ZPE) and ΔG 
(298.15) profiles for the reactions, at the G4 and M06/cc-
pVQZ levels for comparison purposes. It is clearly obvious 
that, even if at the Δ(E + ZPE) profiles there are differences 
between the methods, the ΔG profiles are very similar and 
H-abstraction is clearly more favorable both thermodynami-
cally and kinetically.

As a general conclusion, we can say that it is relatively 
easy to assess the stability of the four possible resulting 
radicals, but that it is very difficult to determine the barri-
ers for the transformations, mainly because of the difficulty 
to calculate the stabilization energy of the PRCs. Perhaps, 
CCSD(T)/CBS calculations including core correlation, or 
beyond, can give a more precise estimation of the barriers 
but such calculations for these molecules are outside our 
present computational capabilities.

The fact that theoretical methods are not accurate enough 
for calculating the barriers has an effect in the calculation of 
the rate constants and the product fractions. Moreover, the 
combination of reasonably stable pre-reactive complexes at 
room temperature with low barriers, leads to negative acti-
vation energies for the reaction T + OH ⇄  PRC → TSs. 
Assuming that the reactants and PRC are in equilibrium, 
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one can obtain the classical TST rate constant in the form of 
an Arrhenius equation:

where the symbols have the usual meaning, κ is a tunneling 
factor, kB, R and h are Boltzmann, gas, and Planck constants, 
respectively, T is the temperature, and Qa and Ea are the par-
tition function and energy of species a. The equation arises 
naturally from considering that k-1 (the reverse rate constant 
for the equilibrium of the reactants with PRC) is much larger 
than the direct one k1, and applying the steady state analysis.

Calling E-1 the energy difference between PRC and the 
reactants, and E2 the barrier between PRC and the transition 
state, Eq. (1) can be more explicitly written as

(1)k = �
kBT

h

QTS

QTQOH

exp

(

ET + EOH − ETS

RT

)

(2)k = �
QPRC

QTQOH

exp

(

E−1

RT

)

kBT

h

QTS

QPRC

exp

(

−
E2

RT

)

If, as normally done, the energy of activation (ΔG) is 
approximated by Δ(E + ZPE), Eqs. (1) and (2) are identical. 
If the more correct expression Ea = Δ‡H0

298
+ RT + ΔnRT  

is used (where Δn is the change in the molecularity), a small 
difference arises between the two equations. Alternatively, 
one can use Eyring equation employing the Gibbs energy 
of activation Δ‡G0

298
 to calculate the reaction rate (account-

ing correctly for the concentration, since the reaction is of 
second order).

Table 2 presents the results we obtained using the three 
methodologies, Arrhenius, modified Arrhenius and Eyring. 
The kglobal for each method was found taking into account 
the degeneracy of each process (3 for H-abstraction, 4 for 
o- and m- addition and 2 for p-addition, to take into account 
also the plane of symmetry in the ring). Percent product 

(3)k = �
kBT

h
exp

(

−
Δ‡Go

298

RT

)

Fig. 4  Reaction profiles for the formation of the TR and o-, p- and m-hydroxymethylcyclodienyl radicals. Upper panels show energies 
Δ(E + ZPE), lower panels show Gibbs energies ΔG; G4 is at the left, M06/cc-pVQZ at the right



Theoretical Chemistry Accounts (2020) 139:112 

1 3

Page 13 of 16 112

Ta
bl

e 
2 

 T
he

or
et

ic
al

 ra
te

 c
on

st
an

ts
  (c

m
3   m

ol
−

1   s−
1 ) a

nd
 p

ro
du

ct
 fr

ac
tio

ns
 (%

) c
al

cu
la

te
d 

w
ith

 d
iff

er
en

t m
et

ho
ds

 in
 th

is
 w

or
k,

 c
om

pa
re

d 
to

 e
xp

er
im

en
ta

l d
at

a 
an

d 
ot

he
r t

he
or

et
ic

al
 c

al
cu

la
tio

ns
. K

 
(g

lo
ba

l) 
is

 th
e 

to
ta

l r
at

e 
co

ns
ta

nt
 o

bt
ai

ne
d 

fro
m

 th
e 

pa
rti

al
 o

ne
s f

or
 a

bs
tra

ct
io

n 
an

d 
ad

di
tio

n

a  H
at

ip
og

lu
 e

t a
l.,

 R
ef

. [
16

]
b  K

ni
sp

el
 e

t a
l.,

 R
ef

. [
35

]
c  D

av
is

 e
t a

l.,
 R

ef
. [

10
]

d  D
oy

le
 e

t a
l.,

 R
ef

. [
12

]

Re
ac

tio
n

M
et

ho
d

B
as

is
 se

t
A

rr
he

ni
us

 e
qu

at
io

n
Ey

rin
g

E a
K

K
 (g

lo
ba

l)
Pr

od
uc

t f
ra

c-
tio

n 
(%

)
Δ

G
#

K
K

 (g
lo

ba
l)

Pr
od

uc
t 

fr
ac

tio
n 

(%
)

A
bs

tra
ct

io
n

C
B

S-
Q

B
3

2.
29

2.
88

E−
15

7.
68

E−
14

6
7.

90
1.

67
E−

14
3.

48
E−

13
8

G
4

0.
62

6.
95

E−
14

2.
26

E−
13

86
5.

89
4.

98
E−

13
1.

57
E−

12
90

M
06

6-
31

 +
 G

(d
,p

)
−

 2.
69

1.
18

E−
12

2.
35

E−
11

8
4.

95
2.

41
E−

12
4.

12
E−

11
10

6-
31

1+
+

G
(3

df
,2

pd
)

−
 2.

35
1.

38
E−

12
1.

03
E−

11
25

4.
89

2.
68

E−
12

1.
80

E−
11

29
cc

-p
V

Q
Z

−
 1.

46
1.

76
E−

13
7.

52
E−

13
54

6.
12

3.
39

E−
13

1.
34

E−
12

61
H

AT
IP

O
G

LU
a

1.
07

3.
11

E−
14

3.
79

E−
13

9%
EX

PE
RI

M
EN

TA
L

−
 1.

99
b

(0
 ±

 0.
20

)E
−

12
b

4.
33

E−
13

b

6.
11

E−
12

c

4.
15

E−
12

d

o-
A

dd
iti

on
C

B
S-

Q
B

3
−

 0.
33

2.
08

E−
14

58
6.

96
8.

13
E−

14
50

G
4

0.
44

6.
21

E−
15

10
7.

64
2.

61
E−

14
6

M
06

6-
31

 +
 G

(d
,p

)
−

 5.
02

8.
39

E−
12

77
3.

93
1.

37
E−

11
73

6-
31

1+
+

G
(3

df
,2

pd
)

−
 4.

21
2.

52
E−

12
61

4.
68

3.
85

E−
12

55
cc

-p
V

Q
Z

−
 3.

00
9.

98
E−

14
41

6.
62

1.
46

E−
13

35
H

AT
IP

O
G

LU
a

0.
38

7.
61

E−
14

44
%

m
-A

dd
iti

on
C

B
S-

Q
B

3
1.

10
6.

50
E−

15
19

7.
50

3.
28

E−
14

22
G

4
2.

18
1.

04
E−

15
2

8.
53

5.
74

E−
15

2
M

06
6-

31
 +

 G
(d

,p
)

−
 2.

81
3.

70
E−

13
11

5.
67

7.
15

E−
13

14
6-

31
1+

+
G

(3
df

,2
pd

)
−

 2.
09

1.
42

E−
13

10
6.

28
2.

58
E−

13
12

cc
-p

V
Q

Z
−

 0.
89

6.
03

E−
15

3
8.

17
1.

06
E−

14
1

H
AT

IP
O

G
LU

a
0.

41
3.

43
E−

14
20

%
p-

A
dd

iti
on

C
B

S-
Q

B
3

0.
79

1.
35

E−
14

18
7.

05
7.

02
E−

14
20

G
4

1.
87

2.
73

E−
15

2
7.

94
1.

57
E−

14
1

M
06

6-
31

 +
 G

(d
,p

)
−

 3.
41

2.
39

E−
12

3
4.

50
5.

18
E−

12
4

6-
31

1+
+

G
(3

df
,2

pd
)

−
 2.

72
8.

10
E−

13
3

5.
16

1.
71

E−
12

4
cc

-p
V

Q
Z

−
 2.

08
1.

30
E−

14
3

8.
19

1.
03

E−
14

3
H

AT
IP

O
G

LU
a

0.
01

9.
80

E−
14

28
%



 Theoretical Chemistry Accounts (2020) 139:112

1 3

112 Page 14 of 16

fractions were obtained dividing the respective rate constant 
by the global one.

We included Hatipoglu’s results in this table, but a word 
of caution is necessary. We repeated their calculations and 
found out that the activation energy they report, is actu-
ally the E + ZPE barrier between PRC and TS, although 
they use the partition function of TSs and reactants as in 
(1). Therefore, their results would differ from ours. Using 
their method, the activation energy (calculated as E + ZPE) 
for the H-abstraction would be − 2.66 kcal mol−1 close to 
the one we obtained at a comparably small level (M06/6-
31 + G(d,p)). This level of calculations is not particularly 
accurate and this remains true also for the slightly larger 
basis set (6-311 + G(d,p)) used to improve energies. 
This leads, not surprisingly, to product radicals about 
3–4 kcal mol−1 less stable than in our more accurate cal-
culations. Notice that Hatipoglu et al. wrongly reported the 
H-abstraction as endothermic (see Table 2) because they 
did not include the water molecule generated in the reac-
tion (see Fig. 2). Our results (− 29.0 and − 29.1 kcal mol−1 
at the M06/cc-pVQZ and average levels, respectively) 
agree extremely well with the experimental enthalpy of 
reaction, obtained from the enthalpies of formation in the 
NIST Data Tables, 29.6 ± 1.3 kcal mol−1. The values we 
obtained using the Arrhenius equation both for the activa-
tion energy (− 1.46 kcal mol−1) and the global rate con-
stant (7.52 ×  10−13  cm3  mol−1  s−1) are also in good agree-
ment with the experimental results of Knispel et al. [35], 
− 1.99 ± 0.26 kcal mol−1 and 4.33 ×  10−13  cm3  mol−1  s−1.

Due to the expected errors in the barriers at the levels of 
theory used, the calculated rate constants may vary up to 
three orders of magnitude. The equation chosen to calculate 
the rate constant, Eqs. (1) to (3), does also affect the value, 
but the effect is smaller. It is important to notice that unless 
a very high level of theory is used, any close agreement with 
experiment is probably fortuitous.

The most important result in this table is that the product 
fraction does not depend very much on the equation chosen, 
but varies strongly with the level of calculation. The lower 
levels of theory (e.g., M06/6-31 + G(d,p), Hatipoglu’s cal-
culations) predict that the product of addition at the ortho 
position would be obtained with higher yield, followed 
either by the addition product in para or the benzyl radical. 
These results have been instrumental to support theoreti-
cally the experimentally observed larger yield of cresols over 
benzaldehyde, in the hypothesis that the latter arises from 
oxidation of the benzyl radical by oxygen. However, more 
sophisticated methods (e.g., G4 and M06/cc-pVQZ) predict 
that the benzyl radical would be obtained with a larger yield, 
ranging from 70 to 95%, depending on the method used.

Our results then seem to be consistent and in agreement 
with the experimental information available for the radi-
cals, but do not explain why cresols are finally obtained in 

larger concentrations than benzaldehyde, since benzyl radi-
cal should be the favored intermediate radical produced. A 
possible explanation would be that there must exist paths 
leading from the benzyl radical to the cresols, in addition to 
the path leading from the benzyl radical to benzaldehyde. 
These routes were found in our calculations and are shown 
in Scheme 2. The full reaction mechanism explaining the 
discrepancy we report here, will be discussed in a forthcom-
ing study.

4  Conclusions

We report in this paper a computational study, using several 
quantum mechanical methods, of the initial attack of the 
hydroxyl radical to the toluene molecule. Reactants, ini-
tial complexes, transition states and final products (which 
are actually intermediates in the much larger full reaction 
mechanism involving also reactions with oxygen) were 
determined. We calculated the enthalpies of reaction for both 
the H-abstraction from the  CH3 group and the OH-addition 
at several carbon atoms in the ring. Energies and Gibbs ener-
gies of activation at 298 K, as well as rate coefficients, were 
determined using Arrhenius and Eyring equations, and the 
results were used to calculate the fractions of intermediate 
benzyl and hydroxymethyl cyclohexadiene radicals.

The agreement among the results issuing from differ-
ent quantum chemical methods and basis sets is gener-
ally good. Whenever experimental results were available, 
our theoretical results were found in good agreement with 
them. In particular, the reaction enthalpy computed at the 
M06/cc-pVQZ level (− 29.0 kcal mol−1) for H-abstraction 
is in remarkable agreement with its experimental counter-
part (− 29.6 ± 1.3 kcal mol−1) and the same applies for the 
activation energy (− 1.46. vs. -1.99 ± 0.26 kcal mol−1) and 
reaction rate (7.52 ×  10−13 vs. 4.33 ×  10−13  cm3  mol−1  s−1). 
The picture obtained strongly suggests that H-abstraction 
is more favorable, both thermochemically and kinetically, 
than OH-addition at any position in the ring. Notwithstand-
ing this fact, the larger number of addition sites (10, when 
one considers all the symmetry allowed possibilities) with 
respect to abstraction sites (only 3) plays in favor of addi-
tion products as the most abundant ones. As Zhang et al. 
[22] found, abstraction should not be disregarded in a kinetic 
analysis of this reaction.

Our results disagree with previous less refined calcula-
tions and show that, the experimentally observed larger 
concentration of cresols over benzaldehyde among the final 
products, does not result from an initial preference of addi-
tion over abstraction. Following this idea, we were able to 
identify routes for the formation of cresols starting from 
the initial benzyl radical formed by hydrogen abstraction. 
The routes shown in this paper, a detailed analysis of which 
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is in progress, explain then the observed product fractions 
while, at the same time, they are in agreement with the initial 
preferential formation of benzyl radical over hydroxymethyl 
cyclohexadiene radicals.
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