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1. Introduction

Hydrocarbon radical reactions are key steps in many important
chemical transformations, for example, during combustion,
polymerization, polymer degradation, and steam cracking of
hydrocarbons. Fundamental kinetic models for these processes
often involve an extensive network of elementary reactions.
The large number of hydrocarbon radical reactions can be or-
ganized into a limited number of families. The most important
are: i) carbon–carbon and carbon–hydrogen bond scissions
and the reverse radical–radical recombinations, ii) hydrogen ab-
straction reactions, and iii) radical addition to olefins and the
reverse b scission of radicals. Building a reaction network for
complex radical chemistry is a challenging task and computer
algorithms for the automatic generation of complex reaction
networks have been developed by various research groups.[1]

These reaction networks in turn require a large number of ki-
netic and thermodynamic parameters.

It is nearly impossible to determine the kinetic and thermo-
dynamic parameters for every elementary reaction in the fun-
damental kinetic model directly from experiment or through
the regression of experimental data,[1a] and an alternative ap-
proach is desirable. We have previously tested the applicability
and reliability of ab initio methods for the calculation of activa-
tion energies and standard enthalpies of formation of hydro-
carbon molecules and radicals.[2] It was found that for standard
enthalpies of formation, an accuracy of 2.5 kJmol�1 can be ob-

tained with the atom-additivity-corrected CBS-QB3 method.[2]

Herein, we use the selected CBS-QB3 ab initio method to
obtain activation energies for the family of hydrogen abstrac-
tion reactions. To further illustrate the accuracy of this method,
ab initio reaction rate coefficients for selected hydrogen ab-
straction reactions will be compared to experimental data.

Despite the increasing computational power, it is neither
possible nor desirable to calculate all required kinetic parame-
ters from first principles. Therefore, a group contribution
method for activation energies was developed which allows
the activation energies for all reactions within a family to be
obtained by using parameters derived from a limited set of

The group contribution method for activation energies is applied
to hydrogen abstraction reactions. To this end an ab initio data-
base was constructed, which consisted of activation energies cal-
culated with the ab initio CBS-QB3 method for a limited set of
well-chosen homologous reactions. CBS-QB3 is shown to predict
reaction rate coefficients within a factor of 2–4 and Arrhenius ac-
tivation energies within 3–5 kJmol�1 of experimental data. Acti-
vation energies in the set of homologous reactions vary over
156 kJmol�1 with the structure of the abstracting radical and
over 94 kJmol�1 with the structure of the abstracted hydrocar-
bon. The parameters required for the group contribution method,
the so-called standard activation group additivity values, were
determined from this database. To test the accuracy of the group

contribution method, a large set of 88 additional activation ener-
gies were calculated from first principles and compared with the
predictions from the group contribution method. It was found
that the group contribution method yields accurate activation
energies for hydrogen-transfer reactions between hydrogen mole-
cules, alkylic hydrocarbons, and vinylic hydrocarbons, with the
largest deviations being less than 6 kJmol�1. For reactions be-
tween allylic and propargylic hydrocarbons, the transition state is
believed to be stabilized by resonance effects, thus requiring the
introduction of an appropriate correction term to obtain a relia-
ble prediction of the activation energy for this subclass of hydro-
gen abstraction reactions.
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high-level ab initio calculations.[3] This method is a consistent
extension of Benson’s group additivity method for standard
enthalpies of formation.[4] In the group contribution method,
the activation energy for any reaction within a family is ob-
tained by combining the activation energy of a chosen refer-
ence reaction with a perturbation term that depends on struc-
tural differences between the transition-state structure of the
reference reaction and the transition-state structure of the re-
action under study. Its reliability was previously validated for
radical addition and b scission reactions.[3] Herein, the required
parameters, the so-called standard activation group additivity
values, are determined for the family of hydrogen abstraction
reactions and the validity of the group contribution method
for this family is tested for a large set of hydrogen abstraction
reactions.

Hydrogen abstraction reactions are among the most studied
radical reactions, since they are conceptually simple and yet
play a critical role in various chemical and biochemical process-
es. Detailed theoretical and experimental studies have ad-
dressed the H2+HC and the CH4+HC reactions.[5–14] In addition,
the reactions of the vinyl radical (C2H3C) with H2,

[7, 15] the ethynyl
radical (C2HC) with H2,

[16,17] and the phenyl radical (C6H5C) with
H2 and CH4

[18,19] have been studied theoretically. Hydrogen ab-
straction reactions are also widely used as benchmarks for the
development and testing of new quantum chemical meth-
ods.[8,12,20–-23] Shaik et al. ,[24] Anderson et al. ,[25] Zavitsas,[26] Ma
and Schobert,[27] and Blowers and Masel[28] have developed
conceptual frameworks, often based on generalized valence
bond theory, to understand reactivity patterns for this family of
reactions. Although these models vary in the relative impor-
tance they give to different effects, important correlations
have been established with the bond energies and the reac-
tion enthalpy, with steric effects, and also in some cases with
polar effects, related to charge polarization in the transition
state.

The principal aim of this paper is to present a database of
high-level ab initio activation energies for a series of well-
chosen hydrogen abstraction reactions, and to determine the
standard activation group additivity values for the group con-
tribution method for activation energies from first principles.
Work is in progress to derive predictive methods for pre-expo-
nential factors, partition functions, and tunneling factors. In
Section 2, the computational methods are discussed and the
group contribution method is briefly introduced. In Section 3,
we illustrate the accuracy of the ab initio CBS-QB3 predicted
reaction rate coefficients by comparison with literature data.
Next, our database of ab initio activation energies is presented
and the standard activation group additivity values are de-
rived. Also in Section 3 the accuracy of the group contribution
method is assessed. To better understand the factors govern-
ing the reactivity and to test the correlation between activa-
tion energies and reaction enthalpies, the model of Blowers
and Masel[28] is used to analyze the ab initio data. The conclu-
sions of this work are presented in Section 4.

2. Methods

2.1. Computational Methods

Reaction rate coefficients for bimolecular reactions can be cal-
culated using the microscopic formulation of transition-state
theorye.g.[29] [Eq. (1)]:

kðTÞ ¼ kðTÞ kBT
h

QTSðTÞ
QAðTÞQBðTÞ

exp
�DE�ð0KÞ

RT

� �
ð1Þ

in which k(T) is the tunneling correction factor, kB the Boltz-
mann constant, and h the Planck constant. Qx(T) stands for the
partition function evaluated at temperature T, and DE�(0 K) is
the energy difference between the reactants and the transition
state, including the zero-point energy difference. The transla-
tional partition functions are evaluated per unit volume [m�3] .

The tunneling correction factor k(T) was calculated using the
one-dimensional Eckart tunneling model.[30] The Eckart method
is one of the more accurate approximate one-dimensional tun-
neling corrections.[31] The tunneling factor is calculated by fit-
ting an Eckart potential to the minimum energy path using
the curvature at the transition state, the energy barrier, and
the reaction energy. The transmission probability and k(T) are
then obtained using standard expressions.[31] Partition func-
tions Qx(T) were calculated using standard thermodynamic for-
mulas.[29] For the computation of accurate partition functions,
particular attention to internal rotations is required.[7,32,33] Here,
the one-dimensional hindered rotor approximation is applied.
The program developed by Sumathi and Green[7] was used to
calculate the hindered rotor partition functions. The hindered
rotor potential was calculated at the B3LYP/6-311G(d,p) level of
theory as a function of the torsional angle in steps of 108.

Activation energies, DE�(0 K), were computed with the com-
plete basis set CBS-QB3 method of Petersson et al.[34,35] The
complete basis set family of methods exploits the asymptotic
convergence of the pair natural orbital expansions to extrapo-
late the energy to the second-order Møller–Plesset (MP2) basis
set limit. Higher-order contributions to the correlation energy
are evaluated with smaller basis sets. Through the introduction
of an interference factor derived from generalized valence
bond theory arguments,[35] an extrapolation to the full configu-
ration interaction/complete basis set level is attempted. The
most recent version of the CBS-QB3 method was used,[34]

where geometry optimization and frequency calculation are
done at the B3LYP/6-311G(d,p) level and the higher-order con-
tributions are obtained from MP4(SDQ)/6-31+G(d,p) and
CCSD(T)/6-31+G(d’) computations.

The reliability of the CBS-QB3 method for the computation
of thermodynamic and kinetic data for hydrocarbon radical re-
actions was assessed previously.[2,8] It was found that the atom-
additivity-corrected CBS-QB3 method yields accurate standard
enthalpies of formation with a mean absolute deviation (MAD)
of 2.5 kJmol�1 over a test set of 58 hydrocarbon molecules
and radicals ranging from C1 to C10.

[2] The accuracy of the
B3LYP/6-311G(d,p) method was assessed for transition-state ge-
ometries.[2] This method is used for geometry optimizations in
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CBS-QB3. It was found that for transition states of hydrogen
abstraction reactions, B3LYP/6-311G(d,p) geometries show
good agreement with geometries from higher-level benchmark
calculations. All calculations were performed with the Gaussi-
an 98 computational package.[36]

The three fundamental components of the reaction rate ex-
pression [Eq. (1)] are the tunneling factor k(T), the partition
functions Qx(T), and the activation barrier at 0 K, DE�(0 K).
Herein, we will focus on the activation energies, DE�(0 K), and
develop a group contribution scheme for the activation ener-
gies. Methods for the accurate prediction of partition functions
will be developed separately. Although Arrhenius activation en-
ergies do not appear in the microscopic reaction rate expres-
sion [Eq. (1)] , they will be presented here because of their
common use in kinetic studies. If tunneling is neglected, Arrhe-
nius activation energies can be obtained from[29] [Eq. (2)]:

EaðTÞ ¼ DH�ðTÞ þ ð1� Dn�ÞRT ð2Þ

where Dn� is the change in the number of molecules in going
from the reactant to the transition state, that is, Dn�=0 for
unimolecular reactions and Dn�=�1 for bimolecular reactions
such as hydrogen abstractions. DH�(T), the enthalpy difference
between the transition-state structure and the reactants at
temperature T, is obtained from the CBS-QB3 ab initio calcula-
tions. The RT term and the temperature dependence of DH�(T)
make the Arrhenius activation energy temperature dependent,
and Arrhenius activation energies at 298 and 1000 K will be re-
ported. Except for the reaction rate coefficient calculations in
Section 3.1, the thermal corrections to DH�(T) were calculated
with the simple harmonic oscillator approximation and ne-
glecting tunneling. As will be shown in Section 3.1, this can
lead to an overestimation of the Arrhenius activation energies
by 5–10 kJmol�1 at 1000 K and by up to 20 kJmol�1 at 298 K.

2.2. Group Contribution Method for Activation Energies

The group contribution method for activation energies[3] is a
consistent extension of Benson’s group additivity method[4] for
standard enthalpies of formation of stable species. This
method allows activation energies to be calculated for all reac-
tions within a given family based on a limited number of pa-
rameters. In Benson’s method, a group is defined as “a polyva-
lent atom (ligancy�2) in a molecule together with all its li-
gands”.[4] A group is characterized as X-(A)i(B)j(C)k(D)l, where X
is the polyvalent central atom, attached to i A atoms, j
B atoms, etc. For hydrocarbons the central atom X is a carbon
atom. Different types of carbon atoms are distinguished: Cd

stands for a double- and Ct for a triple-bound carbon atom, CC
stands for a radical carbon center, and CB for a carbon atom in
a benzene ring. For every group a contribution to the standard
enthalpy of formation of a molecule is defined in Benson’s
method. Additional contributions for non-nearest-neighbor in-
teractions, such as gauche-, cis-, or 1,5-interactions, are also in-
cluded. All of the above contributions are called group additiv-
ity values (GAVs). The standard enthalpy of formation of a mol-
ecule is then written as a sum of GAVs [Eq. (3)]:

DfH
� ¼

X
i

GAVðCiÞ þ
X

j

GAVðNNNjÞ ð3Þ

where GAV(Ci) is the group additivity value for the group with
Ci as central atom, and GAV(NNNj) is a group additivity value
for a non-nearest-neighbor interaction.

Formally, the standard enthalpy of formation of a transition
state can be expressed in a similar way. A schematic represen-
tation of a hydrogen abstraction reaction and the correspond-
ing transition state are shown in Figures 1 and 2. It should be

stressed that in the transition state the two carbon atoms C1

and C2, which play a central role in the reactive moiety, may
not be classified in the five above-mentioned types of carbon
atoms, that is, C, CC, Cd, Ct, or CB. Therefore, new, transition-
state-specific types of carbon atom need to be introduced:
C1

TS and C2
TS. This leads to three categories of transition-state-

specific GAVs (Figure 2): i) primary GAVs for groups where Ci
TS is

a central atom: C1
TS-(X1)(X2)(X3) and C2

TS-(Y1)(Y2)(Y3) ; ii) secondary
GAVs for groups where Ci

TS is a ligand atom: Xi-(C1
TS)(L1)(L2)(L3)

and Yi-(C2
TS)(M1)(M2)(M3) ; and iii) tertiary GAVs for nonnearest-

neighbor interactions involving C1
TS and/or C2

TS, that is, for in-
teractions between Xi and Yi, or for modified interactions be-
tween Y1 and Mi on Y2 or Y3, etc. Groups further away from the
reactive moiety C1

TS···H···C2
TS do not include transition-state-

specific atom types and are therefore identical to correspond-
ing groups in the reactants: they are non-transition-state-spe-
cific groups.

In the transition state the transferred H atom is, in principle,
also a polyvalent atom (ligancy=2) and thus would require

Figure 1. Schematic representation of a hydrogen abstraction reaction. Ri in-
dicate alkyl substituents.

Figure 2. Schematic representation of the transition state of a hydrogen ab-
straction. The central atoms of the primary groups are enclosed by the full
line. The delimitation of the reactive moiety depends on the degree to
which neighbor effects are taken into account. The dotted line corresponds
to the reactive moiety if next-nearest-neighbor effects can be neglected.

190 www.chemphyschem.org 7 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemPhysChem 2006, 7, 188 – 199

G. B. Marin et al.

www.chemphyschem.org


transition-state-specific GAVs. However, in the reactants, the
transferred H atom, ···H···, is associated to the C2 group
(Figure 1). Analogously, in the transition state the ···H··· atom
can be included in the C2

TS group by definition. The standard
enthalpy of formation of the transition state can now be ex-
pressed as [Eq. (4)]:

DfH
�ðTSÞ ¼

X2

i¼1

GAVðCTS
i Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

primary GAVs

þ
X3

k¼1

GAVðXkÞ þ
X3

l¼1

GAVðYlÞ
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

secondary GAVs

þ
X

j

GAVðNNNjÞ
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

tertiary GAVs

þ
X

GAV|fflfflfflffl{zfflfflfflffl}
non�TS�specific

ð4Þ

The activation energy is determined by the difference be-
tween the enthalpy of formation of the transition state and
the enthalpy of formation of the reactants. It can therefore be
expressed as a sum of DGAVs, the so-called activation group
additivity values (Eqs. (2)–(4) and Figure 2) [Eq. (5)]:

EaðTÞ ¼
X2

i¼1

DGAVðCiÞ
|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

primary

þ
X3

k¼1

DGAVðXkÞ þ
X3

l¼1

DGAVðYlÞ
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

secondary

þ
X

j

DGAVðNNNjÞ
|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

tertiary

þ2RT
ð5Þ

where [Eq. (6)]

DGAV ¼ GAVðTSÞ � GAVðReactantÞ ð6Þ

Only DGAVs for transition-state-specific groups remain in the
expression, as the non-transition-state-specific GAVs cancel.
The primary and secondary activation group additivity values,
DGAV, are determined by the difference in GAVs of groups that
differ in only one atom: for example, C1C-(C)(H)3 and C1

TS-(C)(H)3,
or C-(C2)(C)(H)2 and C-(C2

TS)(C)(H)2. The magnitude of the
DGAVs can be estimated from the variation of the GAVs of
stable molecules. GAVs vary strongly with the carbon type of
the central atom: for example, C-(C)(H)3 amounts to
�41.8 kJmol�1, whereas CC-(C)(H)2 is 171.5 kJmol�1.[4] Therefore
the primary DGAVs can be expected to be large. GAVs vary
much less with the carbon type of the ligand atom: for exam-
ple, C-(C)2(H)2 is �20.9 kJmol�1 and C-(CC)(C)(H)2 is
�20.6 kJmol�1.[4] The secondary DGAVs can thus be expected
to be small. GAVs for non-nearest-neighbor interactions are in
general small, typically 3 to 5 kJmol�1 [4] and the tertiary DGAVs
can also be expected to be small. The main contribution to the
activation energy will therefore come from the primary activa-
tion group additivity values, DGAV(Ci). Calculations did indeed
confirm that secondary and tertiary effects on the activation
energy can be neglected to a good approximation for reac-
tions involving hydrocarbon radicals (see the Supporting Infor-
mation).

Equation (5) can be made more accessible for applications
by introducing a reference or standard reaction. The activation

energy of the reaction under study is then written as the acti-
vation energy of the reference reaction plus perturbation
terms that take into account the structural differences between
the reference reaction and the studied reaction [Eq. (7)]:

EaðTÞ ¼ Ea,RefðTÞ þ
X2

i¼1

DGAV�ðCiÞ
|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

primary

þ
X3

i¼1

DGAV�ðXiÞ þ
X3

i¼1

DGAV�ðYiÞ
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

secondary

þ
X

j

DGAV�ðNNNjÞ
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

tertiary

ð7Þ

This alternative formulation corresponds to a shift of the ref-
erence point for the activation energies from 0 kJmol�1 in
Equation (5) to Ea,Ref in Equation (7).

An advantage of this formulation is that the leading term of
the activation energy, given by the reference reaction, is sepa-
rated from the perturbation. Since ab initio calculations yield
more accurate relative than absolute data,[14,20, 37] the perturba-
tion terms, DGAV8, can be expected to be more accurate than
the leading Ea,Ref term. In principle then, the accuracy of the
group contribution method can be further enhanced by ob-
taining the activation energy for the reference reaction from
accurate experimental data or from very high-level ab initio
methods. A second advantage is that most of the temperature
effect on the Arrhenius activation energies Ea(T) will be taken
into account through the reference activation energy, Ea,Ref(T),
and hence the standard activation group additivity values,
DGAV8s, are much less temperature dependent than the
DGAVs in Equation (5). As stated, the focus of this paper will
be on the more fundamental activation barrier at 0 K, DE�(0 K),
and the standard activation group additivity values, DGAV8,
will be derived for the barrier at 0 K. However, the reported
DGAV8s can be expected to be rather accurate for Arrhenius
activation energies at different temperatures as well, since the
main temperature effect is absorbed into the reference activa-
tion energy and the latter will be significantly temperature de-
pendent.

The validity of Equations (5) and (7) depends on the validity
of the group additivity method for the standard enthalpy of
formation of the transition state [Eq. (4)] . Recently, Sumathi
et al.[7c] discussed this point for hydrogen abstraction reactions
and gave a qualitative justification for the group concept
using an atoms-in-molecules[38] analysis. In this work the validi-
ty of the group concept is tested by comparing results from
the group contribution method with ab initio CBS-QB3 activa-
tion energies, DE�(0 K). Clearly, direct comparison of the theo-
retical activation energies with experimental data would be
preferable. However, as discussed in our previous paper,[2] ex-
perimental Arrhenius activation energies are not available for
most of the reactions studied. Moreover, as illustrated in Sec-
tion 3.1, the available experimental activation energies show
large discrepancies among each other, which hampers a direct
comparison with the theoretical predictions. Indeed, most ex-
perimental studies report reaction rate coefficients, or the de-
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rived Arrhenius activation energies, rather than the more fun-
damental DE�(0 K).

3. Results and Discussion

In this section, a database of accurate ab initio activation ener-
gies for a large set of homologous hydrogen abstraction reac-
tions, including primary, secondary, and tertiary alkylic, allylic,
vinylic, naphthenic, benzylic, and propargylic radicals, is con-
structed. The goal is to determine the standard activation
group additivity values, DGAV8 [Eq. (7)] , for the dominant pri-
mary groups from the ab initio database. The accuracy of the
ab initio predicted reaction rate coefficients is illustrated in
Section 3.2. Next, the primary standard activation group addi-
tivity values are derived and the importance of the secondary
standard activation group additivity values is discussed. In the
last section the group contribution method is validated by
comparison with a large set of ab initio CBS-QB3 activation en-
ergies for reactions not included in the ab initio database.

3.1. Assessment of the Ab Initio Reaction Rate Coefficients

To illustrate the accuracy of the selected CBS-QB3 ab initio
method, reaction rate coefficients were calculated for three
well-studied hydrogen abstraction reactions [Eqs. (8a), (8b),
and (8c)]:

CH3
C þ C2H6 ! CH4 þ C2H5

C ð8aÞ

CH3
C þ C3H8 ! CH4 þ iso-C3H7

C ð8bÞ

CH3
C þ C2H4 ! CH4 þ C2H3

C ð8cÞ

and compared with experimental reaction rate coefficients ob-
tained from the NIST chemical kinetics database.[39]

Arrhenius diagrams of the predicted reaction rate coeffi-
cients, calculated using Equation (1), are plotted in Figure 3, to-
gether with available experimental data. Table 1 gives an over-
view of the calculated activation energies using different levels
of theory, and compares the predicted values with experimen-
tal Arrhenius activation energies. Note that reaction rates are
measured experimentally, and that the Arrhenius activation en-
ergies are derived parameters. As a result, important differen-
ces between the reported experimental Arrhenius activation
energies can be found (Table 1), although the reported experi-
mental reaction rate coefficients agree fairly well (Figure 3).

For the well-studied reaction (8a), see Figure 3a, very good
agreement between the experimental and ab initio reaction
rate coefficients is found over the entire temperature range of
300–1500 K. The good agreement is reflected by the Arrhenius
activation energies (Table 1). At 298 K, the ab initio activation
energy seems slightly low, possibly because the large effect of
tunneling on the activation energy is slightly overestimated by
the approximate one-dimensional Eckart model based on a
fitted potential. Correctly treating the internal rotations as hin-
dered rotors instead of harmonic oscillators lowers the calcu-

lated activation energies, especially at higher temperatures.
Tunneling effects are most important at lower temperatures
and lower the calculated Arrhenius activation energies by
23 kJmol�1 at 298 K. The combination of hindered rotor parti-
tion functions and Eckart tunneling lowers the calculated Ar-
rhenius activation energies by about 24 kJmol�1 at 298 K and
by about 9 kJmol�1 at 1000 K.

Figure 3. Comparison of ab initio CBS-QB3 predicted rates with literature
data from the NIST chemical kinetics database.[39] a) Hydrogen abstraction
from ethane by a methyl radical. b) Abstraction of a secondary hydrogen
atom from propane by a methyl radical. c) Hydrogen abstraction from
ethene by a methyl radical.
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For reaction (8b), fair agreement is observed for the reaction
rates (Figure 3b), in particular with the direct experimental
data of Mintz et al.[40] and, at lower temperatures, with the
data of Tsang.[41] At higher temperatures the ab initio predic-
tion overestimates the reaction rate coefficients put forward in
a review article by Tsang.[41] The ab initio Arrhenius activation
energies in Table 1 are in good agreement with the experimen-
tal values. The ab initio activation energy at 650 K
(50.1 kJmol�1) agrees reasonably well with the experimental
value of 55.5 kJmol�1 reported by Mintz et al.[40]

For reaction (8c), important differences can be found be-
tween the experimental reaction rate coefficients from differ-
ent studies (Figure 3c). The reaction rate coefficient for this re-
action is difficult to measure, because the significantly faster
radical addition reaction occurs simultaneously. Indeed, the ab
initio barrier for methyl radical addition is 38 kJmol�1 lower
than the ab initio barrier for hydrogen abstraction. Our ab
initio rate coefficient agrees with the experimental data from
Ahonkai et al.[39] and Zhang et al. ,[42] but is significantly lower
than the values presented in reviews by Tsang et al.[43] and
Baulch et al.[44] The slope of the ab initio values, however,
agrees rather well with the data from Tsang et al.[43] The ab
initio activation energy in the 650–700 K range (71.1 kJmol�1)
is comparable to the experimental value of 71.6 kJmol�1 re-
ported by Ahonkhai et al.[39]

In general it can be concluded that our ab initio method
predicts reaction-rate coefficients within a factor 2 to 4 of ex-
perimental data and Arrhenius activation energies within 3–
5 kJmol�1. A similar observation was made by Sumathi and
Green for the analogous CBS-Q method.[7a] In a benchmark
study on hydrogen abstraction reactions, Coote also found
that the CBS-QB3 method can accurately predict abstraction
barriers, typically within 2 kJmol�1 of very high-level W1 ab
initio calculations.[8] The CBS-QB3 barriers were found to be
generally slightly lower than the W1 barriers. Comparison with
experimental data, on the other hand, seems to suggest that
the CBS-QB3 barriers are slightly high. However, comparison
with experimental Arrhenius activation energies remains diffi-
cult because of the important uncertainty in the experimental
values.

3.2. Ab Initio Database of Activation Energies
and Determination of the Standard Activation
Group Additivity Values

Activation energies were calculated for hydrogen abstraction
reactions by methyl radicals at various types of carbon atoms
and for the reverse reactions, that is, abstraction of a hydrogen
atom from methane by various types of hydrocarbon radicals.
This allows quantification of the influence of the structure near
the abstracted hydrogen atom (C2 in Figure 1) and the influ-
ence of the structure of the abstracting radical (C1 in Figure 1)
on the activation energy. In addition to the fundamental acti-
vation barrier at 0 K [DE�(0 K)] , we also report the Arrhenius
activation energies at 298 and 1000 K. The focus of the discus-
sion will be on the 0 K barrier.

Particularly relevant to our discussion is the work by Sumathi
et al.[7] These authors have studied hydrogen abstractions by
hydrogen radicals from various alkanes, alkenes, and alkynes,
and abstractions by methyl radicals from alkanes. They derived
GAVs from modified CBS-Q calculations for the enthalpy of for-
mation of the transition state. Their approach differs from the
approach used herein in a number of ways: i) the central con-
cept in their approach is the enthalpy of formation of the tran-
sition state, whereas in our approach the activation energy is
the central concept; ii) Sumathi et al. combine experimental
GAVs for the reactants with theoretical GAVs for the transition
state, but in our approach all parameters are derived from first
principles, thus leading to a thermodynamically consistent
method;[3] and iii) the group additivity method of Sumathi
et al. introduces so-called supergroups. A supergroup is not a
Benson group but encompasses the abstracting radical atom,
the transferred hydrogen atom, and the formed radical carbon
atom, that is, two Benson-type groups. Our method uses only
Benson groups, which allow an order of magnitude reduction
of the number of GAVs. Indeed, whereas the approach of Su-
mathi et al. requires C2

29=406 GAVs for 29 types of radicals, our
approach requires only 2R28 DGAV8s. Moreover, supergroups
are much larger than Benson groups and many supergroup
GAVs are too large for high-level ab initio calculations, for ex-
ample, groups involving combinations of allylic, propargylic, or
benzylic species. The large computational cost limited the
number of supergroup GAVs reported by Sumathi et al. to 27.

In Table 2, CBS-QB3 activation energies are reported for ab-
stractions by methyl radicals that form 29 different product

Table 1. Overview of ab initio CBS-QB3 and experimental[39] activation energies. Influence of the level of theory and of the temperature.

DE�(0 K) ab initio Arrhenius Ea (298 K) Arrhenius Ea (1000 K)
HO[a] HR[a] HR+T[a] Experimental HO[a] HR[a] HR+T[a] Experimental

CH3C+C2H6!CH4+C2H5C 58.9 60.3 59.1 35.9 40.2;[b] 44.6[c] 78.4 73.6 69.5 56.5;[d] 68.0;[c] 75.2[b]

CH3C+C3H8!CH4+ iso-C3H7C 48.5 50.5 49.6 29.3 31.5[e] 68.8 63.9 60.2 43.1;[f] 51.7;[e] 55.5[g]

CH3C+C2H4!CH4+C2H3C 69.3 70.7 69.6 50.7 49.0[c] 88.7 84.8 80.9 46.6;[h] 63.0;[i] 70.6;[c] 71.6[j]

[a] HO: harmonic oscillator approximation; HR: hindered rotor approximation without tunneling; HR+T: hindered rotor approximation with Eckhart tunnel-
ing. [b] Ref. [44] (experimental temperature range: 300–1500 K). [c] Ref. [43] (300–2500 K). [d] Ref. [47] (1100–1400 K). [e] Ref. [41] (300–2500 K). [f] Ref. [48]
(1100–1145 K). [g] Ref. [40] (609–648 K). [h] Ref. [44] (400–3000 K). [i] Ref. [42] (650–770 K). [j] Ref. [39] (673–766 K).
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Table 2. Ab initio activation energies [kJmol�1] for hydrogen abstraction reactions. Influence of the structure of the abstracting radical and of the abstract-
ed hydrocarbon molecule.

Reaction Forward Reverse
0 K 298 K 1000 K 0 K 298 K 1000 K

1 58.8 55.7 63.3 56.0 56.0 66.5

2 71.0 71.0 88.7 71.0 71.0 88.7

3 58.9 60.3 78.4 75.2 75.8 94.2

4 48.5 50.5 68.8 76.7 77.6 96.8

5 38.3 41.1 59.6 73.9 75.5 96.1

6 42.9 44.3 62.2 117.7 120.3 140.0

7 34.8 36.8 55.1 123.4 125.9 145.8

8 28.5 30.8 49.0 124.1 126.3 146.6

9 25.2 27.4 45.9 154.2 157.7 178.3

10 20.7 22.6 40.7 156.2 158.9 179.6

11 46.5 47.7 65.5 106.4 109.5 129.1

12 40.7 42.9 61.1 110.6 113.1 133.0

13 37.0 39.2 57.6 116.6 115.9 134.4

14 46.3 47.4 65.4 104.4 105.7 124.6

15 37.3 39.4 57.6 108.8 110.4 130.0

16 29.0 31.7 50.1 110.7 112.2 132.5

17 27.1 29.3 47.5 132.5 135.2 155.4

18 20.9 23.4 41.8 136.2 138.1 158.8

19 69.3 70.7 88.7 47.2 49.0 68.7

20 59.4 61.5 79.6 50.4 52.6 72.9

21 59.1 61.4 79.4 80.1 82.2 101.4

22 58.0 60.4 78.3 73.9 75.2 94.0

23 48.6 50.6 68.5 69.0[a] 69.7[a] 89.1[a]

24 115.6 120.9 128.9 0.0 0.0 0.0

25 74.5 77.3 95.1 34.7 38.1 59.1

26 47.8 50.4 68.7 73.0 75.3 94.7

27 44.2 45.9 64.0 81.0 83.2 102.4

28 37.5 40.1 58.2 70.5 72.5 93.0

29 31.3 33.6 51.9 122.4 125.2 145.3

[a] CBS-RAD (QCISD,B3LYP).[45]
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radicals and for the reverse reactions. The activation energies
for these two homologous sets of reactions are sufficient to
derive all the primary standard group additivity values for hy-
drogen abstraction reactions.

The activation energies, DE�(0 K), for the forward reactions
vary between 20.7 and 115.6 kJmol�1, whereas for the reverse
reactions the activation energies lie between 0.0 and
156.2 kJmol�1. To understand the factors governing the ab-
straction barrier, the activation energies from Table 2 are plot-
ted against the standard reaction enthalpies, DrH(298 K) (see
Figure 4). It is clear that the relative strength of the breaking

and the forming C�H bond is the determining factor for the
activation energy for this set of reactions. However, the trend
deviates significantly from a linear Evans–Polanyi-type correla-
tion[46] [Eq. (9)]:

Ea ¼ E0
a þ gpDrH ð9Þ

The curve in Figure 4 was obtained using a model proposed
by Blowers and Masel,[28] which is a refinement of the Evans–
Polanyi model [Eq. (10)]:

Ea ¼
D0,AHþD0,BHþDrH

�

2

	 

VP � D0,AH � D0,BH þ DrH

�ð Þ2

V2
P � ðD0,AH þ D0,BHÞ2 þ DrH�2 ,

for� 4E0
a < DrH

� < 4E0
a

ð10Þ

where DrH8 is the standard reaction enthalpy, D0,AH (BH) is the
bond dissociation enthalpy for AH (BH), and Ea

0 is the intrinsic
barrier, that is, the activation energy for DrH8=0. For very exo-
thermic or very endothermic reactions, there is no classical
transition state. The intrinsic barrier, Ea

0, depends on several
generally unknown parameters, such as the parameters of the
Pauli interaction potential, and can be treated as a fitting pa-
rameter. VP is a parameter related to the intrinsic barrier and to
the bond dissociation enthalpies [Eq. (11)]:

VP ¼ D0,AH þ D0,BHð Þ ðD0,AH þ D0,BH þ 2E0
a Þ

ðD0,AH þ D0,BH � 2E0
a Þ

ð12Þ

Equation (10) is rather insensitive to the value of the average
bond dissociation energy, (D0,AH+D0,BH)/2. For the curve in
Figure 4 the average bond dissociation energy was fixed at
400 kJmol�1, a typical value for C�H bonds. Varying the aver-
age bond dissociation energy between 350 and 450 kJmol�1

changes the predicted activation energies by less than
0.2 kJmol�1 for the range of reaction enthalpies considered in
Figure 4. The intrinsic barrier Ea

0 was treated as an adjustable
parameter and an optimized value of 64.0	1.7 kJmol�1 was
determined. Note that the ab initio value for the intrinsic barri-
er is 71.0 kJmol�1 (reaction (2) in Table 2). Changing the intrin-
sic barrier to the ab initio value of 71.0 kJmol�1 increases the
predicted activation energies by 5 to 7 kJmol�1. Since Equa-
tion (10) varies only with the standard reaction enthalpy, the
barrier for hydrogen abstractions involving methyl radicals is
almost exclusively determined by the relative stability of the
reactant and product radicals.

The standard activation group additivity values, DGAV8(Ci
TS),

can now be derived from the activation energies in Table 2.
The symmetric abstraction of a hydrogen atom from methane
by a methyl radical is chosen as the reference reaction. This is
the smallest reaction in the homologous set, and it would be
possible to perform highly accurate quantum chemical calcula-
tions for the activation energy for this reaction or to use accu-
rate experimental data. The standard activation group additivi-
ty values are obtained from Table 2 by taking the difference
between the activation energy for the reaction in which the
corresponding group occurs and the activation energy of the
reference reaction. For example, the standard activation group
additivity value DGAV8 for the C1

TS-(Cd)(C)2 group (i.e. , for a ter-
tiary allylic abstracting radical, Figures 1 and 2) is obtained
from the difference between the activation energy for reverse
reaction (8) and the activation energy for the reference reac-
tion (2), that is, 124.1�71.0=53.1 kJmol�1. The standard activa-
tion group additivity values for C2

TS-(Cd)(C)2 (i.e. , for a reaction
forming a tertiary allylic radical) is 28.5�71.0=�42.5 kJmol�1.
In this way one primary DGAV8 can be obtained from every
calculated activation energy, and the reactions in Table 2 are a
minimal set to obtain all standard activation group additivity
values. The resulting primary standard activation group addi-
tivity values for activation energies are given in Table 3. Pri-
mary standard activation group additivity values for Arrhenius
activation energies at 298 and 1000 K can be obtained in a
similar way. The standard activation group additivity values
can now be used to calculate activation energies for hydrogen
abstraction reactions not included in the ab initio database.

3.3. Validation and Application of the Group Contribution
Method

In this section, the accuracy of the group contribution method
is discussed and its use is illustrated. For example, the activa-
tion energy for the abstraction of a tertiary hydrogen atom by
a primary vinyl radical :

Figure 4. Evans–Polanyi plot for the hydrogen abstraction reactions from
Table 2. The curve corresponds to the model of Blowers and Masel[28]

[Eq. (10)] with an adjusted value of 64.0 kJmol�1 for the intrinsic activation
energy Ea

0.
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involves the primary groups C1,d
TS-(H) and C2

TS-(C)3. An activa-
tion energy of 71.0+ (�23.8)+ (�32.7)=14.5 kJmol�1 is ob-
tained with the data from Table 3. For comparison, the activa-
tion energy for this reaction was calculated with the ab initio
CBS-QB3 method. The ab initio value of 15.3 kJmol�1 is in
agreement with the group contribution prediction.

The abstraction of a primary allylic hydrogen atom by a terti-
ary allylic radical was chosen as a second example:

The primary groups for this reaction are C1
TS-(Cd)(C)2 and

C2
TS-(Cd)(H)2 and the group contribution activation energy is

71.0+53.1+ (�28.2)=95.9 kJmol�1. The CBS-QB3 ab initio
value for this reaction is 77.8 kJmol�1, a difference of
18.1 kJmol�1.

This surprisingly large deviation led us to test the group
contribution method for a larger set of reactions. Four charac-
teristic radicals were included in the test set: hydrogen, isobu-
tyl, primary allyl, and primary vinyl radicals. These radicals were
selected for their distinctive nature as well as for their impor-
tance during hydrocarbon radical chemistry. Abstraction from
13 types of groups was considered: dihydrogen; primary, sec-
ondary, and tertiary alkylic, allylic, and propargylic ; primary and
secondary vinylic ; and secondary vinylic/allylic. The barriers for
the reverse reactions were also calculated. The activation ener-
gies DE�(0 K) for all 88 reactions are presented in Table 4. The
group contribution activation energies were also calculated for
these reactions. The deviations with the ab initio values, that
is, group contribution activation energy minus ab initio activa-
tion energy, are given in Table 5. Absolute deviations larger
than 10 kJmol�1 are written in boldface. Note that Table 5 is
symmetric. It can be shown that the deviations in Table 5 are
equal to the difference between the enthalpy of formation of
the transition state predicted by the group additivity method
[Eq. (5)] and the ab initio value, and are independent of the en-
thalpy of formation of the reactants. Therefore, the deviations
are independent of the direction of the reaction. It can be con-
cluded that the group contribution activation energies are
rather accurate for hydrogen-transfer reactions involving hy-
drogen, alkylic hydrocarbons, and vinylic hydrocarbons, the
largest deviations being less than 6 kJmol�1, and that Benson’s
group additivity method can be applied to the transition-state
enthalpy of formation for these reactions [Eq. (4)] .

Much larger deviations are found for reactions between allyl-
ic and propargylic hydrocarbons. In all cases, the group contri-
bution method overestimates the activation energy. Clearly,
Benson’s group additivity method [Eq. (5)] does not hold for
the transition-state enthalpy of formation of these reactions.
To understand the origin of these deviations, the activation en-
ergies of Tables 2, 4, and 5 were plotted against the standard
reaction enthalpies, together with the model of Blowers and
Masel [Eq. (10)] , by using the same intrinsic activation energy
(Ea

0=64.0 kJmol�1) as for the previous set of reactions (see
Figure 5). The same trend is again observed, but much larger
deviations are found this time. The largest deviations are
found toward lower activation energies, that is, the Blowers–
Masel model also overestimates the activation energies, similar
to the group contribution method. The deviations can be relat-
ed to additional stabilization of the transition state relative to
the transition state that is expected from reactions involving
methyl radicals. We believe resonance effects cause these devi-
ations. In the transition state, some stabilization by resonance
occurs for all reactions involving an allylic or propargylic radi-
cal. The degree of resonance stabilization is, however, very dif-
ferent for the reactions between an allylic radical and meth-
ane—the reactions that were used to determine the DGAV8s—
and the reactions involving two allylic radicals. The reactions

Table 3. Standard activation group additivity values and activation
energy of the reference reaction [kJmol�1] for the group contribution
method for hydrogen abstraction activation energies, DE�(0 K).
Reference reaction:

Activation energy of the reference reaction: 71.0
Group[a] DGAV8(C1

TS) DGAV8(C2
TS)

H �15.0 �12.2
Ci-(C)(H)2 +4.2 �12.1
Ci-(C)2(H) +5.7 �22.5
Ci-(C)3 +2.9 �32.7
Ci-(Cd)(H)2 +46.7 �28.2
Ci-(Cd)(C)(H) +52.4 �36.3
Ci-(Cd)(C)2 +53.1 �42.5
Ci-(Cd)2(H) +83.2 �45.8
Ci-(Cd)2(C) +85.2 �50.3
Ci-(Ct)(H)2 +33.4 �24.7
Ci-(Ct)(C)(H) +37.8 �33.7
Ci-(Ct)(C)2 +39.7 �42.0
Ci-(Ct)2(H) +61.5 �43.9
Ci-(Ct)2(C) +65.2 �50.1
Ci-(CB)(H)2 +35.4 �24.5
Ci-(CB)(C)(H) +39.6 �30.3
Ci-(CB)(C)2 +45.6 �34.0
Ci,d-(H) �23.8 �1.7
Ci,d-(C) �20.6 �11.6
Ci,d-(Cd) +9.1 �11.9
Ci,d-(Ct) �2.0 �22.4
Ci,t �71.0 +44.6
Ci,B �36.3 +3.5
Ci,cyclo�6-(H) +2.0 �23.2
Ci,cyclo�6-(C) �0.5 �33.5
Ci,cyclo�5-(H) +10.0 �26.8
Ci,cycloallylic-(H) +51.4 �39.7

[a] C: alkylic carbon atom; Cd: double-bound carbon atom; Ct: triple-
bound carbon atom; CC : radical carbon atom; CB: carbon atom in a ben-
zene ring; Ccyclo-6 : alkylic carbon atom in a six-membered ring; Ccyclo-5 : al-
kylic carbon atom in five-membered ring; Ccycloallylic : allylic carbon atom in
a six-membered ring
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with methane are rather endothermic and the transition state
is product-like. The radical electron is mostly located at the
methyl species and little resonance stabilization occurs. Reac-
tions involving two allylic radicals are nearly thermoneutral,
and in the transition state both species have important radical
character and are stabilized by resonance effects. This observa-
tion was verified by inspection of the Mulliken spin densities in
the transition states of reactions (12) and (13):

Spin densities of 0.60 (C1) and 0.95 (C2) were calculated for
the transition state of reaction (12). For reaction (13), the spin
density at C1 and C2 amounts to 0.78, which indicates the

Table 4. Database of ab initio activation energies, DE�(0 K) [kJmol�1] for hydrogen abstraction reactions to test the validity of the group contribution
method.

H2 39.8 61.3 61.8 59.6 105.3 111.1 113.9 40.9 41.9 74.7 95.0 99.1 102.0

42.3 61.0 101.6 34.9

30.9 48.6 88.7 24.2

21.2 41.6 41.2 37.6 75.4 80.3 79.2 15.3 15.5 45.2 61.3 64.7 66.0

27.7 43.0 42.0 36.2 79.3 79.5 77.8 21.2 20.9 49.8 66.7 67.6 66.5

19.8 27.3 65.7 11.2

15.5 19.1 57.0 5.9

60.2 73.3 74.5 73.0 118.2 122.0 123.7 44.5 47.7 76.3 102.5 107.3 110.1

48.1 60.1 104.7 34.6

51.0 59.9 103.7 33.2

34.2 38.9 83.5 22.3

24.8 28.9 71.0 13.6

17.6 19.9 59.7 6.3

Table 5. Deviations between the ab initio activation energies, DE�(0 K), from Table 4 and the group contribution value (group contribution activation
energy minus ab initio activation energy) [kJmol�1] . Absolute deviations larger than 10 kJmol�1 are written in boldface.

H2 4.0 1.7 2.7 2.1 0.1 0.0 �2.0 �5.9 �3.7 �6.9 �2.9 �2.5 �3.5

1.7 0.8 4.1 0.2

2.7 2.8 6.5 0.5

2.1 0.8 2.8 3.6 9.6 10.4 12.3 �0.8 2.2 2.1 10.3 11.3 12.0

0.1 4.1 6.5 9.6 10.2 15.7 18.1 �2.2 1.4 2.1 9.6 13.0 16.0

0.0 10.4 15.7 �0.3

�2.0 12.3 18.1 �1.2

�5.9 0.2 0.5 �0.8 �2.2 �0.3 �1.2 1.1 1.0 2.1 0.2 �0.1 �1.1

�3.7 2.2 1.4 1.0

�6.9 2.1 2.2 2.1

�2.9 10.3 9.6 0.2

�2.5 11.3 13.0 �0.1

�3.5 12.0 16.0 �1.1
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higher radical character of both allylic carbon atoms in the
transition state of this reaction. The difference in the location
of the transition states also follows from a comparison of the
transition-state geometries. For example, for reaction (12) the
C1–H distance at the transition state is 127 pm, and for reac-
tion (13) it is 137 pm. Similar values are found for other reac-
tions involving resonance-stabilized radicals. The group contri-
bution method underestimates the resonance stabilization
effect and therefore overestimates the activation energy for re-
actions between resonance-stabilized radicals.

At first sight, the introduction of additional standard activa-
tion group additivity values for HTS-(C1)(C2) might account for
these structural differences and might improve the group con-
tribution method for these reactions. However, this approach
would not improve the agreement for allylic radicals, since the
same group HTS-(C1)(C2) occurs for allylic and alkylic radicals.
Additional DGAV8s would, however, be required for abstrac-
tions by hydrogen radicals, HTS-(H)(C2), and by vinylic radicals,
HTS-(C1,d)(C2), for which the group contribution method gives
satisfactory results. A better way to improve the group contri-
bution method for hydrogen abstractions involving allylic and
propargylic radicals is the introduction of an additional term to
account for the resonance stabilization. The degree of reso-
nance stabilization is related to the deviation of the transition-
state geometry from the geometry of the methane+allylic/
propargylic radical reaction and can be estimated from the re-
action enthalpy. For reactions involving a resonance-stabilized
radical, the stabilization increases when the transition state be-
comes more similar to the resonance-stabilized radical. Hence,
for reactions involving a resonance-stabilized radical reactant,
the stabilization increases when the reaction is more exother-
mic, and vice versa. This is illustrated in Figure 6, where the de-
viations between the group contribution activation energies
and the ab initio values are plotted for the reactions involving
a primary allylic radical as a function of the difference in reac-
tion enthalpy between the studied reaction and the reaction
involving methane. The correction term can be estimated by
[Eq. (14)]

D ¼ 0.179 
 DrHð298KÞ � DrHð298K; methaneÞ½ � ð14Þ

where DrH(298 K) is the reaction enthalpy of the studied reac-
tion and DrH(298 K;methane) is the reaction enthalpy for the
reaction between the primary allyl radical and methane,
+76.1 kJmol�1. For reaction (13) the correction term amounts
to 0.179 (0.0 kJmol�1�76.1 kJmol�1)=�13.6 kJmol�1. From the
data in Table 3 an activation energy of 71.0+
46.7�28.2�13.6=75.9 kJmol�1 is calculated, in reasonable
agreement with the ab initio value of 79.3 kJmol�1. For the re-
action between a tertiary allyl radical and propene, with an ab
initio activation energy of 77.8 kJmol�1, the prediction im-
proves even more: from 95.9 to 78.8 kJmol�1. Equation (14)
can also be applied to reactions involving other resonance-sta-
bilized radicals. For example, for the reaction between a terti-
ary butyl radical and 3-methyl-1-butyne, the group contribu-
tion method predicts an activation energy of 31.9 kJmol�1.
After applying Equation (14), a value of 25.6 kJmol�1 is ob-
tained, which is in better agreement with the ab initio value of
19.9 kJmol�1. A more detailed study of reactions involving res-
onance-stabilized radicals is required to establish the accuracy
of Equation (14) for determining the activation energy of reac-
tions involving various types of resonance-stabilized radicals.

4. Conclusions

Hydrocarbon hydrogen abstraction reactions play an important
role in many complex radical reaction networks. A kinetic data-
base of accurate CBS-QB3 ab initio activation energies has
been constructed for a set of 148 hydrogen abstraction reac-
tions.

The group contribution method for activation energies[3]

was extended to the family of hydrocarbon hydrogen abstrac-
tion reactions. The required standard activation group additivi-
ty values were derived from a minimal set of 57 high-level ab
initio activation energies. The validity of the group contribu-
tion method was extensively tested by comparing group con-
tribution activation energies with ab initio CBS-QB3 values. The

Figure 5. Evans–Polanyi plot for the hydrogen abstraction reactions from
Table 4. The curve corresponds to the model of Blowers and Masel[28]

[Eq. (10)] with a value of 64.0 kJmol�1 for the intrinsic activation energy Ea
0.

Figure 6. Deviations between activation energies, DE�(0 K), obtained from
the group contribution method (GCM) and ab initio values (AI) as a function
of the difference in reaction enthalpy between the studied reaction and the
reaction with methane for reactions involving a primary allylic radical.
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group contribution method yields accurate activation energies
for hydrogen-transfer reactions between hydrogen, alkylic hy-
drocarbons, and vinylic hydrocarbons. For reactions involving
resonance-stabilized radicals, such as allyl and propargyl radi-
cals, the transition state is believed to be stabilized by reso-
nance effects and the group contribution method overesti-
mates the activation energies, with deviations up to
18 kJmol�1. A general correction factor to account for reso-
nance stabilization effects in the transition state is proposed.
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