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Reliable estimates of high-pressure-limit reaction rates as a function of temperature are essential for the
development of reaction sets that can be used to model complex chemical processes. As these reaction rates
depend primarily on the thermodynamic properties of the reactants and the corresponding transition state,
this work attempts to predict these properties within the framework of group additivity. Using ab initio
calculations at the CBS-Q level, with additional HF/6-31G(d′) potential energy surfaces (PES) to define the
hindrance potential for internal rotations, we calculate heats of formation (∆fH298), entropies (S298), and heat
capacity values (Cp(T)) of species involved in prototypical H abstraction reactions. From these, we derive
new group additivity values (GAV) for transition-state-specific moieties. The new GAV allow rapid calculation
of reaction rates for entire reaction families with good accuracy. This work presents a detailed description of
the methodology and has its focus on H abstraction from alkanes by H and CH3. Subsequent papers will
apply this methodology to derive GAV for other reaction families of interest in combustion processes.

Introduction

An adequate description of complex chemical reaction
systems found in industrial or environmental applications
requires large compilations of reactions. The number of reactions
in such mechanisms can easily reach up to 10 000, involving
about 1000 different species. Development and maintenance of
such big reaction sets is tedious, time-consuming, and prone to
errors. Thus, kineticists consider more and more the use of
computer-based tools which allow automated generation of
reaction mechanisms.1-13 Besides knowledge about all possible
reaction types, such software needs to “know” the rates of
individual reactions under the reaction conditions of the model.
Experimental reaction rates are used if possible, but it is very
difficult to derive reliable kinetic parameters over the entire
range of reaction conditions even when good experimental data
are available. The common procedure of extrapolating rate
parameters to the conditions of interest can lead to severe errors.
Alternative approaches are therefore needed.

High-pressure-limit rate constants can be calculated to a high
level of accuracy using statistical mechanics and molecular
parameters computed from an appropriate level of quantum
chemistry. Statistical transition state theory is now well estab-
lished experimentally,14 and its connection to exact quantum
scattering calculations is well understood.15 Although a few
cases have been found where the RRKM ergodicity assumption
breaks down, TST rates are believed to be reliable for the vast
majority of reactions of polyatomic molecules. Such reaction
rates are not only of importance for high-pressure systems but
also serve as input parameters to determine the pressure
dependence of reactions in programs such as Chemdis16 or
MultiWell.17 However, sophisticated ab initio calculations are
limited to relatively small molecules due to CPU time and

storage space restrictions. Reactions of practical interest fre-
quently involve large reactants, and kinetic information for these
can only be estimated from model systems. Estimation rules
based on linear free energy relationship and other correlations
have been known for a long time.18-20 Although useful for
certain specific applications, these rate rules have severe
drawbacks and limitations such as thermodynamic inconsistency,
missing information about Arrhenius factors (A factor) or lack
of universality. Ranzi et al.21 showed that rate estimation rules
for abstraction reactions can be found based on a critical
evaluation of literature data. Unfortunately, kinetic information
for other reaction classes is too sparse to allow a similar
approach.

As high-pressure-limit rate constants depict the kinetic
behavior of systems in thermal equilibrium, one can calculate
them from thermodynamic properties of the “species” involved.
Benson22 showed that thermodynamic properties of stable
species as well as of radicals can be predicted on the basis of
the assumption of group additivity. The appropriate group values
(GAV) are derived from semiexperimental data. Bozzelli et al.23

successfully demonstrated that first-principle calculations can
also be used to deduce GAV’s for some classes of molecules,
for which experimental measurements are not possible. GAV
for radicals are less comprehensively developed although O’Neal
and Benson provide GAV for several alkyl and other free radical
classes.24 In 1992, Cohen25 revised the group additivity differ-
ence method of O’Neal and Benson. The HBI method intro-
duced by Bozzelli and co-workers26 is essentially in line with
Cohen’s approach and provides improved prediction for ther-
modynamic properties of radicals. Bader and Bayles27 recently
provided the quantum mechanical basis for the classic concept
of a functional group explaining why the group additivity
approach works so well for both static and field-induced
molecular properties.

In a series of papers, Cohen28 applied the thermochemical
kinetics formulation of conventional transition state theory to
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metathesis reactions of H and OH with a series of alkanes to
extrapolate rate coefficients to temperature regimes outside the
range of experiments. The magnitude of activation energy is
determined generally in this model by adjusting the TST
calculation to agree with the experimentalk (298) values, while
the entropy of activation is derived from the estimated structural
and molecular properties of the activated complex. A central
assumption of his simplified model is that all primary and,
similarly, all secondary and all tertiary H atoms could be treated
as equivalent. In other words,ktotal is the sum of site-specific
rate coefficients,ΣinHiki, where one sums either over primary,
secondary, or tertiary hydrogen atoms. In a subsequent paper,28d

Cohen examined the reliability of such an additive formulation
for the abstraction rate coefficient in light of the dependency
of barrier height on next-nearest neighbors and of the depen-
dency of activation entropy on mass. He concluded that next
nearest-neighbor effects are so small as to be indiscernible
except where exceptionally good experimental data are available.

In this work, we try to extend the concept of group additivity
to predict the thermochemical properties of transition states using
quantum chemical calculations. The procedure is based on the
idea that the reactive moiety remains nearly the same for all
the reactions in a given class. Hence, the reactive moiety is
expected to have a constant and transferable contribution toward
the thermochemical properties of the transition state. Truong29

used a similar assumption in his recent paper as a starting point
for his reaction class transition state theory. However, his
approach toward reaction rate prediction is different from ours
in that he attempts to predict the thermal rate constant of any
other reaction in the class from that of the principal reaction
using two energetic properties, namely, the differential barrier
height and the reaction energy.

The main objectives of this work are to (1) establish a
methodology for the calculation of thermodynamic properties
of transition states based on ab initio calculations, (2) extract
GAV for “transition-state-specific” (reactive) moieties from
these data, and (3) compare the computed reaction rates based
on group additivity with literature data. In this paper, we present
a set of GAV suitable for intermolecular hydrogen abstraction
rate predictions from hydrocarbons by H, CH3, and alkyl
radicals. We further demonstrate that the rates predicted by
group additivity are typically accurate within about a factor of
2 for all the reactions in a family.

The following reactions are considered for the present study:

with R ) CH3, C2H5, C3H7 (1-, 2-),n-C4H9 (1-, 2-), i-C4H9 (1-,
2-), n-C5H11 (1-, 2-, 3-), i-C5H11 (1-, 2-, 3-, 4-), andq-C5H11.
The numbers within parentheses indicate the position of the
radical center. While the first two reaction sets describe the

reactions of interest, we include the remaining ones to help us
analyze the reactions in terms of the group additivity concept.

The remaining part of this paper is organized in the following
way: First, we provide details of the calculations, including a
description of the treatment of hindered rotors. Next, we
compare calculated thermodynamic properties of stable mol-
ecules as well as of radicals with literature values and predictions
from group additivity. Having shown the reliability of the
calculations for reactants, we turn to the transition states. We
calculate the thermodynamic properties of the reaction center,
which could be called a “supergroup”, as it contains several
polyvalent atoms. Rate constants based on these supergroups
are shown to compare well with “exact” transition state
calculations of individual reactions. This supports the idea of
basing rate predictions on transferable group values. We discuss
possible ways to further subdivide the supergroups into groups
in line with Benson’s definition. Subsequently, we calculate
reaction rates from GAV and compare them with literature data.
This gives an idea of the achievable accuracy of this approach
with the chosen methodology. We conclude with a discussion
of the general value of this rate prediction method and outline
future projects based on this concept.

Methodology

The high-pressure rate constant of a reaction A+ B f
products can be calculated based on transition state theory using
the well-known formula

where∆Sq and∆Hq are, respectively, the entropy and enthalpy
differences between the transition state geometry and the
reactants,Vm is the molar volume at standard pressure (RT/Po),
andLq is the reaction path degeneracy. Finally, we include the
tunneling correction factor,κ(Τ), to account for quantum
mechanical tunneling contributions to reaction rates at low
temperatures.∆H(T) and S(T) for the reactants can easily be
calculated with the group additivity valuesH298, S298, andCp-
(T) given by Benson and co-workers.22,30 To develop similar
GAV for transition structures, we calculateH, S, and Cp for
prototypical transition states from ab initio calculations via
relations from statistical thermodynamics assuming ideal gas
behavior.

Calculation of Thermochemical Properties. The total
partition function,Qtot, of any given molecule can be calculated
within the framework of the rigid-rotor-harmonic-oscillator
approximation

V is taken as the unit volume (1 cm3), σextern is the external
symmetry number of the molecule, andM is the molecular
weight of the species. Molecular parameters needed for partition
function calculations are the three moments of inertia (Ix, Iy, Iz)
and the vibrational frequencies of the molecules.Qelec is taken

R-H + H* f R* + H2

R-H + CH3* f R* + CH4

H* + H2 f H2 + H*

C2H5* + C2H6 f C2H6 + C2H5*

C2H5* + C3H8 f C2H6 + i-C3H7*

C2H5* + i-C4H10f C2H6 + t-C4H9*

i-C3H7* + C3H8 f C3H8 + i-C3H7*

i-C3H7* + i-C4H10f C3H8 + t-C4H9*

t-C4H9* + i-C4H10f t-C4H10 + t-C4H9*

k(T) ) Lq
κ(T)Vm

kBT

h
exp(-∆Hq/(RT)) exp(∆Sq/R) (1)

Qtot ) QtransQrotQvibQelec (2)

Qtrans) V(2πMkBT/h2)3/2 (3)

Qrot )
xπ

σextern
(8π2ImkBT/h2)3/2 with Im ) IxIyIz (4)

Qvib ) ∏
i

(1 - e-hVi/(kBT))-1 (5)
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as the spin degeneracy of the species (without spin contamina-
tion) for all species investigated in this work.

Torsional motions against low hindrances are treated as low-
frequency vibrations in the harmonic oscillator model, thereby
introducing errors in the calculated entropy, heat capacity, and
heat of formation values. These motions are better treated as
hindered internal rotations or, in the case of very small rotational
barriers, as free rotations. The classical partition function of a
one-dimensional free internal rotor is given by

and it requires the knowledge of the reduced moment of inertia
of the free rotor.

Hindered internal rotations are more difficult to deal with,
as their energy levels depend on the magnitude and shape of
the hindrance potential. The Schroedinger equation describing
the restricted internal rotation can be written as

in which Ihir in the kinetic energy term denotes the reduced
moment of inertia for the rotation under consideration.V is the
rotational hindrance potential. BesidesV, Ihir also depends on
φ and is different for different conformers. Equation 7 is based
on the assumption that one can separate internal rotations from
each other and from the external rotation. It also assumes that
the rotating group is rigid, i.e., that the potential energy terms
coupling φ with other internal coordinates are negligible.
However, one typically computes substantially differentVhir

values if one holds the rotating group rigid versus if one allows
all the degrees of freedom besidesφ to relax. The former (rigid)
method gives internal rotational barriers significantly higher than
what one infers from experiment; herein we have chosen to
allow the geometry to relax at eachφ. The fact that the rotating
group is not rigid means thatIhir is an effective moment of inertia
and not the moment of inertia one would infer from the
equilibrium geometry. In a series of papers,31-33 Pitzer et al.
showed that coupling of internal rotation with other internal
rotors and with external rotation can be accounted for by
choosing an appropriate reduced moment of inertia. We show
in a separate paper34 that it is not a bad approximation to use
these reduced moments of inertia,I(2,3), as done in the present
work. Finally, the separation of the internal rotor from other
vibrational modes in eq 7 assumes that the vibrational frequen-
cies are independent ofφ. However, this is not really the case.
As we show separately,34 most of thisφ dependence averages
out while computing the hindered rotor partition function,Qhin.
However, if one computesQ using different conformers (e.g.,
trans, gauche) as the reference configuration, one finds that the
computedQ’s are somewhat different. In the present work, we
Boltzmann-average theQ’s computed using different conformers
for stable molecules and radicals in cases where precise
experimental data are available for comparison.

The most common way to computeQhin is to use the Pitzer-
Gwinn tables for rigid internal rotors moving in a cosine
potential. In literature, besides Pitzer-Gwinn tables, attempts
have been made by researchers to provide an analytical form
for Qhin using various interpolation functions35,36 and by
approximating the Pitzer-Gwinn tables through polynomial
fits.37

In the present work, partition functions for hindered rotations
are calculated in a way very similar to that of Pitzer and Gwinn,
butV(φ) was computed numerically instead of assuming a pure
cosine potential. The reduced moments of inertia are calculated
on the basis of Pitzer formulas,31,32 which were recently
reviewed by East et al.38 Specifically, we use them ) 2, n )
3 approximation in terms of East et al. It means that the moments
of the rotating groups are calculated with respect to an axis going
through the center of mass of both rotating groups and the center
of mass of the entire molecule. The reduced moment of inertia
for rotation around this axis is approximated39 as 1/I ) 1/IL +
1/IR, with IL and IR being the equilibrium geometry moments
of the rotating groups. Instead of assuming or calculating
rotational barriers, we determine the hindrance potential energy
surface at the HF/6-31G(d′) level of calculation as a function
of torsional angle and in stages of 10° or 20°. The potential
energy surface thus obtained is then fitted to a Fourier series

Subsequently, the rotational Schroedinger equation is solved
numerically for the energy levels using the obtained Fourier
coefficients in conjunction with cosine and sine basis functions.
The partition function is evaluated by direct counting. This
iterative procedure is continued with increased number of basis
functions untilQhin converges. The thermodynamic parameters
H, S, andCp are calculated from the ensemble energy averages,
〈E〉2 and 〈E2〉.

The molecular parameters needed to calculate the thermo-
dynamic data are obtained from CBS-Q40 calculations done with
the Gaussian 98 program package.41 HF/6-31G(d′) frequencies
are scaled by 0.91844.42 Moments of inertia are calculated from
geometries optimized at the MP2/6-31G(d′) level. This geometry
is also used as starting point for the calculation of rotational
potentials which are done at HF/6-31G(d′) level. To calculate
these potentials, we fix only the angle between both rotating
groups and allow the remaining geometrical parameters to relax
to a minimum. East et al.38 investigated the dependency of the
hindrance potential on the size of the basis set and the level of
treatment. Although they recommend the use of large basis sets,
we restrict ourselves to the HF/6-31G(d′) level, owing to the
large number of molecules and internal rotations involved in
this study.

Calculation of Heats of Formation of Stable Molecules
and Radicals.The ab initio entropy and heat capacity values
are direct results from the calculations, while the heat of
formation data need to be obtained from the calculated absolute
energy values. Instead of using the IUPAC definition of heat
of formation, we calculate the heat of formation of molecules
at 298.15 K on the basis of the calculated heat of atomization
at 0 K (shown for methane)

using the commonly adopted procedure in the literature.43

∆Hatomizationis calculated using ab initio results which are further
corrected for spin-orbit interactions in C by-0.0875 kcal/
mol44. To convert the atomization energies to heats of forma-
tions, we use the experimental heats of formation of Cg and H
atoms at 0 K, 169.98 and 51.63 kcal/mol, respectively, and their
corresponding enthalpy correctionsH298 - H°, 0.25 and 1.01
kcal/mol, respectively, from the JANAF tables.45

Petersson et al.43 have shown that the accuracy of the CBS-Q
energies is increased when applying bond additivity corrections

Qfr ) 1
σir

(8π3I irkBT)1/2

h
(6)

- h2

8π2Ihir

d2

dΦ2
ψhir + Vψhir ) Eψhir (7)

∑
m

am cos(mæ) + bm sin(mæ) with m e 17

CH4 f Cg + 4H ∆Hatomization
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(BAC) for C-H and C-C bonds. To account for these known
deficiencies, we correct our heat of formation data by adding
their recommended corrections of-0.11 kcal/mol and-0.30
kcal/mol, respectively, for every C-H and C-C bond. The
corrections described above serve only to compare our enthalpy
results with experimentally based data, and they do not have
an impact on the calculation of transition state properties
described later (Tables 4-6).

We also calculated thermodynamic properties using group
additivity with “Therm” software,46 but we updated the GAV
for the {C/C/H3}, {C/C2/H2}, {C/C3/H}, and{C/C4} groups
with values given in ref 30. We used the hydrogen bond
increment26 method to calculate thermodynamic properties of
radicals.

Derivation of Supergroup Values for Transition States.
From the computed thermodynamic properties of the transition
states, we can easily derive the contribution from the reactive
moiety (supergroups) in terms of group additivity. We will use
the reaction of propane with methyl radicals as an example to
illustrate this:

The theoretically calculated heat of reaction (∆RHq) at 298 K
for the formation of the transition state in the forward reaction
is given by

∆H0f298 denotes the thermal contribution to the enthalpy at
298.15 K.E0

forward is the energy difference between the reac-
tants, CH3 + C3H8, and the transition state at 0 K. The same
∆RHforward

q value can also be obtained via group additivity

The notationsH{C/C/H3} andH{C/C2/H2} represent Benson’s
heat of formation group values for-CH3 and-CH2- moieties,
and H{CH3} represents the group equivalent heat of formation
for CH3 radicals. Finally, H{C/C/H2/-H/C/H3} symbolizes the
enthalpy associated with the reaction center, CH2sHsCH3,
which is not defined so far, and “-H” symbolizes the migrating
H atom. Note that{C/C/H2/-H/C/H3} is not a group per se in
the sense of Benson’s definition because it contains three
polyvalent atoms. Therefore, we will refer to it as a supergroup.
Taking both expressions for∆RHforward

q together, we obtain
∆H298 for this supergroup

As in the case of the bond dissociation energies, we only need
the difference between calculated transition state and reactant
heat of formations (or energies) for the calculation of the heat
of formation value of the supergroup. With the assumption that
some uncertainties in the ab initio values are systematic (as in

isodesmic reactions), we expect that the difference will be more
accurate. To further improve the accuracy or to check for
consistency, we can repeat the same calculation for the reverse
reaction and obtain for the same supergroup a second value,
this time based on different ab initio and GA values

and

leading to

The superscript HBI indicates that the hydrogen bond
increment method26 is used to determine the thermodynamic
properties of the radical C3H7, and H{CH4} denotes the GAV
for CH4. Analogous formulas allow one to determine the
intrinsic entropy (Sint

298) and the temperature-dependentCp
T

group additivity values for transition state supergroups. How-
ever, in the case of the intrinsic entropy, corrections for the
symmetry (σ) of the reactants and transition state have to be
taken into account so that for the forward reaction of our
example the following symmetry-correction term

is obtained.
Calculation of the Tunneling Correction Factor, K(T). The

rate calculated using the supergroup values does not include
the tunneling contributions at low temperatures. To account for
quantum mechanical tunneling effects, we calculate, the trans-
mission coefficientκ(T) using the simple Wigner perturbation
theory formula47

whereinνi is the magnitude of the imaginary frequency in cm-1

corresponding to the one-dimensional reaction coordinate at the
transition state andT is the temperature in Kelvin.

Results and Discussion

The main problem with the attempt to characterize thermo-
dynamic properties of transition states via ab initio calculations
is that one has no direct means to prove the accuracy of the
results. Thus, one is left with indirect justifications such as
comparison of results for stable species or verification of
theoretically computed reaction rates based on transition state
properties with experimental data. Consequently, we first draw
our attention toward the stable species and radicals before
dealing with transition state structures.

Thermodynamics of Stable Species.Our results for the
thermodynamic properties of H2 and C1-C5 alkanes are given
in Table 1 together with GA-based predictions and data from
literature. From the many available thermochemical databases

CH3CH2CH3 + CH3
• / [CH3-CH2sHsCH3] /

CH3CH2CH2
• + CH4

∆RHforward
q ) ∆fH(ts) - ∆fH(C3H8) - ∆fH(CH3

•)

) E0
forward + ∆H0f298(ts) -

∆H0f298(CH3
•) - ∆H0f298(C3H8)

∆RHforward
q ) GA(ts) - GA(C3H8) - GA(•CH3) )

H{C/C/H3} + H{C/C2/H2} + H{C/C/H2/-H/C/H3} -
2H{C/C/H3} - H{C/C2/H2} - H{CH3} )

H{C/C/H2/-H/C/H3} - H{C/C/H3} - H{CH3}

H{C/C/H2/-H/C/H3} ) ∆RHforward
q (ab initio) +

H{C/C/H3} + H{CH3}

∆RHreverse
q ) E0

reverse+ ∆H0f298(ts) -

∆H0f298(CH4) - ∆H0f298(C3H7
•)

∆RHreverse
q ) GA(ts) - GA(n-C3H7

•) - GA(CH4) )
H{C/C/H3} + H{C/C2/H2} + H{C/C/H2/-H/C/H3} -

H{C3H7}
HBI - H{CH4}

H{C/C/H2/-H/C/H3} ) ∆RHreverse
q (ab initio) -

H{C/C/H3} - H{C/C2/H2} + H{n-C3H7}
HBI + H{CH4}

Sint{C/C/H2/-H/C/H3} ) ∆RSforward
q + S{C/C/H3} +

S{CH3} - R ln(σCH3
*σC3H8

/σts)

κ(T) ) 1 + 1
24(1.44

νi

T)2
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we herein restrict ourselves to the Web-based NIST database48a

wherever possible and use data from the NIST “Structure and
Properties” database48b otherwise.

A glance at the∆fH298 results in Table 1 reveals that our
calculated data are in excellent agreement with the reference
data. The nonzero heat of formation for H2 results from the use
of atomization energies for its calculation in combination with
the fact that CBS-Q calculations over-predict the H-H bond
strength. The good agreement for the hydrocarbons is expected
because we used Petersson’s BAC. The more accurate treatment
of low frequency vibrations as hindered rotations instead of
harmonic oscillations has only a minor impact on the enthalpy
at low temperatures. Consequently, our results are essentially
equal to those presented by Petersson et al. [43].

We observe nearly as good agreement with entropy values,
with excellent agreement for H2, CH4, C2H6, C3H8, andt-C4H10.

The deviations for these species are generally less than 0.2 cal/
(mol K) when compared with the NIST data. Entropy values
for n-C4H10, n-C5H12 deviate significantly more from experi-
mental values (0.6 and 1.4 cal/(mol K), respectively) and GA
predictions. The explanation lies in contributions from different
conformers to the bulk entropy. Our chosen approximation for
the hindered rotations does not take proper coupling between
internal rotation and external rotation into account. With either
an improved coupling, I(3,4), or through approximating the bulk
entropy to the Boltzmann averaged contributions from the
conformers, we obtain entropy values of 74.18 and 73.99 cal/
(mol K), respectively, forn-butane. These values are in excellent
agreement with the literature value. Recent ab initio based
entropy calculations of Chen et al.49 Gang et al.50 and DeTar51

yield S298 values in the range of 74.0-74.1 cal/(mol K) showing
that our results are very reasonable.

The predictedCp values in Table 1 are generally in excellent
agreement, within a few tenth of a cal/(mol K), with experi-

mental values. As seen in the case of∆fH298 and S298 values,
an improved agreement inCp values is obtained for larger
alkanes after Boltzmann-averaging the conformational contribu-
tions. It is appropriate to mention that the NIST tabulatedCp

values for isopentane andq-pentane seem wrong at high
temperatures. Given the uncertainties in the reference data it
appears that our calculated data are very reliable. DeTar51 reports
larger discrepancies at higher temperatures (1000K) between
his calculatedCp data and literature. The main reason for this
is that DeTar considers all internal motions as vibrational modes,
which will over-predict the heat capacity at high temperatures.
Our hindered rotor treatment prevents this.

In summary, we are able to reproduce thermodynamic data
of primary, secondary and tertiary alkanes very well. This gives
us confidence that the chosen methodology is adequate for stable
molecules. To approach our goal- the characterization of
thermodynamic properties of transition states- we now take a
closer look at the results for the radicals.

Thermodynamics of Radicals.In Table 2 we compare our
ab initio results for radicals with GA and literature data. Again,
we restrict ourselves to experimental values published by
NIST.48a,b As mentioned above, the raw data were corrected
for small systematic errors in C-H and C-C bonds.43 With
respect to heat of formation energies, Table 2 shows that CBS-Q
calculations over-predict these relative to experimental data
(NIST) by not more than∼2 kcal/mol (except for tertiary
radicals), which is well within the limits of experimental
uncertainties. In general, agreement between ab initio results
and GA data is even better than between calculated and NIST
values with the only exception being the 2-methyl-prop-1-yl
radical.

In the case of the CH3 radical, we observed problems in
calculating the low-frequency umbrella mode vibration. The
calculated value of 289 cm-1 is more than a factor of 2 lower

TABLE 1: Comparison of Calculated Thermodynamic Properties of H2 and C1-C5 Alkanes with Group Additivity Predictions
(GA22,26) and Experimental Data (NIST ) NIST Webook48A or NIST Standard Reference Database 2548b)a

species method/source ∆fH298 S298 Cp
300 Cp

400 Cp
500 Cp

600 Cp
800 Cp

1000 Cp
1500 Cp

inf

ab initio -1.11 31.06 6.96 6.96 6.96 6.96 7.01 7.12 7.63 7.91
H2 GA 0.00 31.20 6.90 - 7.00 - 7.10 7.20 7.70

NIST 0.00 31.23 6.90 6.98 6.99 7.01 7.08 7.22 7.72
ab initio -17.89 44.44 8.46 9.54 10.90 12.30 14.89 17.04 20.62 25.83

CH4 GA -17.90 44.50 8.50 - 11.10 - 15.00 17.20 20.70
NIST -17.90 44.51 8.54 9.68 11.08 12.48 15.04 17.16 20.66
ab initio -19.98 54.71 12.53 15.50 18.43 21.11 25.61 29.13 34.78 42.72

C2H6 GA -20.00 54.86 12.46 15.84 18.88 21.58 26.08 29.66 35.22
NIST -20.04 54.88 12.60 15.65 18.63 21.32 25.80 29.29 34.87
ab initio -24.84 64.55 17.61 22.29 26.67 30.61 36.76 41.54 49.09 59.61

C3H8 GA -25.00 64.26 17.96 22.81 27.12 30.92 37.16 41.90 49.47
NIST -25.02 64.53 17.67 22.47 26.91 30.76 36.99 41.73 49.21
ab initio -29.96 73.41 23.84 29.68 35.19 40.05 47.95 53.97 63.43 76.50

n-C4H10 GA -30.00 73.66 23.46 29.78 36.36 40.26 48.24 54.24 63.72
NIST -30.38 74.09 23.65 29.82 35.53 40.46 48.37 54.34 63.67
ab initio -35.62 81.71 30.21 37.19 43.80 49.65 59.17 66.43 77.78 93.39

n-C5H12 GA -35.00 83.06 28.96 36.76 43.60 49.60 59.32 66.58 77.97
NIST -35.09 83.13 28.83 36.46 43.64 49.90 59.90 67.30 79.00
ab initio -32.02 70.43 23.24 29.64 35.47 40.46 48.38 54.33 63.62 76.50

i-C4H10 GA -32.40 69.87 23.27 29.78 36.51 40.48 48.50 54.44 64.10
NIST -32.07 70.41 23.22 29.74 35.67 40.72 48.67 54.60 63.82
ab initio -36.70 82.14 28.67 36.34 43.38 49.47 59.19 66.48 77.82 93.39

i-C5H12 GA -36.60 81.45 28.77 36.75 43.75 49.82 59.58 66.78 78.35
NIST -36.74 82.10 28.56 36.54 43.80 50.20 60.50 68.40 81.00
ab initio -40.87 73.72 29.23 37.27 44.49 50.60 60.16 67.24 78.22 93.39

q-C5H12 GA -39.90 72.53 29.33 37.75 45.05 51.28 61.01 67.87 78.54
NIST* -40.14 73.21 29.05 37.28 44.69 51.30 62.40 71.20 86.00

a ∆fH298 is given in kcal/mol, andS298 andCp
T data are in cal mol-1 K-1. The calculated properties are given for the most stable conformer. See

text for discussion of conformer contributions to bulk properties. Theq-C5H12 Cp values given in the NIST webbook differ significantly from
those in Stull, D. R.; Westrum, E. F., Jr.; Sinke, G. C.The Chemical Thermodynamics of Organic Compounds; Wiley: New York, 1969.Cp

300 )
29.21;Cp

400 ) 37.55,Cp
500 ) 45.00;Cp

600 ) 51.21;Cp
800 ) 60.78;Cp

1000 ) 67.80;Cp
1500 ) N/A.
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than the experimental value of 606 cm-1 52,53. This error leads
to wrong entropy and low-temperatureCp values and it
introduces a small error on the thermal correction of the
enthalpy. As CH3 is a reactant in one entire set of H abstraction
reactions we are interested in, we decided to calculate the
thermodynamic properties of methyl radicals by using the
experimental frequency in order to avoid systematic errors. A
closer look at the optimized geometries of other alkyl radicals
reveals that their radical center are nonplanar unlike in the
methyl case. Furthermore, in these radicals the lowest frequency
vibration corresponds to out-of-plane methylene bend. The
calculated harmonic frequency for this mode in radicals is in
reasonable agreement with experiment. Therefore, we conclude
that the problem observed in the case of the CH3 frequency is
unique.

The relative errors between radicals and their parent alkanes
can best be seen by calculating the bond dissociation energies

(BDE) at 0 and 298 K. Table 3a compares our results with GA
predicted BDE’s. In addition, the fourth column in Table 3
shows the differences between calculated BDE’s at 0 and 298
K which is a measure of the change of thermal energy in
dissociation reaction. The differences in BDE’s between group
additivity prediction and ab initio calculation are in general small
and positive because the heats of formations of the alkanes were
found to be closer to the GA data than those of the radicals.
We further see that the deviation for the bond dissociation of
H2 is in the same range as for alkanes. This will be important
to understand the results for transition states based on forward
and reverse reactions.

A closer look at column 6 reveals that the deviations can be
grouped into several categories. For example, formation of
primary alkyl radicals fromn-alkanes is predicted by ab initio
calculations to require about 0.7-1.15 kcal/mol more energy
than estimated from group additivity theory. (Taking contribu-

TABLE 2: Comparison of Calculated and Literature Data on Thermodynamic Properties of H and C1-C5 Alkyl Radicalsa

radical method/source ∆fH298 S298 Cp
300 Cp

400 Cp
500 Cp

600 Cp
800 Cp

1000 Cp
1500 Cp

inf

ab initio 52.10 27.39 4.97 4.97 4.97 4.97 4.97 4.97 4.97 4.97
H GA 52.10 27.40 5.00 5.00 5.00 5.00 5.00 5.00 5.00

NIST 52.10 27.42 4.97 4.97 4.97 4.97 4.97 4.97 4.97
ab initio 35.41 46.40 9.30 10.06 10.81 11.53 12.88 14.09 16.30 19.87

CH3 GA 35.10 46.40 8.80 - 10.60 - 13.20 14.50 16.80
NIST 34.82 46.41 9.26 10.05 10.81 11.54 12.89 14.09 16.28
ab initio 29.58 59.37 12.40 14.83 17.19 19.31 22.88 25.68 30.23

C2H5 HBI 29.00 59.65 11.81 14.63 17.13 19.34 23.06 25.93 30.60 36.76
NIST 28.44 - 11.62 14.39 17.45 19.65 23.28 25.88 30.33
ab initio 25.05 69.35 17.40 21.53 25.32 28.60 33.92 38.00 44.49 53.65

n-C3H7 HBI 24.00 69.05 17.19 21.45 25.21 28.52 34.00 38.15 44.79
NIST 23.90 68.50 17.11 21.34 25.69 28.99 34.35 38.22 44.60
ab initio 19.85 78.35 23.12 28.65 33.72 38.10 45.13 50.46 58.85 70.54

n-C4H9 HBI 19.00 78.45 22.69 28.42 33.45 37.86 45.08 50.48 59.04
NIST 18.00 - 22.60 28.30 33.90 38.30 45.40 50.60 58.80
ab initio 14.53 87.09 29.23 35.96 42.20 47.61 56.31 62.88 73.17 87.43

n-C5H11 HBI 14.00 87.85 28.19 35.39 41.69 47.20 56.16 62.81 73.29
NIST 13.00 - 28.10 35.20 42.20 47.70 56.50 62.90 73.00
ab initio 18.67 76.43 23.05 28.83 33.99 38.38 45.35 50.61 58.90 70.54

i-C4H9 (1°) HBI 16.60 75.77 22.73 28.52 33.59 38.02 45.23 50.60 59.41
NIST 17.00 75.20 22.30 28.20 34.00 38.50 45.60 50.70 59.10
ab initio 13.32 85.72 28.43 35.56 41.99 47.50 56.27 62.86 73.16 87.43

i-C5H11 (1°,1) HBI 12.00 85.17 28.23 35.49 41.83 47.36 56.31 62.93 73.66
NIST - - - - - - - - -
ab initio 12.76 85.54 28.79 35.94 42.40 47.91 56.61 63.12 73.30 87.43

i-C5H11 (1°,4) HBI 12.00 84.87 28.00 35.39 41.84 47.42 56.42 63.03 73.66
NIST - - - - - - - - -

q-C5H11 ab initio 10.36 80.19 28.96 36.42 43.00 48.53 57.15 63.55 73.52 87.43
HBI 9.10 79.12 28.74 36.43 43.00 48.63 57.51 63.81 73.63
NIST 8.00 - 28.40 36.20 43.60 49.30 58.10 64.20 73.60

i-C3H7 ab initio 22.24 68.75 16.42 20.21 23.98 27.39 33.04 37.37 44.20 53.65
HBI 21.35 68.77 16.66 20.45 24.10 27.48 33.18 37.53 44.46
NIST 22.00 66.70 16.80 20.90 25.10 28.40 33.80 37.90 44.60
ab initio 17.44 79.30 22.07 27.29 32.35 36.84 44.16 49.74 58.48 70.54

n-C4H9 (2°) HBI 16.35 78.79 21.92 27.01 31.87 36.86 43.89 49.58 58.56
NIST 16.00 - 22.30 27.80 33.30 37.70 44.80 50.20 58.90
ab initio 11.61 87.79 27.79 34.44 40.79 46.37 55.40 62.23 72.86 87.43

n-C5H11 (2°,2) HBI 11.35 89.56 27.42 33.98 40.11 45.70 54.97 61.91 72.81
NIST 12.00 - 27.80 34.80 41.60 47.10 55.90 62.60 73.10
ab initio 12.33 86.83 27.92 34.57 40.87 46.41 55.37 62.16 72.79 87.43

n-C5H11 (2°,3) HBI 11.35 87.96 27.25 33.61 39.68 45.27 54.61 61.63 72.66
NIST - - - - - - - - -
HBI 10.59 86.23 28.22 34.94 41.25 46.75 55.64 62.36 72.88 87.43

i-C5H11 (2°,3) HBI 8.95 86.58 27.23 33.98 40.26 45.92 55.23 62.13 73.18
NIST - - - - - - - - -
ab initio 13.74 74.84 21.70 26.60 31.55 36.06 43.55 49.29 58.26 70.54

tert-Butyl HBI 12.00 73.73 22.49 27.30 31.96 36.33 43.75 49.42 58.68
NIST 11.00 72.10 22.60 28.40 33.60 38.10 45.30 50.70 59.30
ab initio 9.51 86.28 27.13 33.35 39.57 45.18 54.42 61.45 72.42 87.43

i-C5H11 (3°,2) HBI 7.00 85.31 27.99 34.27 40.20 45.67 54.83 61.75 72.93
NIST 6.70 - 28.10 35.40 41.90 47.50 56.40 63.00 73.50

a Calculations were performed for the most stable conformer.∆fH298 is given in kcal/mol, andS298 andCp
T data are in cal mol-1 K-1. “HBI”

indicates group additivity based predictions using the hydrogen bond increment method,26 with respect to “NIST”, see the caption of Table 1. The
numbers in parentheses of the first column signify the nature and position of the radical center.
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tions of different conformers inn-C5H12 andn-C5H11 (1) into
account this range reduces to 0.75-1.0 kcal/mol.) Formation
of 3-methyl-but-1-yl (i-C5H11(4)) falls into the same class, but
not formation of 2-methyl-prop-1-yl (i-C4H9 (1)) and 2-methyl-
but-1-yl (i-C5H11(1)). From column 4, we learn that the change
of thermal energy upon bond dissociation is nearly constant for
all primary and secondary alkyls (average value 1.69(0.07
kcal/mol) and only slightly larger for tertiary alkyl radicals (∼2
kcal/mol). Therefore, the explanation for the systematic varia-
tions must lie in theEo energies (0 K energies) of the reactants
and products. Bozzelli et al.26 and Cohen25 realized that a
classification of radicals simply into primary, secondary, and
tertiary classes is not sufficient. Consequently, both authors
suggest finer classifications, which are shown in the last two
column of Table 3b. It can be observed easily that the primary
radicals with BDE’s around 0.8 kcal/mol belong to the CCJ or
RCCJ class, while those with higher BDE’s are assigned to other
classes. Also, all three secondary radicals of IIb type (Cohen)
have very similar deviations in the BDE comparison, and the
different classifications of both tertiary radicals accordingly to
Cohen is in agreement with their deviating BDE differences.

Taking all observation together, an interpretation of the results
in Table 3a is possible. The BDE’s calculated via group
additivity are based on hydrogen bond increments (HBI) which
are constant (101.1, 98.45, and 96.5 kcal/mol) for primary,
secondary, and tertiary alkyl radicals, respectively. Only gauche
interactions are taken into account (0.8 kcal/mol in alkanes30

but 0.4 kcal/mol for a-CH2* radical site in gauche position
to a CH3 group). Thus, the group additivity based∆fH298 for
radicals does not reflect the more detailed classifications chosen
to describe the entropies and heat capacities accurately. Our ab
initio results, however, reflect such small changes and suggest
that a finer differentiation of the heat of formations is required
as well. The large experimental error of∆fH298 of radicals in
connection with equally large uncertainties of CBS-Q calcula-
tions for radicals prohibits at this stage a recommendation for
more accurate HBI’s.

Before we turn to the entropy results, we would like to
mention that, lacking a more appropriate HBI class, we
calculated the GAV for 3-methyl-but-2-yl,i-C5H11(3) with the
HBI values for “RCCJC” radicals. Further, we note that there
is a large difference in the∆BDE298K values fortert-butyl and

TABLE 3: CBS-Q Calculated Bond Dissociation Energies and Entropies for C1 to C5 Alkanes and Their Comparison with GA
Estimates

(a)

reaction
BDE ab initio

@ 0 K [kcal/mol]
BDE ab initio

@ 298 K [kcal/mol]
∆BDE (thermal)

[kcal/mol]
BDE GA
[kcal/mol]

∆BDE @ 298 K
[kcal/mol]

H2 w H + H 104.43 106.32 0.89 104.2 1.12

Primary H
CH4 w CH3 + H 103.71 105.40 1.69 105.10 0.30
C2H6w C2H5+ H 99.93 101.66 1.73 101.10 0.56
C3H8w n-C3H7+ H 100.30 101.99 1.70 101.10 0.89
n-C4H10w n-C4H9+ H 100.29 101.91 1.63 101.10 0.81
n-C5H12w n-C5H11 (2)+ H 100.60 102.25 1.65 101.10 1.15
i-C4H10w i-C4H9 (1)+ H 101.03 102.79 1.76 101.10 1.69
i-C5H1I2w i-C5H11 (1)+H 100.62 102.13 1.61 100.70 1.43
i-C5H12w i-C5H11 (4)+ H 99.88 101.56 1.68 100.70 0.86
q-C5H12w q-C5H11+ H 101.65 103.32 1.67 101.10 2.22

Secondary H
C3H8w i-C3H7+ H 97.36 99.19 1.83 98.45 0.74
n-C4H10w n-C4H9 (2)+ H 97.77 99.51 1.74 98.45 1.06
n-C5H12w n-C5H11 (2)+ H 97.66 99.33 1.68 98.45 0.88
n-C5H12w n-C5H11 (3)+ H 98.50 100.06 1.56 98.45 1.61
i-C5H12w i-C5H11 (3)+ H 97.68 99.40 1.72 97.65 1.75

Tertiary H
i-C4H10w tert-Butyl + H 95.91 97.87 1.96 96.50 1.37
i-C5H12w i-C5H11 (2)+ H 96.29 98.31 2.02 95.70 2.61

(b)

radical classification
reaction

∆S298 ab initio
[cal mol-1 K-1]

∆S298 GA
[cal mol-1 K-1]

∆∆S298

[cal mol-1 K-1] HBI27 Cohen26

H2 w H +H 23.72 23.60 0.12 N/A N/A

Primary H
CH4 w CH3 + H 29.35 29.30 0.04 N/A N/A
C2H6w C2H5+ H 32.06 32.19 -0.14 CCJ I
C3H8w n-C3H7+ H 32.18 32.19 -0.01 RCCJ I
n-C4H10w n-C4H9+ H 32.33 32.19 0.14 RCCJ I
n-C5H12w n-C5H11+ H 32.77 32.19 0.58 RCCJ I
i-C4H10w i-C4H9 (1)+ H 33.39 33.30 0.09 isobutyl I
i-C5H12w i-C5H11 (1)+ H 30.96 31.12 -0.15 isobutyl I
i-C5H12w i-C5H11 (4)+ H 30.78 30.82 -0.03 RCCJ I
q-C5H12w q-C5H11+ H 33.85 33.99 -0.14 neopentyl I

Secondary H
C3H8w i-C3H7+ H 31.58 31.91 -0.33 CCJC IIb
n-C4H10w n-C4H9 (2)+ H 33.28 33.91 -0.63 RCCJC IIb
n-C5H12w n-C5H11 (2)+ H 33.48 33.91 -0.43 RCCJC IIb
n-C5H12w n-C5H11 (3)+ H 32.51 32.30 0.21 RCCJCC IIc
i-C5H12w i-C5H11 (3)+ H 31.48 32.63 -1.05 ?* ?

Tertiary H
i-C4H10w tert-butyl + H 31.80 31.26 0.53 tertalkyl IIIa
i-C5H12w i-C5H11 (2)+ H 31.53 31.26 0.27 tertalkyl IIIc
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2-methyl-but-2-yl. The thermochemistry oftert-butyl radical is
a topic of intensive debate,54 and it is not clear whether ab initio
results or experimental data are in error. For 2-methyl-but-2-
yl, the steric interaction of the additional methyl group on the
radical center seems to have a noticeable impact on its energy,
so the use of the same HBI class as fortert-butyl could be an
oversimplification.

Only a few entropy values are established experimentally for
radicals (Table 2), and these values are all taken from the early
“structure and properties” compilation.48b The remarkably large
deviations between the NIST data and GA predictions for C3

and C4 species indicate a significant uncertainty in these
entropies. Our entropy results compare in all cases better with
the GA predictions, although deviations are still large in some
cases. This is encouraging because our goal to derive GAV for
transition state structures depends primarily on a good agreement
with group additivity for stable molecules and radicals.

Some radicals investigated in this study have more than one
low-energy conformer. As in the case of stable molecules, we
would have to consider contributions of all these conformers
for a fair comparison with the bulk entropies. As mentioned
earlier, it is not the primary goal of this work to reproduce
thermodynamic data of bulk material, so we conclude that

inclusion of other conformers will further improve the agreement
with GA. The calculated entropies of the radicalsq-pentyl and
tert-butyl deviate from the GA values by more than 1 cal mol-1

K-1. In the case ofq-pentyl, the deviation of+1.6 cal mol-1

K-1 is similar to that found forq-pentane (∼1.2 cal mol-1 K-1).
It could be due to the anharmonicity effects caused by crowding
around the central C atom, thereby making the harmonic
oscillator assumption less appropriate. To a certain extent, this
explanation could also hold fortert-butyl; however, the entropy
of tert-butyl is much closer to the GA value. Thetert-butyl
radical is special in the sense that its planar conformation
possesses very high symmetry (similar to CH3), which could
lead to coupling effects and less accurate frequencies.

Deviations between our results and GA increase for secondary
and tertiary C-H dissociation (see Table 3 (part b). The∆S298

value for i-C5H12 f i-C5H11(3) + H especially is very large,
-1.05 cal mol-1 K-1. This underlines our suspicion that treating
3-methyl-but-2-yl as an RCCJC-type radical (for the HBI
calculation) might be a poor assumption.

In summary, we can say that the deviations between ab initio
data and GA predictions are a little larger for radicals than for
stable molecules. Experimental data for radicals have larger
errors; therefore, stable molecules and the HBI method26 use a

TABLE 4: Group Additivity Values for Transition State Supergroups, {C/Ci/H3-i/-H/H} (i ) 1-3), Belonging to Hydrogen
Abstraction Reactions from Alkanes by H Atomsa

reaction type reaction ∆fH298 S298 Cp
300 Cp

400 Cp
500 Cp

600 Cp
800 Cp

1000 Cp
1500 Vimaginary

primary R-H C2H6+ H 50.81 35.21 9.37 11.78 13.81 15.48 17.98 19.70 22.25 2227
C3H8+ H 50.94 34.94 9.49 11.90 13.91 15.56 18.02 19.72 22.25 2223
n-C4H10+ H 50.71 34.78 9.36 11.83 13.88 15.55 18.02 19.72 22.25 2225
i-C4H10+ H 50.77 35.27 9.37 11.73 13.70 15.32 17.79 19.53 22.14 2209
n-C5H12+ H 50.70 34.71 9.47 11.92 13.95 15.60 18.05 19.74 22.25 2225
i-C5H12+ H (1) 50.51 34.73 9.60 12.14 14.15 15.76 18.13 19.78 22.27 2210
i-C5H12+ H (4) 50.43 34.38 9.65 12.10 14.13 15.77 18.19 19.85 22.31 2233
q-C5H12+ H 50.88 34.82 9.48 11.97 13.97 15.59 17.99 19.66 22.20 2204

{C/C/H2/-H/H) average 50.72 34.85 9.47 11.92 13.94 15.58 18.02 19.71 22.24 2219
forward rxn mean dev. 0.17 0.29 0.11 0.14 0.15 0.15 0.12 0.09 0.05 10.27

C2H5+ H2 51.48 35.49 8.80 11.25 13.34 15.08 17.76 19.63 22.34
C3H7+ H2 51.27 35.08 8.87 11.32 13.39 15.11 17.77 19.62 22.33
n-C4H9 (1)+ H2 51.12 34.78 9.24 11.62 13.49 15.15 17.75 19.58 22.31
i-C4H9 (1)+ H2 50.31 35.31 8.96 11.30 13.29 14.98 17.62 19.51 22.33
n-C5H11 (1)+ H2 50.78 34.26 9.62 11.81 13.68 15.28 17.83 19.62 22.34
i-C5H11 (1)+ H2 50.31 35.01 9.24 11.68 13.66 15.31 17.85 19.65 22.39
i-C5H11 (4)+ H2 50.80 34.55 8.70 11.16 13.25 14.98 17.68 19.55 22.30
q-C5H11+ H2 49.88 35.09 9.11 11.52 13.45 15.05 17.56 19.39 22.14

{C/C/H2/-H/H} average 50.74 34.95 9.07 11.45 13.44 15.12 17.73 19.57 22.31
reverse rxn mean dev. 0.55 0.40 0.30 0.22 0.16 0.12 0.10 0.08 0.07

secondary R-H C3H8+ H 53.21 14.71 8.94 10.78 12.37 13.72 15.71 17.01 18.75 2206
n-C4H10+ H 53.01 14.71 8.68 10.69 12.37 13.74 15.74 17.02 18.74 2194
n-C5H12+ H (2) 52.57 14.41 8.91 10.99 12.64 13.98 15.89 17.12 18.79 2194
n-C5H12+ H (3) 52.79 14.63 8.42 10.54 12.31 13.73 15.74 17.01 18.72 2183
i-C5H12+ H 53.12 14.48 8.86 10.76 12.40 13.74 15.70 16.97 18.70 2190

{C/C2/H/-H/H} average 52.94 14.59 8.76 10.75 12.42 13.78 15.75 17.03 18.74 2193
forward rxn mean dev. 0.26 0.14 0.22 0.16 0.13 0.11 0.08 0.06 0.03 8.26

i-C3H7+ H2 53.70 15.17 8.76 10.52 12.08 13.44 15.52 16.91 18.79
n-C4H9 (2)+ H2 53.17 15.47 8.85 10.32 11.76 13.60 15.25 16.69 18.69
n-C5H11 (2)+ H2 52.92 14.98 9.73 10.99 12.20 13.40 15.38 16.75 18.71
n-C5H11 (3)+ H2 52.41 14.55 8.93 10.03 11.36 12.69 14.91 16.43 18.56
i-C5H11 (3)+ H2 52.60 15.66 7.71 9.41 11.08 12.60 14.97 16.55 18.63

{C/C2/H/-H/H} average 52.96 15.17 8.79 10.25 11.69 13.15 15.21 16.67 18.68
reverse rxn mean dev. 0.51 0.43 0.72 0.58 0.48 0.46 0.26 0.19 0.09

tertiary R-H i-C4H10+ H 53.70 -6.60 8.32 9.89 11.14 12.13 13.56 14.38 15.47 2175
i-C5H12+ H 53.51 -6.77 7.87 9.71 11.15 12.21 13.66 14.45 15.48 2164

{C/C3/-H/H} average 53.60 -6.69 8.09 9.80 11.15 12.17 13.61 14.41 15.48 2169
forward rxn mean dev. 0.13 0.12 0.32 0.13 0.00 0.06 0.07 0.05 0.01 7.85

t-butyl + H2 53.56 -7.00 9.03 10.45 11.54 12.45 13.76 14.52 15.64
i-C5H11 (2)+ H2 52.13 -6.91 8.57 10.23 11.43 12.42 13.79 14.56 15.69

{C/C3/-H/H} average 52.84 -6.95 8.80 10.34 11.48 12.44 13.77 14.54 15.66
reverse rxn mean dev. 1.01 0.07 0.32 0.16 0.07 0.02 0.03 0.03 0.04

a Estimated uncertainty in∆H is 1.5 kcal/mol and inS298, andCp(T) values is 1 cal mol-1 K-1. See text for the definition of supergroups.
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quite coarse differentiation of radicals, which cannot take the
impact of all possible structural interactions on the thermody-
namic properties into account. The theoretical calculations also
have higher error bars than those for stable molecules because
the treatment of open-shell species imposes a higher challenge
on the theory. We conclude that the theoretical calculations are
accurate to within 2 kcal for∆H, 2 cal mol-1 K-1 for entropy,
and about 1 cal mol-1 K-1 for Cp. Although there is still room
for improvement, we conclude that the agreement is good
enough to derive reliable transition state properties.

Transition State Geometry and Reaction Coordinate
Frequency. The preceding results for stable molecules and
radicals showed the reliability of the chosen methodology in
predictingH, S, andCp properties. We used the same type of
calculation to characterize the transition states of the reactions
mentioned in the Introduction. Instead of presenting the detailed
results of all 41 transition states (The list of geometrical and
molecular properties of the transition states are available as
Supporting Information), we will only discuss general findings
and use the results for the transition states directly to derive
thermodynamic properties of the reaction center.

All transitions states studied in this work have well-defined,
tight geometries. The length of the abstracting primary, second-
ary, or tertiary C-H bond in reactions of alkanes with H atoms

varies, respectively, from 1.409 to 1.428, 1.389 to 1.403, and
1.369 to 1.381 Å. In the case of abstraction by methyl, the
corresponding bond lengths are in the range of 1.316-1.333,
1.300-1.303, and 1.282-1.292 Å. The forming H-H bond
lengths are of magnitude 0.889, 0.905, and 0.919 Å, respectively,
in the case of primary, secondary, and tertiary abstractions. The
forming CH3-H bond length in primary, secondary, and tertiary
abstractions is found to be, respectively, 1.353, 1.376, and 1.389
Å. The C-H-X bond angle (X) H, CH3) remains nearly
linear.

The expectation value of theS2 operator,〈S2〉 , which is a
measure of the extent of spin contamination in the optimized
wave function, was found to be less than 0.78 in all transition
states. The magnitude of the imaginary frequency depends on
the type of reaction, and it ranges from 2164i to 2233i cm-1

for the abstraction by H and from 2501i to 2555i cm-1 for the
abstraction by CH3. The imaginary frequencies observed for H
abstraction by other alkyl radicals are even higher (2554i- 2572i
cm-1), and for the H2 + H reaction, we obtainedν ) 2393i
cm-1. For the H abstraction reactions from alkanes, we observe
a small effect of the substitution pattern on the magnitude of
the imaginary frequency.

Transferability of Group Values. One necessary require-
ment for group additivity to be successful in describing

TABLE 5: Group Additivity Values for Transition State Supergroups, {C/Ci/H3-i/-H/CH3} (i ) 1-3), Belonging to Hydrogen
Abstraction Reactions from Alkanes by CH3 Radicalsa

reaction type reaction ∆fH298 S298 cp
300 cp

400 cp
500 cp

600 cp
800 cp

1000 cp
1500 υimaginary

primary R-H C2H6+ CH3 37.79 48.93 14.37 17.83 20.83 23.40 27.51 30.60 35.52 2544
C3H8+ CH3 37.62 47.13 14.35 17.83 20.84 23.41 27.52 30.60 35.52 2544
n-C4H10+ CH3 37.34 47.44 14.19 17.72 20.77 23.38 27.51 30.60 35.52 2545
i-C4H10+ CH3 37.53 46.99 14.50 18.00 20.99 23.52 27.57 30.62 35.51 2547
n-C5H12+ CH3 37.20 46.96 14.60 18.18 21.21 23.75 27.78 30.78 35.60 2545
i-C5H12+ CH3 (1) 37.25 46.58 14.66 18.12 21.05 23.54 27.56 30.60 35.50 2548
i-C5H12+ CH3 (4) 36.46 47.00 14.59 17.98 20.93 23.46 27.53 30.60 35.50 2546
q-C5H12+ CH3 37.20 46.30 14.41 18.01 21.04 23.60 27.65 30.69 35.55 2555

(C/C/H2/-H/C/H3) averageb 37.30 46.91 14.46 17.96 20.96 23.51 27.58 30.64 35.53 2547
forward mean devb 0.40 0.37 0.16 0.16 0.14 0.13 0.09 0.07 0.03 3.49

C2H5+ CH4 37.82 49.13 13.97 17.44 20.49 23.12 27.37 30.55 35.50
C3H7+ CH4 37.32 47.19 13.90 17.38 20.45 23.09 27.34 30.52 35.50
n-C4H9(1)+ CH4 37.12 47.35 14.24 17.54 20.51 23.10 27.32 30.48 35.47
i-C4H9(1)+ CH4 36.43 46.96 14.26 17.70 20.71 23.30 27.47 30.62 35.60
n-C5H11(1)+ CH4 36.64 46.43 14.92 18.20 21.07 23.56 27.63 30.69 35.59
i-C5H11(1)+ CH4 36.42 46.78 14.48 17.79 20.69 23.22 27.35 30.49 35.51
i-C5H11(4)+ CH4 36.20 47.09 13.82 17.17 20.18 22.79 27.09 30.33 35.39
q-C5H11+ CH4 35.57 46.49 14.20 17.69 20.65 23.19 27.30 30.44 35.39

{C/C/H2/-H/C/H3) averagec 36.85 46.90 14.22 17.61 20.60 23.17 27.36 30.52 35.49
reverse mean devc 0.59 0.35 0.36 0.31 0.26 0.22 0.15 0.11 0.08
secondary R-H C3H8+ CH3 40.40 27.32 14.02 16.96 19.52 21.75 25.33 27.97 32.05 2529

n-C4H10+ CH3 39.95 27.14 13.76 16.88 19.53 21.80 25.38 28.00 32.05 2528
n-C5H12+ CH3 (2) 39.31 27.06 13.99 17.23 19.86 22.07 25.55 28.11 32.10 2530
n-C5H12+ CH3 (3) 39.47 27.61 12.86 16.24 19.14 21.56 25.28 27.95 32.02 2530
i-C5H12+ CH3 39.73 26.02 14.23 17.26 19.84 22.03 25.48 28.04 32.04 2537

{C/C2/H/-H/C/H3) average 39.77 27.28 13.77 16.91 19.58 21.84 25.40 28.01 32.05 2531
forward mean dev. 0.43 0.24 0.54 0.41 0.29 0.21 0.11 0.07 0.03 3.41

i-C3H7+ CH4 40.26 27.70 14.01 16.83 19.36 21.60 25.21 27.89 31.99
n-C4H9(2)+ CH4 39.49 27.82 14.10 16.64 19.06 21.78 24.96 27.69 31.89
n-C5 H11(2)+ CH4 39.02 27.55 14.98 17.35 19.56 21.62 25.12 27.77 31.92
n-C5H11(3)+ CH4 38.46 27.45 13.55 15.87 18.32 20.64 24.52 27.39 31.76
i-C5H11 (3)+ CH4 38.58 27.13 13.25 16.04 18.66 21.01 24.82 27.64 31.87

{C/C2/H/-H/C/H3) average 39.16 27.53 13.98 16.55 18.99 21.33 24.93 27.67 31.89
reverse mean dev. 0.74 0.26 0.66 0.60 0.50 0.48 0.27 0.19 0.08
tertiary R-H t-C4H10+ CH3 41.21 5.14 13.12 15.83 18.14 20.11 23.21 25.37 28.86 2508

i-C5H12+ CH3 40.72 4.46 12.93 15.97 18.44 20.47 23.51 25.58 28.94 2509
{C/C3/-H/C/H3} average 40.97 4.80 13.02 15.90 18.29 20.29 23.36 25.48 28.90 2508
forward mean dev. 0.34 0.48 0.13 0.09 0.21 0.25 0.21 0.15 0.05 0.35

t-Butyl + CH4 40.44 4.65 14.00 16.54 18.68 20.53 23.44 25.52 28.85
i-C5H11(2)+ CH4 38.71 4.25 13.81 16.62 18.88 20.77 23.67 25.70 28.97

{C/C3/-H/C/H3) average 39.57 4.45 13.90 16.58 18.78 20.65 23.55 25.61 28.91
reverse mean dev. 1.23 0.29 0.13 0.06 0.14 0.17 0.16 0.13 0.08

a Estimated uncertainty in∆H is 1.5 kcal/mol and inS298, and Cp(T) values is 1 cal mol-1 K-1. See text for the definition of supergroups.
b Without C2H6+ CH3 reaction in S.c Without C2H5+ CH4 in S average and q-pentyl+ CH4 in H average.
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thermodynamic properties of transition states is the constancy
of the∆H298, S298, andCp

T supergroup values for a homologous
series of reactions. To verify this, we have calculated the GAV
for the supergroups of the transition states for all reaction types
studied in this work. The results are given in Tables 4-6. The
GAV for stable reactants were taken from ref 30, and those for
all alkyl radicals were obtained with the HBI method of Bozzelli
et al.26 Table 4 contains the results for H abstraction reactions
from alkanes by H atoms. Table 5 lists the results for abstraction
by CH3, and Table 6 contains the supergroup GAV of the
remaining intermolecular H migration reactions given in the
Introduction. Results are presented for both forward and reverse
reactions, whenever available.

Table 4 clearly shows how well supergroup GAV’s are
defined for our first test set. It is divided into three main sections
containing the results for primary, secondary, and tertiary H
atoms abstractions. Each section separately contains the results
for forward and reverse reactions to allow comparison of both
data sets. The averagedH, S, and Cp supergroup GAV’s for
primary R-H sites (in forward and reverse direction) agree
excellently, and the standard deviation especially for the forward

reaction is small. The good agreement underlines in part our
assumption that some of the errors will cancel out because we
use only differences. However, a closer look at the BDE’s in
Table 3 suggests the great agreement seen between forward and
reverse reactions to be fortuitous. The averaged difference found
for the BDE’s of primary R-H between ab initio and GA is
very similar to the difference in dissociation energy for H2, so
both errors largely cancel each other out. Our discussion of Table
3 also explains why the standard deviation for the reverse
reaction is much higher than that for the forward reaction.

Fluctuations of the supergroup GAVs for secondary and
tertiary H abstraction by H atoms are also very small. Again,
the reverse reaction shows for known reasons higher fluctuations
than the forward reactions. The reactioni-C5H11(3) + H2

especially worsens the agreement for theCp
T data. As we pointed

out earlier, we used RCCJCC HBI values to calculate the group
additivity properties for this radical. The large deviations seen
in Table 4 emphasize that this assignment leads to inaccurate
results. We studied only two representative tertiary H abstraction
reactions. With exception of the∆fH298 GAV for the reverse
reactions, both data sets alone agree very well. However, the

Figure 1. Comparison of individual TST rates with the rate predicted using group additivity for H abstraction from primary alkanes by hydrogen
atoms. The small deviations show the accuracy of the group additivity approximation.

TABLE 6: Group Additivity Values for Transition State Supergroups of Symmetric {C/Ci/H3-i/-H/C/C i/H3-i)
(i ) 0-3) and Mixed Symmetric Intermolecular Hydrogen Migration Reactionsa

reaction type reaction ∆fH298 S298 Cp
300 Cp

400 Cp
500 Cp

600 Cp
800 Cp

1000 Cp
1500 Vimaginary

{H/-H/H} H2 + H 60.35 39.13 7.62 8.49 9.26 9.91 10.88 11.51 12.31 2393
{C/H3/-H/C/H3} CH4 + CH3 32.54 68.74 16.36 19.64 22.68 25.36 29.76 33.17 38.67 2545
{C/C/H2/-H/C/C/H2} C2H6+ C2H5 43.49 27.26 12.17 15.72 18.69 21.18 25.13 27.98 32.36 2558
{C/C2/H/-H/C/C2/H} C3H8+ i-C3H7 48.24 -14.52 12.09 14.44 16.39 18.12 20.84 22.72 25.38 2566
{C/C3/-H/C/C3} i-C4H10+ tert-butyl 48.12 -61.47 11.97 13.88 15.13 16.10 17.42 18.07 19.21 2572
{C/H3/-H/H} CH4 + H 45.98 54.25 11.30 13.56 15.66 17.45 20.24 22.29 25.41

H2 + CH3 46.61 54.33 11.13 13.43 15.52 17.33 20.17 22.27 25.52 2234
average 46.30 54.29 11.22 13.50 15.59 17.39 20.21 22.28 25.47

{C/C2/H/-H/C/C/H2} C3H8+ C2H5 45.47 7.23 11.80 14.84 17.37 19.53 22.94 25.34 28.88 2554
C2H6+ i-C3H7 45.29 7.42 12.19 15.10 17.55 19.66 22.97 25.32 28.84
average 45.38 7.33 12.00 14.97 17.46 19.59 22.95 25.33 28.86

{C/C3/-H/C/C/H2) i-C4H10+ C2H5 45.86 -17.45 11.00 13.81 16.07 17.95 20.85 22.77 25.70 2565
C2H6+ tert-butyI 45.05 -18.13 12.28 14.91 16.94 18.65 21.22 22.96 25.71
average 45.46 -17.79 11.64 14.36 16.51 18.30 21.04 22.86 25.71

{C/C3/-H/C/C2/H} i-C4H10+ i-C3H7 47.68 -39.15 11.07 13.21 14.94 16.44 18.72 20.13 22.20 2572
C3H8+ t-butyl 47.05 -40.01 11.95 14.04 15.64 17.01 19.06 20.35 22.26
average 47.36 -39.58 11.51 13.62 15.29 16.73 18.89 20.24 22.23

a These supergroups are of use in estimating the hydrogen abstraction rates from alkanes by alkyl radicals.
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averaged values for forward and reverse reactions differ
noticeably. Future improvements in experiment and theory are
necessary to close this gap.

In our evaluation of the thermochemical supergroup proper-
ties, we did not explicitly consider contributions of additional
low-energy conformers because we assumed that the transition
states will have similar contributions so that they cancel out.
However, we verified that we used the lowest-energy conforma-
tion of the reactants and its corresponding transition state
structure. The same holds for the reverse reaction starting from
the product side. In the case of branched alkanes, we corrected
GA-based heats of formation by 0.8 kcal/mol per additional
gauche interaction22 and those of branched alkyl radicals by
0.4 kcal/mol (this value was deduced from hindrance potential
calculations).

Comparison of “Supergroup” Predicted Rate with TST
RatessA Test for Rate Prediction. One important question
to ask at this point is how accurate the reaction rates based on
supergroups will be as compared to individual TST calculations.
Figure 1 addresses this question for the H abstraction from
primary alkanes by H atoms. In this figure, we present the
relative difference of rates for individual reactions,kTST,
compared to the GA-based rate prediction,kGA. The rate without
tunneling,kTST, is calculated with transition state theory via

whereNA is Avogadro’s number,E0 is the ZPE-corrected barrier
height, and theQ’s are the molecular partition functions. All
information needed is available from the calculation of the
thermodynamic properties of the stable molecules, radicals, and
transition states. In principle,kTST could also be calculated via
eq 1, but it is more convenient to use partition functions if
available. All rates shown in Figure 1 are based on one C-H
site and are therefore directly comparable. The plots consider
only forward reactions. A deviation of+100% in the difference
plot (kTST - kGA/kGA) means that the TST rate is a factor of 2
larger than the GA rate. Similarly, a-50% deviation implies
thatkTST is a factor of 2 slower thankGA. Thus, Figure 1 shows
that all TST rates are within a factor of 2 of the GA predicted
rate. Most of the differences at low temperatures are due to
small fluctuations in∆Hq; e.g., the relative deviation of∼ +30%

for i-C5H12(1) corresponds to a∆∆Gq of ∼0.3 kcal/mol, which
is well within the expected accuracy. Differences in the TST
rates for secondary and tertiary R-H sites are also found to be
within a factor of 2. It should be noted that the mismatch
observed here between TST and GA rates (uncorrected for
tunneling) reflects primarily the effect of averaging the ther-
mochemical properties of “supergroup” on an individual reaction
rate. This relative performance will not change with the inclusion
of one-dimensional tunneling correction, since the latter depends
primarily upon the shape (barrier height and the barrier width)
of the reaction potential. As can be seen from Tables 4 and 5,
the magnitude of the imaginary frequency remains nearly the
same (within(15 cm-1) so that contributions from tunneling
will not vary significantly within a given type of reaction.

We now turn to the results for H abstraction by CH3. From
Table 5, we learn that the agreement between the individual
supergroup GAV’s is still good but not as good as that seen for
the abstraction reactions by H atoms. Within the error bars, we
see that the results for forward and reverse reactions overlap.
There seem to be many reasons why the agreement is a little
worse. First, we noted that the error in the calculated H2

dissociation energy is fortunately of the same amount of
discrepancies as those in the R-H dissociation. This is different
for CH3 because ab initio and GA BDE’s for methane agree
within 0.3 kcal/mol. This worsens the agreement between
forward and reverse reactions. A second reason seems to be
the stronger impact that an attacking CH3 radical can have on
the TS. In Table 5, we have seen that the heat of formation of
the reaction ofi-C5H12(4) + CH3 does not match well into the
set. In the reaction case ofn-C5H12 + CH3 leading to the
n-C5H11(3) radical, we found that the entropy and low-
temperatureCp data differ from the remaining reactions. The
TS could have a significantly different distribution of conformers
than n-pentane so that our assumption that the conformer
contributions will cancel in the GAV calculations could be poor
in this case. In the case of C2H6 + CH3, we find a larger entropy
value than expected. A closer look on the hindrance barrier for
CH3 rotation reveals an explanation. The forming CH3-H bond
in the abstraction process reduces the hindrance barrier for the
CH3 rotation from about 3.0 kcal/mol in ethane to 2.35 kcal/
mol in the transition state. This is a special feature of ethane

Figure 2. Comparison of individual TST rate calculations with the rate predicted using group additivity. H abstraction from primary alkanes by
methyl radicals. Legend: (a) C2H6, (b) C3H8, (c) n-C4H10, (d) i-C4H10, (e) n-C5H12, (f) i-C5H12 (1), (g) i-C5H12 (4), and (h)q-C5H12.

kTST(T) ) NAkBT/hQq/(QAQB) exp(-Eo/(kBT))
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since the barriers remain roughly unchanged in, e.g., propane
and t-butane. Because the reaction of CH3 with ethane is a
special case, we disregard it while averaging the entropy value
of the{C/C/H2/-H/C/H3} group in both, forward and reverse
directions.

Despite some deviations the overall consistency of the
supergroup GAV is good and proves our concept. Thus, we
proceed and compare the GA-based (generalized) reaction rate
with individual transition state theory-based rates (Figure 2).
For most of the reactions of primary C-H sites we find as for
the reactions with H atoms agreement within better than a factor
of 2. Only the earlier discussed special cases deviate more.
Because of the lowered barrier in the reaction of 2-methylbutane
with methyl radical to form 2-methylbut-1-yl radical, this
reaction is at low temperatures nearly three times as fast as all
other primary H abstractions by CH3. With increasing temper-
atures, the rate approaches the GA rate. The C2H6 + CH3

reaction behaves in the opposite manner. Caused by the
increased reaction entropy, the abstraction rate becomes faster
at higher temperatures. Both sets of GAV’s derived from the
forward reaction of H abstraction from secondary and tertiary
C-H agree very well (not shown), so TST- and GA-based rates
are very close.

Splitting Supergroups into “Benson” Groups. Having seen
that GA-based rates can be useful for rate predictions, we now
turn back to the supergroups. The supergroups characterized in
the preceding paragraphs are very large and are not really in
the spirit of group additivity. One reason is that they contain
several polyvalent atoms and violate Benson’s definition of a
group. More of practical importance is the fact that permutations
of individual atoms in such large supergroup will evidently lead
to a large number of different supergroups, which makes
characterization of them more elaborate and the whole meth-
odology less useful. Therefore, we need to divide the super-
groups into smaller fraction or groups in the sense of Benson.
An obvious choice in our case is to take the polyvalent atoms
as center of the new groups. For our six supergroups (SG)
discussed so far, splitting could be done as follows:

SGI-SGIII describe the transition states for H abstraction by
H, and the remaining three SG’s correspond to CH3 as
abstracting species. Two out of three subgroups are constant in
a set of SG’s, and the third group is a common group in the
respective abstraction reaction by H and CH3. A quick test to
see if such a splitting scheme could work is to compare the
differences of SG pairs with each other. SGI - SGII and SGIV

- SGV should both be equal to{C/C/H2/-H} - {C/C2/H/-
H}. Similarly, the three differences SGI - SGIV, SGII - SGV,
and SGIII - SGVI should all have the value{-H/C/H} + {H/-
H} - {-H/C2} - {C/H3/-H}. Table 7 shows that such a
splitting scheme could indeed work and that the group values
are relatively constant. TheCp

T results especially support this
conclusion. On the other hand, deviations in the differences for
H298 and S298 are large enough to fear that further averaging to
fit the SG data into this splitting scheme would undermine the
accuracy.

The main argument against this idea is that the central groups
{-H/C/H} and{-H/C2} are kept constant throughout and are
treated as independent of the nature of the C atom(s). The
properties of the C-H-H and C-H-C reaction centers will
certainly depend on the nature of the C atoms bound to the
migrating hydrogen. For example, if both C atoms in C-H-C
are of the same nature as that in “symmetric” reactions between
methane and methyl then both C-H distances will be equal.
This is not the case for different C sites. Near the transition
state, the geometrical parameters of the reaction center are very
sensitive to the relative bond strength of the forming and
breaking bonds. This suggests differentiating the carbons based
on the substituents attached to it (e.g., Cm, Cp, Cs, and Ct). Such
an extended interaction has already been considered in the
characterization of alkyl radicals.24-26 For example, Lay et al.26

distinguish between four different primary alkyl radicals because
the substitution pattern on the adjacent carbon atom has an
impact on the *CH2- moiety.

Thus, we have strong arguments to differentiate with respect
to the neighboring C sites as well. Doing so, we obtain four
types of{-H/Ci/H} groups and 10 types of{-H/Ci/Cj} groups,
with i and j denoting methyl, primary, secondary, or tertiary
carbon sites. Together with the{C/C/H2/-H}, {C/C2/H/-H},
{C/C3/-H}, and{H/-H} groups, we end up with 18 groups
and only six supergroups so far. To resolve this problem, we
extended the reaction set by including five symmetric H
migration reactions, viz., H+ H2, CH3 + CH4, C2H5 + C2H6,
i-C3H7 + C3H8, andt-C4H9+i-C4H10 as well as the correspond-
ing “mixed” reactions (H+ CH4, C2H5 + C3H6 (primary/
secondary pair), and C2H5 + i-C4H10 (primary/tertiary pair) and
i-C3H7 + i-C4H9 (secondary/tertiary pair). The results for the
nine new supergroups are given in Table 6. This leads to a total
of 15 supergroups and 20 groups, since two new groups ({-
H/H2} and{C/C/H3/-H}) have to be introduced. With the idea
in mind that the central{-H/X/Y} group should be a measure
of the asymmetry in the forming and breaking bonds of a
transition state, we define all five{-H/X2} groups to be zero.
Determination of the group values of the remaining 15 groups
then becomes straightforward, and the results are presented in
Table 8.

Before proceeding further with the group values, it is
appropriate to have a closer look at Table 6. The nine
supergroups presented therein are essentially derived from a
single reaction of each category. In the case of (-H/H) and
(C/H3/-H), the reason is obvious as one is left with a unique
choice. However, this is not true for the remaining supergroups.
For example, the supergroup (C/C/H2/-H/C/C/H2) could have
been derived from any other reaction in the homologous series
of primary hydrogen abstraction by a primary alkyl radical as
well. On the basis of the constancy of the six supergroup values
shown in Tables 4 and 5, we restrict ourselves to the first
member for the sake of computational efficiency.

Most of the thermodynamic properties obtained for the new
“transition state-specific” groups seem reasonable. The contribu-

SGI ) {C/C/H2/-H/H} ) {C/C/H2/-H} + {-H/C/H} +
{H/-H}

SGII ) {C/C2/H/-H/H} ) {C/C2/H/-H} + {-H/C/H} +
{H/-H}

SGIII ) {C/C3/-H/H} ) {C/C3/-H} + {-H/C/H} +
{H/-H}

SGIV ) {C/C/H2/-H/C/H3} ) {C/C/H2/-H} +
{-H/C2} + {C/H3/-H}

SGV ) {C/C2/H/-H/C/H3} ) {C/C2/H/-H} +
{-H/C2} + {C/H3/-H}

SGVI ) {C/C3/-H/C/H3} ) {C/C3/-H} +
{-H/C2} + {C/H3/-H}
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tions of the central groups,{-H/X/Y}, in the reaction center
to ∆H298, S29,8 and Cp

T are small. This is in agreement with
our picture that these groups present a measure of the asymmetry
from those of symmetric transition states. Most of the thermo-
dynamic information is consequently absorbed in the{C/Ci/
H3-i/-H} and {-H/H} groups. Cp

T contributions of these
groups change in a monotonic way. Changes inS and Cp

contributions follow in general a trend when going from methyl
to tertiary carbon; however, this is not true for∆H. The heat of
formation contribution continues to decrease from Cm to Cs.
However, it increases for a tertiary C site (Ct) in both the (-H/
Ci/H) and{C/Ci/H3-i/-H} groups. This observation should not
be over emphasized because of the uncertainties in ab initio
and experimental heats of formation fort-butane andtert-butyl
systems.

Reaction Rate Estimation Based on Group Additivitys
Comparison with Experimental Rates.We now use the newly
developed GAV to estimate reaction rates. Rates for small
alkanes are compared with kinetic data from the NIST data-
base,55 with predictions based on the work of Ranzi et al.,21

and with rate constants used in the modeling of heptane
oxidation by Curran et al.56 Contributions due to tunneling are
approximated with the Wigner formalism.46 The imaginary
frequencies are listed in Tables 5-7, and we use the averaged
imaginary frequencies of a series. The heat capacity data are
fitted to a fourth-order polynomial to simplify their use. Instead
of comparing predicted rates to individual reaction rates given

in the NIST database, we have chosen to compare our
predictions with a generalized rate extracted from several
individual reactions of the database. We fitted individual
reactions with Arrhenius or modified Arrhenius expressions and
subsequently averaged them by determining a new (modified)
Arrhenius expression as a representative of them. In a similar
manner, we used Ranzi et al.’s kinetic data. Rate comparison
is restricted to temperatures between 300 and 1500 K, the range
for which group additivityCp data are available. Figure 3 shows
the results for the primary and secondary R-H + H reaction.
The rates are given per hydrogen. In most cases, our GA-based
reaction rates are a little higher than the references, especially
for H abstraction from secondary C-H sites. In both cases, the
differences are largest with respect to the rates of Ranzi,
followed by those of Curran. The agreement with NIST data is
excellent for primary H abstraction. For the reaction of
secondary C-H with hydrogen atoms, our prediction is at high
temperatures higher than those of our fit from the NIST database
by about a factor of 2, and this factor increases at low
temperatures. In view of the very few experimental data
available for secondary C-H abstractions, this deviation should
be considered reasonable.

A comparison of predicted rates for H abstraction by CH3

radicals is shown in Figure 4. Again, only reactions with primary
and secondary alkanes are plotted. To calculate rates on the
per C-H site basis, we had to incorporate the correct reaction
path degeneracy factor. Using the symmetry factor of 6 for

TABLE 7: Analyzing Supergroups: Indication of Constant Supergroup Differences between H and CH3 Abstractions

SG*-SG** ∆fH298 S298 Cp
300 Cp

400 Cp
500 Cp

600 Cp
800 Cp

1000 Cp
1500

{C/C/H2/-H} - {C/C2/H/-H}
SGΙ-SGΙΙ -2.22 20.02 0.49 1.19 1.63 1.88 2.39 2.79 3.57
SGI-SGV -2.38 19.49 0.47 1.06 1.49 1.75 2.30 2.73 3.54
difference 0.16 0.54 0.03 0.13 0.14 0.13 0.09 0.06 0.03
{C/C/H2/-H} - {C/C3/-H}
SGI-SGIII -2.49 41.72. 0.82 1.61 2.38 3.04 4.18 5.16 6.71
SGIV-SGVI -3.18 42.28 0.88 1.55 2.24 2.87 4.01 5.03 6.61
difference 0.69 -0.56 -0.06 0.07 0.14 0.18 0.17 0.13 0.10
{C/C2/H/-H} - {C/C3/-H}
SGII-SGIII -0.27 21.70 0.33 0.43 0.74 1.16 1.79 2.37 3.14
SGV-SGVI -0.80 22.79 0.41 0.49 0.75 1.12 1.71 2.30 3.06
difference 0.53 -1.10 -0.08 -0.06 -0.01 0.05 0.08 0.07 0.07
{-H/C/H} + {H/-H}

- {H/C2} - {C/H3/-H}
SGI-SGIv 13.64 -12.01 -5.07 -6.10 -7.08 -7.99 -9.59 -10.94 -13.23
SGII-SGV 13.49 -12.54 -5.10 -6.23 -7.23 -8.12 -9.68 -11.00 -13.26
SGIII-SGVI 12.95 -11.44 -5.02 -6.17 -7.22 -8.17 -9.76 -11.07 -13.34
average 13.36 -12.00 -5.06 -6.17 -7.18 -8.09 -9.68 -11.00 -13.28
st dev 0.36 0.55 0.04 0.06 0.08 0.09 0.08 0.06 0.05

TABLE 8: “Transition-State Specific” Group Additivity Values (GAV) for Hydrogen Abstraction Reactions

group name ∆fH298 S298 Cp
300 Cp

400 Cp
500 Cp

600 Cp
800 Cp

1000 Cp
1500

{-H/X2}, with X ) H, Cm, Cp, Cs, Ct 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
{-H/H} 30.17 19.56 3.81 4.25 4.63 4.96 5.44 5.75 6.16
{-H/Cm/H} -0.15 0.36 -0.77 -0.57 -0.38 -0.25 -0.11 -0.06 -0.02
{-H/Cp/H} -1.18 1.71 -0.62 -0.42 -0.29 -0.20 -0.13 -0.10 -0.06
{-H/Cs/H} -1.34 2.58 -1.08 -0.96 -0.77 -0.55 -0.38 -0.27 -0.14
{-H/Ct/H} -0.87 4.30 -1.30 -1.05 -0.82 -0.66 -0.43 -0.31 -0.21
{-H/Cm/Cp} -0.92 -1.09 0.08 0.10 0.09 0.07 0.02 0.00 0.00
{-H/Cm/Cs} -0.62 -0.08 -0.46 -0.13 0.04 0.10 0.10 0.07 0.03
{-H/Cm/Ct} 0.64 0.68 -0.73 -0.49 -0.34 -0.25 -0.15 -0.12 -0.06
{-H/Cp/Cs} -0.48 0.96 -0.13 -0.11 -0.08 -0.06 -0.03 -0.02 -0.01
{-H/Cp/Ct} -0.34 -0.68 -0.43 -0.44 -0.40 -0.34 0.24 -0.16 -0.07
{-H/Cs/Ct} -0.82 -1.59 -0.52 -0.54 -0.47 -0.38 -0.24 -0.15 -0.06
{C/H3/-H) 16.27 34.37 8.18 9.82 11.34 12.68 14.88 16.59 19.33
{C/C/H2/-H} 21.74 13.63 6.08 7.86 9.34 10.59 12.56 13.99 16.18
{C/C2/H/-H} 24.12 -7.26 6.05 7.22 8.19 9.06 10.42 11.36 12.69
{C/C3/-H} 24.06 -30.73 5.99 6.94 7.56 8.05 8.71 9.04 9.80
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methyl, 18 for an alkane, and, e.g., 9 for abstractions from
n-alkanes, we find that the ratioσ(CH3)σ(alkane)/σ(ts) ) 12,
although only six H atoms are involved. As the total rate is
correct, we have to divide it by 6 to get the rate per hydrogen
instead of dividing through the reciprocal of the symmetry ratio.
The comparison shows good agreement at high temperatures
in the case of primary H abstraction and better agreement at
lower temperatures for secondary H abstraction.

It should be noted that Wigner’s tunneling correction is a
simplified approach and is known to underestimate the tunneling
contributions. This might explain the discrepancy at low
temperatures for methyl abstracting a primary H in Figure 4.
However, the low-temperature discrepancies in Figure 3 have
the opposite sign: the calculations using Wigner tunneling
estimates are higher than the literature rate estimates. An
improved treatment involving the intrinsic reaction coordinate
potential energy surface such as multidimensional zero-
curvature57 and centrifugal dominant small-curvature methods58

would be expected to reduce the uncertainties in our predictions.
However, the uncertainties in the TST calculation (ignoring
tunneling) due to uncertainties in the barrier height and
activation entropy are likely to be at least as large as the errors
introduced by our simple tunneling treatment. A rough estimate
of the uncertainty in the supergroup values can be obtained by
adding the error due to the group-additivity approximation (e.g.,
the range of the deviations between the group-additivity and
individual-molecule calculations of∆H, S298, andCp(T)) to the
uncertainty in the thermochemical values of the reactants.
CBS-Q is reported to give heats of formation accurate to about
1 kcal/mol,43 and our comparisons between calculated and
experimental entropies and heat capacities suggest they have
uncertainties of about 0.5 cal mol-1 K-1. Hence, we expect the
supergroup∆H values to be good to about 1.5 kcal/mol and
the S298 andCp values to be accurate to about 1 cal mol-1 K-1.
The experimental rate data are consistent with the group
additivity rate estimates within these uncertainty bounds; in fact,

Figure 3. Comparison of group additivity predicted rates with literature. H abstraction from primary (solid symbols) and secondary (open symbols)
alkanes by hydrogen atoms. References: NIST 98 data are based on ref 55, Curran 98 on ref 56, and Ranzi 94 on ref 21. The group additivity
predictions are within a factor of 2 of the experimentally derived NIST values.

Figure 4. Comparison of with group additivity predicted rates with literature. H abstraction from primary (solid symbols) and secondary (open
symbols) alkanes by methyl radicals. References: NIST 98 data are based on ref 55, Curran 98 on ref 56, and Ranzi 94 on ref 21. Note that the
discrepancies between the predictions and the experimentally derived values are relatively small in the middle temperature range where the experimental
data are most firmly established.
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the agreement is slightly better than our uncertainty estimate
would suggest, perhaps due to a favorable cancellation of errors.

Summary

We introduced the idea of characterizing thermodynamic
properties of transition states in terms of Bensons group
additivity method. The CBS-Q level of theory was used for
energy calculations, and additional partial HF/6-31G(d′) opti-
mizations were performed to obtain hindrance potentials for
internal rotations. Coupling between internal and external
rotation was taken into account as described by Pitzer et al.
Comparison of our results of∆fH298, S298, andCp(T) data for
alkanes and alkyl radicals show good agreement with experi-
mental data and GA predictions.

Applying the same methodology to the transition states for
H abstraction from alkanes by H and CH3 led to constant
thermodynamic values for the reaction specific moiety in the
transition state. The GAV of these so-called supergroups are
further subdivided into smaller Benson-like groups, which
allows a full description of these transition states via group
additivity. Reaction rates calculated with the new GAV agree
reasonably well with published kinetic information.

Using the concept of group additivity to predict reaction rates
has several advantages over other known methods: (1) In
general, GA can be used for all types of reactions and is not
restricted to special cases. (2) The temperature behavior of rate
constants is thermodynamically consistent and is not bound to
Arrhenius forms. (3) Implementation in automated mechanism
generating algorithms should be easy, since such packages have
already codes to estimate thermodynamic data for stable species
using GA. (4) Addition of non-nearest-neighbor interactions to
the GAV allows differentiation of reactivity due to substitution
effects. (5) The derivation of GAV for transition states from
forward and reverse reactions allows a consistency check of
the thermodynamic data of the reactants and products.

The observed good performance of our calculations on the
well understood intermolecular H abstraction from alkanes by
H and CH3 encourages us to continue our efforts and to expand
the studies to less well-known reaction types such as intramo-
lecular abstraction (migration) reactions. We further plan to
address the role of substituents on adjacent C sites in abstraction
reactions.
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