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Thermodynamic and kinetic properties relating to hydrogen abstraction by methyl radical from various sites
in polycyclic aromatic hydrocarbons (PAHs) have been investigated. The reaction enthalpies (298 K), barriers
(0 K), and activation energies and pre-exponential factors (700-1100 K), have been calculated by means of
density functional theory, specifically with B3-LYP/6-311G(d,p) geometries, followed by BMK/6-311+G-
(3df,2p) single-point energy calculations. For uncongested sites in the PAHs, a reasonable correlation is obtained
between reactivities (as characterized by the reaction barriers) and reaction enthalpies. This is reflected in a
Bell-Evans-Polanyi (BEP) relationship. However, for congested sites, abstraction is accompanied both by
lower reaction enthalpies (due to relief of steric strain) and also by reduced reactivities (due to significantly
increased steric hindrance effects in the transition structures), so that the BEP relationship does not hold. In
addition, the reaction enthalpies and kinetic parameters for the series of linear acenes indicate that abstraction
is more difficult from the central rings.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widely studied
organic molecules.1,2 They play a key role in a large number of
different areas as they are both naturally occurring and anthro-
pogenic. PAHs are the largest known class of chemical
carcinogens and mutagens.3-5 They are present in atmospheric
aerosols and many celestial objects such as meteorites, planetary
nebulae, reflection nebulae, and active galaxies,6-8 and recent
work has reported spectroscopic evidence for the existence of
PAHs in interstellar space.9 Their importance in the formation
process of hollow-cage fullerenes is also known.10 In addition,
PAHs are key intermediate products in soot formation and coal
conversion processes.11-14 They can arise as side products in
steam cracking units used in the petrochemical industry for the
production of light alkenes such as ethene and propene.15 In
this light, a quantitative understanding of the formation of PAH
molecules is important for the efficient design of clean and
practical combustion devices such as engines and incinerators
and for a maximal run length of steam cracking units.

PAHs can grow by means of a radical reaction network. The
model that begins with a phenyl radical, proposed by Frenklach
et al.,14 currently seems to be the most favored synthetic route.
This model proposes a sequential addition of acetylene mol-
ecules to the phenyl radical to form mainly planar, naphthalene-
like PAHs consisting of (substituted) six-membered rings. More
recently, Vereecken et al.16 have studied the growth of PAHs

incorporating five-membered rings, which can also act as
possible intermediates for the formation of nonplanar systems,
including fullerenes. In the PAH growth processes, various
classes of elementary reactions such as hydrogen abstraction,
addition, cyclization, and dehydrogenation can be distinguished,
and these lead to the formation of a surface consisting of
conjugated rings.16,17

To model these potentially complex reaction processes,
calculations on the contributing elementary reactions are desir-
able, as they provide the opportunity to obtain the required levels
of insight and understanding for model genesis.18-24 The initial
step that allows formation of radical surface species involves
hydrogen-abstraction reactions by means of gas-phase radicals,
such as methyl and hydrogen.24-27 In an earlier study,27 we
performed an elaborate level-of-theory investigation of hydrogen
abstraction from benzene by methyl radical, as this reaction
represents a fundamental point of comparison for radical-
mediated hydrogen abstractions from the benzenoid components
of PAHs. We found that virtually all the theoretical procedures
that we examined were suitable for geometry optimization.
However, for the reaction enthalpy, W1, G3-RAD, and UR-
CCSD(T) yielded the best agreement with experiment. For the
reaction barriers, URCCSD(T) and the low-cost BMK method
provided values in close agreement with the benchmark value.
Overall, G3-RAD, URCCSD(T), and the cost-effective density
functional theory (DFT) methods BMK, BB1K, and MPW1K
were found to give the best results for calculating the thermo-
chemistry and kinetics of hydrogen abstraction by the methyl
radical from benzene.

Some earlier studies have reported on the characteristics and
reactivity of aryl radicals derived from PAHs, though theoretical
studies have been complicated by the large spin contamination
in the phenyl radical at the unrestricted Hartree-Fock level of
theory.28 On the basis of electron spin resonance studies and
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analysis of the spectra, in combination with theoretical calcula-
tions, Kasai et al.29 showed that the aryl radicals that they
investigated were allσ-radicals, with the unpaired electron found
to occupy the essentially nonbondingσ-orbital corresponding
to the broken bond. Also, by use of semiempirical calculations
and by examining the bond dissociation energy (BDE), it was
found that the strength of the aryl-H bond is essentially
independent of molecular size but is more dependent on the
environment around the C-H bond, and a classification into
three types of aryl radicals was proposed.30,31 Aihara et al.32

used a PM3 approach in combination with a restricted open-
shell Hartree-Fock (ROHF) procedure, and showed that the
C-H BDE values were fairly constant for their test set. They
reported that small variations in the calculated BDE values were
primarily determined by the local structure near the abstraction
site. This was supported by a good correlation between the BDE
values and corresponding∠CCC angles, calculated at the
abstraction site of the reactant. DFT calculations performed by
Cioslowski et al.33 with the B-LYP functional indicated that
there is a thermodynamic preference for the hydrogen in
H-abstraction reactions to be preferentially removed from
congested regions of the parent hydrocarbons, suggesting that
the site specificity of the hydrogen abstraction is strongly
influenced by steric factors. In a previous study,34 we carefully
investigated the bond dissociation enthalpies at 298 K for an
extended set of hydrocarbons and corresponding ethynyl, aryl,
vinyl, alkyl, propargyl, benzyl, and allyl radicals. In that study,
the possible aryl radicals produced from PAHs were classified
into six groups according to their C-H bond strengths.

The main goal of the present work is to obtain thermodynamic
and kinetic data for hydrogen abstraction by methyl radical from
a variety of possible sites in polycyclic aromatic hydrocarbons.
The influence of the local environment on the C-H bond
strengths of the PAHs and the thermodynamics and kinetics of
the corresponding abstraction reactions will be emphasized. We
compute optimized geometries, reaction enthalpies at 298 K
(∆H298), barriers at 0 K (∆E0

q), and activation energies (Ea),
pre-exponential factors (A), and rate constants [k(T)] within a
relevant temperature interval (700-1100 K). By studying the
variations in the activation energy and pre-exponential factor
in terms of the details of the polycyclic structure, we aim to
gain insights as to which sites are preferred for the initial
formation of surface radicals in a polycyclic aromatic network.

2. Theoretical Procedures

All calculations were performed with the Gaussian 0335

software package. Geometries were optimized at the B3-LYP36

level of theory, in conjunction with the 6-311G(d,p) basis set.37

As mentioned earlier, a previous study on the reference
hydrogen-abstraction reaction in benzene showed the limited
influence of the level of theory on the optimized geometries.27

Other studies on related radical reactions also reported that B3-
LYP gives a reliable and quantitatively good description of
geometries.38,39 Frequencies were computed at the same level
of theory as the geometry optimizations to provide zero-point
vibrational energies (ZPVEs) and thermal corrections to the
enthalpy and to confirm the nature of the stationary points. A
scale factor of 0.9806 was used to obtain the ZPVEs from the
calculated harmonic vibrational frequencies,40 while unscaled
frequencies were used to obtain the thermal corrections to the
enthalpy. The use of scale factors provides a means of
accounting for systematic deviations between measured and
computed frequency-dependent properties and is an important
consideration for the accurate description of reaction kinetics
and thermochemistry.40-42

Single-point energy calculations were performed by use of
the BMK functional in conjunction with the 6-311+G(3df,2p)
basis set. The BMK functional was recently developed by Boese
and Martin43 and is accurate to approximately 10 kJ mol-1 for
the calculation of reaction barriers. The good performance of
BMK appears to hinge on the combination of a high percentage
of Hartree-Fock exchange (42%), together with terms depend-
ent on the kinetic energy density, resulting in a “back-correction”
for excessive HF exchange in systems where this would be
undesirable. The BMK functional was also found to be a method
of choice in our level-of-theory study on the abstraction reaction
in benzene,27 as it is an accurate computational method and yet
affordable for systems of moderately large size, such as those
studied in the present work.

We applied transition-state theory (TST),44 including the
incorporation of Eckart tunneling correction factors,45 to cal-
culate the rate constantsk(T). The Eckart method is a simple
procedure that requires only a consideration of the stationary
points on the reaction pathway and is therefore compatible with
TST, although the method is often found to overestimate the
tunneling contribution, especially at very low temperatures.46

The link with the macroscopic quantities found in the Arrhenius
rate law is made by a linear fit of lnk(T) values, calculated for
a range of temperatures, versus 1/T. One refinement in our
theoretical treatment comes from the observation that the
transition structures (TSs) for the hydrogen-abstraction reactions
have a very low frequency vibration, corresponding to internal
rotation of the incoming methyl group about the forming bond.
The standard harmonic oscillator (HO) model is known to be
inappropriate for such modes and other approximations, such
as the free rotor (FR)19,47 or hindered rotor (HR)48,49 model,
are therefore used for this mode. The choice of a particular
description depends on the height of the rotational barrier and
the temperature. In a recent study of radical-addition reactions,
we demonstrated the importance of correctly describing hindered
internal rotations in order to obtain reliable partition func-
tions.19,50In the present work, a mixed harmonic oscillator/free
rotor (HO/FR) or mixed harmonic oscillator/hindered rotor (HO/
HR) model, in which all the internal motions except for the
methyl torsion in the TS are approximated as independent
harmonic oscillators, was used.

3. Results and Discussion

Hydrogen abstraction by an approaching methyl radical from
various sites in selected polycyclic aromatic hydrocarbons,
leading to the formation of aryl radicals plus methane, have
been studied. A schematic representation of the reactions that
have been investigated is displayed in Figure 1, while the PAH
molecules that have been studied, including our numbering
scheme, are depicted in Figure 2. Our test set of PAHs can be
divided into two subcategories. The first group includes the
series of linear acenes, consisting of benzene (B), naphthalene
(N), anthracene (A), tetracene (T), and pentacene (P). The other
group consists of the nonlinear structures, including phenan-

Figure 1. Hydrogen abstraction by the methyl radical from a model
PAH to form an aryl radical plus methane. The forming bond length
(d1), breaking bond length (d2), and out-of-plane angle (γ ) angle
between the CaCbCc plane and the H-CH3 line) of the transition
structure are highlighted.
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threne (PH), benzo[c]phenanthrene (BPH), dibenzo[c,g]phenan-
threne (DBPH), benz[a]anthracene (BA), dibenz[a,j]anthracene
(DBA), coronene (C), benzo[a]naphth[2,1-j]anthracene (BNA),
benzo[a]phenanthro[3,4-j]anthracene (BPHA), pyrene (PYR),
perylene (PER), and benzo[ghi]perylene (BPER). The largest
of these systems is coronene, which includes seven six-
membered aromatic rings. Throughout this article, the notation
PAH-X refers to the abstraction of hydrogen atom X from the
polycyclic aromatic hydrocarbon PAH.

3.1. Geometries.The geometries of the PAHs, aryl radical
products, and TSs were optimized at the B3-LYP/6-311G(d,p)
level of theory. We note to begin that all the product radicals
are of theσ-type, with the unpaired electron almost completely
localized on a single carbon atom.29 The corresponding spin
densities of these product aryl radicals are given in Table S1 of
the Supporting Information and clearly indicate the localization
of the unpaired electron. Consequently, most geometrical
perturbations resulting from the removal of a hydrogen atom
are localized, systematic, and predictable.

A key geometrical feature is the planarity of most of the
reactant PAHs and product aryl radicals. Four exceptions are
found among the PAH molecules, specifically BPH, DBPH,
BNA, and BPHA. Because of steric repulsive interactions
between a pair of closely positioned hydrogen atoms, these
molecules show significant deviations from planarity (Figure
3). In the first two structures, the deviations from planarity
amount to approximately 18° within the phenanthrene compo-
nent and 30° between the two phenanthrene components in
DBPH. The BNA and BPHA structures can be regarded as

combinations of two smaller PAH structures, specifically PH
and BPH in the case of BNA and PH and DBPH in the case of
BPHA. The deviations from planarity are mainly confined to
the BPH and DBPH moieties, respectively, and similar dihedral
angles of approximately 18° and 30° are found in these
substructures. The nonplanarity is to a large extent removed
when the aryl radicals BPH-1, BNA-1, and BNA-2 (see Figure
2) are formed, following the abstraction of a hydrogen atom.
In the case of the DBPH-1, BPHA-2, and BPHA-3 radicals,
the deviations from planarity for the twisted plane where the
hydrogen is abstracted are significantly reduced. This is reflected
in dihedral angles of 7.6°, 10.2°, and 6.5°, respectively, for
∠ABCD, ∠DEFG, and∠FGHI (as defined in Figure 3) of the
corresponding aryl radicals. Other important geometrical features
in the PAHs and the product radicals are the changes in bond
distances and angles at the hydrogen-abstraction site. The
perturbations associated with removal of a hydrogen atom lead
to shortening of the adjacent C-C bonds by approximately
0.02 Å, as well as widening of the bond angle at the carbon
from which abstraction has taken place by about 6°. Similar
results were noted previously by Cioslowski et al.33 for a test
set of 10 PAHs containing up to five six-membered rings.

For the transition structures for hydrogen abstraction, the
forming (d1) and breaking (d2) bond lengths, as well as the out-
of-plane angle (γ) of the approaching methyl radical, are the
salient geometrical features. These parameters are illustrated in
Figure 1, and the computed results are included in Table 1. It
can be seen that, for most structures,d1 is modestly shorter than
d2 (average difference approximately 0.07 Å), which is consis-
tent with a “late” (in the Hammond sense) TS and in accordance
with the reaction endothermicity. Exceptions are found for DBA-
1, BNA-2, and BPHA-2, where thed2 bond length is slightly
shorter than thed1 bond length (average difference ap-
proximately 0.02 Å). This behavior can be traced back to the
more folded structures for the TSs in these cases, as illustrated
in Figure 4. It can also be seen that for the abstraction of
hydrogen atoms located at some of the more congested sites of
the PAHs, the approaching methyl radical is forced to follow
an out-of-plane pathway. For these TSs, the out-of-plane angle
γ ranges from 11.9° (for PER-1) to 40.8° (for BNA-2). These
large values ofγ are basically due to steric hindrance between
the incoming methyl radical and the closely positioned hydrogen
atoms.

3.2. Reaction Enthalpies and Barriers. ∆H298 and ∆E0
q

values for the reactions between the various PAHs and the

Figure 2. PAHs examined in the present study. Sites where hydrogen
abstraction is considered are numbered. The sites are labeled on the
basis of the hydrogen-abstraction enthalpy classifications (see text) (O
for B sites,0 for PH sites,3 for BPH sites,4 for DBPH sites, triangle
pointing left for BNA sites, and triangle pointing right for BPHA sites).

Figure 3. B3-LYP/6-311G(d,p) optimized geometries of nonplanar
PAHs BPH, DBPH, BNA, and BPHA, including dihedral angles that
measure the degree of nonplanarity.
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methyl radical were calculated at the BMK/6-311+G(3df,2p)//
B3-LYP/6-311G(d,p) level, by use of scaled ZPVEs and thermal
corrections.51 The results are given in Table 2.

3.2.1. Reaction Enthalpies. Inspection of the results in Table
2 shows that the hydrogen-abstraction enthalpies lie within a
broad range between-1.8 (BNA-2) and+34.3 (A-1, T-1) kJ
mol-1. The reactions are endothermic with the exception of the
BNA-2 reaction, which is slightly exothermic. A clustering of
the reaction enthalpies into six groups is observed, as illustrated
in Figure S1 of the Supporting Information. This had previously
been noted, on the basis of BDE values.34 Averages of the
computed∆H298 values for each of these groups X (〈∆H298〉X)
can be determined. In order of decreasing reaction enthalpies,
we distinguish B-like sites (〈∆H298〉B ) 32.0 kJ mol-1), PH-
like sites (〈∆H298〉PH ) 25.0 kJ mol-1), DBPH-like sites
(〈∆H298〉DBPH ) 18.4 kJ mol-1), BPHA-like sites (〈∆H298〉BPHA

) 12.1 kJ mol-1), BPH-like sites (〈∆H298〉BPH ) 4.5 kJ mol-1),

and BNA-like sites (〈∆H298〉BNA ) -1.8 kJ mol-1). Figure 2
shows the hydrogen atoms that belong to the various categories.

In earlier work, classifications based on other properties have
been proposed. For example, in one study involving a smaller
test set of six PAHs (B, N, A, PH, BPH, and DBPH),24 the
various abstraction sites were differentiated on the basis of a
qualitative description of the local environment of the sites,
specifically the number of intermediate carbon atoms between
the hydrogen to be abstracted and the closest adjacent hydrogen
atom. There is significant overlap between this classification
and that based on reaction enthalpies, indicating the important
role of the local environment of the hydrogen-abstraction site
on the C-H bond strength. We note, however, that sometimes
these clusters of values are coincidental rather than intrinsic.
For example, the∆H298 value for the DBPH-1 site amounts to
19.3 kJ mol-1, which is close to the 19.0 kJ mol-1 for DBA-1,
despite the local environments for the DBPH-1 and DBA-1 sites
clearly being quite different.

Detailed analysis of the series of linear acenes reveals that
the various sites (previously all classified as B-like sites) can
be subdivided into three categories. The first group corresponds
to hydrogen atoms located in the outer rings of the linear acenes,
and the nomenclature B-like sites remains appropriate for this
type. An average value of〈∆H298〉B ) 30.5 kJ mol-1 is obtained.
The second and third groups correspond to naphthalene- (N-)
and anthracene- (A-) like sites, with〈∆H298〉N ) 31.8 kJ mol-1

and 〈∆H298〉A ) 34.1 kJ mol-1, respectively. The latter group
of A-type hydrogens are sometimes referred to as solo hydro-
gens,32 that is, hydrogen atoms bonded to sp2-carbon atoms with
no adjacent C-H bonds. In agreement with the study of Aihara
et al.,32 the calculated enthalpy values corresponding to these
solo atoms are found to be the largest in the particular PAH
molecule being considered.

It is concluded overall that the reaction enthalpies for
abstraction at the more congested sites correspond to smaller
(less positive or more negative) enthalpy values, due to a relief
from steric hindrance upon creation of the radical, in accordance
with previous conclusions of Cioslowski et al.52

3.2.2. Reaction Barriers. The calculated hydrogen-abstraction
barriers at 0 K (∆E0

q) are included in Table 2. The barriers are
relatively high, lying between 70.8 (P-4) and 89.2 (DBA-1) kJ
mol-1. It can be seen that the steric hindrance effects the methyl
radical encounters when approaching the abstraction site become
very important for the more congested sites. In such circum-
stances, they contribute to a significant increase in the reaction
barrier with respect to the barrier of 71.8 kJ mol-1 for the
abstraction in benzene. The most striking examples of increased
barriers are seen for the abstractions at DBA-1, BA-2, BNA-2,
and BPHA-2, with barriers amounting to 89.2, 82.9, 80.7, and
82.2 kJ mol-1, respectively. The optimized geometries of the
corresponding TSs (Figure 4) reveal high values for the out-
of-plane angles (explicitly given in Table 1, e.g., 38.9° for
DBA-1), which is a reflection of the steric hindrance encoun-
tered by the methyl radical.

Inspection of the results in Table 2 does not show any general
correlation between the∆H298and∆E0

q results. Indeed, a scatter
plot is obtained when these quantities are plotted against one
another (Figure 5a). We observe that greater congestion gener-
ally leads to reduced reactivity for hydrogen abstraction by a
methyl radical (because the site becomes less accessible), in
contrast to the greater reactivity that would have been anticipated
to accompany the lower reaction enthalpies (relief of steric
strain) with a normal (Bell-Evans-Polanyi) reactivity-en-
thalpy relationship.53 On the other hand, for the series of linear

TABLE 1: Forming ( d1) and Breaking (d2) Bond Lengths
and Out-of-Plane Anglesγ in the Transition Structures for
Hydrogen Abstraction from PAHs by Methyl Radicala

site d1 (Å) d2 (Å) γ (deg) site d1 (Å) d2 (Å) γ (deg)

TS:B-1 1.307 1.379 0.1 TS:DBPH-1 1.322 1.362 21.6
TS:N-1 1.308 1.381 0.0 TS:DBPH-2 1.305 1.379 0.8
TS:N-2 1.305 1.380 0.0 TS:DBPH-3 1.304 1.381 2.4
TS:A-1 1.313 1.385 0.0 TS:DBPH-4 1.309 1.380 2.5
TS:A-2 1.308 1.381 0.0 TS:DBPH-5 1.306 1.383 4.5
TS:A-3 1.306 1.379 0.0 TS:DBPH-6 1.308 1.380 1.1
TS:T-1 1.312 1.385 0.3 TS:DBPH-7 1.306 1.383 3.9
TS:T-2 1.308 1.380 0.0 TS:BA-1 1.322 1.373 0.1
TS:T-3 1.306 1.379 0.0 TS:BA-2 1.333 1.368 22.6
TS:P-1 1.314 1.382 0.0 TS:BA-3 1.308 1.381 0.6
TS:P-2 1.313 1.383 0.0 TS:DBA-1 1.355 1.343 38.9
TS:P-3 1.308 1.380 0.0 TS:DBA-2 1.323 1.371 0.1
TS:P-4 1.306 1.379 0.0 TS:DBA-3 1.305 1.380 0.1
TS:PH-1 1.323 1.373 0.2 TS:BNA-1 1.332 1.354 26.9
TS:PH-2 1.305 1.380 0.0 TS:BNA-2 1.361 1.331 40.8
TS:PH-3 1.304 1.382 0.0 TS:BNA-3 1.322 1.371 17.2
TS:PH-4 1.308 1.382 0.0 TS:BPHA-1 1.318 1.373 14.1
TS:PH-5 1.308 1.381 0.0 TS:BPHA-2 1.355 1.338 37.5
TS:BPH-1 1.333 1.352 26.0 TS:BPHA-3 1.323 1.361 22.2
TS:BPH-2 1.306 1.378 2.5 TS:C-1 1.307 1.382 0.0
TS:BPH-3 1.303 1.382 2.6 TS:PYR-1 1.305 1.384 0.0
TS:BPH-4 1.309 1.380 1.8 TS:PYR-2 1.305 1.380 0.0
TS:BPH-5 1.306 1.383 3.2 TS:PYR-3 1.308 1.381 0.0
TS:BPH-6 1.308 1.381 2.2 TS:PER-1 1.322 1.370 11.9

TS:BPER-1 1.321 1.374 0.0

a See Figure 1 for definitions ofd1, d2, andγ. Transition structures
were optimized at the B3-LYP/6-311G(d,p) level.

Figure 4. B3-LYP/6-311G(d,p) optimized geometries of the transition
structures for hydrogen abstraction by methyl radical at congested sites.

Hydrogen Abstraction by Methyl Radical from PAHs J. Phys. Chem. A, Vol. 110, No. 50, 200613627



acenes, the Bell-Evans-Polanyi relationship does hold reason-
ably well, as illustrated in Figure 5b. For these uncongested
regions, the approaching methyl radical does not encounter
increased steric hindrance effects, and consequently a direct link
between the strength of the C-H bond (as characterized by the
∆H298 values) and the reactivity toward abstraction (as char-
acterized by the∆E0

q values) is expected and observed.
3.3. Kinetic Parameters and Rate Constants.Rate constants

k(T), and corresponding activation energiesEa and pre-
exponential factorsA, for the reactions between the various
PAHs and methyl radical were calculated at the BMK/
6-311+G(3df,2p)//B3-LYP/6-311G(d,p) level in the temperature
interval of 700-1100 K, which is relevant for the steam cracking
and coke formation processes. Two refinements are taken into
consideration in the calculations: the effect of tunneling
corrections on the one hand, and a refined description of the

low-energy torsion of the methyl group in the TSs on the other.
Details of the computed kinetic parameters can be found in
Table S3 of the Supporting Information.

We find that the Eckart tunneling correction contributes an
average downward shift of 4.5 kJ mol-1 to the activation energy,
whereas it has only a modest effect on the pre-exponential factor,
indicated by an average decrease by a factor of 1.3 in the ratio
Awith out tunneling/Awith tunneling.

In order to establish a more detailed description of the low-
lying vibrational mode corresponding to the internal rotation
of the methyl group about the forming/breaking bond in the
TSs, rotational potentials were computed. For the uncongested
sites, the barrier height for the rotational potential was found
to be very small, more precisely 0.1 kJ mol-1 or less, and the
values of the methyl torsional frequencyνm lie between 4.2 and
65.4 cm-1. On this basis, the free rotor model was deemed
appropriate to describe the methyl torsion, and a mixed harmonic
oscillator/free rotor (HO/FR) model was used for the calculation
of kinetic properties. For the congested sites (PH-, BPH-,
DBPH-, BNA-, and BPHA-like sites), the methyl torsional
barriers were found to be higher, with a maximum value of
approximately 5 kJ mol-1 being obtained for DBA-1. The
abstraction reactions at these sites show a larger value for the
torsional frequency, a maximum value of 147.3 cm-1 being
found for the abstraction at DBA-1. A one-dimensional hindered
rotor model was chosen to model the internal rotation in these
cases, and a mixed harmonic oscillator/hindered rotor (HO/HR)
model was used for the calculation of kinetic properties. The
influence of the refined treatment of internal rotations for the
investigated hydrogen-abstraction reactions is not negligible. The
activation energy is lowered by an average of 3.3 kJ mol-1,
while the pre-exponential factor decreases by a factor of 5.6
() AHO/Amixed). The overall influence on the rate constantk(T)
amounts to average factors () kmixed/kHO) of 0.59, 0.54, and
0.49 at 700, 900, and 1100 K, respectively.

3.3.1. Linear Acenes.For the series of linear acenes, we
subdivided the abstraction sites as B, N, or A, all of which are
uncongested locations where steric hindrance effects between
the methyl radical and the PAH molecule are not important.
The mixed HO/FR model was therefore used for the computa-

TABLE 2: Calculated Reaction Enthalpies and Barriers for Hydrogen Abstraction from Various Sites of the PAHs Shown in
Figure 2a

site B-1 N-1 N-2 A-1 A-2 A-3 T-1
∆H298 (kJ mol-1) 30.6 32.1 30.8 34.3 31.9 30.8 34.3
∆E0

q (kJ mol-1) 71.8 72.7 71.7 74.8 72.6 71.3 74.6

site T-2 T-3 P-1 P-2 P-3 P-4 PH-1
∆H298 (kJ mol-1) 31.6 30.4 34.0 33.8 31.5 29.9 24.7
∆E0

q (kJ mol-1) 72.1 71.0 74.4 74.2 71.5 70.8 76.5

site PH-2 PH-3 PH-4 PH-5 BPH-1 BPH-2 BPH-3
∆H298 (kJ mol-1) 31.1 32.2 32.1 31.7 4.9 30.2 32.1
∆E0

q (kJ mol-1) 71.5 72.0 72.4 72.2 75.2 71.6 72.2

site BPH-4 BPH-5 BPH-6 DBPH-1 DBPH-2 DBPH-3 DBPH-4
∆H298 (kJ mol-1) 31.6 32.7 32.0 19.3 31.0 32.0 31.9
∆E0

q (kJ mol-1) 72.8 73.1 72.6 74.1 71.9 73.0 73.3

site DBPH-5 DBPH-6 DBPH-7 BA-1 BA-2 BA-3 DBA-1
∆H298 (kJ mol-1) 33.0 31.8 33.1 24.5 26.8 32.2 19.0
∆E0

q (kJ mol-1) 73.7 72.5 73.8 76.9 82.9 72.8 89.2

site DBA-2 DBA-3 C-1 BNA-1 BNA-2 BNA-3 BPHA-1
∆H298 (kJ mol-1) 23.6 31.2 34.0 4.0 -1.8 24.5 26.0
∆E0

q (kJ mol-1) 76.2 71.3 73.2 72.8 80.7 76.6 77.6

site BPHA-2 BPHA-3 PYR-1 PYR-2 PYR-3 PER-1 BPER-1
∆H298 (kJ mol-1) 12.1 16.9 33.7 30.8 31.8 23.7 25.9
∆E0

q (kJ mol-1) 82.2 73.5 73.3 71.5 71.9 77.0 76.8

a Energies were obtained at the BMK/6-311+G(3df,2p)//B3-LYP/6-311G(d,p) level.

Figure 5. Barriers at 0 K (∆E0
q) versus reaction enthalpies at 298 K

(∆H298) for hydrogen-abstraction reactions at various sites of (a) all
the PAHs examined and (b) only the series of linear acenes [BMK/6-
311+G(3df,2p)//B3-LYP/6-311G(d,p)].
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tion of the rate constantsk(T) in these cases. In Figure 6a, the
rate constants for the hydrogen abstractions at N, A, T, and P
are depicted, with the abstraction in benzene serving as a
reference. Table 3 gives the rate constants at 700, 900, and
1100 K, together with the derived kinetic parameters. Abstrac-
tion from the benzene molecule is the fastest. Abstractions of a
hydrogen atom located at a central ring, corresponding to A-like
sites, or more precisely A-1, T-1, P-1, and P-2, are the slowest,
approximately 3 times slower than abstraction in benzene.
Abstraction reactions at noncentral rings (corresponding to B-
and N-like sites) are preferred over abstraction at the central
rings. This trend is supported by both kinetic parameters: the
average activation energy is approximately 3 kJ mol-1 lower,
while the pre-exponential factor is 1.7 times higher.

Another interesting aspect is the convergent behavior of the
kinetic parameters and rate constants with increasing PAH size.
Comparison of the kinetic parametersEa and A for the
abstraction reactions at B-1, N-1, A-1, T-1, and P-1 shows that
limiting values are already reached for both parameters in the
anthracene molecule, and this is also seen in Figure 6a. It thus
appears sufficient to take into account three six-membered rings
in order to adequately model the kinetics of the linear acenes.

3.3.2. Nonlinear PAHs.Calculated rate constants for a range
of temperatures, as well as the associated kinetic parametersEa

andA, are given in Table 4 for the abstraction reactions for the
nonlinear PAHs. Figure 6b depicts the ratio of the rate constant
at the characteristic sites X with respect to the rate constant in
benzene in the relevant temperature range. Inspection of the
results obtained for the different categories PH-1, BPH-1,
DBPH-1, BNA-2, and BPHA-2 reveals that the calculatedk(T)
values for the less congested PAH molecules, for example,
phenanthrene, are higher than those for the congested sites at
all temperatures. Further examination of the results obtained
for the abstraction at these (congested) non-B-like sites shows
that the variation in the kinetic parameters is larger than in the
series of linear acenes. TheEa values lie in the range 80.9-
96.7 kJ mol-1, while theA values vary between 5.3× 105 and
1.0× 107 m3 mol-1 s-1. The kinetic parameters corresponding
to the six different categories based on reaction enthalpies are
depicted in Figure 7. The pre-exponential factors clearly support
the conclusion that the abstraction becomes more difficult as
the PAH abstraction site becomes more congested. In addition,
theEa values for the very congested sites BNA-2 and BPHA-2
are substantially higher.

Detailed inspection of the results in Table 4 also shows that,
even within a specific PAH, abstraction at B-like sites is always
preferred over abstraction at more congested sites. For instance,
for the various sites within the phenanthrene (PH) molecule, it
can be seen that abstraction at the PH-like site (PH-1) is more
difficult than abstractions at the B-like sites (PH-i, i ) 2-5),
as reflected in an average factor of 2.3 between the specific
rate constants.

As a final remark, we note that comparison of the PH-1 and
BPER-1 results offers valuable information about the possible
consequences of adding an extra layer to the coke surface model.
The deviations between the rate parameters for the two
abstraction reactions are seen to be small, with a factor of
approximately 1.6 being obtained fork(BPER-1)/k(PH-1) and
small changes also being observed for the activation energy and
pre-exponential factor.

4. Conclusion

In this study, hydrogen abstraction by an approaching methyl
radical from a variety of sites in polycyclic aromatic hydrocar-
bons (PAHs) has been investigated by means of density
functional theory calculations. Large systems, containing up to
seven six-membered rings, have been examined, and the
influence of the polycyclic environment on thermodynamic and
kinetic properties has been explored. Optimized B3-LYP/6-

TABLE 3: Calculated Rate Constants, Activation Energies, and Pre-exponential Factors for Hydrogen Abstraction by Methyl
Radical at Various Sites in Linear Acenesa

site k700 (m3 mol-1 s-1) k900 (m3 mol-1 s-1) k1100 (m3 mol-1 s-1) Ea (kJ mol-1) A (m3 mol-1 s-1)

B-1 2.55× 101 5.12× 102 3.97× 103 80.9 2.62× 107

N-1 1.45× 101 2.99× 102 2.36× 103 81.6 1.69× 107

N-2 1.74× 101 3.53× 102 2.76× 103 81.1 1.86× 107

A-1 7.36× 100 1.64× 102 1.35× 103 83.6 1.20× 107

A-2 1.34× 101 2.76× 102 2.18× 103 81.6 1.55× 107

A-3 1.99× 101 3.96× 102 3.05× 103 80.7 1.96× 107

T-1 7.62× 100 1.68× 102 1.39× 103 83.4 1.20× 107

T-2 1.78× 101 3.62× 102 2.83× 103 81.2 1.94× 107

T-3 2.15× 101 4.25× 102 3.26× 103 80.4 2.04× 107

P-1 7.73× 100 1.70× 102 1.40× 103 83.4 1.21× 107

P-2 8.02× 100 1.75× 102 1.43× 103 83.0 1.19× 107

P-3 1.71× 101 3.41× 102 2.64× 103 80.8 1.71× 107

P-4 2.19× 101 4.29× 102 3.27× 103 80.3 2.02× 107

a Calculated by use of the mixed HO/FR model and including Eckart tunneling corrections. Energies were obtained at the BMK/6-311+G(3df,2p)//
B3-LYP/6-311G(d,p) level.

Figure 6. Ratios of calculated rate constantskX(T)/kB(T) for hydrogen-
abstraction reactions at the possible sites of (a) linear acenes and (b)
nonlinear PAHs, within the temperature range 700-1100 K [BMK/6-
311+G(3df,2p)//B3-LYP/6-311G(d,p) with HO/FR or HO/HR fre-
quency models and including Eckart tunneling corrections; see text].
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311G(d,p) geometries and subsequent BMK/6-311+G(3df,2p)
single-point energy calculations have been used, leading to the
following conclusions.

The congested sites in the PAHs correspond to lower reaction
enthalpy values, largely reflecting the release of steric strain
upon creation of the radical. The reaction barriers on the other
hand show that abstraction at these congested locations is more
difficult, as the site becomes less accessible for the approaching
methyl radical. Consequently, a Bell-Evans-Polanyi relation-
ship is not obtained. However, analysis of the subset of linear
acenes does indicate a good correlation between reactivities and
reaction enthalpies, since in this case we are dealing with
uncongested locations and steric hindrance effects in the TSs
are not important.

Rate constants, activation energies, and pre-exponential
factors, calculated in the temperature interval 700-1100 K,
support the observation that abstraction at the uncongested
benzene-like sites is preferred for the initial formation of radical
species. For the series of linear acenes, the kinetic parameters
are found to vary modestly, whereas for the expanded test set,
larger variations are observed. For calculation of the rate
constants, two refinements are taken into account, specifically
Eckart tunneling corrections and an improved description of the
internal rotation of the incoming methyl group about the
breaking/forming bond in the transition structure. The latter
effect reduces the rate constant by a factor of about 1.9 (at a
temperature of 900 K). The tunneling corrections contribute to
a shift in the activation energies by approximately 4.5 kJ mol-1.
Overall, the combination of both effects results in an average
downward shift of 7.8 kJ mol-1 for the activation energies and
a reduction by a factor of approximately 7.4 for the pre-
exponential factors, leading to a decrease in the rate constants
by a factor of 2.6.
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TABLE 4: Calculated Rate Constants, Activation Energies, and Pre-exponential Factors for Hydrogen Abstraction by Methyl
Radical at Various Sites in Nonlinear PAHsa

site k700 (m3 mol-1 s-1) k900 (m3 mol-1 s-1) k1100 (m3 mol-1 s-1) Ea (kJ mol-1) A (m3 mol-1 s-1)

PH-1 2.91× 100 6.76× 101 5.78× 102 84.8 5.85× 106

PH-2 8.62× 100 1.73× 102 1.34× 103 80.8 8.78× 106

PH-3 8.43× 100 1.72× 102 1.35× 103 81.3 9.27× 106

PH-4 6.39× 100 1.30× 102 1.01× 103 81.2 6.89× 106

PH-5 7.87× 100 1.59× 102 1.24× 103 81.1 8.32× 106

BPH-1 1.10× 100 2.41× 101 1.99× 102 83.3 1.71× 106

BPH-2 4.63× 100 9.30× 101 7.21× 102 80.9 4.74× 106

BPH-3 4.20× 100 8.68× 101 6.85× 102 81.6 4.90× 106

BPH-4 3.30× 100 6.81× 101 5.38× 102 81.6 3.84× 106
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DBPH-1 9.96× 10-1 2.14× 101 1.74× 102 82.8 1.41× 106

DBPH-2 4.31× 100 8.77× 101 6.87× 102 81.3 4.72× 106

DBPH-3 3.48× 100 7.40× 101 5.96× 102 82.4 4.64× 106

DBPH-4 2.79× 100 5.86× 101 4.69× 102 82.1 3.54× 106

DBPH-5 2.78× 100 5.97× 101 4.84× 102 82.7 3.88× 106

DBPH-6 3.37× 100 6.92× 101 5.44× 102 81.5 3.81× 106

DBPH-7 2.72× 100 5.90× 101 4.80× 102 82.9 3.93× 106

BA-1 1.92× 100 4.61× 101 4.02× 102 85.6 4.44× 106

BA-2 1.51× 10-1 4.53× 100 4.57× 101 91.6 9.71× 105

BA-3 3.69× 100 7.68× 101 6.10× 102 81.9 4.48× 106

DBA-1 4.84× 10-2 1.76× 100 2.02× 101 96.7 7.44× 105

DBA-2 3.79× 100 8.65× 101 7.32× 102 84.4 7.03× 106

DBA-3 9.51× 100 1.90× 102 1.47× 103 80.8 9.54× 106

BNA-1 1.19× 100 2.38× 101 1.86× 102 80.9 1.23× 106
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BPHA-1 4.59× 10-1 1.12× 101 9.83× 101 86.0 1.13× 106

BPHA-2 1.09× 10-1 3.09× 100 3.00× 101 90.0 5.33× 105

BPHA-3 1.30× 100 2.72× 101 2.18× 102 82.1 1.64× 106

C-1 3.63× 101 7.70× 102 6.18× 103 82.3 4.77× 107

PYR-1 1.25× 101 2.66× 102 2.15× 103 82.5 1.68× 107

PYR-2 1.84× 101 3.71× 102 2.89× 103 81.0 1.92× 107

PYR-3 1.68× 101 3.37× 102 2.61× 103 80.8 1.71× 107

PER-1 2.24× 100 5.31× 101 4.60× 102 85.3 4.93× 106
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a Calculated by use of the mixed HO/FR or HO/HR model and including Eckart tunneling corrections. Energies were obtained at the BMK/6-
311+G(3df,2p)//B3-LYP/6-311G(d,p) level.

Figure 7. Average values of activation energies ([, Ea, kJ mol-1)
and pre-exponential factors (2, A, m3 mol-1 s-1) for PAH groups [BMK/
6-311+G(3df,2p)//B3-LYP/6-311G(d,p) with HO/FR or HO/HR fre-
quency models and including Eckart tunneling corrections; see text].

13630 J. Phys. Chem. A, Vol. 110, No. 50, 2006 Hemelsoet et al.



Radical Chemistry and Biotechnology for funding and gratefully
acknowledges generous allocations of computing time from the
Australian Partnership for Advanced Computing, the Australian
National University Supercomputing Facility, and the Australian
Centre for Advanced Computing and Communication. Finally,
we thank Professor Jan Martin for making the BMK functional
available for our use.

Supporting Information Available: Reaction enthalpies at
298 K (Figure S1), structures of the PAHs that have been
examined (Figure S2), spin densities of all product radicals
(Table S1), total energies, zero-point vibrational energies, and
thermal corrections (Table S2), and effect on activation energies
and pre-exponential factors of the model used to provide a
refined description of the low-energy torsional motion of the
methyl group in the transition structures and effect of Eckart
tunneling corrections (Table S3). This material is available free
of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Gonzales, J. M.; Barden, C. J.; Brown, S. T.; Schleyer, P. v. R.;
Schaefer, H. F., III; Li, Q.-S.J. Am. Chem. Soc.2003, 125, 1064 and
references therein.

(2) Watson, M. D.; Fechtenko¨tter, A.; Müllen, K. Chem. ReV. 2001,
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