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How useful are reactivity indicators for the description of
hydrogen abstraction reactions on polycyclic aromatic hydrocarbons?
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Abstract

Hydrogen abstraction reactions at polyaromatic hydrocarbons by a methyl radical are investigated from the viewpoint of DFT-based
reactivity descriptors. The BMK functional succeeds in accurately reproducing experimental data for the global indicators. All species
are found to be soft. The local HSAB principle shows an overall good qualitative agreement with kinetic barriers, and the local softness is
successful for describing the general reactivity trends. However, the indicators do not succeed in predicting the particularly high barriers
encountered in some abstraction reactions, as these barriers are mainly caused by steric hindrance effects in the transition structures.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) have been
intensively studied in modern chemistry [1] as they play
an important role in a large number of different areas
(e.g. cosmology and combustion chemistry) and as they
exhibit carcinogenic characteristics. PAHs are key interme-
diate products in soot formation and coal conversion pro-
cesses [2]. More precisely, they can arise from incomplete
combustion of organic matter and they are also formed
in steam cracking units used in the petroleum industry
for the production of light olefines such as ethylene and
propylene. In such a reactor the formation of a coke layer –
consisting of aromatic rings – on the inner walls of the
reactor is observed, reducing the efficiency of the device.
In all PAH growth processes, various classes of elementary
reactions such as hydrogen abstraction, addition, cycliza-
tion and dehydrogenation reactions can be distinguished
[3–5]. In a coke network, the initial radical surface species
are formed through hydrogen abstraction reactions by
small gas phase precursors, such as methyl and hydrogen
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radicals. Previously, we performed an elaborate level-of-
theory study on the hydrogen abstraction reaction at ben-
zene by a methyl radical, representing a reference reaction
[6]. We found that the G3-RAD composite procedure, the
URCCSD(T), and the cost-effective DFT methods BMK,
BB1K and MPW1K give the best results for calculating
accurate and reliable thermochemical and kinetic data. Sec-
ondly, the study of hydrogen abstraction reactions by a
methyl radical has been extended to PAHs, with focus on
the influence of the local polyaromatic structure on the
thermochemistry and kinetics [7]. Based on kinetic infor-
mation, we found that abstraction of uncongested hydro-
gens is preferential, and a normal Bell-Evans-Polanyi
relationship was obtained for the series of linear acenes.
However, for the more congested locations this was not
the case as some large energy barriers were explained in
terms of steric hindrance in the transition structures.

Chemical reactivity can also be studied from the view-
point of DFT-based reactivity indicators. These quantities
are response functions, defined as derivatives of the elec-
tronic energy functional to the total number of electrons
or the external potential [8,9]. In general, studies on indica-
tors of radical species and reactions have so far been
limited. Global and local reactivity indicators were calcu-
lated for a variety of open-shell systems [10–12]. Radical
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addition reactions [12–14] as well as hydrogen abstraction
reactions were most intensively studied [15–17]. Difficulties
and shortcomings in the present definitions of radical indi-
cators were already reported [17]. Very recently, a new
interest into radical reactions originated with the develop-
ment of spin–polarized reactivity descriptors and so far,
some radical cyclization reactions were already successfully
examined [18]. Modelli et al. reported a link between the
electron affinity (EA) of PAHs and their toxicity [19]. Some
elementary reactions occurring in a coke network were pre-
viously studied by the authors, however a limited number
of PAHs was tested [20]. Previous works examine the appli-
cability of the reactivity concepts at the qualitative level
only. A more quantitative analysis, using the hard–soft
acid–base (HSAB) principle, was proposed by Gazquez
and Méndez [21] and investigated for various (strong as
well as weak) reactions by Pal and coworkers [22,23] and
Méndez and coworkers [24,25]. It is however noteworthy
to mention that these studies involve typical acid–base
complexes, whereas in the present work radical reactions
are addressed.

The objectives of this Letter are as follows. First, we
assess whether global DFT-based reactivity indicators are
capable of providing reliable information about the reac-
tivity sequence of the isolated PAHs. Therefore, a compar-
ison with available experimental data is made. Second, we
investigate whether there exists a correlation between vari-
ous reactivity indicators and reaction barriers and/or
enthalpies for hydrogen abstraction. And finally, the appli-
cability of local indicators to describe the correct site-selec-
tivity is examined.

2. Theoretical background

DFT-based reactivity indicators are defined as deriva-
tives of the electronic energy E[N,v(r)] with N the total
number of electrons and v(r) the external potential [8,9].
Using the finite difference approach, the chemical potential
l, the global hardness g and global softness S can be com-
puted from the vertical ionization potential (IP) and elec-
tron affinity (EA):

l ¼ � IPþ EA

2
; g ¼ IP� EA

2
; S ¼ 1

2g
: ð1Þ

Site-selectivity can be described using local indicators. The
Fukui function f(r) and local softness s(r) = S f(r) are pre-
dominantly used. The condensed form of f(r) gives an
approximate value at the position of an atomic center
[26], for a radical attack one obtains:

f 0
k ¼ ðqkðN þ 1Þ � qkðN � 1ÞÞ=2 ð2Þ

with qk(N) the electron population on the kth atom of the
molecule with N electrons.

According to the HSAB principle [27] a reaction will be
favored when the softness difference is minimal. This rule
can be applied on a global level, resulting in reactivity
sequences and on a local level, with the additional advan-
tage of distinguishing the preferential site of attack. A
semiquantitative version of the HSAB principle was pro-
posed, assuming that a chemical interaction generally con-
sists of two steps [21]. The interaction energy can be written
as follows:

DEint ¼ DEv þ DEl

� � 1

2
ðlA � lBÞ

2 SASB

SA þ SB

� 1

2

k
SA þ SB

: ð3Þ

The first step (at constant v(r)) corresponds to the equaliza-
tion of chemical potential, whereas in the second step (at
constant l) the formed complex evolves toward the equilib-
rium state through changes in the electron density of the
global system. The latter is actually a manifestation of
the principle of maximum hardness (PMH).

The parameter k can be related to the participating effec-
tive number of valence electrons. For a chemical reaction,
the corresponding reaction energy DEreac can be written in
terms of the DEint of the contributing bond breaking and
forming reactions [28].

3. Computational details

Full geometry optimizations and frequency calculations
for minimum energy and transition state structures were
performed within the GAUSSIAN 03 software package [29]
using density-functional theory (DFT) with the hybrid
B3-LYP functional [30,31] and 6-311G(d,p) basis set. Sub-
sequent single-point energy calculations were done using
the BMK [32] functional in combination with the large 6-
311+G(3df, 2p) basis set. The authors previously examined
the use of the BMK functional for the computation of
global indicators [33]. It is well-known that a proper
description of the spatially diffuse electron distributions
of anions requires a basis set with diffuse functions. Within
this view, Modelli et al. recently showed that inclusion of
the smallest addition of diffuse functions is suitable for a
correct description of stable PAH anion states and their
corresponding EA values [19]. For the local reactivity
descriptors, the atomic charges were systematically calcu-
lated using the CHELPG scheme [34], which is derived
from the electrostatic potential and is known to provide
accurate and reliable charges.

4. Results and discussion

In Fig. 1 an overview is given of the PAHs under study.
The complete set can be divided into two sub-categories.
The first group includes the series of linear acenes (B, N,
A, T and P), while the other group consists of non-linear
structures (PH, BPH, DBPH, BA, DBA, C, BNA, BPHA,
PYR, PER and BPER). Hydrogen abstraction reactions at
various sites by an approaching methyl radical, resulting in
the formation of aryl radicals and methane, are investi-
gated. Throughout the present letter, the notation PAH-
X refers to the abstraction of hydrogen atom X from the
polycyclic aromatic hydrocarbon PAH.
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Fig. 1. Structures of polycyclic aromatic hydrocarbons.

Table 1
Vertical electron affinity EA (in eV), chemical potential l (in eV), global softness S (in au�1) and global electrophilicity x (in eV) calculated at BMK/6-
311+G(3df, 2p)//B3-LYP/6-311G(d, p) level. Experimental S are given between parentheses

EA l S x EA l S x

B �1.637 �3.857 2.477 (2.626) 1.354 BA 0.400 �3.836 3.959 (3.854) 2.141
N �0.460 �3.814 3.184 (3.261) 1.702 DBA 0.410 �3.849 3.956 (3.996) 2.153
A 0.379 �3.828 3.945 (3.939) 2.125 BNA 0.648 �3.848 4.251 (–) 2.313
T 0.974 �3.850 4.731 (4.610) 2.577 BPHA 0.657 �3.827 4.293 (–) 2.310
P 1.404 �3.867 5.523 (5.195) 3.035 C 0.318 �3.806 3.900 (3.990) 2.077
PH �0.297 �3.778 3.339 (3.570) 1.752 PYR 0.240 �3.786 3.836 (3.929) 2.021
BPH 0.145 �3.833 3.689 (3.720) 1.992 PER 0.821 �3.824 4.532 (4.545) 2.435
DBPH 0.220 �3.808 3.792 (–) 2.020 BPER 0.577 �3.822 4.192 (4.031) 2.251
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The computed EA, l and S values, as well as experimen-
tal softness data (based on vertical IP and EA values) are
given in Table 1. The majority of the studied PAHs corre-
spond to energetically favored anion states (EA > 0), the



Table 2
Reaction barrier at 0 K DE0, reaction enthalpy DH298, DEv and DE0l (with
k = 1) as in Eq. (3), all in kJ mol�1, DS values in au�1 (differences between
S of the PAH and the methyl radical with S = 2.741 au�1)

DE0 DH298 DS DEv DE0l k

B-1 71.8 30.6 0.265 0.073 23.570 1.303
N-1 72.7 32.1 0.443 �0.192 34.540 0.923
A-1 74.8 34.3 1.204 �0.063 44.564 0.767
T-1 74.6 34.3 1.990 �0.096 50.029 0.683
P-1 74.4 34.0 2.781 0.054 55.355 0.614
PH-1 76.5 24.7 0.598 �0.523 39.352 0.615
BPH-1 75.2 4.9 0.948 �3.506 47.370 0.030
DBPH-1 74.1 19.3 1.051 �7.071 60.244 0.204
BA-2 82.9 26.8 1.218 �0.458 48.533 0.543
DBA-1 89.2 19.0 1.215 �0.735 52.270 0.350
BNA-2 80.7 �1.8 1.510 �3.440 58.822 0.090
BPHA-2 82.2 12.1 1.551 �6.040 68.777 0.088
C-1 73.2 34.0 1.159 �0.231 48.366 0.699
PYR-2 71.5 30.8 1.095 �0.389 40.446 0.752
PER-1 77.0 23.7 1.791 �0.422 46.396 0.501
BPER-1 76.8 25.9 1.451 �0.266 47.380 0.542
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Fig. 2. Global softness differences DS (au�1) and energy barriers at 0 K
DE0 (kJ mol�1) for hydrogen abstraction reactions at PAHs by a methyl
radical.
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Fig. 3. Contributing radical reactions of the investigated hydrogen
abstractions.
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only exceptions are B, N and PH (EA < 0). In general, all
optimized species are considered as soft, since all S values
are found in the range between 2.477 and 5.523 au�1. Table
1 also shows that the S values match very well the corre-
sponding experimental values (which are given between
parentheses): a linear regression approximation results in
an R-squared value of 0.98. The calculated values of N,
A, BPH, DBA, C, PYR and PER reproduce their experi-
mental counterparts within 0.1 au�1 (� 0.004 eV�1). The
largest discrepancy is noticed for P, although the overesti-
mation of the experimental value by 0.3 au�1 (� 0.01 eV�1)
is still limited. This excellent agreement is mainly due to
error cancellation between the IP and EA contributions.
We note that in the case of negative affinity values (B, N
and PH) an alternative formulation proposed by Tozer
and De Proft [35] was also used to compute S. The agree-
ment with the experimental values was however not further
improved. For the series of linear acenes, it is seen that an
increase in molecular size corresponds to an increase of the
EA value. In combination with decreasing IP values, this
behavior is also observed for S, demonstrating a higher
reactivity for the larger linear molecules. It is also seen that
the absolute values of the chemical potential of the PAHs
(Table 1) are lower than l of the methyl radical (l =
�4.749 eV), suggesting an electrophilic behavior of the
methyl radical. The electrophilicity xð¼ l2

2g) is a more suit-
able descriptor to describe this concept and the computed
values are therefore tabulated in Table 1. For the methyl
radical a value of 2.272 eV was obtained. Based on this
information it is clear that the methyl radical can act as
an electrophile as well as a nucleophile. This was also
reported earlier by Chandra and Nguyen who investigated
the addition of the methyl radical to double bonds [17].

Furthermore, the applicability of the global HSAB prin-
ciple is tested. Therefore, calculated DS values – indicating
the difference between the global softness of the PAH mol-
ecule on one hand and the global softness of the attacking
methyl radical (S = 2.741 au�1) on the other – are com-
pared with calculated barriers at 0 K (DE0 in kJ mol�1).
All computed results are given in Table 2. In a search for
a possible correlation between DS and the reaction barriers
DE0, we plot them in Fig. 2, but there is manifestly no cor-
relation between the two quantities. This could be
expected, taking into account the importance of steric
effects in several transition structures.

From a semiquantitative point of view, an approxima-
tion for the reaction energy of the investigated hydrogen
abstractions is calculated using Eq. (3) and the overall
results are also included in Table 2. Two contributing rad-
ical reactions can be distinguished (as shown in Fig. 3): one
bond breaking (splitting of the PAH in an aryl radical and
the hydrogen radical, reaction (1)) and one bond forming
(between the hydrogen and methyl radical, reaction (2))
reaction are taken into account. Due to the small difference
in chemical potentials between the various interacting rad-
icals, the DEv contribution is relatively small compared to
the DE0l term (corresponding to k = 1). This emphasizes
the importance of the redistribution of the electron cloud
in order to achieve a maximal hardness. For reaction (2)
DEv and DE0l equal �8.524 and �276.522 kJ mol�1 respec-
tively. For the reactions (1), leading to the various aryl rad-
icals, the DEv contribution lies in the range between �15.6
and �8.4 kJ mol�1, whereas DE0l ranges between � 252.9
and �207.7 kJ mol�1. It is noted that the exact value of k
is difficult to obtain. Moreover, this is often not strictly
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necessary within a qualitative discussion of the importance
of the separate contributions. However, in literature vari-
ous methodologies have been proposed to compute the fac-
tor k. Pal and Chandrakumar used the change in the
electron densities of the systems before and after the inter-
action process (in practice, atomic charges were applied)
[22]. Méndez et al. explicitly obtained k values in the case
of substituted phenols through a fitting procedure using
bond dissociation energies [24]. In the present study, we
follow the methodology briefly proposed by Gázquez
[28]: a set of k values are obtained (Table 2) by assuming
that the resulting DEreac values approximate the reaction
Table 3
DsC;Hi (in au�1) using the CHELPG scheme. DE0 (in kJ mol�1), scaled ZPVE i
B3-LYP/6-311G(d,p) level

i N A

1 2.742 (72.68) 2.810 (74.76)
2 2.673 (71.75) 2.723 (72.60)
3 2.678 (71.29)
4
5

BPH DBPH

1 2.797 (75.22) 2.788 (74.06)
2 2.713 (71.57) 2.731 (71.89)
3 2.710 (72.24) 2.698 (73.01)
4 2.756 (72.77) 2.761 (73.31)
5 2.727 (73.09) 2.766 (73.67)
6 2.721 (72.55) 2.732 (72.52)
7 2.718 (73.84)

BPHA C

1 2.833 (77.56) 2.730 (73.16)
2 2.962 (82.18)
3 2.782 (73.46)
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The relatively high values of k indicate the soft–soft
character of the interactions. The scattering of the param-
eter k indicates that there is no general correlation between
the semiquantitative analysis based on reactivity descrip-
tors and the reaction enthalpies. In previous studies, vary-
ing values of k were also applied, depending on the studied
systems [22–25].

While global properties may explain reactivity, site-
selectivity is described by local quantities such as the Fukui
function and local softness. We investigate, whether these
ncluded, are given in parentheses. Calculated at BMK/6-311+G(3df, 2p)//

T P PH

2.790 (74.57) 2.778 (74.37) 2.758 (76.46)
2.709 (72.06) 2.777 (74.15) 2.707 (71.55)
2.673 (70.29) 2.705 (71.51) 2.685 (71.97)

2.669 (70.79) 2.748 (72.44)
2.764 (72.16)

BA DBA BNA

2.744 (76.91) 2.817 (89.17) 2.822 (72.76)
2.825 (82.88) 2.772 (76.19) 2.896 (80.74)
2.740 (72.84) 2.740 (71.29) 2.805 (76.55)

PYR PER BPER

2.730 (73.33) 2.740 (76.95) 2.745 (76.81)
2.677 (71.50)
2.760 (71.86)
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indicators are able to predict which hydrogen atom is pre-
ferred for abstraction. Therefore, softness differences DsC;Hi

between the local softness of the carbon atom of the methyl
group (sC = 2.849 au�1) and the local softness of the vari-
ous hydrogen atoms of the PAHs are computed (Table
3). The local HSAB principle is hereby investigated from
a qualitative viewpoint only, keeping in mind that the glo-
bal softness values of the reactants differ significantly. The
Ds values are scarcely varying for the linear PAHs. The
variations are somewhat larger for the non-linear PAHs
but still limited to maximum 0.28 au�1. Despite their small
differences, we notice a correct correlation between Ds and
DE0 for the set of linear acenes. Even the site-selectivity is
correctly predicted by the local softness in each linear acene
under study, giving preference to a hydrogen abstraction at
the outer rings. This behavior is shown in Fig. 4. This cor-
rect behavior seems to be also valid for the non-linear ser-
ies, but there are clearly some pertinent exceptions. For
example, in BNA the lowest energy barrier is not found
at site 3, which corresponds with the lowest Ds. Also for
DBA-1 the high barrier (89.17 kJ mol�1, caused by steric
hindrance in the transition structure) is not reflected in
the local softness value of 2.817 au�1, which globally
belongs to the largest values obtained, but is not uniquely
the largest one. Summarizing, the local HSAB principle
does not work perfectly, and this is probably due to an
insufficient incorporation of geometric effects in the transi-
tion state, in contrary to the description of the kinetics of
the reaction, which contains information of reactant(s),
transition state(s) and/or product(s). It is nevertheless
important to note that based on local descriptors it is pos-
sible to indicate the preferred site of abstraction for most
PAHs, as the minimal Ds value corresponds to the minimal
DE0 barrier. The condensed local descriptors are found
suitable to describe the preferential site of attack, whereas
the three-dimensional (not depicted) should be treated with
utmost care as these are difficult to interpret.

5. Conclusions

We have critically analyzed the performance of various
DFT-based reactivity descriptors. A large set of polyaro-
matic molecules (PAHs) was tested and the reactivity
sequence of the involved species is investigated. The
BMK functional in combination with the extended 6-
311+G(3df, 2p) basis set was used to compute the ionization
potential, electron affinity and derived properties such as
the chemical potential and global hardness. All PAH mole-
cules are considered as soft and a good agreement with
experiment is found. The behavior of the series of linear
acenes is highlighted, indicating the increased reactivity
for the larger species. It is furthermore also concluded that
global hard/soft acid/base considerations can not explain
the reactivity of the studied hydrogen abstraction reactions,
as the global HSAB principle fails. A semiquantitative
approach indicates the importance of the redistribution of
the electron cloud in order to achieve a maximal hardness.
From a local viewpoint, a good qualitative agreement is
obtained between local softness differences and reaction
barriers at 0 K. The local softness is well-suited to predict
the preferred hydrogen for abstraction by a methyl radical.
Due to the fact that the descriptors solely use information of
the reactants, none of them succeed in explaining some
exceptional high reaction barriers, as these are due to steric
hindrance effects in the transition structures.
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