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Polycyclic aromatic hydrocarbons (PAHs) are a class of planar molecules, abundant in urban en-
vironment, which can induce chemical carcinogenesis. Their carcinogenic power varies in a large
range, from very strong carcinogens to inactive ones. In a previous study, we proposed a methodol-
ogy to identify the PAHs carcinogenic activity exploring electronic and topological indices. In the
present work, we show that it is possible to simplify that methodology and expand its applicability
to include methylated PAHs compounds. Using very simple rules, we can predict their carcinogenic
activity with high accuracy (� 89%).

I Introduction

Cancer is a disease of multicellular organisms involving
multistep processes in which cells accumulate genetic
alterations as they progress to a more malignant phe-
notype [1]. In spite of many years of theoretical and
experimental work, the details of the biochemical phe-
nomena involved in the appearance of malignant tu-
mors are not well-understood. It is believed today that
although many factors can be associated with cancer
induction, such as virus, radiation, chemical agents,
etc., the chemical component is the most important.
Among the chemicals that are known to induce cancer,
the Polycyclic Aromatic Hydrocarbons (PAHs) are of
special relevance. PAHs are a class of planar organic
molecules (see Figs. 1 and 2) presenting carcinogenic
power which varies from some of the strongest known
carcinogens to inactive ones [2].

The reasons why some of these very similar
molecules present carcinogenic activity, and others do
not, have been the object of intense research since the
thirties with the pioneer work of Cook and collabora-
tors [3]. These �rst works tried to correlate the car-
cinogenic activity with some geometrical features of the
molecules. These ideas were further developed by Pull-
man and Pullman [4] using quantum mechanical calcu-
lations (simple H�uckel theory [5]) and were expressed
in terms of critical index values over speci�c molecular
regions named K and L (see inset of Fig. 1). Later, sim-

ilar theories evolved to include one, which is called the
bay region' [6-9] (see inset of Fig. 1). A semi-empirical
study has been also reported [10] showing a close cor-
relation between the electrophilic reactivity at speci�c
carbon atoms of chrysene and methyl- chrysenes and
their carcinogenic activity.

These theories (based on electronic indices) and
more recent ones using statistical analysis, neural net-
works, and arti�cial intelligence methods [11-13] have
achieved only partial success. Some of them work well
for a speci�c subset of compounds and fail for others,
and vice-versa. Due to the increasing levels of PAHs
present in urban air (partly due to auto exhaust) and in
many common processed foods, the search for a theory
that could predict, at least at qualitative level, whether
a speci�c PAH will be carcinogenic or not is a very im-
portant health challenge.

Recently [14] we proposed a new theoretical ap-
proach to identify PAH carcinogenic activity. This ap-
proach is based on the concepts of local density of elec-
tronic states and critical values for the energy separa-
tion between HOMO (highest occupied molecular or-
bital) and its next lower level HOMO-1. That study
was carried out for the �rst 26 molecules shown in Fig.
1. With a few simple rules, we were able to group and
identify their carcinogenic activity.

One interesting experimental fact associated with
the PAHs is the role of attached chemical groups. It
is a well-known experimental fact that chemical sub-
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stitution (methylation, for instance) in PAH molecules
can drastically a�ect their carcinogenic activity [15], de-
pending on the site of substitution and on the number
of substituted groups. Active molecules can become
inactive or vice-versa, or the carcinogenic power can
be largely varied (i.e., increased or decreased). These
facts have not been consistently explained in terms of
K-L theories. Although the methylation process does
not change the total number of �-electrons, it produces
perturbations in the � electronic density of states, such
as changing the relative contribution of HOMO and
HOMO-1 to the local density of states. If the rules we
have previously proposed [14] are correct, we could ex-
pect methylation to induce a discontinuous transition
in the carcinogenic activity, i.e., it could make active
molecules inactive and vice-versa. Thus, the study of
methylated compounds presents itself as a very interest-
ing test to our previously proposed methodology [14].

Figure. 1 Structural scheme of the 32 non-methylated poly-
cyclic aromatic hydrocarbon (PAHs) molecules studied in
the present work. See Table 1 for their descriptive names.
The darker bonds indicate the bonds with the calculated
highest bond orders. In the inset are shown the pyrene
structure and also typical L, K and bay (B) regions for PAH
molecules.

Figure. 2 Structural scheme of the 49 methylated polycyclic
aromatic hydrocarbon (MPAHs) molecules studied in the
present work. See Table 2 for their descriptive names. The
darker bonds indicate the bonds with the calculated highest
bond orders.

II Methodology

In the present work we have studied 81 PAH molecules
(49 and 32 methylated and non-methylated PAHs, re-
spectively). Their schematic structures are shown in
Figs. 1 and 2. Most of these molecules were selected
having in mind the criteria of availability of experimen-
tal data for chemical carcinogenesis. For the �rst 26
molecules shown in Fig. 1, the Iball index is available [9,
16, 17]. The Iball index is de�ned as the percentage of
skin cancer in mice (skin painting experiments) divided
by the average latent period in days for the a�ected
animals multiplied by 100 [16, 17]. The remaining 6
molecules shown in Fig. 1 were chosen for compari-
son purposes; the Iball index is not available for them,
so we have chosen the carcinogenic scale proposed by
Cavalieri et al. [18]. For the methylated compounds,
we have used the same scale [18], since the Iball indices
are not available for all of them. The methylated struc-
tures shown in Fig. 2 are structurally related to the
non-methylated molecules shown in Fig. 1, in order to
provide a direct comparison.

The calculations analyzed in this work were carried
out in the framework of simple H�uckel theory [5]. As
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PAHs are planar molecules with a well-de�ned ��� sep-
aration the H�uckel method is the simplest choice due
to its simplicity and good qualitative power prediction.
Also, it will allow us to compare our results with a large
amount of theoretical studies carried out since the for-
ties using H�uckel models [3, 4, 12]. We have used the
same method and parameters adopted by Pullman and
Pullman [4] for their K-L theory to allow a direct com-
parison to their results and to our previous results [14,
19]. See Refs. [5] and [19] for details about the H�uckel
method.

In spite of its simplicity, the H�uckel model and sim-
ilar theories are still very useful in providing the rel-
evant physical information for the qualitative analysis
of the electronic and structural properties of organic
compounds. For instance, H�uckel models have been
successfully used to investigate the electronic structure
of conducting polymers and molecular crystals [20-24].

In the H�uckel model, there is more than one way
to treat methylated compounds. In this work, we
have used the so-called inductive method, treating the
methylation through an appropriate rescaling of the �
parameter (�=-0.5) [5]. We have chosen this model (in-
stead of the heteroatom or hyperconjugation models)
because, in the present case, it is the best and sim-
plest way to directly compare the electronic density of
states (DOS) and the local density of states (LDOS) of
methylated and non-methylated PAHs. Since the ma-
trices will have the same dimensions, the summations
are carried out over the same number of sites for the
methylated and their structural parents.

The DOS is de�ned as the number of electronic
states per energy unit. The related concept of LDOS,
i.e., the DOS calculated over a speci�c molecular re-
gion, is introduced in order to also describe the spa-
tial distribution of the states over the system under
consideration. Due to the fact that we are carrying
out molecular calculations, the eigenvalues form a dis-
crete set and, in order to simulate a continuous set,
this Æ-function like spectrum has to be smoothed out
using Gaussian or Lorentzian functions centered on the
eigenvalues [19, 25]. For the LDOS calculations, the
contribution of each carbon atom to an electronic level
is weighted by the square of the (real) molecular orbital
coeÆcient, i.e., by the probability density correspond-
ing to the level in that site. In our previous works [14,
19] we have used a Lorentzian enveloping accordingly
to the following expression:

LDOS(E) =

ncX

l=k


2

(E �El)2 + 
2

nfX

m=n1

jcmlj
2: (1)

Here, 
 is the half-width of the Lorentzian peak (
 =
0:01�), and the spectra are generated varying the en-
ergy for a desired energy range (E). For the results
shown here, we considered this range to be from -3.0
to 3.0 � (histograms with 500 points). E1 refers to

the molecular energies and cml to the coeÆcients of
the expansion of molecular orbitals expressed as a lin-
ear combination of atomic orbitals. The summation
is carried out over the desired molecular region (initial
(ni) to �nal (nf ) carbon sites) including all the selected
molecular energies (l = k to nc).

However, this procedure has some disadvantages. It
has some intrinsic dependence on the chosen values for
the Lorentzian enveloping and also on the initial energy
values used to generate the simulated spectra. This
precludes the direct comparison with LDOS generated
with other methods. For example, if we use a method
including all valence electrons, the half-width of the
lorentzian-peak could produce arti�cial changes in the
LDOS values through spurious overlap of the molecular
levels that are very close. This does not happen with
the H�uckel method where only �-electrons are taken
into account.

To solve these problems, we have rewritten eq. 1 to
the following form:

LDOS(Ei) = 2

nfX

m=ni

jcmij
2: (2)

Using the discrete modulation given by eq. 2 (instead of
a continuous Lorentzian envelope) we avoid the prob-
lems involving eq. 1 and we are also able to directly
compare DOS and LDOS calculated from any LCAO
(Linear Combination of Atomic Orbitals) method.

The use of density of states (DOS) and local density
of states (LDOS) concepts can give us detailed informa-
tion on the contributions of speci�c geometrical regions
of the molecules to the chemical reactivity, optical re-
sponse, etc., and, consequently, to their biochemical be-
havior.

For the non-methylated PAHs molecules, it was
shown [14] that the LDOS analysis over the K, L, and
Bay regions (considered by some authors [4-10] to be
the relevant molecular regions) did not provide patterns
that could be correlated with the carcinogenic power.
The same was observed for the LDOS involving ter-
minal rings. However, when this analysis was carried
out over the ring containing the highest bond-order
(RHBO) in association with the di�erence in energy
between the HOMO and HOMO-1 (� energy), a clear
pattern appeared [14, 19]. Through very simple rules,
it was possible to associate these electronic indices with
the carcinogenic activity. For the present study of
methylated compounds, we have analyzed these same
molecular regions.

III Results and discussions

The 81 PAH molecules we have studied here (49 methy-
lated and 32 non- methylated ones) are indicated in
Figs. 1 and 2. As can be seen from Fig. 2, the methy-
lation does not change the location of the bonds with
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the highest bond-orders in relation to the parent PAHs
in Fig. 1.

In Tables 1 and 2, we show a summary of the H�uckel
results for the molecules shown in Figs. 1 and 2, re-
spectively. The values for the HOMO (highest occu-
pied molecular orbital), HOMO-1, their energy di�er-
ence (�) and their LDOS relative contribution di�er-
ence (�) are presented. The experimental carcinogenic

activity is also indicated when available. From these
tables we can notice that it is not possible to use any of
these data separately as indicators for the carcinogenic
activity. Our theoretical predictions are contrasted to
the experimental data (when available) and with the re-
sults obtained with the methodology of previous work
[14].

Table 1 - Summary of the H�uckel results for the molecules numbered according to the scheme shown in Fig. 1. The highest
occupied molecular orbital (H), the next lower occupied level (H-1), their energy di�erence value (�) and their relative
contribution di�erence to the LDOS (�) are indicated. The theoretical results of the present work (this work) and a previous
work (Ref. 14) are contrasted to the experimental data for carcinogenic activity (C.A.). A and D indicate agreement or
disagreement, respectively. NA indicates the cases not analyzed in ref. 14. All the energy results are expressed in the usual
H�uckel resonance energy � (approximately 2.4 eV). See text for discussions.
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Table 2 - Summary of the H�uckel results for the methylated compounds, numbered according to the scheme shown in Fig.
2. The highest occupied molecular orbital (H), the next lower occupied level (H-1), their energy di�erence value (�), their
relative contribution di�erence to the LDOS (�), and the experimental carcinogenic activity (C.A.) are indicated. The
symbols (+++++), (++++), (+++), (++), (+), (�) and (-) mean extremely active, very active, active, moderately active,
weakly active, very weakly active and inactive, respectively. The theoretical results of the present work (this work) and the
ones obtained using the methodology of a previous work (Ref. 14) are contrasted to the experimental data for carcinogenic
activity (C.A.). A and D indicate agreement or disagreement, respectively. All the energy results are expressed in the usual
H�uckel resonance energy � (approximately 2.4 eV). See text for discussions. Although for the last three molecules indicated
in the table there are no experimental results available, the present approach predicted that they will be active.



R.S. Braga et al. 565

Barone et al. [14] have studied the �rst 26 molecules
in Fig. 1 and proposed the following three simple rules
to identify carcinogenic activity (based on the � en-
ergy values associated with the HOMO and HOMO-1
relative contribution to the LDOS over the RHBO):

Pyrenelike molecules.

(a) If the molecule contains a pyrenelike structure
(see inset of Fig. 1) and � is greater than 0.25�
(� �2.4eV), it will be strongly carcinogenic. Other-
wise, the molecule will be inactive.

Nonpyrene molecules

(b) If the HOMO is the highest (peak) contribution
to the LDOS over RHBO, the molecule will be com-
pletely inactive.

(c) If the HOMO contribution to the LDOS over
RHBO is greater than that of HOMO-1 (but not
the highest peak) and � > 0:15�, the molecule will
present a strong or moderate carcinogenic activity. If
the HOMO-1 contribution is greater than that of the
HOMO, the molecule will present weak or no activity
at all. Typical examples of these rules are shown in Fig.
3.

Figure. 3 Local density of states (LDOS) in arbitrary units
(a.u.) over the ring that contains the highest bond or-
der (RHBO) for typical active and inactive non-methylated
molecules. For simplicity, only the valence states are dis-
played. H indicates the highest occupied molecular orbital
(HOMO) and N is the next lower molecular orbital (HOMO-
1).

This set of rule presents some limitations. If a
compound have the HOMO contribution greater than
HOMO-1 (positive �) and � < 0:15� (case not present
in the Lorentzian analysis [14, 19]), these rules cannot
be used to determine whether the compound is active
or not.

However, this situation appears when we use the
discrete representation of the spectra (see tables 1 and
2) and it needs to be considered. The present study in-
cluding a larger number of compounds (methylated and
non-methylated) and using discrete modulation to DOS
and LDOS spectra allows us to treat this case. Besides
that, the above set of three rules can be reduced to just
one simpler and more encompassing rule:

� If the � > 0 and � > 0:17�, the molecule

will present a strong or moderate carcinogenic

activity. Otherwise, the molecule will present a

weak or null activity.

This rule explores the same concepts of the original
set of rules, critical � values and relative LDOS con-
tributions to HOMO and HOMO-1. In Fig. 3 we show
typical results for active and inactive non-methylated
compounds whose carcinogenic activity is correctly pre-
dicted by the above rule.

In what follows, we will discuss the results for
methylated compounds. We would like to stress that
the description of the methylation process in terms of
simple perturbation of the � parameter for the carbon
at which the chemical group is attached is a strong ap-
proximation. Even so, in this approach - as the results
below will show - at least the qualitative behavior of the
carcinogenic activity is appropriately described. This is
a clear indication that the methodology we are propos-
ing is physically sound.

We have examined 49 methylated molecules (with
experimental data available for 46 of them) and the
above new rule can correctly predict the absolute car-
cinogenic activity of 74% of them. This is an excellent
result, considering the approximations we have used to
treat the methylation process. If we use the above rule
to analyze the tendency of changes in the � values un-
der methylation (i.e., whether it increases or decreases)
the agreement with the experimental data goes to 89%.
Typical LDOS results for these molecules are shown in
Fig. 4.

The most interesting cases are those for which, un-
der methylation, the active molecules become inactive
or vice-versa. This happens for 9 out of 46 compounds.
In Table 3 we show the variation of � for these com-
pounds. We can see from this table and from Fig. 5
that for the active compounds which become inactive,
the � value decreases (#P2, #M34 and #M46) and for
inactive compounds which become active, the � value
increases (#P12, #M01 and #M03), following the ten-
dency of the requirements for activity/inactivity of our
single rule. These results are in agreement with the
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experimental data for 8 out of the 9 compounds. For
the remaining methylated structure, its activity is cor-
rectly predicted by our rule, which, however, fails in the
prediction of its parent PAH structure.

Figure. 4 Local density of states (LDOS) in arbitrary units
(a.u.) over the ring that contains the highest bond order
(RHBO) for methylated molecules representative of the rule
stated in the text. For simplicity, only the valence states are
displayed. H indicates the highest occupied molecular or-
bital (HOMO) and N is the next lower molecular orbital
(HOMO-1). See text for discussion.

For the 78 molecules with available experimental
data, our new single rule correctly describes the bio-
logical activity of 61 of them (78%). If we include the
tendencies, we correctly describe 69 out of 78 (89%).
Three of the methylated molecules shown in Fig. 2
(#M47, #M48 and #M49) are predicted by our rule to
be carcinogenic but we do not have experimental data
available for them.

The biochemical processes leading to chemical car-
cinogenesis are very complex phenomena, not well un-
derstood in all the details. It is very intriguing that,
without assuming any biochemical mechanism and us-
ing a very simple rule based on the H�uckel method, we
are able to predict with high accuracy the carcinogenic
activity of PAH molecules, methylated or not.

Figure. 5 Local density of states (LDOS) in arbitrary units
(a.u.) over the ring that contains the highest bond or-
der (RHBO) for typical molecules which under methylation
present variation in their carcinogenic activity. For simplic-
ity, only the valence states are displayed. H indicates the
highest occupied molecular orbital (HOMO) and N is the
next lower molecular orbital (HOMO-1). See text for dis-
cussion.

The K-L theories, as well the Bay theories, both
assume the existence of a metabolic activation process
inducing carcinogenic activity. These theories use en-
ergetic indices, which in fact represent activation ener-
gies [26]. One possible explanation of why the present
methodology works is that the local density of states
(over the ring that is the most susceptible to speci�c
chemical reactions) measures these activation energies
(believed to be directly correlated to the carcinogenic
power [7]) more eÆciently. But again, the existence of
a minimum � value playing a decisive role in determin-
ing carcinogenic activity is a crucial feature. This was
originally suggested by Barone et al. [14] and it might
explain some of the K-L model failures. The physical
meaning of the minimum � can be expressed in terms
of frontier orbitals. It seems that a `clean' frontier or-
bital, i. e., a HOMO well separated in energy from
the HOMO-1, is a necessary but not suÆcient condi-
tion for carcinogenic activity. It is the `balance' be-
tween relative HOMO and HOMO-1 contributions (�
values) and their energy separation (� values) that de-
termines if a speci�c PAH molecule will be carcinogenic
or not. In fact, preliminary results using more sophis-
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ticated methods [27] (beyond Hartree-Fock level) indi-
cate that active and inactive molecules have di�erent
patterns in terms of the mixing of con�guration states.
This suggests the existence of excited states with dif-
ferent lifetimes for active and inactive molecules and
consequently di�erent speci�c reactivities or activation
energies. These aspects remain to be better elucidated.

Table 3 - Relative variations of the � values for the 9 methy-

lated compounds (M) that change the carcinogenic activ-

ity of its related non-methylated parent structure (P). The

numbering for the parent (P) and the related methylated

compounds (M) is according to Figs. 1 (P) and 2 (M).

We would like to stress that the present work, based
on the electronic features of isolated molecules, can
only be used to classify molecules as active or not, but
it cannot be used to predict potency. Environmental
aspects, such as hydrophobicity (not considered here),
play a major role in determining the potency of the ac-
tive compounds, while mainly electronic factors di�er-
entiate the active from the inactive ones. QSAR stud-
ies show no correlation between the electronic indices
and the carcinogenic potency [28]. Also, the carcino-
genic power of some PAHs compounds varies, depend-
ing on the way of application (subcutaneous injection
or painted skin). Thus, the classi�cation criteria for
isolated molecules is better de�ned in terms of active
or inactive [12].

In summary, we have presented new developments
in the electronic indices methodology (EIM) to identify
carcinogenic activity of methylated and non-methylated
PAH molecules, which enlarge and generalize a previ-
ous methodology [14, 19]. This improvement allowed
the construction of a single rule that explores the con-
cept of relative HOMO and HOMO-1 contributions to
the local density of states over the ring that contains the
highest bond-order (RHBO) and on the separation in
energy between these orbitals. We have used the simple

H�uckel method, but the methodology can be adapted
to more sophisticated methods, semi-empirical or even
good quality ab initio methods. In fact, it is an interest-
ing question to know whether the rule is arti�cially pro-
duced by the H�uckel parameterization. Preliminary cal-
culations [27] using sophisticated semi-empirical meth-
ods for non-methylated molecules have produced very
similar results and we believe that this can be extended
also for the methylated compounds. That study is in
progress.
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