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Abstract Ionization potential (IP), electron affinity (EA),
dipole moment () and electronic polarizability (&) of 1-, 3-
and 6-nitrobenzo[a]pyrene isomers (1-NBaP, 3-NBaP, 6-
NBaP) were determined by using density functional theory
(DFT) and recent semiempirical PM6 methods. Calculated
IP value remains almost constant along the series of
isomers, while EA value depends on the nitro group
position, increasing by ca. 0.2 eV on passing from 6- to 1-
NBaP (or 3-NBaP) isomer. Stability, p and o values
decrease in the order 6-NBaP < 1-NBa ~ 3-NBaP, the
largest p variation being predicted to be 1.5 D (30%) by
DFT computations. The results obtained herein are consis-
tent with the observed greater mutagenic activity of 3- and
1-NB@P in comparison to 6-NBaP isomer, suggesting that
both binding to enzyme, which depends on electric
properties, and reduction process, which is related to EA
value may be crucial steps in the mutagenic mechanism of
this series of isomers.
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Introduction

Nitropolycyclic aromatic hydrocarbons (NPAHs) represent
a class of genotoxic environmental contaminants usually
produced from combustion processes and reactions between
polycyclic aromatic hydrocarbons (PAHs) with nitrogen
oxides [1, 2]. They are persistent pollutants in both gas and
particulate matter phases and show considerable biological
activity, often exhibiting higher mutagenic capacities than
those of their parent PAHs [1-3]. In some cases they are
also potent tumorigenic compounds [4]. Degradation of
NPAHs is a demanding task because of their high chemical
and biochemical stabilities [5]. To this purpose, specific use
of naturally occurring or modified enzymes is becoming an
appealing solution in bioremediation strategies of contam-
inated sites [5—7]. It is widely recognized that structural
properties of NPAHs rule their biochemical activities.
Specifically, orientation of the plane of the nitro group
with respect to the plane of the aromatic system is strictly
related to nitroreductive activities, capacity to bind to DNA
structure and direct-acting bacterial mutagenicity [3, 4, 8].
It is well established that, NPAH isomers with the nitro
group perpendicular to the plane of the aromatic moiety
exhibit lower mutagenic activity than that of the
corresponding planar homologues [3, 4, 8].

Among NPAH compounds, nitrobenzo[a]pyrenes (NBaPs)
constitute a representative group characterized by different
biological activities as a function of the nitro substituent
position [1—4, 8—17]. In fact, as documented in the literature,
both 1- and 3-NBaPs are powerful direct-acting and S9-
activated mutagens in Salmonella typhimurium [1-3, 11-17].
Additionally, they are moderate mutagens in S9-mediated
Chinese Hamster Ovary Cell hprt assay [13]. By contrast 6-
NBaP isomer does not exhibit significant direct-acting
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mutagenic potencies [1-3, 11, 12, 14-17]. Experimental
structure is available only for 6-NBaP isomer from X-Ray
diffraction measurements [18], while recently, theoretical
geometries of 1-, 3- and 6-NBaP isomers have been
computed by using density functional theory (DFT) [19].
Observed IR and Raman spectra of 1-, 3- and 6-NBaP have
been recorded in both solid (KBr) and solution (CCly) phases
[19] and also for 6-NBaP in many other solvents [8]. In
addition, UV-vis absorption, mass, 'H and '3C NMR spectra
were previously reported in the literature [3, 19, 20]. Both
experimental and theoretical studies concordantly predict that
for 1- and 3-NBaP isomers the nitro group is planar or near
planar with respect to the aromatic system [3, 8, 10, 19]. On
the other hand, both the observed [18] and computed [10, 19]
structure of 6-NBaP isomer exhibits the nitro substituent
perpendicular or almost perpendicular due to the presence of
two hydrogen atoms in peri position. This structural
arrangement of the nitro group has been hypothesized to be
a major cause of an ineffective binding of 6-NBaP to the
nitroreductase enzyme, inhibiting its mutagenic capacity [9].
As reported in the literature, proposed metabolic activation
pathways of NBaPs principally consist in ring oxidation
reactions under aerobic conditions, nitroreduction processes
under anaerobic conditions or combinations of oxidation and
reduction reactions [4, 21, 22]. These processes are usually
preceded by penetration of the NPAH into the cellular
system, diffusion and binding to the active site of the specific
enzyme [22]. In particular, the last step may be controlled by
intermolecular interactions, which depend on dipole moment
and polarizability of the system.

Thus, in order to understand the role of the individual
processes involved in the metabolic activation mechanism
of DNA and to predict the mutagenic activities of NBaPs,
may be useful to determine related chemical-physical
properties such as structure, ionization potential (IP),
electron affinity (EA), dipole moment (u), electronic
polarizability (&), through computational methods. In the
present work we report accurate theoretical calculations of
IP, EA, 1 and « of 1-, 3- and 6-NBaP isomers (Fig. 1) to
investigate the effect of the nitro substitution on these
properties and explore possible relationships with mutagen-
ic activities. To this purpose we employed the DFT-B3LYP
functional [23, 24] and the recent semiempirical PM6
method [25].

Computational details
Equilibrium geometries of NBaP isomers recently deter-
mined at the B3LYP/6-311++G** level [19] were used

throughout this work. These structures are stationary points
on the potential energy surface since all the harmonic
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Fig. 1 Structure, atomic numbering and dipole moment vector of
nitrobenzo[a]pyrene isomers

vibrational frequencies are positive [19]. Computed p
values and atomic charges (q) of the neutral ground state
were obtained at the B3LYP level with 6-31+G* basis set
[26], which includes both polarized d and diffuse s and p
functions on the carbon, oxygen and nitrogen atoms. Use of
flexible basis set including polarized and diffuse functions
is necessary to adequately describe diffuse regions of the
charge distribution [26]. Atomic charges were evaluated by
means of the natural population atomic (NPA) scheme [27],
which is recognized to be almost independent on basis set
choice [28]. Static electronic dipole polarizability compo-
nents (o5, i=X, y, z) were calculated through two different
approaches: (a) at semiempirical PM6 level [25] recently
implemented in the MOPAC2007 package [29] as the
second derivative of electronic energy (E) with respect to
electric field strength components (F;) [30]:

E(F) = E(0) — Z,uiFi - I/ZZaUFiFj—... (1)
7 O%E(F)
%= [aFiaFjLﬁo @

(b) at semiempirical ZINDO/S [31] level using the

following sum-over-states (SOS) expression [32]:

(M;)*

i = ZZ Ene (3)
n

where E" is the energy difference between the neutral
ground and the nth electronic excited state and M;*® is the
corresponding i-component of the transition moment.
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Polarizability is usually expressed as averaged polariz-
ability (<e>) and polarizability anisotropy (Ae):

1

<a>= g(axx + ay + 0y) (4)

Ao = {1 lon — )+ (e — 0+ (ay — )]}

(5)

Vertical first IP and EA values were calculated at the
B3LYP/6-31+G* level through a ASCF procedure as:

IP = Ecation - Eneutral (6)

EA = Eneutral - Eanion (7)

where E ation, Encutral a0d Eqpnion are single point total energy
of the cation, neutral and anion states, respectively, at the
optimized neutral ground state geometry. For neutral ground
state we used restricted B3LYP functional (RB3LYP) to
compute the total energy, while for radical cation and anion
states unrestricted B3LYP function (UB3LYP) was adopted.
Note that, for all cases UB3LYP method gave only a
negligible spin contamination (S*~0.75). UB3LYP/6-31
+G* method have been recently employed with success in
predicting experimental EA values of many PAHs [33] and
isothiocyanates [34].

Table 1 Relative energy, AE (kcal mol '), HOMO and LUMO
eigenvalues, €Egomo (€V) and €1 ymo (eV), first ionization potential, TP
(eV), electron affinity, EA (eV), hardness, 1 (¢V) and electrophilic

Conversion factors to SI units are: energy (E), 1 Hartree=
4.3597482x 10" J; dipole moment (u), 1 D=3.33564x
107° Cm; dipole polarizability (), 1 a.u.=1.648778x
1074 C’m?I .

All calculations were performed with GAUSSIAN 03
[35], GAMESS [36] and MOPAC 2007 [29] series of
programs.

Results and discussion
Geometries and relative energies

Structures of 1-NBaP, 3-NBaP and 6-NBaP isomers as well
as those of the reference compounds nitrobenzene (NB) and
benzo[a]pyrene (BaP) have been recently optimized at the
DFT-B3LYP level with the 6-311+G* basis set [19] and are
used in the present work. As can be seen in Fig. 1, for 6-
NBaP isomer, DFT computations [19] predict O5,-N;;-Cg-
Ci and O,3-N,1-C-Cy dihedral angles of 62.6 and 62.8°,
respectively, in good agreement with observed values of
68.5 and 70.6° obtained from X-ray diffraction experiments
[18]. The large values of the O-N-C-C dihedral angles of 6-
NBaP are due to the remarkable steric hindrance of the
nitro group with both the hydrogen atoms in peri position
as shown in Fig. 1. On the other hand, for both 1-NBaP and
3-NBaP isomers, DFT calculations predict smaller O-N-C-
C dihedral angles being close to 30° [19]. Therefore on

index, w (eV) of 1-, 3-and 6-nitrobenzo[a]pyrene isomers, 1- and 2-
nitronaphthalene isomers, benzo[a]pyrene and nitrobenzene®

INBaP  3-NBaP  6-NBaP 1-NN 2-NN BaP NB

Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp.
AE® 0.00 0.25 4.05
Enomo’ 734 ~7.33 ~7.38 -8.64 ~8.64 ~6.77 -10.10
ELumo’ 0.24 0.29 0.49 0.70 0.75 1.16 0.86
P 7.27 7.25 7.23 8.52 859 855 863 6.79 7.12° 9.9 9.92"
EA 1.58 1.55 1.34 1.13 1.23¢ 1.10 1185 0.65 081" 0.88 1.00'
n! 2.85 2.85 2.95 3.69 3.68 372 372 3.07 3.16 4.56 4.46
w* 3.44 3.40 3.12 3.15 3.28 3.12 3.23 2.25 2.49 3.24 3.34

*B3LYP/6-31+G* results

®B3LYP/6-31+G*//B3LYP/6-311+G* total electronic energy value of 1-NBaP is computed to be —973.941981 Hartrees. PM6//B3LYP/6-311+G*
AE values for 1-, 3- and 6-NBaP isomers are 0.04, 0.00 and 2.58 kcal mol !, respectively

¢ HF/6-31+G* results

9 Photoelectron spectroscopy, from ref. [48].
¢ Photoelectron spectroscopy, from ref. [46]
"Photoelectron spectroscopy, from ref. [44]

€ Temperature dependent equilibrium ion/molecule reaction, from ref. [43]

].1Laser photoelectron spectroscopy, from ref. [47]
'Ton-molecule reaction equilibrium method, from ref. [45]
JData obtained through Eq. (8) using IP and EA values
XData obtained through Eq. (9) using IP and EA values
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passing from 1-NBaP (or 3-NBaP) to 6-NBaP the 7t-
conjugation between the nitro group and the aromatic
system is reduced as also pointed out by an increase of the
C-N bond length by ca 0.007 A [19]. As a consequence, for
6-NBaP the partial loss of 7t-delocalization determines a
greater destabilization with respect to the more conjugate
isomers. Indeed, 6-NBaP is predicted to be 4.05 and
2.54 kcal mol ' less stable than 1-NBaP isomer by present
B3LYP/6-31+G* and PM6 calculations (Table 1), respec-
tively, while as expected, 1- and 3-NBagP isomers are
almost isoenergetic (AE=0.25 and —0.04 kcal mol ',
respectively).

Electron affinities

As reported in the literature, oxidative, reductive or
combinations of oxidative and reductive reactions are the
proposed mutagenic mechanisms of DNA involving NBaPs
[4, 21, 22]. Thus, in order to obtain much more insight into
mutagenic properties of NBaP isomers we calculated
vertical ASCF IP and EA, the B3LYP/6-31+G* values
being reported in Table 1 together with those of NB, BaP as
well as nitronaphthalene (NN) isomers for comparison. In
addition, in the Table we included the lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) eigenvalues (€ ymo and €xomo, respec-
tively) obtained at the HF/6-31+G* level, which through
the Koopmans’ theorem can be connected to EA and IP
values (IP=-€yomo, EA=-€1 uMmo), respectively [37]. Quan-
titative structure activity relationship (QSAR) approaches,
using computed € ymo Values which can be related to half-
wave reduction potentials, were previously employed to
elucidate mutagenic behaviour on series of NPAHs with
different molecular size and structure [22, 38-42]. It is
important to point out that, suitable correlations of
mutagenic activity with the combination of nitro-group
orientation and electronic properties (such as first half-wave
reduction potential) should be performed among structurally
similar compounds [2]. However, while € o/mutagenic
activity relationship holds reasonably well for the series of
nitroanthracenes and nitrophenanthrenes [41] and mononi-
trobenzanthrones [42], on the other hand it fails for
polynitrobenzanthrones [42], nitronaphthalenes and espe-
cially for nitropyrene isomers [41]. Additionally, previous
€Lumo/Mmutagenic activity relationships often used €;uymo
data obtained at semiempirical level [22, 40, 42], which in
some cases gave unreliable EA predictions for NPAH
isomers. For example, in the case of prototypical NN
isomers, AM1 € ypo values were computed to be —1.266
and —1.415 eV for 1-NN and 2-NN isomers, respectively,
[22], which disagree with the experimental EA values of
1.23 and 1.18 eV, respectively [43]. Use of the DFT-ASCF
approach is expected to give quantitative EA predictions
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much more adequately than -g€;yye values. To our
knowledge, both experimental and theoretical IP and EA
values of NBaPs are lacking, while observed values for the
reference compounds NB [44, 45], BaP [46, 47], 1-NN and
2-NN [43, 48] are available from the literature. Present
B3LYP/6-31+G* EA values reproduce reasonably well the
experimental figures of NB, BaP and NNs, with deviation
within 0.08-0.16 eV. It is worth to note that, the calculated
EA data of NN isomers are close to each other, in
agreement with experiment. Introduction of the strong
electron withdrawing nitro group to the BaP moiety
increases EA value by 0.69-0.93 eV. As a consequence,
for all NBaP isomers, EA value is significantly positive,
indicating that the anionic state is very stable. A graphical
representation of the ¥ LUMO of 1- and 6-NBaP isomers
obtained at the HF/6-31+G* level is reported in Fig. 2. For
both the isomers LUMO is mainly localized over the nitro
group, with a stabilizing contribution in the region of the C-
N bond. This implies that, the higher the O-N-C-C dihedral
angle the greater the destabilization of € . Indeed on
passing from 1- to 6-NBaP isomer € o increases by
0.25 eV, becoming more positive. A similar variation is
obtained for EA values which are computed to be 1.58 and
1.34 eV for 1- and 6-NBaP, respectively. On the other hand,
EA and € yo values of 1- and 3-NBaP are close to each
other. It is interesting to notice that, present results are
consistent with the mutagenic activity of NBaPs obtained
using the Salmonella typhimurium bacterial strains TA98
[49, 50], TA100 [49, 50] and YG1024 [51], which increase
by about two orders of magnitude on passing from 6- to 3-
NBaP [3, 8, 15-17], thus supporting the proposed nitro-
reduction pathway [4, 21, 22], which may be considered,
especially within an anaerobic context, a critical step in
formation of DNA adducts with metabolites of NBaPs. On
the other hand, the very close EA value of 1- and 3-NBaPs

Fig. 2 HF/6-31+G* HOMO (a) and LUMO (b) of l-nitrobenzo[a]
pyrene and LUMO (c¢) of 6-nitrobenzo[a]pyrene isomer
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does not allow to elucidate their direct-acting mutagenicity,
which is however, rather uncertain, being similar for TA100
(2376 and 3119 revertants/nmol, respectively) and YG1024
(7700, 6500 revertants/nmol, respectively) strains [15, 16]
but different for TA98 strain (650, 1370 revertants/nmol,
respectively [15] and 713, 1931 revertants/nmol, respec-
tively [16]). Additionally, we note that EA values of NBaPs
are, 0.2-0.5 eV higher than those of NNs computed at the
same level of theory, in agreement with the noticeably
greater mutagenic potencies of the former with respect to
the latter (by 3—5 orders of magnitude) [52].

Atomic charges and ionization energies

Table 2 lists the atomic charges based on the NPA scheme.
In agreement with experimental evidences, the results show
that especially for 1- and 3-NBaPs, carbon atom at position
8 (see Fig. 1) is the most preferred site for oxidative attack,
leading to formation of epoxide intermedium [4]. Note also
that atomic charges at carbon atoms C;, Cy and C;( are
significantly negative, confirming that subsequent oxidative
attacks preferentially involve the terminal benzene ring [4].
First IP is defined as the amount of energy necessary to
extract an electron. As can be seen in Table 1, the observed
IP values of NB and NN isomers are adequately predicted
by B3LYP/6-31+G* calculations with deviations within
0.07-0.08 eV (0.8-0.9 %). By contrast, present computa-
tions underestimate the experimental IP value of BaP by
0.33 eV (4.6%). Differently from EA, IP value of NBaP
isomers is almost unaffected by the substituent position,
being computed in the 7.23-7.27 eV range. Thus oxidative
mechanisms are expected to be rather similar for each
NBaP isomer. This result is also confirmed by the energy
gain for the carbocation formation from the diol-epoxide
intermedium, which is predicted to be in the 226-228 kcal
mol ™! range for 1-, 3- and 6-NBaP derivatives by B3LYP/
6-31G* calculations.

In Fig. 2 we report a graphical representation of the 7
HOMO of 1-NBaP isomer evaluated at the HF/6-31+G*
level. As shown in Fig. 2, HOMO is localized on the BaP
framework. Introduction of nitro group increases IP value
by 0.44-0.48 eV, indicating that, at variance of nitro-
reduction, the oxidation step in the case of NBaP is much
less favourable than for BaP. Therefore, the observed

noticeably higher carcinogenic potency of BaP in compar-
ison to NBaPs [2], might be related to its lower IP value,
which encourages oxidative pathways.

Hardness and electrophilicity index

Molecular hardness (1) and electrophilicity index (w) are
generalized molecular parameters widely used to explore
and compare stability and reactivity properties of series of
compounds [53, 54]. Typical working formulas for the
calculation of 1, and w values may be determined by using
the finite difference approximation [53]:

5= (P — EA)/2 (s)
_ (IP + EA)
© T 40P — EA) ©)

Table 1 shows 1 and w values of NB, BaP, NNs and
NBaP isomers using IP and EA data. Hardness decreases
on passing from 6- to 3-NBaP isomers by 0.1 eV, then
remaining constant between 3- and 1-NBaP isomer. These
results are in apparent contrast with the relative stability, the
maximum hardness principle (MHP) which establishes that
a molecular system tends towards a state of maximum
hardness [54], being not satisfied. Note that there are other
cases in the literature involving isomers and conformers of
organic compounds, where the MHP does not always hold
[55-58]. Additionally, as can be seen from Table 1, w value
increases in the order:

BaP <6 — NBaP ~2 — NN ~ 1 — NN < NB < 3 — NBaP
~ 1 — NBaP,

this sequence being principally determined by the EA
values. Note the lower electrophilic character of the 6-
NBaP isomer in comparison to NB.

Dipole moments

Dipole moment is a vectorial property which represents the
charge distribution in a molecule. It may contribute to
intermolecular interactions, through both electrostatic and
inductive terms [59]. In Table 2 are reported p values
computed at the B3LYP/6-31+G* as well as semiempirical
PM6 level. For NB is available a gas-phase experimental
datum (4.22 D) [60]. Both B3LYP/6-31+G* and PM6
computations overestimate the experimental datum by
0.74 D (+18%) and 1.12 D (+27%), respectively. In all
cases, PM6 systematically overestimates B3LYP/6-31+G*
data. For NBaP series the sequence of p value is (in
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parentheses is given the B3LYP/6-31+G* value expressed
in D):

6 — NBaP (4.97) < 1 — NBaP (6.36) < 3 — NBaP (6.48)

The largest variation is obtained from 6- to 3-NBaP
which at the B3LYP/6-31+G* level is computed to be
1.51 D (+30%). On the other hand 1- and 3-NBaP isomers
show much closer p values to each other (within 0.12 D).
These results are in line with previous HF/6-31G*
calculations on NB, where p value is reduced by 0.48 D
(10%) when passing from the planar structure (C,,
symmetry) to that with the nitro group perpendicular to
the benzene ring (C, symmetry) [61]. As can be seen in
Fig. 1, for all NBaP isomers, p vector is substantially
directed along the C-N bond. Atomic charge over the nitro
group (qNO,) evaluated within the NPA approximation
(Table 2) is large and negative consistently with the highly
polar structures. Specifically qNO, charges of 1- and 3-
NBaP isomers are very close to each other, while that of 6-
NBaP isomer is ca. 0.04 e more positive, in agreement with
the corresponding w1 values. Note that, even if BaP is a non
polar compound (1=0.01-0.02 D), the charge distribution

over C atoms is substantially similar to that of the NBaP
isomers.

Polarizabilities and electronic excitations

For atoms and molecules the electronic polarizability tensor
represents a measure of the change of the electronic density
under application of external electric fields. As for p, also «
may contribute to enzyme-ligand interactions, through both
inductive and dispersive phenomena [59, 62—66]. Addi-
tionally, there are some indications showing that electronic
polarizability might be related to hydrophobicity [67],
which was found to be crucial for the description of the
mutagenic activity of a large series of NPAH compounds
[22, 40]. In Table 3 we report static electronic dipole
polarizabilities computed at the PM6 and SOS-ZINDO/S
levels. For NB are available experimental values of 87 and
90 a.u. measured in DMSO and hexane solutions, respec-
tively [68]. Present PM6 value of 86 a.u. compares
reasonably well with both experimental data as well as
with the highest-level theoretical estimate of 88 a.u.
computed at correlated ab initio MP2 level with the

Table 2 Dipole moment p (D) and natural population atomic charges (e) of, 1-, 3-, 6-nitrobenzo[a]pyrene isomers, benzo[a]pyrene and

nitrobenzene®

1-NBaP 3-NBaP 6-NBaP BaP NB
" 6.36 (6.97) 6.48 (7.05) 4.97 (6.05) 0.02 (0.01) 4.96 (5.34) °
C 0.06890 —0.21108 —0.20172 -0.21169 0.05758
C, —0.20667 -0.21598 —0.23468 —0.23696 -0.21316
Cs —0.22784 0.06940 —0.20937 —0.22269 -0.23602
Cy —0.23605 —0.23474 —0.19463 —0.22678
Cs —0.16886 —0.16654 —0.21543 —0.19073
Cs —0.15623 —0.15232 0.08834 —0.17381
Cy -0.21294 —0.21163 —0.26702 -0.21638
Cg —0.23637 —0.23657 —0.22626 —0.24061
Co —0.22684 —0.22707 —0.22925 —0.23589
Cio —0.21959 —0.22018 —0.22247 —0.21982
Ci —0.18169 -0.17550 —0.22943 —0.19176
Cia —0.19696 —0.21808 —0.16874 -0.21213
Cis —0.03514 —0.04731 —0.07940 —0.06893 —0.21316
Cis -0.01616 —0.00603 —0.00760 -0.01038 —0.23602
Cis -0.00823 —0.01408 —0.04006 -0.03659 —0.2072
Cis —0.06230 —0.06482 —0.07219 —0.05647
Ci7 —0.02082 —-0.01509 —0.00656 —0.01721
Cig —0.03110 -0.03128 —0.00950 —0.02911
Cio —0.02042 —0.02038 —0.06300 —0.02763
Cyo 0.24118 —0.05313 0.12129 —0.05018
N>, 0.49283 0.49316 0.49287 0.49497
0,5, -0.39097 —0.38595 —0.36578 —0.38103
(2% —0.38810 —0.38944 —0.36511 —0.38103

*B3LYP/6-31+G* results. Value in parentheses refers to PM6 computation. For atomic numbering see Fig. 1

® Experimental gas-phase value is 4.22 D, from ref. [60]
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1

Absorbance (arbitray units)

100 200 300 400 500 100 200 300 400 500 600

},(nm)

Fig. 3 Calculated ZINDO/S low energy absorption spectrum of benzo
[a]pyrene and nitrobenzo[a]pyrene isomers. Gaussian line shapes with
halfwidth of 20 nm are used

polarized and diffuse [5s3p2d/3s2p] Sadlej basis set,
specifically developed for polarizability calculations [69].
To our knowledge both experimental and theoretical
polarizability data of BaP and NBaPs are unavailable.
The SOS-ZINDO/S approximation which in the present
case is restricted to the hundred lowest-energy singlet
excited states predict <o> values for NBaP isomers in the
222-239 a.u. range, which are systematically lower than the
corresponding obtained at the PM6 level (276-282 a.u.).
However, SOS approach is here employed in a comparative
way in order to explore the most contributing excited states
to the electronic polarizabilities. Vertical singlet electronic
excited states of BaP and NBaP isomers were determined at
the ZINDO/S level and the spectra in the 100—600 nm
wavelength range are depicted in Fig. 3. Computed
absorption spectra of 1- and 3-NBaP isomers are similar
to each other, while the spectrum of 6NBaP resembles that

of BaP, in reasonable agreement with experiment [3]. As
can be seen in Table 3, 1- and 3-NB¢P isomers show an
analogue <oc> value, while they are more polarizable than
6-NBaP by 5-6 a.u. at the PM6 level, in line with a greater
m-delocalization, but in disagreement with the minimum
polarizability principle (MPP), which establishes that a
molecular system tends towards a state of minimum
polarizability [70]. These results are consistent with those
obtained for the molecular hardness. It is worth mentioning
that, in the present case, 7-conjugative contributions
dominate over thermodynamic stability effects in the
determination of the polarizability values as previously
found in other 7-conjugated systems [55, 58, 71]. Addi-
tionally, the above results are in some consistency with
previous HF/6-31G* polarizability computations on the
planar equilibrium geometry NB and its corresponding
structure with the nitro group perpendicular to the benzene
ring [61]. In fact, the former is predicted to be more
polarizable than the latter form by 7.4 a.u. (8%). Present
calculations show that introduction of nitro group increases
PM6 <o> value of BaP by 20-26 a.u. (8-10%). For all
isomers and especially for 3-NBaP, o, is the largest
component within our choice of coordinate (Fig. 1), being
ca. 50% of the sum of the diagonal oy + ayy + 0y
components. The sequence of «,, computed at the PM6
level is (in parentheses is reported the value expressed in
au.):

6 — NBaP (416) < 1 — NBaP (433) < 3 — NBaP (450).

A similar order is also obtained for A, the cor-
responding values being calculated to be 317, 364 and
402 a.u., respectively. On passing from 6-NBaP to 3-NBaP
ox and A« values increase by 8 and 27%, respectively. It
is worth noting that, the above results are consistent with
the previous conclusions traced by Yu et al. [72], for which
direct-acting TA98 mutagenicity is maximized for NPAH
geometric isomers with the nitro group located at the
longest molecular axis. According to the SOS formula
(Eq. 3), for all NBaP isomers the largest contribution to oty

Table 3 Static electronic dipole polarizabilities « (a.u.) of benzo[a]pyrene, nitrobenzene, 1-, 3- and 6-nitrobenzo[a]pyrene isomers®

1-NBaP 3-NBaP 6-NBaP BaP NB
PM6 SOS-ZINDO/S PM6  SOS-ZINDO/S PM6  SOS-ZINDO/S PM6  SOS-ZINDO/S  PM6 SOS-ZINDO/S
ogx 433 424 450 474 416 392 401 389 103 82
Oy 291 282 275 232 278 246 255 216 111 89
Xy, 120 10 121 10 133 28 112 6 43 6
<> 282 239 282 239 276 222 256 204 86(87,90)> 59
Aa 271 364 285 402 245 317 250 332 64 80

#For the description of the coordinate system orientation see Fig. 1

®Values in parentheses refer to experimental data in DMSO and hexane solution, respectively, from ref. [68]
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(20-30%) is provided by the intense 7—7t* HOMO-
1—-LUMO+1 excitation placed at 4.50, 4.45 and 4.27 eV
for 1-, 3-, and 6-NBaP isomers, respectively (A=276, 279,
and 290 nm, respectively). In addition we note that 3-NBaP
exhibits another noticeable contribution (19%), given by
the HOMO—LUMO excitation at 2.70 eV (459 nm). The
corresponding excitation for 1- and 6-NBaP isomers gives a
minor contribution to oy value (7 and 8%, respectively).

The results obtained from the p and « calculations
indicate that, the capacity of 1- and 3-NBaP isomers to bind
to enzymes involved in the mutagenic pathways should be
greater than that of 6NBaP isomer, in consistency with their
significant different mutagenic activities [3, 8, 15-17].
Recently, the different mutagenic behaviour of 1- and 2-NN
isomers has been elucidated on the basis of electron charge
distributions described by IR and Raman intensities of
vibrations mainly localized on the nitro group [73].
Additionally, both p and o, values of 3-NBaP are larger
than those of 1-NBaP isomer, although the variations are
small (2 and 4%, respectively). Anyway, these results are in
qualitative agreement with the observed mutagenic capac-
ities, the values for 3-NBaP being close or greater than
those for 1-NBaP isomer [15, 16].

Conclusions

The results obtained herein allow us to conclude that the
significant observed mutagenic activity difference between
6- and 3-NBaP (or 1-NBaP) can be related to their different
electronic properties. Both the enzyme-substrate binding
capacity through dipole moment and electronic polarizabil-
ity terms and the nitroreductive process through EA
contribute to the mutagenic potency of NBaP isomers. On
the other hand, IP values are predicted to be close for the
investigated isomers, suggesting that oxidative pathways
should not be critical for the different mutagenic behaviour
of this series of NPAH compounds.
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