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Abstract

Geometries, dipole moments, polarizabilities and second-order hyperpolarizabilities of nitronaphthalene (NN) isomers and of struc-
turally related reference compound nitrobenzene were studied using conventional ab initio (HF, MP2) and density functional theory
(B3LYP, PBE0) methods in conjunction with cc-pVDZ, aug-cc-pVDZ, 6-31G* and 6-31+G* basis sets. Dynamic (hyper)polarizabilities
were determined through the time-dependent-HF theory at the HF/6-31+G* level at the experimental laser radiation energies of 0.02385,
0.03457 and 0.04282 a.u. Vibrational contributions to the (hyper)polarizabilities were obtained within the double harmonic approxima-
tion. Nitronaphthalenes are prototypes of nitro-polycyclic aromatic hydrocarbons (NPAHs), potentially mutagenic environmental pol-
lutants. Different pathways have been proposed to explain mutagenic activation of NPAHs, which mainly involve penetration and
diffusion in the cell, intermolecular interactions with the active site of enzymes, reduction and/or oxidation reactions. Present calculations
indicate that all the electric properties increase concordantly on passing from 1-NN to 2-NN isomer due to a stronger p-conjugative
interaction between the nitro group and the aromatic system. These results are consistent with the mutagenic potency of these nitroaro-
matics, which upon going from 1-NN to 2-NN isomer increases by 2–4 times, suggesting that binding affinity to enzymes might be a
critical step in the mechanisms of metabolic mutagenic activation.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Nitro-polycyclic aromatic hydrocarbons (NPAHs) have
received great attention since are considered among the most
potent mutagenic and carcinogenic environmental contami-
nants [1,2]. They are mainly produced from combustion
processes and reactions between polycyclic aromatic hydro-
carbons and NOx and are also present in the food chain [1,2].
In pursuing remediation of these recalcitrant species from
polluted sites, beside traditional methodologies, new
approaches using biodegradative microorganism are gaining
ground [3,4]. Nitronaphthalene (NN) is the smallest NPAH
and exists in two isomers, 1-NN and 2-NN. Hitherto, exper-
imental structure of NN isomers is unknown. At AM1 [5],
0166-1280/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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PM3 [6] and B3LYP/6-31G* [7] levels of theory 1-NN exhib-
its O–N–C–C dihedral angle of 60�, 28� and 25�, respectively,
whereas 2-NN isomer is planar. There are indications show-
ing that, mutagenic potency of NPAHs is ruled by the pla-
narity between nitro substituents and aromatic system [8].
Generally, planar or quasi-planar NPAHs exhibit mutagenic
potencies higher than those of less planar isomers [8]. In the
specific case of NNs mutagenic activity of 2-NN estimated
according to the Ames test is about 2–4 times greater than
that for 1-NN isomer [9,10]. Proposed metabolic mecha-
nisms of NPAHs involve transport and diffusion in the cellu-
lar system, binding to enzymes, reduction and/or oxidation
reactions [11]. Mutagenic activity of NPAHs has been often
related to nitroreductive properties, which can be estimated
by half-wave reduction potential, electron affinity (EA) or
LUMO eigenvalue [1,2,7,11]. However experimental EA val-
ues of NN isomers are close to each other [12] and reductive
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Fig. 1. Structure, atomic numbering and Cartesian coordinate system of
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mechanisms cannot elucidate their different mutagenic
behavior. In alternative, metabolic pathways to mutagenic
activation might be governed by binding affinity between
NPAHs and the active site of enzymes [11]. Intermolecular
interactions are controlled by electrostatic, inductive and
dispersive effects, which depend on permanent and induced
electronic charge distributions. Dipole and quadrupole
moments as well as electronic (hyper)polarizabilities have
been employed to understand binding affinity in enzyme–
substrate complexes [13–19].

In this work we computed dipole moment (l), electronic
polarizability (a) and second hyperpolarizability (c) of NN
isomers in order to explore the effect of the nitro group sub-
stitution on these properties and elucidate the effect of the
structure on the mutagenic activities. To this purpose, con-
ventional ab initio SCF-MO and density functional theory
(DFT) methods were employed. Calculations were also
performed on reference compound NB, for which some
experimental estimates are available in the literature.
the investigated compounds.
2. Computational methods

Geometry on NN isomers (see Fig. 1) was fully opti-
mized by DFT-B3LYP [20,21] method in conjunction with
cc-pVDZ basis set [22]. Dipole moments and static elec-
tronic (hyper)polarizabilities were calculated by HF, MP2
and DFT-PBE0 [23] methods with 6-31G* [24], 6-31+G*

[24] and aug-cc-pVDZ basis sets [22]. It is important to
point out that 6-31+G* basis set was previously used for
(hyper)polarizability computations on p-conjugated mole-
cules, giving results comparable to those obtained with
much more extended 6-311+G(d), 6-311++G(d,p), 6-
311++G(2d,2p), 6-311++G(2df,2pd), 6-311++G(3df,3pd)
basis sets [25]. Correlated static electronic (hyper)polariz-
ability values were obtained through a finite-field (FF) pro-
cedure described in detail in Ref. [26], using a field strength
of 0.003 a.u.. Accuracy of finite-field computations was ver-
ified by comparing numerical li, ae

ii and ce
iijj component

values with those obtained analytically by means of the
time-dependent-HF (TD-HF) theory [27,28]. Frequency-
dependent electronic ae

ii and ce
iijj values were obtained by

means of TD-HF approach at the HF/6-31+G level of cal-
culation at the experimental laser radiation energies (⁄x) of
0.02385, 0.03457 and 0.04282 a.u. For ce the usual non lin-
ear optical (NLO) phenomena were explored: Third Har-
monic Generation (THG, ce(�3x;x,x,x)), Electric Field
Induced Second Harmonic (EFISH, ce(�2x;x,x,0)), Inten-
sity-dependent Refractive Index (IDRI, ce(�x;x,x,�x))
and dc-Kerr Effect (dc-KT, ce(0;x,�x,0)).

According to the double harmonic oscillator approxi-
mation, vibrational contribution to polarizability was
obtained through the following sum-over-modes expres-
sion [29]:
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where xa is the circular vibrational frequency of the ath
normal mode Qa and oli/oQa is the partial derivative of
the i-component of l with respect to Qa. For second-order
hyperpolarizability, we investigated IDRI NLO process
that by adopting the infinite optical frequency approxima-
tion can be expressed as [30]:
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where RPr,1,2,3 denotes the summation over the permuta-
tions of the (�xr,i) (x1,j)(x2,k)(x3,l) pairs, and oaij/oQa

is the polarizability derivative.Dipole moment and
(hyper)polarizabilities are usually expressed as averaged
values (l, <a> and <c>) and anisotropy of polarizability
(Da):

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2

x þ l2
y þ l2

z

q
ð3Þ

< a >¼ 1

3
ðaxx þ ayy þ azzÞ ð4Þ

Da ¼ 1

2
axx � ayy

� �2 þ axx � azzð Þ2 þ ayy � azz

� �2
h i� �

ð5Þ

< c >¼ 1

5
cxxxx þ cyyyy þ czzzz

� �
þ 2 cxxyy þ cxxzz þ cyyzz

� �	 

ð6Þ

All calculations were performed with PC GAMESS [31,32]
and Gaussian 03 packages [33].

3. Results and discussion

3.1. Geometry and torsional potential

Table 1 lists some selected geometrical parameters of
NNs obtained at the B3LYP/cc-PVDZ level of calculation.



Table 1
Selected geometrical parameters of 1-nitronaphthalene, 2-nitronaphtha-
lene and nitrobenzene

1-NN 2-NN NB

Calc. Calc. Calc. Exp.a

C1–C2 1.381 1.377 1.395 1.399
C2–C3 1.410 1.415 1.396 1.386
C3–C4 1.378 1.376 1.400 1.399
C4–C10 1.421 1.425
C5–C10 1.423 1.422
C5–C6 1.376 1.379
C6–C7 1.415 1.419
C7–C8 1.380 1.378
C8–C9 1.425 1.424
C1–C9 1.435 1.419
C9–C10 1.442 1.436
C1–N11 1.482 1.480 1.486
C2–N11 1.478
O12–N11 1.228 1.226 1.225 1.223
O13–N11 1.226 1.226

C1–N11–O12 118.6 117.5 117.3
C1–N11–O13 117.3
C2–N11–O12 117.8
C2–N11–O13 117.3
O12–N11–O13 124.1 124.9 125.0 125.4
C9–C1–N11 122.4 118.8 118.3
C2–C1–N11 115.2
C1–C2–N11 118.8
C3–C2–N11 118.7
C1–C2–C3 120.4 122.5 118.5 117.6
C2–C3–C4 119.7 118.7 120.2 120.6
C3–C4–C10 121.2 121.3 120.3 120.2
C1–C9–C8 125.8 121.8
C4–C10–C5 120.3 122.3

C9–C1–N11–O12 24.0
C2–C1–N11–O12 23.1
C1–C2–N11–O13 0.0
C3–C2–N11–O13 0.0
C1–C9–C10–C5 179.0 180.0
C4–C10–C9–C8 179.1 180.0

Note that calculations are carried out at the B3LYP/cc-pVDZ level. Bond
lengths in Å, bond angles in degrees, dihedral angles in degrees.

a Electron diffraction, Ref. [34].

Fig. 2. Torsional potential of the investigated compounds.
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For both isomers the computed structure is a stationary
point in the potential energy surface (no imaginary vibra-
tional wavenumbers). To the best of our knowledge, no
experimental structures for NNs have been reported so
far. B3LYP/cc-pVDZ geometrical parameters of NB, for
which electron diffraction structure is available [34], are
included in the Table. The overall agreement between opti-
mized and experimentally determined structure of NB is
satisfactorily. In addition, our results on NNs are in good
agreement with those previously obtained by Onchoke
et al. at the B3LYP/6-31G* level [7]. Present calculations
show that 1-NN is characterized by O–N–C–C dihedral
angles of 23� and 24�, owing to the steric hindrance effects
between nitro group and hydrogen atom in position 8. On
the other hand, 2-NN exhibits a planar arrangement and is
more stable than 1-NN isomer by 4.1 kcal/mol at the
B3LYP/cc-pVDZ level of theory, indicating stronger
p-conjugation effects. This is also reflected on the C–N
bond length which shortens by 0.004 Å on going from 1-
NN to 2-NN isomer. However, owing to the above steric
effects, the largest deviation between NN isomers occurs
for the C9–C10 bond length, which elongates by 0.006 Å
upon going from 2-NN to 1-NN. Note that naphthalene
backbone is almost planar, the largest deviation for C–
C–C–C dihedral angles being within 1�. Barrier heights
for the internal rotation of the nitro group around the
C–N bond were evaluated at the B3LYP/cc-pVDZ level
of computation. The relaxed curves obtained in the 0�–
90� range of the torsional angle in step of 10� are depicted
in Fig. 2. The results show that 1-NN isomer exhibits two
saddle-points with O–N–C–C dihedral angles of 0� and
90�. The corresponding barrier heights are computed to
be 0.24 and 3.99 kcal/mol, respectively. Note that in the
case of 2-NN isomer, DE0 ? 90 value is calculated at
7.73 kcal/mol (which is somewhat similar to that obtained
for NB at 7.36 kcal/mol) being about two times higher than
that predicted for 1-NN isomer, indicating, consistently
with a decrease of the C–N bond length, a stronger NO2-
ring p-conjugative interaction.
3.2. Dipole moments and electronic (hyper)polarizabilities

Calculations of electric properties were performed on
the B3LYP/cc-pVDZ geometry. In order to evaluate the
reliability of different levels of theory to determine le, ae

and ce values, we first conducted calculation for NB for
which both experimental [35–37] and theoretical data
[38–40] are available from the literature. The calculated
li, ae

ii and ce
iijj components (i, j = x, y, z) for NB are col-

lected in Table 2. As well established in the literature, intro-
duction of diffuse functions as well as of electron
correlation contributions are crucial for obtaining reliable
values of electrical properties [41,42]. In fact on passing
from 6-31G* to 6-31+G* <ae> and <ce> values increase
by 16% and 240%, respectively, improving noticeably the



Table 2
Dipole moments, l (Debye), static electronic polarizabilities, ae (a.u.), and second hyperpolarizabilities, ce (a.u.), of nitrobenzene

HF/6-31G* HF/6-31+G* HF/aug-cc-pVDZ MP2/6-31+G* PBE0/6-31+G* Exp.

l 5.24 5.35 5.15 4.49 4.90 4.22a

ae
xx 85.6 93.0 96.0 95.1 94.2

ae
yy 93.9 101.6 107.8 107.8 111.0

ae
zz 26.2 44.4 49.7 45.1 44.2

<ae> 68.6 79.7b 84.5 82.7 83.1 87.0c

Dae 64.0 53.4 53.2 57.4 60.2
ce

xxxx 1285 6994 7523 8753 10,219
ce

yyyy 16,894 26,603 26,311 42,903 42,140
ce

zzzz 35 9775 8542 16,153 10,408
ce

xxyy �319 1191 1710 1516 2476
ce

xxzz 67 4330 4164 8375 4908
ce

yyzz 35 3032 3108 6465 3439
<ce> 3556 12,095d 12,068 20,104 16,883 17,075e

Note that calculations are carried out on the B3LYP/cc-pVDZ geometry.
a Gas phase value, from Ref. [35].
b <ae>(�x;x) = 80.0 a.u., at ⁄x = 0.02385 a.u.
c DMSO solution, Ref. [36].
d <ce>(�3x;x,x,x) = 13,443 a.u., at ⁄x = 0.02385 a.u.
e Liquid phase <c>(�3x;x,x,x) value at ⁄x = 0.02385 a.u., Ref. [37].
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agreement with experiment. Additionally, one notices that
the properties obtained with 6-31+G* basis set reproduce
satisfactorily those computed with the larger aug-cc-pVDZ
basis set, with a difference of +3.9%, �5.7%, +0.4% and
+0.2%, respectively, for l, <ae>, Dae and <ce>. At the
highest levels of computation, MP2/6-31+G* (PBE0/6-
31+G*), the errors from experiment [35–37] for l, <ae>
and <ce>(�3x;x,x,x) [43] values are +6.4% (+13.9%),
�4.9% (�4.5%) and +30.9% (+9.9%), respectively. The
corresponding values for HF/6-31+G* level are +26.8%,
�8.4% and �21.3%, respectively. It is worth to note that
electric properties obtained by using PBE0 functional are
in satisfactory agreement with MP2 data with a deviation
of +9.1%, +0.5%, +4.9% and �16.0%, respectively, for
Table 3
Dipole moments, l (Debye), static electronic polarizabilities, ae (a.u.), an
nitronaphthalene

1-NN

HF/6-31G* HF/6-31+G* HF/aug-cc-pVDZ PBE0/6-31+G

lx �1.06 �1.06 (�1.14) �1.04 �1.12
ly �5.20 �5.32 (�5.45) �5.12 �4.84
lz �0.02 �0.02 (0.00) �0.01 �0.02
l 5.31 5.43 (5.57) 5.23 4.97
ae

xx 161.9 173.5 (175.6) 179.2 180.7
ae

yy 131.7 142.8 (144.1) 149.6 154.6
ae

zz 40.3 67.5 (65.0) 73.4 66.7
<ae> 111.3 127.9 (128.2) 134.1 133.9
Dae 109.7 94.5 (98.7) 94.5 103.3
ce

xxxx 16,643 36,918 (36,660) 36,283 46,346
ce

yyyy 23,442 39,102 (42,364) 37,127 59,628
ce

zzzz 54 13,884 (13,792) 12,689 14,738
ce

xxyy �867 2515 (2726) 3569 9633
ce

xxzz 104 8244 (8460) 8301 9253
ce

yyzz �17 5032 (4982) 5315 5866
<ce> 7672 24,297 (25,030) 24,094 34,043

Note that calculations are carried out on the B3LYP/cc-pVDZ geometry. Val
l, <ae>, Dae and <ce> The above results allow us to con-
clude that, the PBE0/6-31+G* method can be a good com-
promise between accuracy and computational cost for the
calculation of (hyper)polarizabilities of NNs.

Table 3 reports dipole moment and (hyper)polarizability
values of NN isomers. For both NN isomers dipole
moment vector is directed along the C–N bond axis. As
previously found for NB, introduction of diffuse functions
(6-31G* ? 6-31+G*) as well as of electron correlation cor-
rections (HF ? PBE0) increase both <ae> and <ce> val-
ues. It is worth to mention that at the HF level of
theory, on passing from 6-31+G* to aug-cc-pVDZ basis
set l and <ce> values decrease by 3.3–3.8% and
0.8%, respectively, while, <ae> and Dae values increase by
d second hyperpolarizabilities, ce (a.u.), of 1-nitronaphthalene and 2-

2-NN

* HF/6-31G* HF/6-31+G* HF/aug-cc-pVDZ PBE0/6-31+G*

�5.39 �5.48 �5.30 �5.05
�2.38 �2.42 �2.35 �2.29
0.00 0.00 0.00 0.00
5.90 5.99 5.80 5.55
178.0 190.6 199.0 208.2
123.7 133.2 138.7 138.6
37.9 64.9 71.3 64.2
113.2 129.6 136.3 137.0
122.3 109.0 110.6 124.7
51,319 77,899 76,486 132,217
5649 15,058 14,688 20,632
45 13,673 12,153 14,534
3541 7604 8332 16,845
120 6919 7126 7614
66 5433 5579 6306
12,893 29,308 29,080 45,783

ue in parentheses refers to the planar structure of 1-NN.
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4.6–4.9% and 0.0–1.4%, respectively. The above results
indicate that the larger basis set effects are mainly due to
the contributions of the polarized and especially diffuse
functions on the heavy atoms, confirming that 6-31+G*

basis set is suitable for (hyper)polarizability computations,
in agreement with present results on NB and the conclu-
sions previously reported by Torrent-Sucarrat et al. [25].
At the PBE0/6-31+G* level of calculation, introduction
of the benzene ring (NB ? 2-NN) increases l, <ae> and
<ce> value by 13.3%, 64.9% and 171.2%, respectively.
The results show that, for 1-NN isomer the largest
(hyper)polarizability components are ae

xx and ce
yyyy , which

contribute to 45% and 27% of the total values, respectively.
On the other hand, for 2-NN isomer both the longitudinal
ae

xx and ce
xxxx components exhibit the largest values, being

51% and 58% of the total values, respectively. At the high-
est level of calculation (PBE0/6-31+G*), on passing from
1-NN to 2-NN isomer l, <ae>, Dae and <ce> values
increase by 11.7%, 2.3%, 20.7% and 34.5%, respectively,
indicating stronger p-conjugation effects. Note that these
differences are much more pronounced for the longitudinal
components ae

xx and ce
xxxx, which increase by 15.2% and

185.3%, respectively. However, it is worth to note that even
if these increments are significantly influenced by the posi-
tion of the substituent they are little dependent on the loss
of co-planarity between the nitro group and the aromatic
moiety. In fact, with reference to 1-NN isomer, on passing
from the minimum-energy form to the planar structure, l,
<ae> and <ce> values increase by only 2.6%, 0.2% and
3.0%, respectively (See Table 3).

It is known that experimental EA and ionization poten-
tial values of NN isomers are close to each other [12,44],
suggesting that oxidative and reductive mechanism argu-
ments cannot be used to explain their different mutagenic
behavior. Alternatively, the increase of mutagenic activity
on passing from 1-NN to 2-NN isomer might be attributed
to differences in substrate–enzyme binding affinity as deter-
mined by intermolecular interactions. This conclusion is
supported by the above results obtained on all the electric
properties. Additionally, our results and especially those on
l, Dae, ae

xx and ce
xxxx, are consistent with the conclusions

previously traced by Yu et al. [45], for which mutagenic
potency is maximized for isomers with the nitro substituent
Table 4
Frequency-dependent averaged electronic dipole polarizabilities <ae>(�x;x
nitrobenzene, 1-nitronaphthalene and 2-nitronaphthalene

NB 1-NN

⁄x (a.u.) 0.02385 0.03457 0.04282 0.02385
<ae>(0;0) 79.6 79.6 79.6 127.9
<ae>(�x;x) 80.0 80.3 80.7 128.6
<ce>(0;0,0,0) 12,095 12,095 12,095 24,297
<ce>(0;x,�x,0) 12,302 12,538 12,787 24,846
<ce>(�x;x,x,�x) 12,516 13,014 13,562 25,422
<ce>(�2x;x,x,0) 12,736 13,520 14,418 26,024
<ce>(�3x;x,x,x) 13,443 15,295 17,779 28,025

Note that calculations are carried out at the HF/6-31+G* level on B3LYP/cc
lying on the longest molecular axis. Recently, the different
mutagenic behavior of 1-NN 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 [46].

It is of interest to evaluate dynamic (hyper)polarizabili-
ties, because experimental data are nearly always observed
at incident optical fields. Frequency-dependent <ae> and
<ce> values of NB and NNs obtained at the TD-HF/
6-31+G* level of theory are summarized in Table 4. For all
the compounds, as should be expected, the dynamic <ce>
values occur according the order ce(�3x;x,x,x) >ce(�2
x;x,x,0) >ce(�x;x,x,�x) > ce(�x;x,0,0) > ce(�0;0,0,0).
In the case of 2-NN isomer at ⁄x = 0.04282 a.u.
(k = 1064 nm), dispersion effects increase the static
<ae> value by ca. 2%. For <ce>, dispersion corrections
to the static value obtained at ⁄x = 0.02385 a.u.
(k = 1910 nm) for the THG, EFISH, IDRI and dc-KE
processes amount to 17%, 8%, 5% and 2%, respectively.
At ⁄x = 0.04282 a.u. the percentages of increment are
obviously higher, being 82%, 29%, 18% and 8%, respec-
tively, the THG datum suffering of substantial resonant
contributions. Comparable dispersion effects to <ae>
and <ce> values are also found for 1-NN isomer. Note
that dispersion effects for ce(�3x;x,x,x) of NB, for
which an experimental estimate at ⁄x = 0.02385 a.u. is
available [37], are slightly lower (11%).

3.3. Vibrational (hyper)polarizabilities

Table 5 collects vibrational (hyper)polarizability values
of the investigated compounds obtained through Eqs. (1)
and (2) at the HF/6-31+G* level on the geometry opti-
mized at the same level. As can be seen from the Table,
<av> values of NN isomers are almost close to each other,
giving a modest but non negligible contribution to the total
polarizability, the <av>/<ae> ratios being in the 0.07–0.08
range. For 1-NN the most important contributions come
from low-frequency torsional modes. By contrast 2-NN,
in analogy to NB, the largest contributions originate from
intense IR absorptions located at higher energy values,
attributed to the C–H out-of-plane bending and the sym-
metrical and asymmetrical stretching of the N–O bonds
) (a.u.) and second hyperpolarizabilities <ce>(�xr;x1,x2,x3) (a.u.) of

2-NN

0.03457 0.04282 0.02385 0.03457 0.04282
127.9 127.9 129.6 129.6 129.6
129.3 130.1 130.2 131.0 131.8
24,297 24,297 29,308 29,308 29,308
25,485 26,163 30,026 30,853 31,741
26,793 28,366 30,778 32,567 34,614
28,246 30,972 31,561 34,441 37,932
33,884 44,016 34,151 41,540 53,256

-pVDZ geometry.



Table 5
Main vibrational contributions and total vibrational (hyper)polarizabilities of nitrobenzene, 1-nitronaphthalene and 2-nitronaphthalene

x (cm�1) IIR (km/mol) Modea [l2] (a.u.) <av>
<ae>

x (cm�1) ARaman (Å
4/amu) Modea 2/3[a2] (a.u.) <cv>

<ce>
b

NB 804 119 c C–H 1.6 191 2 s ring 496
1628 318 ms NO2 1.1 1092 40 Ring br. 481
1841 389 ma NO2 1.0 1628 96 ms NO2 451

Total 6.6 0.08 Total 3267 0.24

1-NN 60 1 s NO2 1.1 60 2 s NO2 5586
109 1 s ring 1.0 109 3 s ring 2442
884 89 c C–H 1.0 1469 295 m ring 1803

Total 10.2 0.08 Total 15,006 0.53

2-NN 865 94 c C–H 1.1 103 2 s ring 1781
1631 241 ms NO2 0.8 1496 318 m ring 1784
1845 275 ma NO2 0.7 1631 306 ms NO2 1334

Total 9.4 0.07 Total 9973 0.29

Note that calculations are carried out at the HF/6-31+G* level on the HF/6-31+G* geometry.
a m, stretching; c, out-of-plane bending; s, torsion; br., breathing.
b <cV>(�x;x,x,�x)/< ce>(�x;x,x,�x) at ⁄x = 0.04282 a.u.
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vibrations. Differently from <av>, calculations indicate
that <cv> (2-NN) < <cv> (1-NN). Vibrational second
hyperpolarizability values are predicted to be comparable
to the electronic counterparts with <cv>(�x;x,x,
�x)/<ce>(�x;x,x,�x) ratios of 0.24, 0.53 and 0.29, for
NB, 1-NN and 2-NN, respectively. The largest contributes
principally come from low-frequency NO2 group and ring
torsional modes, as well as from high-frequency N–O
bonds and ring stretching vibrations. It is worth to mention
that, the difference in <cv> value between 1-NN and 2-NN
isomer is mainly ascribed to the remarkable contribution
from the NO2 torsion mode, which in the former isomer
contribute to ca. 40% of the total <cv>(�x;x,x,�x) value.
4. Conclusions

Dipole moment, static and frequency-dependent elec-
tronic and vibrational (hyper)polarizabilities of nitronaph-
thalene isomer were studied using ab initio and DFT-PBE0
methods in conjunction with 6-31G*, 6-31+G* and aug-cc-
pVDZ basis sets. The obtained results indicate that all
electric properties increase on passing from 1-NN to
2-NN isomer, consistently with the increase of p-conjuga-
tive interaction and the increase of the observed mutagenic
activities. The increments of the electric properties are sig-
nificant along the longitudinal axis but are little influenced
by the loss of co-planarity between the nitro substituent
and the aromatic ring system. These findings support the
binding to enzyme through intermolecular interactions as
an important step in the metabolic pathways for mutagenic
activation of these nitroaromatic species.
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