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and 3-nitro-6-azabenzo[a]pyrene N-oxide isomers: A Hartree—Fock
and Coulomb-attenuating density functional theory investigation

ANDREA ALPARONE

Department of Chemistry, University of Catania, viale A. Doria 6, Catania 95125, Italy
e-mail: agalparone @ gmail.com; agalparone @unict.it

MS received 6 September 2013; revised 18 November 2013; accepted 20 November 2013

Abstract. Structural, energetic, spectroscopic, linear and nonlinear optical (NLO) properties of the environ-
mental mutagens 1- and 3-nitro-6-azabenzo[a]pyrene N-oxides were characterized by means of Hartree—Fock
as well as B3LYP and CAM-B3LYP density functional theory computations. The NLO investigations were
performed for the second harmonic generation (SHG) and electro-optical Pockels effect (EOPE) at the incident
wavelength of 1064 nm. The results show that, the predicted structures, vibrational spectra, nucleus indepen-
dent chemical shifts, ionization energy, electron affinity as well as electronic polarizabilities are little influenced
by the position of the nitro substituent. Differently, the dipole moment (1) and the first-order hyperpolariz-
abilities (B,,) are significantly dependent on the isomerization. The rather different mutagenic activity of the
investigated isomers could be related to their diverse polarity. At the CAM-B3LYP level, when passing from
the 1- to the 3-nitro-6-azabenzo[a]pyrene N-oxide isomer, the © datum increases by about 5 D (a factor of
three), whereas the static and dynamic 8, values decrease by ca. 50%. Dipole moment measurement and SHG
and EOPE NLO techniques are potentially useful to distinguish these important environmental mutagens.

Keywords. 1-, 3-Nitro-6-azabenzo[a]pyrene N-oxide; nitro-polycyclic aromatic hydrocarbons; dipole

moment; (hyper)polarizabilities; SHG and EOPE NLO phenomena; HF and DFT computations.

1. Introduction activity of  3-nitro-6-azabenzo[a]pyrene N-oxide

Nitro-azabenzo[a]pyrene N-oxides (NNOs, figure 1)
are nitro-polycyclic aromatic hydrocarbons (NPAHs)
of great interest from environmental and toxicologi-
cal viewpoints.'® As widely documented in literature,
NPAHs are persistent and widespread organic contami-
nants, mainly originating from direct combustion pro-
cesses or reactions between PAHs and NO,.*7 The
presence of NPAHs in atmospheric environments is sig-
nificantly lower than that of their unsubstituted parents.®
However, NPAH pollutants often exhibit noticeably
higher levels of mutagenic and carcinogenic activities
than those of the PAH congeners.’:!°

The NNOs which are present in the airborne particu-
late matter, are predicted to be mutagenic agents and
their chemical properties are significantly influenced
by the N-oxidation of the azabenzene ring.!~* They are
principally formed during diesel exhausts® and as for
other NPAHSs,!! their mutagenic activities are remark-
ably affected by the position of the nitro substituent.!-?
Indeed, considering the Salmonella typhimurium
mutation test accomplished with the TA98, TA9SNR,
YG1021 and YG1024 microbial strains, the mutagenic

(B3NNO) is predicted to be ca. one order of magnitude
higher than that of the 1-nitro-6-azabenzo[a]pyrene N-
oxide (INNO) isomer."”> Therefore, the characteriza-
tion of their physicochemical properties is of essential
importance for the identification and removal from con-
taminated areas. Some fundamental molecular proper-
ties for 3-nitro-6-azabenzola]pyrene and its N-oxide
derivative (3NNQO) have been recently determined
through accurate quantum chemical calculations.'?

In the present work, we have extended our compu-
tational investigation to the INNO isomer by using ab
initio Hartree—Fock (HF) and density functional theory
(DFT) methods. Besides to the geometries, energies, IR
and Raman spectra, NMR parameters, dipole moments
and electronic polarizabilities, herewith for the first
time we report the static and frequency-dependent elec-
tronic first-order hyperpolarizabilities. The main goal
of this study is to characterize and identify physico-
chemical properties useful to discriminate INNO from
3NNO. The electronic first-order hyperpolarizabilities
and the related nonlinear optical (NLO) second har-
monic generation (SHG) and electro-optical Pockels
effect (EOPE) properties can be significantly affected
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Figure 1. Molecular structures of 1- and 3-nitro-6-azabenzo[a]pyrene N-oxide isomers.

by structural features, being potentially helpful to dis-
tinguish isomeric forms."*~!” In addition, Katritzky and
co-workers recently have proposed the electronic first-
order hyperpolarizability as possible molecular descrip-
tor for QSPR applications. '

The paper is organized as follows. In section 2, a
description of the employed computational methods is
given; in section 3, the results on geometries, ener-
getics, spectroscopic properties as well as on elec-
tronic properties are presented; in section 4, conclusive
comments are provided.

2. Computational details

The gas phase geometry of 1NNO in the neu-
tral ground-state was optimized using the B3LYP
functional'®?° with the 6-31G* basis set*' (B3LYP/6-
31G*). Infrared and Raman spectra of INNO were
obtained under the harmonic approximation at the
B3LYP/6-31G* level on the geometry optimized at the
same level. The investigated structure is a stationary
point on the potential energy surface (no imaginary
wavenumbers).

On the B3LYP/6-31G* geometry we computed the
nucleus independent chemical shifts (NICSs)** for each
one of the five aromatic rings of INNO using the
Coulombic-attenuating DFT method (CAM-B3LYP)*
and the 6-31+G* basis set.?! Specifically, we evalu-
ated the NICS value perpendicular to the plane of the
ring at the distance of 1 A [NICS(1),,]. Recent inves-
tigations have demonstrated that NICS(1),, is an ade-
quate parameter to predict the local aromaticity for
PAHS.22’24’25

Dipole moments (i), static and dynamic electronic
polarizabilities () and first-order hyperpolarizabili-
ties (B) of the investigated isomers were computed
using the HF and CAM-B3LYP levels on the B3LYP/
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6-31G* geometries. The CAM-B3LYP pu and o data
of 3NNO were taken from ref. 12, whereas the 8 val-
ues of both the NNO isomers were determined in the
present work. The long-range corrected CAM-B3LYP
functional is recognized to be a suitable method for
(hyper)polarizability computations, often reproducing
accurately the results obtained with correlated ab initio
levels and with performances superior to those obtained
by the traditional DFT methods.?®~*° The electric prop-
erty calculations were thoroughly carried out with the
polarised and diffuse 6-31+G* basis set. This basis
set has been proven to be sufficiently adequate for
(hyper)polarizability calculations, giving good results
when compared to those obtained with much more
extended basis sets, but with significantly minor CPU
demands.’!"3? The frequency-dependent polarizabilities
[e(-w;w)] and first-order hyperpolarizabilities for the
NLO SHG [B(-2w;w;w)] and EOPE [B(-w;w;0)] phe-
nomena were computed at the characteristic Nd:YAG
laser wavelength of 1064 nm (hw = 0.04282 a.u.).
The static and dynamic (hyper)polarizabilities were cal-
culated analytically through the Coupled-Perturbed HF
theory,*+** as second and third derivatives of energy (E)
with respect to Cartesian components of electric field
strength (F):

1
E(F) = E®©)— Zu,ﬂ - E;aijEFj
1
_EZﬂiij,.Fij...., )
ijk
_ 92E(F) _ P E(F)
®ij =~ I:BF,BFJ-]F_)O’ Pije = — [”i”j”k]peo'
2

Besides to the pu;, o; and pB;;; components we
report the commonly used invariant quantities, dipole
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moment () average polarizability (<o>), polarizabi- Aa = {1 [(a Y )2 b @y — a0
lity anisotropy (A«) and first-order hyperpolarizabi- 2L o
lity aligned along the direction of the molecular dipole ) 5 5 5 3
moment (fB,),which are defined as follows: - (oyy —z) 46 (axy Tt “ﬂ)]} ’
&)
o= 1+ u+ ul, (3)
Bu= D Biti/lul. (6)
i=x,y,2
where (i = x, y, z) is given by, B, = 1
1
<@>= (o oy o), @ X (Bt B+ B,

Figure 2. Selected bond lengths/A of INNO and 3NNO. B3LYP/6-31G* results.
The data of the 3NNO isomer were taken from ref. 12.
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For the response electric properties atomic units are
used throughout the work. Conversion factor to the SI
are: 1 a.u. of a (€?a2E, ') = 1.648778 x 1074 C? m* J~%;
1 a.u. of B (%8 E; %) =3.206361 x 1073 C* m® J=2. All
computations were performed with the GAMESS* and
GAUSSIAN 09% programs.

3. Results and discussion

3.1 Energies, geometries and spectroscopic
properties

The recently published structural and spectroscopic
data of the 3NNO isomer were taken from ref. 12.
At the B3LYP/6-31G* level, the title compounds are
almost iso-energetic, the 3NNO isomer being pre-
dicted to lie 0.42 kcal/mol above the INNO structure.
Figure 2 reports the B3LYP/6-31G* CC, CN and NO
bond lengths for INNO and 3NNO.'? The B3LYP/6-
31G* computations predict for the NNO isomers
almost similar bond lengths (a similar situation is found
for the bond angles, which are not reported here and
are available on request from the author), the largest
differences not surprisingly, occurring for the ring A
(figure 1). In addition, the characteristic O—-N-C-C
dihedral angles, which deviate from the planarity, are
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rather close, being calculated to be 22.0° and 20.8° for
INNO and 22.6° and 24.1° for 3NNO."?

In figure 3 are displayed the IR and Raman spec-
tra of INNO and 3NNO,'? calculated at the B3LYP/6-
31G* level. As usually adopted in literature, the har-
monic wavenumbers were corrected for a single scaled
factor (0.9594) previously reported by Irikura et al.’’
The most important vibrational transitions of 3NNO
have been recently assigned,'? thus here we briefly dis-
cuss only the most relevant spectral differences between
the investigated isomers. As can be appreciated from
figure 3, in the highest-energy region (wavenumbers >
3000 cm™"), the IR and Raman spectra are exclusively
characterized by C-H stretching peaks, with spectral
profiles slightly influenced by the structure. The vibra-
tional spectra between 1000 and 1700 cm™!, which
involve vibrations mainly localised on the rings and
NO, substituent, are marginally affected by the struc-
tural features, in some consistency with the calcu-
lated geometrical parameters, and are of little utility
for the spectroscopic identification of the NNO iso-
mers. In particular, the IR spectra of both the iso-
mers are dominated by a transition mainly attributed
to the symmetrical stretching of the NO, group + C-
N stretching + rings stretching mode. It is located at
1315 cm™! for INNO and at 1318 cm™' for 3NNO,?
with similar intensity values for both the isomers
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Figure 3. Calculated Raman (a) and IR (b) spectra of
INNO and 3NNO. Pure Lorentzian band shapes with a full
width at half maximum of 10 cm~!' were used. B3LYP/6-
31G* results. The wavenumbers were corrected by a single
scaling factor of 0.9594. The IR intensities of the bands in
the wavenumbers range between 3000 and 3200 cm~! were
magnified by a factor of 10. The data of the 3NNO isomer

were taken from ref. 12.
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(ca. 14 D*A~2amu"). The most intense Raman peak
(with a Raman activity of ca. 1100 A*amu"), ascribed
to a ring stretching vibration is placed at 1303 and
1302 cm~! for INNO and 3NNO,'? respectively. The
above findings are also confirmed by the calculated
NICS(1),, values (figure 4), with small differences
between the studied isomers (within 0.0-0.9 ppm, 0—
9%). The lowest-wavenumber IR and Raman regions
(wavenumbers < 1000 cm™!, here not displayed) show
relatively weak peaks, being little informative to dis-
criminate the investigated isomers.
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Oxidation and/or reduction reactions of NPAHs have
been often hypothesized to be crucial steps in the muta-
genic activation pathways.*3* Oxidation and reduc-
tion properties are usually estimated by vertical ioniza-
tion energy (VIE) and vertical electron affinity (VEA),
respectively. To this purpose we performed ASCF
calculations for INNO using CAM-B3LYP/6-31+G*
computations on the geometry of the neutral ground-
state.!> The ASCF VIE and VEA values of 3NNO
have been recently calculated at the same level of
theory.'? To the best of our knowledge, the observed

Figure 4. Calculated CAM-B3LYP/6-31+G* NICS(1),, values/ppm of INNO and
3NNO. The data of the 3NNO isomer were taken from ref. 12.
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VIE and VEA values for NNOs are unavailable so far.
The ASCF-CAM-B3LYP/6-31+G* method has been
recently employed with success to evaluate the VIE and
VEA values of glycine® and of the related compound
nitrobenzene,'? for which experimental data are known.
The CAM-B3LYP/6-31+G* VIE value for the INNO
isomer is predicted to be 7.24 eV, to be compared with
the corresponding datum for 3NNO of 7.23 eV.'* Addi-
tionally, the calculated VEA values of the NNO iso-
mers are both positive and close to each other, being
calculated to be 2.11 eV (INNO) eV and 2.07 eV
(3NNO).'? It is worth noting that, these results are in
qualitatively agreement with the experimental electro-
chemical first reduction potentials obtained by cyclic
voltammetry measurements which are —657 mV for
INNO and —665 nm for 3NNO.' Thus, the close VIE
and VEA values for the NNO isomers suggest that
reduction and/or oxidation mechanisms are not suf-
ficient to explain their somewhat different mutagenic
activities. Note that the (VEA-VIE)/2 molecular hard-
ness (17),*>*! a physicochemical parameter frequently
employed to estimate the order of stability of iso-
mers, herewith calculated at the CAM-B3LYP/6-31+G*
level, is almost the same for the NNO isomers (ca.
2.6 eV), in agreement with their calculated relative
stability.
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3.2 Dipole moments and electronic
(hyper)polarizabilities

Dipole moments and electronic polarizabilities describe
the permanent and induced charge distributions of
molecules, characterizing intermolecular interactions
via electrostatic, inductive and dispersive forces. Inter-
molecular forces are involved in the formation of
enzyme-substrate complexes, which is presumed to be
a fundamental step in the mutagenic activation mecha-
nisms of NPAHs.* Enzyme-substrate forces have been
often modelled by electric properties.**~4¢

Table 1 collects the w and static o values for the
INNO and 3NNO isomers obtained at the HF/6-31+G*
and CAM-B3LYP/6-31+G* levels. The results show
that both the magnitude and direction of the u vector
are strongly affected by the INNO <> 3NNO isomeri-
sation (figure 5). Indeed, when passing from 1INNO
to 3NNO, the CAM-B3LYP/6-31+G* (HF/6-31+G*)
n value increases by ca. 5 D (7 D), which corres-
ponds to a factor of three (four). For the INNO iso-
mer the polar NO, and N—O groups are roughly
anti-parallel to each other and the resulting dipolar
contributions almost cancel to each other (u is ca.
2-3 D). On the other hand, for the 3NNO isomer, the
mutual disposition of the NO, and N—O groups

Table 1. Dipole moments p (D) and static (hyper)polarizabilities o
(a.u.) and B (a.u.) of 1- and 3-nitro-6-azabenzo[a]pyrene N-oxides.”
INNO 3NNO
HF CAM-B3LYP HF CAM-B3LYP?
Ux —1.77 —2.17 —6.02 —6.10
My 0.13 0.11 —0.13 —0.12
Uz —1.07 —1.75 6.33 5.21
n 2.08 2.79 8.74 8.02
Oxx 400.9 417.3 430.8 460.2
Qyy 111.5 111.5 112.1 112.0
Oz 327.9 3513 296.7 306.2
<a> 280.1 2934 279.9 292.8
Ao 303.0 3223 304.6 325.1
Brxx —358 —497 —1730 —2905
Byyy -3 -3 3 4
Brzz —2179 —-2619 —740 —411
Bx —1398 —1823 —1925 —2926
By 39 44 -52 -50
Bz —2504 -3174 -971 —625
Bu 2480 3410 623 1820

“Basis set: 6-31+G*. The calculations were carried out on the B3LYP/6-

31G* geometry

>The dipole moment and polarizability values were taken from ref. 12
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Figure 5. Dipole moment () and first-order hyperpolariz-
ability (Byec) vectors of INNO and 3NNO. CAM-B3LYP/6-
31+G* results.

constructively contributes to the relatively higher
dipole moment (figure 5). As a consequence, in polar
media the relative stability of the studied isomers is
expected to decrease or even to be reversed. It is inter-
esting to note that the more polar isomer (3NNO) is
contemporarily the more mutagenic isomer. A simi-
lar behaviour, has been previously noticed for other

Table 2. Frequency-dependent

NPAH series of isomers, such as nitronaphthalenes,*’
nitroanthracenes and nitrophenanthrenes,*® mono-
nitrobenzo[a]pyrenes* and dinitrobenzo[a]pyrenes.®
Thus, the rather diverse polarity for the NNOs could be
linked to their different mutagenicity.*’=>° On the basis
of intermolecular electrostatic forces, in comparison to
the INNO isomer, 3NNO is expected to be a stronger

(hyper)polarizabilities o (—w;w)

(au.) and B(-wy;01,w7) (a.u.) of 1- and 3-nitro-6-azabenzo[a]pyrene

N-oxides.*

INNO 3NNO”
hw 0 0.04282 0 0.04282
<a>(—w;w) 293.4 309.2 292.8 307.9
Aa(—w;w) 322.3 3554 325.1 356.5
Bu(—w;w;0) 3410 5000 1820 2606
Bu(—2w;w;0) 3410 16782 1820 6955

“CAM-B3LYP/6-31+G*//B3LYP/6-31G* results
bThe polarizability values were taken from ref. 12



708

substrate for enzymes participating to the mutagenic
activation processes.

At variance from the calculated p data, the o val-
ues of the NNO isomers are much more closer to each
other. Indeed, the static CAM-B3LYP/6-31+G* <a>
and Ao values of INNO are calculated to be 293.4
and 322.3 a.u., respectively, which are only 0.2 and
0.9% apart from the corresponding data of the 3NNO
isomer.'? These findings agree with the predicted hard-
ness values, n(INNO) ~ n(3NNQO), the maximum
hardness/minimum polarizability principles**>! being
operative for these isomers. The largest polarizability
component for both the NNOs lies along the longest
x-axis (o, figure 5), and recovers ca. 50% of the
total polarizability (o + oyy + @,,). In agreement
with the recent literature,?-2°->=> the HF/6-31+G*
<a> and A« values underestimate the CAM-B3LYP/6-
31+G* data by 5-6%. The effects of the dispersion on
the polarizabilities were here evaluated at the typical
Nd:YAG laser wavelength (1) of 1064 nm. The results
are summarized in table 2. Resonance enhancement
effects are expected to be negligible, since the used
A value is rather far from the observed lowest-energy
absorptions at 463 nm (INNO) and 466 nm (3NNO).!
For both the isomers, the frequency-dependent <o> and
A« values increase the static figures by ca. 5 and 10%,
respectively.

Besides to the u; and «j data, table 1 also includes
the static Bj; components. In comparison to the elec-
tronic polarizabilities, the B, values are much more
influenced by the theoretical method and position of
the NO, substituent. In fact, when passing from the
HF/6-31+G* to the CAM-B3LYP/6-31+G* level, the
static B, values of INNO and 3NNO increase by ca.
40 and 200%, respectively. More importantly, in oppo-
sition to the calculated p values, the present results
show that, 8,(INNO) > 8,(3NNO) by ca. a factor of
four (HF/6-31+G*) and two (CAM-B3LYP/6-31+G*).

o G® 2
a5

Fe

Beo = -2905 a.u.
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The above B, variations principally originate from the
different magnitude and sign of the largest u; and p;
components lying along the x- and z-axis. In particular,
on the basis of the highest-level computations (CAM-
B3LYP/6-31+G¥*), the u Bi/|t| value is positive for
both the isomers (in parentheses is reported the per-
centage contribution to the B, value), being 1418 a.u.
(+41.6%) for INNO and 2226 a.u. (+122.3%) for
3NNO. By contrast, the u,8,/|| value is positive for
INNO (+1991 a.u., +58.4%), whereas it is negative for
3NNO (—406 a.u., —22.3%), owing to the opposite sign
of the i, (4+5.21 D) and B, (—625 a.u.) values. As a con-
sequence, the B, difference between INNO and 3NNO
is mainly attributable to the different contribution of
the w,B,/|1t] term, which approximately lies along the
N— O bond of the azabenzene unit. However, it is worth
to mention that, when we take into account for the
intrinsic first-order hyperpolarizability, as expressed by

/B2 + B2 + B2, the data for INNO

and 3NNO isomers are much more close to each other
(figure 5). Indeed at the CAM-B3LYP/6-31+G* level
Bvee(INNO) = 3661 a.u. and B, (3NNO) =2992 a.u.
In order to qualitatively explore the spatial contri-
butions of the electrons to the most important S,
components, we performed an hyperpolarizability den-
sity analysis.®*® The calculations of the B densities
[0 (r)] were carried out following the procedure pre-
viously illustrated by Nakano and co-workers: >~

the quantity, B,.. =

1
prF) = p Q)+ OF) + 5 3 0 (O F i
J ]
1 3)
3 ijkl(r)Fijﬂ oy @
J
1 (2)
Bijie = o | TP (r)dr, (8)
*p(r, F)
?2) s
(r) = ——— = o 9
p_/k( ) aFjaFk \F/—O.Fk_o ( )

X

= = =411 a.u.

Figure 6. Hyperpolarizability density distributions p{2 () (left) and p{2(r) (right) of
the 3NNO tautomer. The yellow and blue surfaces refer to positive and negative ,ojgz) (r)
densities, respectively, computed at the iso-surface of 10 a.u.. CAM-B3LYP/6-31+G*

results.
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For a pair of localized positive and negative ,ojgz) (r)

densities, the sign is positive if the positive-to-negative
,ojgz) (r) direction is coincident with the positive direc-
tion of the chosen coordinate system, while its mag-
nitude is proportional to their distance. The ,ojgz)(r)
computations were performed at the CAM-B3LYP/6-
31+G* level for the largest Sy, and B,,, components
of the 3NNO isomer, through the numerical formula-
tion previously described in ref. 57. The p{?(r) and
02 (r) amplitudes are plotted in figure 6. In agreement
with negative sign of both the f,, and B,,, compo-
nents, the positive to negative ,ojgz) (r) pairs are almost
aligned along the negative directions. As can be appre-
ciated from figure 6, for the p2(r) distribution there
are many similar important contributions delocalized
over the entire structure. On the other hand, the largest
02 (r) amplitudes are mainly placed over the A, B
and E rings. More importantly, the p?(r) distribu-
tions are less spread out than the p (r) ones, in quali-
tative agreement with the relative magnitudes of the
calculated hyperpolarizabilities (|Byxx| > | B2/, table 1).
Table 2 lists the CAM-B3LYP/6-31+G* frequency-
dependent B, values for the SHG and EOPE NLO phe-
nomena computed at the hw value of 0.04282 a.u. As
should be expected, for both the isomers 8, (—2w;w;w)
> B, (—w;w;0). At variance from the calculated polariz-
abilities, the dispersion effects on the first-order hyper-
polarizabilities are different for the studied isomers.
In particular, for the EOPE process the dispersion
effects increases the static B, value of INNO (3NNO)
by 47% (43%). For the SHG phenomenon the corre-
sponding percentages are significantly larger, being ca.
400% (INNO) and 300% (3NNQO), in part owing to
resonance dispersion enhancements (the 2hw value of
0.086 a.u. is rather close to the lowest-energy experi-
mental excitation energy of 0.098 a.u.'). As a conse-
quence, at hwo = 0.04282 a.u. the CAM-B3LYP/6-
31+G* B,(INNO)/B,(3NNO) ratios are predicted to
be 1.91 and 2.41 for the EOPE and SHG processes.
Note that the corresponding ratio for the static computa-
tions is calculated to be 1.87. Therefore, on the basis of
the above static and dynamic 8, (-w,;w;,w,) values and
anticipating future experimental NLO measurements,
INNO might be distinguished from the 3NNO isomer
through the analysis of SHG and/or EOPE signals.

4. Conclusions

Using ab initio and DFT calculations, we have deter-
mined many important physicochemical properties for
the 1INNO and 3NNO isomers, which are characterized
by different mutagenic activity. The computations were
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performed in gas using the HF and CAM-B3LYP levels.
The main results are summarized as follows: (i) The
geometrical parameters, especially the typical C—C-N-
O dihedral angles of the investigated isomers are close
to each other. (ii) Confirming the structural data, INNO
and 3NNO cannot be identified unambiguously through
the IR and Raman spectra as well as the NICS(1),,
parameters. (iii) The ASCF VIE and VEA values of the
title isomers are not substantially affected by position
of the nitro group. Therefore, oxidation and/or reduc-
tion pathways are unable to explain the different muta-
genicity of the NNO isomers. (iv) Owing to the mutual
disposition of the polar NO, and N—O groups, the u
values increase on going from 1NNO to 3NNO by 5-7
D, depending on the level of theory. The different pola-
rity could be related to the diverse mutagenic behaviour
of the NNO isomers. (v) The static and frequency-
dependent 8, (-w,;w;,w,) values significantly decrease
when passing from 1INNO to 3NNO, mainly due to the
. B,/ | term which roughly lies along the N—O bond
of the azabenzene moiety. In future experiments, SHG
and/or EOPE measurements could be used to discrimi-
nate the NNO isomers. (vi) In line with the recent liter-
ature findings, the long-range corrected CAM-B3LYP
functional overestimates the polarizabilities and espe-
cially the first-order hyperpolarizabilities obtained by
the HF calculations. (vii) The hyperpolarizability den-
sity analysis is helpful for a qualitative interpretation of
the largest S;; components.
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