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ABSTRACT

Structure, IR and Raman spectra of 1-, 2- and 9-nitroanthracene isomers (1-NA, 2-NA and 9-NA) were
calculated and analyzed through density functional theory computations using the B3LYP functional
with the 6-311 + G** basis set. Steric and w-conjugative effects determine the characteristic O—N—C—C
dihedral angles, which vary from 0° (2-NA) to 28-29° (1-NA) and 59° (9-NA), influencing the relative order
of stability along the series 9-NA < 1-NA < 2-NA. The spectral regions at wavenumber values >3000 cm~!
and <1000cm™! little depend on the substituent position. The Raman and IR intensity values of the
characteristic symmetric nitro group stretching transition, appearing between 1310 and 1345cm™", are
rather sensitive to the position of the substituent, decreasing regularly on passing from the planar to the
NO;-rotated isomers (9-NA < 1-NA < 2-NA). In the medium-energy spectral region (1000-1700 cm™1), the
number and the relative position of the strongest Raman bands are of potential utility to discriminate the
NA isomers. Structural and spectroscopic results suggest that the unknown mutagenic activity of 1-NA

is expected to be between that of 9-NA and 2-NA.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nitroanthracenes (NAs) belong to a class of widely distributed
environmental contaminants known as nitrated polycyclic aro-
matic hydrocarbons (NPAHs) [1-5]. NPAHs are usually released
in the environment during incomplete combustion processes or
by reaction between polycyclic aromatic hydrocarbons (PAHs)
and nitrogen oxides present in the atmosphere [5-8]. Many
NPAHSs exhibit extremely high mutagenic and carcinogenic poten-
cies, often greater than those of their parents PAHs [2-4]. It
is well recognized that mutagenic and carcinogenic activities of
NPAHSs are dramatically affected by the structure. Planar NPAHs
exhibit higher mutagenic potencies than the corresponding iso-
mers with the nitro group oriented perpendicularly to the aromatic
moiety [2-4].

Nitroanthracenes exist as three isomers (Fig. 1): 1-NA and 9-
NA are predicted to be non planar, while 2-NA exhibits a planar
arrangement. Experimental structures of NAs are not available
in the literature, except for the geometry of 9-NA in the solid
[9]. This isomer characterized by the NO, group arranged per-
pendicularly to the aromatic plane, is a prototypical molecule for
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the study of photochemical degradation reactions [10-13]. Pho-
todegradation mechanisms are by far the most important natural
phenomena of removal of NPAH pollutants in the environment
[4]. On the theoretical side, semiempirical PM3 [14] and density
functional theory (DFT) structures of NAs [15] were previously
reported, while Lee et al. [16] computed the electronic second-
order hyperpolarizability by using a finite-field procedure. The
different retention times for 2-NA and 9-NA as determined by HPLC
analyses are consistent with their distinct structure and dipolar
character [17].

The mutagenic activities of the NA isomers are somewhat differ-
ent to each other. On the basis of the Ames test, which commonly
uses the Salmonella typhimurium strains TA98 and TA100, 2-NA is
estimated to be three order of magnitudes more mutagenic than 9-
NA [18-22]. The mutagenic potency for 1-NA is unknown so far.
Therefore it is of great importance to identify analytic method-
ologies suitable to discriminate structurally different isomers. To
this purpose, IR and Raman spectroscopies can be very helpful.
Vibrational spectra can be accurately simulated through high-level
quantum mechanical calculations [23,24].

In the present work, we determined and analyzed the vibra-
tional spectra for the series of the NA isomers by using DFT
computations. The spectroscopic properties and complete normal
mode assignments are reported here for the first time. To our
knowledge, some experimental wavenumber values are available
only for 2-NA [25] and 9-NA [26]. The main goal of this work is to
explore the effects of the position of the substituent on the IR and
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Fig. 1. Structure of nitroanthracene isomers.

Raman spectra, in order to identify vibrational markers potentially
useful to distinguish the NA isomers.

2. Computational details

All computations were performed with the Gaussian 03 pro-
gram [27]. The ground-state geometries of the NA isomers were
optimized by using the DFT-B3LYP functional [28,29] with the
6-31G* and 6-311 + G** basis sets. IR and Raman spectra were cal-
culated under the harmonic approximation at the B3LYP/6-31G*
and B3LYP/6-311 + G** levels using the geometries computed at the
same levels. The absence of imaginary wavenumber values con-
firms that all the structures correspond to equilibrium minima on
the potential energy surfaces. In general DFT harmonic treatments
overestimate observed vibrational wavenumbers owing to neglect-
ing of anharmonic corrections, incompleteness of basis set and
electron correlation contributions. These discrepancies are com-
monly corrected either by computing explicitly anharmonic terms
[30,31] or by performing scaled quantum mechanical force field
procedures [32], or directly by scaling the calculated wavenumbers
with a given factor [33]. For this series of compounds anharmonic
treatments are computationally impracticable and therefore we
adopted the scaling approach employing a single factor of 0.9594
and 0.9679, specifically determined for the B3LYP/6-31G* [33]
and the B3LYP/6-311 +G** [34] levels of calculation, respectively.
This approach was proven to give good results for the vibra-
tional spectra of substituted PAHs [35-42]. Complete vibrational
assignments were carried out on the basis of normal modes, as
displacements in redundant internal coordinates (in Gaussian 03,
option Freq =IntModes) and also by means of the visualization soft-
ware Chemcraft [43].

3. Results and discussion

The experimental geometry is available only for 9-NA from X-
ray measurements [9]. As can be seen from the data reported in
Table 1, the B3LYP/6-311 + G** level furnishes the best results, in
agreement with the comparison between the observed [44] and cal-
culated data of nitrobenzene (NB). For 9-NA the B3LYP/6-31G* and
B3LYP/6-311+G** computations, respectively, underestimate the
experimental C—N bond length by 0.010 and 0.003 A, the 0—N—C—C
dihedral angles by 34° and 26°, while overestimate the O—N bond
length by 0.016 and 0.009 A. These differences can be principally
attributed to crystal packing effects. In fact, in carbon tetrachlo-
ride solution the O—N—C—C dihedral angle for the most stable
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Fig. 2. Experimental [47] vs. calculated wavenumbers relationships for
anthracene. (a) wavenumbereyp, =21.51+0.99 x wavenumberg,, ?=1.00; (b)
wavenumbereyp, = —21.89 +1.01 x wavenumbery,, r? = 1.00.

configuration of 9-NA was estimated to be 64° [26], somewhat
close to the gas phase B3LYP/6-311+G** datum. At the B3LYP/6-
311+G** level on passing from 2-NA to 1-NA and 9-NA the C—N
bond length increases by 0.003 and 0.005 A, respectively. In addi-
tion, the O—N—C—C dihedral angles, which crucially characterize
the structure of NPAHs, are calculated to be 28° and 29°, 0° and
0°, 59° and 59° for 1-NA, 2-NA, 9-NA, respectively. The relative
stability for the NA isomers computed at the B3LYP/6-311 +G**
level decreases in the order (in parentheses is reported the rela-
tive energy corrected for the zero-point vibrational contribution
expressed in kJ/mol):

2-NA(0.0) > 1-NA(18.5) > 9-NA(30.9)

The corresponding values computed at the B3LYP/6-31G* level
are rather similar, being 0.0, 17.9 and 32.9 k]/mol, respectively. This
trend is consistent with the structural data and is consequence of
the steric repulsions between the hydrogen atoms and the clos-
est oxygen atoms for the NO,-rotated structures, which decrease
the m-conjugative interaction between the nitro group and the aro-
matic moiety.

To the best of our knowledge experimental and theoretical
vibrational studies of NAs are not available, except for a SERS study
of 9-NA [45], FT-IR and FT-Raman spectra of 2-NA [25] and the
vibrational wavenumber values for the NO, symmetric stretch-
ing vibration of 9-NA in carbon tetrachloride solution and solid
phases [26]. However, complete normal mode assignments are
lacking so far. On the other hand, several experimental and the-
oretical vibrational spectra of the parent compounds anthracene
(A) [46-48] and NB [49] are known and were here employed to
validate the theoretical approach. Present simulated spectra were
obtained by convoluting the computed wavenumber values using
pure Lorentzian band shapes with a full width at half maximum of
10cm~!, as commonly adopted in the literature [50-55].

3.1. IR and Raman spectra of anthracene and nitrobenzene

The B3LYP/6-311+G** wavenumber, IR intensity (Ijg) and
Raman activity (Agraman) Values for A and NB are listed in
Tables 2 and 3, respectively, together with the available exper-
imental data reported in Refs. [47] and [49]. Present corrected
wavenumber values are in reasonable agreement with both experi-
mental and previous DFT data [46-49] (Figs. 2 and 3).In comparison
to the observed wavenumber values, a root-mean-square devia-
tion of 19 cm~! is found for both A and NB (20 cm~! using the less
expensive B3LYP/6-31G* level), which raises to 45 and 49cm~! in
the case of the uncorrected data, respectively.
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Table 1
Selected geometrical parameters for nitrobenzene (NB) and 9-nitroanthracene (9-NA).
C—N (A) 0—N (A) 0—N—0 (°) O0—N—C—C(°)

NB

B3LYP/6-31G* 1473 1.231 125

B3LYP/6-311+G** 1.480 1.225 125

Exp.? 1.486 1.223 125

9-NA

B3LYP/6-31G* 1.472 1.232 124 51

B3LYP/6-311+G** 1.479 1.225 125 59

Exp. P 1.482 1.216 124 85

2 Electron diffraction values from [44].
b X-ray diffraction values from [9].

The B3LYP/6-311+G** IR and Raman spectra of A in the
600-1700 cm~! wavenumber range are displayed in Fig. 4. In line
with the experimental IR spectrum [47], the low-energy spectral
region is characterized by two intense absorptions here placed at
870cm~! (mode no. 42, g =62.2km/mol) and 716 cm~! (mode
no. 50, I1g=91 km/mol). Both these vibrations are attributed to
out-of-plane bending deformations (yC—Hs, Fig. 5). The corre-
sponding observed figures are 876 and 725 cm™!, respectively, the
calculated wavenumber values being in error by 0.7 and 1.2%,
respectively. The simulated Raman spectrum shows an isolated
strong peak at 1381 cm™! (Aggman =936 A%/amu), to be compared
with the experimental wavenumber value of 1408cm~!. This
transition is assigned to a symmetrical ring stretching vibra-
tion (vring, mode no. 19, Fig. 5¢) and is not visible in the IR
spectrum.

The simulated vibrational spectra of NB between 600 and
1700cm™! are displayed in Fig. 6. The IR spectrum is character-
ized by two almost equally intense absorptions here placed at
1532cm~! (mode no. 8, Iig =255 km/mol) and 1327 cm~! (mode
no. 11, I)g =295 km/mol). These transitions are ascribed to the
asymmetric (v;NO,) and symmetric (vsNO, ) N—O bonds stretching
vibrations, respectively, the former showing also a non-negligible
contribution from a vring motion. Note that the corresponding
observed figures are placed at 1523 and 1347cm~! [49], the
B3LYP/6-311+G** data being in error by 0.6 and 1.5%, respectively.
As can been from Fig. 6 the calculated Raman spectrum is domi-
nated by the vsNO, transition (1327 cm—1).

The above results suggest that, in line with usual literature data,
the employed B3LYP/6-311 + G** theoretical treatment is expected
to work suitably also for the vibrational properties of NAs.

Table 2
Calculated vibrational wavenumbers (cm~1), IR intensities, Iiz (km/mol) and Raman activities, Araman (A%/amu) of anthracene. B3LYP/6-311 +G** results.
No. Symm. Calc. Exp.? No. Symm. Calc. Exp.?
Wav.P IR ARaman Descr.¢ v Wav.P IR ARaman Descr.¢ Wav.
1 Ag 3085.3 0.0 791.4 vC—H 34 Bau 992.5 8.6 0.0 8C—H 1000
2 Bau 3085.0 51.8 0.0 vC—H 3081 35 Bog 964.6 0.0 1.1 yC—H 975
3 Biu 3073.6 59.4 0.0 vC—H 3098 36 Ay 964.0 0.0 0.0 yC—H 979
4 Bsg 30734 0.0 236.3 vC—H 3054 37 Bsu 946.7 5.8 0.0 yC—H 953
5 Ag 3061.9 0.0 345.6 vC—H 3056 38 Big 941.8 0.0 5.0 yC—H 956
6 Bau 3060.5 0.0 0.0 vC—H 3050 39 Bsg 899.0 0.0 0.1 dring 912
7 Biu 3057.0 13.0 0.0 vC—H 3057 40 Biu 888.8 1.9 0.0 dring 907
8 Bsg 3056.1 0.0 15.2 vC—H 41 Bog 881.6 0.0 0.4 yC—H 916
9 Ag 3054.4 0.0 49.1 vC—H 3027 42 Bsu 869.6 62.2 0.0 yC—H 876
10 Biu 3052.5 7.7 0.0 vC—H 3025 43 Ay 836.7 0.0 0.0 yC—H 860
11 B1u 1612.9 43 0.0 vring 1624 44 Bog 815.2 0.0 0.1 yC—H 896
12 Bsg 1611.4 0.0 0.6 vring 1643 45 Bau 793.9 0.1 0.0 dring 828
13 B3g 1568.5 0.0 9.7 vring 1576 46 Byg 756.1 0.0 0.8 yC—H 771
14 Ag 1540.6 0.0 95.1 vring 1566 47 Big 744.6 0.0 1.1 yC—H 747
15 Bau 1526.1 6.8 0.0 vring 1536 48 Ag 738.3 0.0 75.0 dring 753
16 Ag 1466.2 0.0 132.0 6C—H 1486 49 Ay 731.0 0.0 0.0 yC—H 744
17 Biu 1436.8 1.4 0.0 6C—H 1454 50 B3y 716.0 91.2 0.0 yC—H 725
18 Bau 1432.7 1.2 0.0 8C—H 1447 51 Biu 639.6 0.6 0.0 dring 651
19 Ag 1380.6 0.0 935.7 vring 1408 52 Ag 620.9 0.0 1.5 dring 624
20 Bau 1369.0 1.6 0.0 8C—H 1398 53 Bau 597.0 8.4 0.0 dring 601
21 Bsg 1367.9 0.0 3.0 8C—H 1382 54 Bog 570.7 0.0 0.0 tring 577
22 Bau 1331.0 4.1 0.0 8C—H 1346 55 Bsg 517.9 0.0 12.0 dring 524
23 Biu 1294.2 4.8 0.0 6C—H 1315 56 Ay 490.2 0.0 0.0 tring 493
24 Bsg 1253.1 0.0 0.0 8C—H 1274 57 Big 469.5 0.0 2.0 tring 477
25 B1u 1248.7 5.5 0.0 8C—H 1271 58 Bsu 461.4 26.6 0.0 tring 468
26 Ag 1246.7 0.0 72.0 6C—H 1263 59 Ag 384.7 0.0 279 dring 390
27 B3g 11714 0.0 29.9 6C—H 1183 60 Bsg 3829 0.0 4.8 dring 391
28 Ag 1151.5 0.0 6.8 8C—H 1165 61 Bsu 375.0 0.0 0.0 tring 391
29 Bau 1150.2 1.6 0.0 6C—H 1165 62 Bag 257.7 0.0 0.0 tring 284
30 Biu 1134.8 79 0.0 6C—H 1148 63 Big 228.0 0.0 1.7 tring 242
31 Bau 1121.5 1.8 0.0 8C—H 1124 64 Biu 227.9 1.5 0.0 dring 235
32 Bg 1089.3 0.0 0.1 8C—H 1100 65 Ay 115.6 0.0 0.0 tring 137
33 Ag 996.8 0.0 81.1 6C—H 1012 66 Bsu 87.3 14 0.0 tring 105

2 Experimental data taken from Ref. [47].
b Harmonic values corrected by a scaling factor of 0.9679 taken from Ref. [34].

¢ v=stretching, § =in-plane bending, y = out-of-plane bending, t = torsion. The relative weights of the geometrical parameters for each normal vibrational mode are given

in Table S1of the Supplementary data.
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Table 3
Calculated vibrational wavenumbers (cm~'), IR intensities, I (km/mol) and Raman activities, Araman (A%/amu) of nitrobenzene. B3LYP/6-311 + G** results.
No. Symm. Calc. Exp.2
Wav.P Ir ARaman Descr.© Wav.
1 Ay 3119.5 5.0 152.5 vC—H 3107
2 B, 3119.2 0.7 9.6 vC—H 3107
3 Ay 3093.2 8.0 179.7 vC—H 3076
4 B, 3084.8 9.2 89.4 vC—H 3076
5 Ay 3072.4 0.7 57.3 vC—H 3049
6 B, 1598.7 334 0.0 vring +v,NO, 1620
7 Ay 1575.6 3.5 69.8 vring 1588
8 B, 1532.0 255.2 194 V,NO; +vring 1523
9 Aq 1460.0 9.4 0.7 8C—H 1479
10 B, 1438.6 0.1 0.0 8C—H 1455
11 Ay 1327.0 294.8 168.2 vsNO, 1347
12 B, 1309.8 14.3 1.1 vring 1316
13 B, 1293.9 0.2 0.1 8C—H 1308
14 Aq 1157.2 2.8 3.5 8C—H 1174
15 B> 1146.7 0.7 5.3 6C—H 1162
16 Ay 1079.4 37.3 41.9 Sring + vCN 1108
17 B, 1064.1 9.3 0.0 8C—H 1070
18 Aq 1008.3 6.5 14.7 6C—H
19 Aq 985.7 0.3 343 dring 1004
20 B: 984.8 0.1 0.1 yC—H 1021
21 A 969.2 0.0 0.0 yC—H 990
22 By 927.9 4.0 0.0 yC—H 975
23 Ay 840.6 34.2 12.8 oNO, 852
24 Ay 829.1 0.0 0.2 yC—H 840
25 B, 761.4 323 1.2 yC—H 793
26 B; 683.2 59.3 0.2 yC—H 702
27 Ay 673.8 8.2 1.9 dring 681
28 B, 655.0 13.5 0.0 yC—H 676
29 B, 606.4 0.0 6.0 dring 611
30 B, 509.5 1.2 2.7 dring 532
31 B, 4249 1.1 0.0 tring 436
32 Ay 402.7 0.0 0.0 tring 417
33 Ay 382.2 0.9 2.7 dring 392
34 B, 247.8 1.0 0.5 dring 255
35 B, 163.0 0.9 1.7 tring 182
36 Ay 47.5 0.0 0.0 N0, 51

2 Experimental data taken from [49].

b Harmonic values corrected by a scaling factor of 0.9679 taken from Ref. [34].

¢ p=stretching, § =in-plane bending, y = out-of-plane bending, o =scissoring, 7 = torsion, a = antisymmetric, s = symmetric. The relative weights of the geometrical param-
eters for each normal vibrational mode are given in Table S2 of the Supplementary data.

3.2. IR spectra of nitroanthracenes highest-wavenumber spectral region (wavenumbers >3000 cm™~1),
the C—H stretching transitions are located in the 3127-3059 cm™!

The B3LYP/6-311 + G** wavenumber and Ijg values for NAs are wavenumber range. However, these absorption bands are not
reported in Tables 4-6, together with an approximate description appreciably affected by the position of the substituent, being of
of the normal modes. For every NA isomer in total there are 72 little utility to discriminate the investigated isomers. For all the
vibrations in the wavenumber range from 3127 to 41 cm~!. In the NAs a very intense IR absorption is located in the medium-energy
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Fig. 3. Experimental [49] vs. calculated wavenumbers relationships for

nitrobenzene. (a) wavenumberexp, =24.78+0.99 x wavenumbercyc, 1*=1.00; Fig. 4. Calculated B3LYP/6-311+G** IR (bottom) and Raman (top) spectra of
(b): wavenumbereyp, = —22.09 +1.01 x wavenumbery,, > = 1.00. anthracene.
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Table 4
Calculated vibrational wavenumbers (cm~'), IR intensities, I (km/mol) and Raman activities, Araman (A%/amu) of 1-nitroanthracene. B3LYP/6-311 + G** results.

No. Wav.2 Ir ARaman Descr.b No. Wav.? IR ARaman Descr.
1 31271 2.1 54.6 vC—H 37 957.1 273 11.8 vC—N
2 3114.7 1.7 150.6 vC—H 38 950.3 2.8 23 yC—H
3 3090.8 11.9 230.6 vC—H 39 920.4 2.1 1.2 yC—H
4 3088.2 219 370.2 vC—H 40 898.2 1.8 0.2 éring
5 3077.7 21.2 116.6 vC—H 41 888.3 19.7 3.8 yC—H
6 3068.6 52 1274 vC—H 42 871.2 34.7 04 yC—H
7 3066.6 04 81.4 vC—H 43 852.0 8.6 0.7 éring
8 3061.2 34 38.7 vC—H 44 831.1 1.9 0.8 yC—H
9 3059.0 1.5 14.0 vC—H 45 801.6 11.9 3.9 oNO;
10 1614.0 4.9 2.1 vring 46 789.4 6.3 1.2 yC—H
11 1608.7 23.7 65.3 vring 47 758.5 5.8 80.9 éring
12 1569.0 6.4 11.5 vring 48 743.2 04 1.5 yC—H
13 1538.5 14.5 182.2 vring 49 739.8 9.3 6.1 yC—H
14 1528.3 63.9 27.8 vring 50 720.8 55.6 5.4 yC—H
15 1514.8 193.1 68.2 v,NO, 51 710.5 13.6 04 yC—H
16 1461.8 6.5 98.8 8C—H 52 661.4 7.4 5.7 dring
17 1436.3 1.7 2.2 8C—H 53 642.8 0.7 1.1 éring
18 1417.1 5.2 1.0 8C—H 54 610.6 4.6 1.7 dring
19 1383.9 11.9 856.9 vring 55 576.8 1.0 1.8 tring
20 1369.5 4.6 441 8C—H 56 550.9 1.8 2.7 tring
21 1354.6 8.1 111.2 §C—H 57 526.4 0.1 19.7 dring
22 1331.6 9.2 7.0 8C—H 58 487.7 1.1 1.1 tring
23 1310.6 401.1 519.6 vsNO, 59 475.3 1.7 4.0 tring
24 1291.5 43.2 35.7 6C—H 60 462.0 18.9 0.7 tring
25 1263.0 5.4 19.7 8C—H 61 409.7 1.0 10.5 éring
26 1249.3 6.5 57.9 8C—H 62 384.7 0.5 5.1 tring
27 1220.6 0.1 371 8C—H 63 357.2 0.4 6.9 éring
28 1160.8 8.1 51.6 8C—H 64 342.8 0.5 8.7 dring
29 1152.0 7.7 16.0 8C—H 65 273.6 1.0 1.2 dring
30 1148.3 9.7 8.2 8C—H 66 262.1 0.1 1.8 tring
31 11322 9.5 2.7 6C—H 67 233.8 0.2 1.6 Tring
32 1103.7 2.3 14.6 8C—H 68 163.2 0.3 1.2 tring
33 1057.1 3.6 16.1 8C—H 69 156.2 2.6 2.1 éring
34 995.7 25 42.0 6C—H 70 90.7 1.9 1.0 Tring
35 969.7 0.0 0.8 yC—H 71 67.1 1.1 3.5 Tring
36 965.4 1.9 2.2 yC—H 72 49.2 0.7 44 TNO,

2 Harmonic values corrected by a scaling factor of 0.9679 taken from Ref. [34].

b y=stretching, § =in-plane bending, y = out-of-plane bending, o =scissoring, T =torsion, a=antisymmetric, s =symmetric. The relative weights of the geometrical param-

eters for each normal vibrational mode are given in Table S3 of the Supplementary data.

region (1000-1700 cm~! wavenumber range, Fig. 7): it is calculated
at 1311, 1315 and 1344cm~! for 1-NA, 2-NA and 9-NA, respec-
tively. This transition is mainly attributed to the vsNO, vibration
(Fig. 8a). For 2-NA and 9-NA the calculated vsNO, wavenumbers
can be compared to the experimental bands at 1342 cm~! [25] and
1372-1374cm! [26], respectively. It is worth to note that the IR
intensity of this mode is dramatically influenced by the position
of the substituent: the Ijg(2-NA)/l|gr(1-NA) and Ijgr(2-NA)/I1r(9-NA)
ratios are 1.7 and 3.6, respectively. A similar behaviour was previ-
ously observed for nitrobenzo[a]pyrenes [56], nitrotriphenylenes
[57] and nitronaphthalenes [58], where the Iz of the vsNO, mode

a 870cm-! b

716 ¢cm-l

Fig. 5. Atom vector displacements for the normal modes of anthracene: (a) yYC—H
vibration (mode no.42); (b) yC—H vibration (mode no. 50); (c) vring vibration (mode
no. 19). B3LYP/6-311 + G** results.

systematically increases from the most NO,-rotated to the planar
isomers. The IR intensity of the vsNO, transition has been associ-
ated to the mutagenic activity of nitroaromatic series of isomers, in
relation to their different polar character [58]. It is worth to notice
that as previously found for NPAH series of isomers [56-58], among
the NAs the most mutagenic isomer (2-NA) exhibits the greatest
I[R(VSNOZ) value.

At highest wavenumber values, IR spectra show an absorption
peak, mostly visible for the NO,-rotated isomers. This vibration

o A

] V.NO

V,NO, -
T A T A‘f T )\'- = J'LI T T
600 800 1000 1200 1400 1600

wavenumber, cm !

Fig. 6. Calculated B3LYP/6-311+G** IR (bottom) and Raman (top) spectra of
nitrobenzene.
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Table 5
Calculated vibrational wavenumbers (cm~'), IR intensities, I (km/mol) and Raman activities, Araman (A%/amu) of 2-nitroanthracene. B3LYP/6-311 + G** results.

No. Wav. 2 IR ARaman Descr.b No. Wav.? IR ARaman Descr.
1 31239 5.1 120.9 vC—H 37 949.1 3.7 23 yC—H
2 3107.6 1.9 55.2 vC—H 38 941.5 3.6 34 dring
3 3089.3 21.8 415.3 vC—H 39 912.0 325 1.7 yC—H
4 3078.3 23.6 1334 vC—H 40 893.4 13 0.4 éring
5 3074.3 79 115.8 vC—H 41 879.6 16.7 0.1 yC—H
6 3067.1 0.3 187.2 vC—H 42 863.9 18.5 0.1 yC—H
7 3063.9 4.5 12.6 vC—H 43 831.7 34.1 13.0 oNO;
8 3062.3 3.9 24.0 vC—H 44 829.8 0.2 0.0 yC—H
9 3060.2 2.6 12.2 vC—H 45 800.6 12.7 6.2 dring

10 1613.6 11.3 0.5 vring 46 795.6 52 0.0 yC—H

11 1606.8 59.1 4283 vring 47 745.9 0.1 0.7 yC—H

12 1572.7 22.1 3.1 vring 48 742.4 0.0 79.1 dring

13 1553.7 30.0 48.5 vring 49 733.3 37.7 0.7 yC—H

14 1533.6 31.1 30.9 vring 50 713.1 2.1 0.2 yC—H

15 1515.6 144 223 v,NO; 51 702.2 28.1 0.6 yC—H

16 1462.6 133 185.3 8C—H 52 685.2 4.1 4.6 dring

17 14341 0.8 17.4 8C—H 53 628.5 0.5 2.7 éring

18 14213 24 6.0 6C—H 54 609.4 33 0.7 dring

19 1391.0 10.0 1161.2 vring 55 565.5 0.1 0.1 tring

20 1372.5 0.3 197.6 8C—H 56 547.0 4.5 3.6 éring

21 1343.1 0.8 214 8C—H 57 520.1 23 3.2 dring

22 1333.2 16.0 5.8 8C—H 58 497.7 0.2 0.2 Tring

23 1315.1 684.8 1575.2 vsNO, 59 467.0 6.0 1.2 tring

24 1280.5 4.0 11.0 6C—H 60 455.6 19.4 0.2 tring

25 1254.5 0.1 2.6 8C—H 61 4489 1.0 22.9 dring

26 1248.6 1.6 73.6 8C—H 62 394.6 0.2 5.8 dring

27 1240.4 9.1 35.5 8C—H 63 376.8 0.1 0.0 tring

28 1171.8 5.8 26.6 8C—H 64 294.7 0.8 7.3 dring

29 1153.3 1.2 34 8C—H 65 288.9 0.1 0.3 tring

30 1137.6 125 11 8C—H 66 258 1.5 2.1 éring

31 11263 0.5 6.3 6C—H 67 243.1 0.0 1.4 tring

32 1098.5 2.8 12.2 8C—H 68 1574 2.2 0.1 tring

33 1056.1 97.8 200.7 vC—N 69 141.2 0.7 0.9 éring

34 995.8 54 34.6 6C—H 70 106.8 1.5 0.1 Tring

35 970.0 0.0 0.5 yC—H 71 56.4 04 1.9 tring

36 960.3 0.6 1 yC—H 72 40.7 0.1 0.1 TNO,

2 Harmonic values corrected by a scaling factor of 0.9679 taken from Ref. [34].
b y=stretching, § =in-plane bending, y = out-of-plane bending, o =scissoring, T =torsion, a=antisymmetric, s =symmetric. The relative weights of the geometrical param-
eters for each normal vibrational mode are given in Table S4 of the Supplementary data.

is mainly ascribed to the v,;NO, with the non-negligible contri- the vsNO,, while for the 9-NA isomer the Iz value for the v;NO,
bution from a vring vibration (Fig. 8b) and is located at 1515, and vsNO, vibrations are comparable. It is interesting to note
1516 and 1534cm™! for 1-NA, 2-NA and 9-NA, respectively. For that, for 2-NA the agreement between the experimental [25] and
1-NA and especially 2-NA this peak is less intense than that of calculated wavenumber values for the v;NO, mode is excellent

(error of 0.1%). Note also that the low-energy spectral region

| GO a  1315cm-! b 1516 cm-!

4 “

R J
4 - & ~ 3
Mo ¢ 1391 cm! d 1607 cm!

] V,NO,
] '\ V.NO,

1000 1200 1400 1600 i v T

wavenumber, cm ! Fig. 8. Atom vector displacements of the normal modes of 2-nitroanthracene: (a)
vsNO; vibration (mode no. 23); (b) v,NO; vibration (mode no. 15); (c) vring vibration
Fig. 7. Calculated B3LYP/6-311 +G** IR spectra of nitroanthracene isomers. (mode no. 19); (d) vring vibration (mode no. 11). B3LYP/6-311 + G** results.

IR intensity, arbitrary units
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Table 6
Calculated vibrational wavenumbers (cm~'), IR intensities, I (km/mol) and Raman activities, Araman (A%/amu) of 9-nitroanthracene. B3LYP/6-311 + G** results.

No. Wav. @ Ir ARaman Descr.b No. Wav.? IR ARaman Descr.b
1 31104 0.7 210.0 vC—H 37 967.6 2.2 16.1 vC—N
2 3110.1 7.5 234 vC—H 38 951.1 1.6 0.0 yC—H
3 3088.5 7.6 574.8 vC—H 39 948.0 0.0 3.9 yC—H
4 3088.3 271 42.4 vC—H 40 921.0 0.2 0.1 éring
5 3075.1 22.5 1154 vC—H 41 884.8 26.6 0.3 yC—H
6 3074.9 0.9 145.1 vC—H 42 853.3 20.1 7.3 éring
7 3065.7 23 120.9 vC—H 43 850.9 0.4 0.3 éring
8 3064.5 0 19.6 vC—H 44 837.3 1.4 2.2 yC—H
9 3060.6 2.1 15.2 vC—H 45 833.1 7.2 04 yC—H

10 1614.9 24 0.2 vring 46 772.7 19.6 0.8 yC—H

11 1608.3 8.4 6.2 vring 47 765.1 225 48.1 oNO,

12 1568.4 10.7 21.9 vring 48 745.0 0.5 1.5 yC—H

13 1537.1 1.0 174.8 vring 49 724.9 514 0.2 yC—H

14 1534.0 2171 5.7 VaNO, 50 722.9 0.7 0.9 yC—H

15 1518.1 60.8 2.7 vring 51 714.5 18.9 0.2 yC—H

16 1468.8 0.9 111.5 8C—H 52 655.6 0.3 29 dring

17 1436.1 3.6 3.0 8C—H 53 634.4 12.5 0.6 éring

18 14323 20.0 0.3 6C—H 54 632.8 1.8 0.8 dring

19 1378.2 0.6 816.6 vring 55 589.0 9.9 04 dring

20 1372.4 1.6 0.4 8C—H 56 550.8 1.8 1.2 tring

21 1355.3 1.1 11.6 6C—H 57 512.9 9.9 7.1 dring

22 13423 1924 98.8 vsNO, 58 482.4 0.6 1.7 tring

23 1321.1 04 0.7 8C—H 59 462.9 0.6 2.9 tring

24 1298.7 1.1 9.2 6C—H 60 435.5 8.1 2.0 tring

25 1260.1 16.6 2.0 8C—H 61 398.2 0.2 7.9 éring

26 1248.9 13.9 134.1 8C—H 62 3933 0.4 34.6 dring

27 1217.7 23 133 8C—H 63 350.4 0.0 1.0 éring

28 1172.2 1.0 129 8C—H 64 349.3 0.0 0.3 tring

29 1166.3 0.6 9.7 8C—H 65 250.5 0.0 04 tring

30 1143.7 4.4 1.2 8C—H 66 2253 0.0 2.2 tring

31 11383 33 6.0 6C—H 67 2194 3.6 1.3 §tring

32 1094.6 04 0.1 8C—H 68 1774 3.6 3.6 tring

33 1009.5 7.1 0.6 8C—H 69 111.0 0.2 0.6 tring

34 1006.3 1.6 72.5 6C—H 70 104.2 0.1 2.7 Tring

35 970.4 0.1 1.5 yC—H 71 734 14 3.1 Tring

36 970.1 0.0 0.2 yC—H 72 60.5 1.1 52 TNO,

2 Harmonic values corrected by a scaling factor of 0.9679 taken from Ref. [34].

b y=stretching, § =in-plane bending, y = out-of-plane bending, o =scissoring, T =torsion, a=antisymmetric, s =symmetric. The relative weights of the geometrical param-

eters for each normal vibrational mode are given in Table S5 of the Supplementary data.

(wavenumbers < 1000 cm~1) does not show relevant absorptions
useful to discriminate unambiguously the NA isomers.

3.3. Raman spectra of nitroanthracenes

The B3LYP/6-311+G** Apaman Vvalues of the NA isomers are
collected in Tables 4-6. As previously found for the IR spectra,
both the high-wavenumber (>3000cm~!) and low-wavenumber
(<1000 cm~1) spectral regions are poorly dependent by the posi-
tion of the NO, group, revealing similarities in most of the band
patterns of the isomers. Thus these regions are of little utility to
identify the investigated isomers. On the other hand, the medium-
energy spectral region between 1000 and 1700cm~! (Fig. 9) is
somewhat affected by the position of the substituent. In facts, the
Raman spectrum of the 1-NA, 2-NA and 9-NA isomers is charac-
terized by the presence of two, three and one relatively intense
peaks, respectively. Interestingly, for 2-NA the intensity of the three
peaks increases regularly as the wavenumber value decreases,
in nice agreement with the observed Raman spectrum [25]. The
vaNO, mode located at 1515-1540cm™! in the IR spectra, shows
only weakly or moderately intense bands in the Raman spectra
(ARaman =6-68 A%/amu), in line with experiment [25]. By contrast,
the vsNO, vibration produces a very strong transition for 1-NA
and 2-NA, being the most prominent peak for the latter isomer
(mode no. 23, wavenumber=1315cm~!, Araman =1575A%/amu).
Note that, as for the g data, the Araman(VsNO;) value increases
in the order 9-NA<1-NA<2-NA, the datum for 2-NA being one
order of magnitude higher than that for the 9-NA isomer. A quite

similar situation was previously encountered in NPAH series of
isomers [56-58], where the Raman intensity of the vsNO, tran-
sition increases as the O—N—C—C dihedral angles decrease and the
mutagenic potency increases. In a recent study [58], Raman spectra
have been employed to elucidate the different mutagenic activity

Raman intensity, arbitrary units

1000 1200 1400 1600
wavenumber, cm -!

Fig. 9. Calculated B3LYP/6-311+G** Raman spectra of nitroanthracene isomers.
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of nitronaphtalene isomers. Thus, on the basis of geometrical as
well as IR and Raman properties the unknown mutagenic activity
of 1-NA is predicted to be between that of 9-NA and 2-NA isomers.

As can be appreciated from the data reported in Tables 4-6
and shown in Fig. 9, for 1-NA and 9-NA the strongest Raman peak
occurs at 1384 and 1378 cm™1, respectively, and is attributed to a
vring vibration with the contribution from C—H in-plane bending
deformations. The corresponding wavenumber value for 2-NA is
computed at 1391 cm~! (see the atomic displacements in Fig. 8c),
with an intensity value comparable to that of the vsNO, transition
(Table 5, Fig. 9). This transition is very weak in the IR spectra of all
the isomers. Present results show that, the wavenumber difference
between the strong vsNO, and vring Raman peaks is sensitive to
the position of the nitro group (Tables 4-6, Fig. 9), being similar
for 1-NA and 2-NA (ca. 70cm~1) but significantly smaller for the
9-NA isomer (36 cm~!). Note finally that, the Raman spectrum of
2-NA exhibits an almost isolated and relatively intense band calcu-
lated at 1607 cm~! (mode no. 11, Araman =428 A%/amu). It is mainly
attributed to vring with the contribution from the v,NO, motion
(Fig. 8d). The wavenumber value of this mode is predicted to be not
sensitive to the substitution effect, being 1609 and 1608 cm~! for
the 1-NA and 9-NA isomers, respectively. However this transition
is rather weak for 1-NA (Araman =65 A%/amu) and especially for 9-
NA (Araman =6 A*/amu), making it a vibrational marker potentially
useful to identify the planar 2-NA isomer.

4. Conclusions

The IR and Raman spectra for the 1-NA, 2-NA and 9-NA iso-
mers in the ground-state were determined and analyzed at DFT
level of theory using the B3LYP functional and the 6-31G* and
6-311+G** basis sets. The relative stability increases in the order 9-
NA <1-NA<2-NAas aresult of stericand consequent m-conjugative
effects. High-energy (wavenumbers >3000cm~') and low-energy
(wavenumbers < 1000 cm~1) spectral regions are scarcely informa-
tive to discriminate unambiguously the investigated isomers. Both
the IR and Raman intensity values of the symmetric nitro group
stretching mode are sensitive to the position of the substituent,
increasing significantly on going from the most NO,-rotated 9-NA
to the planar 2-NA structure. In the Raman spectra the number
and the relative position of the most intense peaks are poten-
tially useful to distinguish NA isomers. On the basis of both
structural and spectroscopic properties the unknown mutagenic
potency of 1-NA is expected to be between that of 9-NA and 2-NA
isomers.
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