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ABSTRACT

In this work, the experimental and theoretical vibrational spectra of 3'-nitroacetophenone
[3'NAP] were studied. FTIR and FT Raman spectra were recorded in the region 4000—
400 cm ! and 4000-50 cm*, respectively. The structural and spectroscopic data of the
molecule in the ground state were calculated by using ab initio Hartree—Fock and density
functional method (B3LYP) with the 6-311++G(d,p) basis set. The vibrational
frequencies were calculated and scaled values were compared with experimental FTIR
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Introduction

Acetophenone is one of the most aromatic carbonyl,
which hows interesting photochemical properties [1, 2].
Acetophenone are compound that exhibit interesting
physicochemical and biological properties. They are found in
nature [3, 4] and they can also be obtained by means of
diverse synthesis procedures [5, 6]. Antibacterial activity can
be mentioned among its biological properties. A recent study
has linked the antibacterial activity of 20 acetophenone with
their structural characteristics by using electronic and
topological indices [7]. On the other hand, substituted
acetophenone are employed as synthesis reagents of several
organic reactions. A well known one is the condensation
reaction in alkaline medium of acetophenones and
benzaldehydes in the synthesis of flavonoids (chalcones,
flavones and flavanones) [8, 9].

However, the detailed HF and B3LYP/6-311++G(d,p)
comparative studies on the complete FT-IR and FT-Raman
spectra of 3’-nitro acetophenone [3'NAP] have not been
reported so far. In view of these special properties and uses,
the present investigation has been undertaken to provide a
satisfactorily vibrational analysis of 3'-
nitroacetophenone[3'NAP]. Therefore, a thorough Raman, IR,
molecular electrostatic potential [MESP], non-linear optical
(NLO) Properties, HOMO-LUMO, NBO, UV and error
analyses are reported complemented by B3LYP theoretical
predictions with basis sets 6-311++G(d,p) to provide novel on
vibrational assignments and conformational stability of
[3'NAP]
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Experimental Details

The pure sample of 3'NAP in the light yellow liquid form
was purchased from the Lancaster Chemical Company (UK),
with a stated purity of greater than 98% and it was used as
such without further purification. The FT-IR spectrum of this
compound was recorded in the region 4000-400 cm™ on
BRUKER IFS 66V spectrometer equipped with an MCT
detector using KBr beam splitter and globar arc source. The
FT-Raman spectrum of title molecule has been  recorded
using the 1064 nm line of a Nd:YAG laser as excitation
wavelength in the region 4000—50 cm™ on a BRUKER model
RFS 66V spectrometer. The reported wavenumbers are
expected to the accurate within +1 cm™ resolution with 250
mW of power at the sample in both the techniques.
Computational Details

The molecular structure of 3’'NAP in the ground state is
computed using HF and B3LYP with 6-311++G (d,p) and 6-
311++G(d,p) basis set. All the computations have been done
by adding polarization function and diffuse function on heavy
atoms[10-11] , in addition to triple split valence basis set
6-311++G(d,p), for better treatment of polar bond of methyl
group. The calculated frequencies are scaled by 0.890, and
0.852 for HF and for B3LYP with 6-311++G(d,p) basis set by
0.934, 0.940,0.982, 0.952, 0,889 and 0.969 [12]. The
theoretical result have enabled us to make the detailed
assignments of the experimental IR and Raman of the title
compound. The DFT and HF calculations for 3'NAP are
performed using GAUSSIAN 09W Program without any
constraint on the geometry [13].
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By combining the result of the MOLVIB program
(version V7.0-G77) [14-16]with symmetry considerations,
vibrational frequency assignments were made with a high
degree of accuracy. However, the defined coordinates forms
complete set and matches quite well with the motions
observed using GAUSSVIEW program.

Prediction of Raman Intensities

The Raman activities are subsequently converted to
relative Raman intensities (I;) using the following relationship
derived from the basic theory of Raman scattering [17-19]:

f(vo —Vi )4 Si

el )

where, vg is the laser exciting wave number in cm? (in
this, the used excitation wave number vy = 9398.5 cm*, which
corresponds to the wavelength of 1064 nm of a Nd:YAG
laser), v; is the vibrational wave number of the i normal mode
(cm™), while S; is the Raman scattering activity of the normal
mode v;, f (is a constant equal to 10 *%) is a suitably chosen
common normalization factor for all peak intensities. h, k, ¢
and T are Planck and Boltzmann constants, speed of light and
temperature in Kelvin, respectively.
Results and discussions

The labelling of atoms of the 3'NAP is shown in Fig.1.
The zero point vibrational energy of the 3'NAP at HF/6-
311++G(d,p) and B3LYP/6-311++G(d,p) levels are -
585.63575 a.u kcal/mol and -589.34679 a.u kcal/mol. The
comparative optimized structural parameters such as bond
lengths, bond angles and dihedral of 3'NAP are presented in
Table 1 from the theoretical values, it is found that most of the
optimized bond lengths are slightly larger than the
experimental values, due to that the theoretical calculations
belonging to isolated molecules in gaseous phase while
experimental. Results belong to molecules in solid state [20].
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Fig 1. Molecular structure of 3'-nitroacetophenone.

The phenyl ring appears little distorted and angles slightly
out of perfect hexagonal structure. It is due to the substitutions
of the carbon atoms. oxygen atoms in the place of H atoms.
According to the experimental value [21] order of the
optimized lengths of the six C-C bonds of the ring are as C5-
C6<C2-C3 < C1-C2< C1-C6<C4-C5<C3-C4 According to the
calculated values for the compounds at HF/B3LYP/6-
311++G(d,p) and 6-311++G(d,p) the order of the bond lengths
is slightly differed as C2-C3< C4-C5 < C1-C6<C5-C6<C3-C4
< C1-C2 in 3'NAP The benzene ring appears to be distorted
with C1-C2 and C1-C6 bond lengths exactly at the substitution
place [22-24].
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Vibrational spectra

The 3'NAP consist of 19 atom, hence under goes 51
normal modes of vibrations in agreement with Cs symmetry
species

3N —6 =35A' (in plane) + 16A" (out-of-plane)

all the 51 fundamental vibrations are active in both Raman
scattering and IR absorption. The harmonic vibrational
frequencies are calculated at HF and B3LYP levels using 6-
311++G(d,p) and 6-311++G(d,p) basis set along with the
diffuse and polarization function of vibrations have been
presented in Table 2. The FTIR and FT-Raman spectrum of
3'NAP are shown in Figs 2 and 3.
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Fig 2. FTIR spectrum of 3'- nitroacetophenone.
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Fig 3. FT-Raman spectrum of 3’- nitroacetophenone.
C-H vibrations

Aromatic compounds commonly exhibit multiple weak
bands in the region 3100-3000 cm™ due to aromatic C-H
stretching vibrations [25]. Hence, the infrared bands appeared
at 3107, 3098 cm-1 and the Raman bands found at 3010, 2950
cm® in 3'NAP have been assigned to C-H stretching
vibrations and these modes are confirmed by their TED
values. The bands due to C-H in-plane bending vibrations,
interact somewhat with C-C stretching vibrations, are
observed as a number of sharp bands in the region 1300-
1000cm™ The C-H out-of-plane bending vibrations are
strongly coupled vibrations and occur in the region 900-667
cm. The FT-Raman bands observed at 1240, 1190 cm™ and
infrared bands at 1254 cm™ are assigned to C—H in-plane
bending vibrations of 3’NAP. The out-of plane bending
vibrations of C-H group have also been identified for 3'NAP
and they are presented in Table 2.
C=0 vibrations

The carbonyl group vibrational frequencies are the
significant characteristic bands in the vibrational spectra of
ketones, and for this reason, such bands have been the subject
of extensive studies [26].
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Table 1. Optimized geometrical parameters of 3'- nitroacetophenone obtained by HF/6-311++G(d,p) and B3LYP/ 6-311++G(d,p)

S. Manivel et al./ Elixir Vib. Spec. 92 (2016) 39112-39120

methods and basis set.

Bond Length | Value (A) Experimental® | Bond Angle Value (°) Experimental® | Dihedral Angle | Value (°)
6-311++G(d,p)/ 6-311++G(d,p)/ 6-311++G(d,p) /
6-311++G(d,p) 6-311++G(d,p) 6-311++G(d,p)

HF B3LYP HF B3LYP HF B3LYP

C1-C2 1.3877 | 1.3999 | 1.390 C2-C1-C6 119.2409 | 119.2523 | 116.7 C6-C1-C2-C3 0.0027 -0.0012

C1-C6 1.396 | 1.4074 | 1.396 C2-C1-C7 121.9038 | 121.9598 | 119.7 C6-C1-C2-H9 -179.9983 | 179.9977

C1-C7 1.4932 | 1.4979 | 1.468 Ceé-C1-C7 118.8553 | 118.7879 | 123.6 C7-C1-C2-C3 -179.9983 | -179.9985

C2-C3 1.3851 | 1.3942 | 1.370 C1-C2-C3 119.0731 | 119.0364 | 122.3 C7-C1-C2-H9 -0.0002 0.0004

C2-H9 1.069 | 1.0784 | - C1-C2-H9 121.9394 | 122.1436 | - C2-C1-C6-C5 -0.0008 0.0009

C3-C4 1.3844 | 1.3949 | 1.399 C3-C2-H9 118.6907 | 118.82 - C2-C1-C6-H13 | 179.9992 | -179.9989

C3-N10 1.4495 | 1.4664 | - C2-C3-C4 122.2345 | 122.2278 | 120.3 C7-C1-C6-C5 180.0001 | 179.9982

C4-C5 1.3861 | 1.3964 | 1.398 C2-C3-N10 118.6907 | 118.7248 | - C7-C1-C6-H13 | 0.0001 -0.0016

C4-H11 1.0701 | 1.0789 | - C4-C3-N10 119.0748 | 119.0474 | - C2-C1-C7-08 -179.9944 | +179.9871

C5-C6 1.3861 | 1.3945 | 1.369 C3-C4-C5 118.504 | 118.4656 | 120.5 C2-C1-C7-C14 | 0.0063 -0.0141

C5-H12 1.0715 | 1.0808 | - C3-C4-H11 120.0491 | 119.7272 | - C6-C1-C7-08 0.0047 -0.0102

C6-H13 1.0716 | 1.0807 | - C5-C4-H11 121.4469 | 121.8073 | 120.5 C2-C1-C7-C14 | -179.9997 | 179.9887

C7-08 1.222 | 1.2452 | 1.215 C4-C5-C6 120.0986 | 120.2745 | - C1-C2-C3-C4 -0.0035 0.0012

C7-C14 1.5034 | 1.5084 | 1.495 C4-C5-H12 119.7279 | 119.6159 | 122.1 C1-C2-C3-N10 | -180.0016 | -179.9982

N10-018 1.2272 | 1.2672 | - C6-C5-H12 120.1734 | 120.1097 | - H9-C2-C3-C4 179.9984 | -179.9977

N10-019 1.2293 | 1.2685 | - C1-C6-C5 120.8489 | 120.7434 | - H9-C2-C3-N10 | 0.0003 0.0029

C14-H16 1.0841 | 1.0928 | 1.090 C1-C6-H13 118.5234 | 118.1443 | - C2-C3-C4-C5 0.0023 -0.0009

C14-H16 1.079 | 1.0866 | 1.090 C5-C6-H13 120.6277 | 121.119 | - C2-C3-C4-H11 | -179.9982 | -180.0011

Cl4-H17 1.0841 | 1.0928 | 1.090 C1-C7-08 119.5532 | 119.6482 | 120.1 N10-C3-C4-C5 | 180.004 -180.0015

C1-C7-C14 119.8794 | 119.7036 | - N10-C3-C4-H11 | -0.001 -0.0017
08-C7-C14 120.5673 | 120.6482 | - C2-C3-N10-018 | 179.9898 | 179.9993
C3-N10-018 | 118.3165 | 118.2715 | - C2-C3-N10-019 | -0.0001 -0.0015
C3-N10-019 | 123.3909 | 118.2686 | - C2-C3-N10-018 | -0.0083 -0.0002
018-N10-019 | 123.3909 | 123.4599 | - C4-C3-N10-019 | 179.9824 | 179.9991
C7-C14-H15 | 111.1917 | 111.3648 | - C3-C4-C5-C6 -0.0003 0.0005
C7-C14-H16 | 108.5313 | 108.7524 | - C3-C4-C5-H12 | 179.9993 | 180.0005
C7-C14-H17 | 111.1922 | 111.3657 | - H11-C4-C5-C6 | 180.002 180.007
H15-C14-H16 | 108.9557 | 108.9292 | - H11-C4-C5-H12 | -0.0002 0.0007
H15-C14-H17 | 107.9696 | 107.442 | - C4-C5-C6-C1 -0.004 -0.0006
H16-C14-H17 | 108.9532 | 108.9293 | - C4-C5-C6-H13 | 179.9996 | 179.9993
H12-C5-C6-C1 | 180.0 179.9994
H12-C5-C6-H13 | 0.0 -0.0007
C1-C7-C14-H15 | 60.1833 59.9778
C1-C7-C14-H16 | 180.0121 | 180.0223
C1-C7-C14-H17 | -60.1619 | -59.9325
08-C7-C14-H15 | -119.8161 | -120.0234
08-C7-C14-H16 | 0.0127 0.0211
08-C7-C14-H17 | 119.8387 | 120.0663

For numbering of atoms refer Fig.1

aExperimental values are taken from Ref [22].

The intensity of these bands can increase because of
conjugation, therefore, leads to the intensification of the
Raman lines as well as the increased infrared band intensities.
The carbonyl stretching vibrations in ketones are expected in
the region 1680-1715 cm™. In this case, the band observed at
1318 cm-1 IR spectra is assigned as C=0 stretching vibration.
The vibrational bands observed at

650 and 490 cm-1 in Raman are assigned to C=0 in-plane
and out-of-plane bending vibrations for 3’NAP, respectively.
These vibrational assignments are in line with the
literature [27]

C-C vibrations

The C-C aromatic stretching vibrations gives rise to
characteristic bands in both the observed IR and Raman
spectra [28], covering the spectral range from 1600 to 1400
cm-1. Therefore, the C—C stretching vibrations of 3'NAP are
found at, 1616,1529,1471,1432 and 1338 cm-1 in FTIR and
1685,1610,1490,1470,and  1350,cm™ in the FT-Raman

spectrum and these modes are confirmed by their TED values.
Most of the ring vibrational modes are  affected by the
substitutions in the aromatic ring of 3’'NAP. In the present
study, the bands observed at 1104 cm™ and 1150,1110,1060
cm-1 in the FTIR and Raman spectrum, respectively, have
been designated to ring in-plane bending modes by carefully
consideration of their quantitative descriptions. The ring out-
of-plane bending modes of 3'NAP are also listed in the Table
2. The reductions in the frequencies of these modes are due to
the change in force  constant and the vibrations of the
functional groups present in the molecule.
CHg; group vibrations

The 3'NAP possess only one CH3 group in the ring. The
methyl group stretching vibrations are highly localized and
generally observed in the range 3000-2900 cm™ [29-30].

In the present investigation, the bands with sharp peaks
are found at 2925, 2862 cm™ in IR and 2910 cm™ in Raman
for the CH; stretching vibrations of methyl group.



39115 S. Manivel et al./ Elixir Vib. Spec. 92 (2016) 39112-39120

Table 2. The observed (FT-IR and FT-Raman) and calculated (Unscaled and Scaled) frequencies (cm™), IR intensities (Km mol™),
Raman intensities (A* amu™), force constant and probable assignments (characterized by TED) of 3'- nitroacetophenone using HF and
B3LYP/6-311++G(d,p) and 6-311++G(d,p) calculations.

Observed Calculated values Vibrational
frequencies (cm™) assignments
S. (% TED)
N | sym | FT- | FT- HE/6-311++G(d,p) B3LYP/6-311++G(d,p)
0. | metry IR Rama Frequencies (cm™) IR Raman Force Frequencies (cm™) IR Raman Force
specie n Unscaled | Scaled | intensity | intensity | constant | Unscaled | Scaled | intensity | intensity | constant
sCs
1. A 3107 3429 3115 5.0248 34.8376 7.5910 3311 3104 7.0117 22.3699 7.1045 yCH(98)
2. A 3098 3427 3105 1.8663 52.2310 7.5926 3309 3097 4.2464 89.7056 7.0791 yCH(98)
3. A 3010 3421 3017 3.4073 34.1256 7.6035 3307 3007 6.1095 18.3420 7.0795 yCH(98)
4. A 2950 3417 2958 0.5588 33.1872 7.5254 3299 2947 0.0291 25.6588 7.0014 YCH(97)
5 A 2925 3407 2930 6.4676 113.581 7.5204 3295 2920 3.1329 107.585 7.0052 yCHjz ips (98)
) 7
6. A 2910 3401 2915 1.8842 23.6013 7.4342 3285 2906 1.8944 22.2119 6.9214 yCH3s5(98)
7. A 2862 3319 2868 4.2547 62.3849 6.7012 3207 2798 25776 71.1041 6.2535 yCHs0ps)(80)
8. A’ 1693 1763 1699 3.5476 20.8498 8.5778 1634 1688 9.2607 2.7126 10.5738 NOzass (88)
9. A 1685 1752 1689 2.9542 10.3063 9.6405 1625 1680 0.5730 27.8643 8.8384 y CC (80) CH (20)
10 A 1616 | 1610 1663 1620 179.663 22.9665 47881 1564 1609 148.583 48.7609 7.5854 y CC (80)
2 7 CO(10)CH(10)
11 A - 1590 1645 1595 22.6772 12.1764 21727 1518 1583 9.7471 5.4988 1.9281 y CH;ipb (96)
12 A 1578 - 1629 1583 4.5606 2.0941 2.4258 1502 1570 6.9143 2.7490 1.8949 y CH3Sh(96)
13 A - 1540 1595 1547 52.2933 | 28.9076 1.8634 1470 1533 259194 | 51.3574 1.5024 CHs opb(96)
14 A 1529 - 1557 1533 49.1968 | 13.9558 4.0344 1455 1523 224290 | 49.1653 3.2651 | y CC (80) CH3(17)
15 A - 1490 1528 1496 21.7985 2.6545 1.6220 1378 1436 34.2704 | 75.3759 1.3241 | yCC (84) C-H(15)
16 A’ 1471 | 1470 1476 1478 0.8914 1.2906 1.6465 1351 1466 2.8503 6.3397 3.0019 yCC (80)
17 A 1432 - 1341 1436 45.8110 14.1504 2.1484 1341 1427 6.9230 1.8356 2.0096 yCC (80) CN(15)
18 A 1362 - 1318 1367 93.5256 | 109.658 3.1974 1227 1358 79.1652 2355169 4.8864 NO; ss(88)
19 A - 1350 1282 1357 459542 | 12.6625 2.3282 1203 1346 8.7358 36.3036 0.9863 y CC (80) CN(18)
20 A 1338 - 1254 1443 8.9737 44.1695 3.0919 1178 1331 1429765 58.8977 2.1071 yCC (80)
21 A 1318 - 1201 1324 0.0618 0.5621 1.3384 1113 1315 6.2070 3.4308 1.1544 yC O(78)
22 A 1292 - 1200 1298 0.3919 1.1663 1.4110 1087 1387 14.5372 30.5829 1513 yCN (92)
23 A 1278 | 1280 1181 1283 12.7516 | 26.3536 1.7417 1043 1272 1.3269 2.8893 1.2959 bCH (78) CN(12)
o4 A 1254 - 1167 1259 2.1583 4.7392 1.4876 1035 1249 8.6590 1366285 3.7616 bCH (76) CC (18)
25 A - 1240 1122 1248 1.1929 0.8574 1.0583 1017 1237 32.8394 | 33.0850 4.1207 bCH(78)
26 A - 1190 1105 1196 6.0184 152‘.1988 4.2216 1002 1185 0.2176 0.0732 0.8392 bCH(78)
27 A - 1150 1086 1158 6.1902 0.3443 1.0581 982 1145 135(.)174 34.7549 4.4074 Rtrigd(94)
28 A - 1140 1059 1149 22.4603 24.0673 3.1844 942 1137 12.1019 6.3839 0.8108 CHjipr(68)
29 A 1104 | 1110 1019 1116 25.4007 | 12.6039 1.9062 936 1097 29.7584 | 18.9535 1.2569 Rsymd(68)
30 A 1063 | 1060 941 1067 9.7649 0.6614 0.7725 903 1056 37.4501 5.6926 0.7501 Rasymd(68)
31 A’ 1023 - 844 1028 10.4472 8.1011 4.1883 795 1019 11.7971 10.1068 1.9913 bCC (75)
32 A 1001 | 1002 803 1008 1569586 3.3704 1.2811 792 997 48.6303 7.6673 0.6353 bCC(75) CN(15)
33 A - 990 796 997 60.1542 9.9109 2.3281 737 980 1.9725 10.2466 3.1785 t Rtrigd(44)
CN(20) CC(20)
34 A 973 - 765 978 9.5426 0.5876 0.7819 693 960 0.3677 68.9289 2.1594 t Rasymd(44)
35 A 912 - 731 919 5.4488 52.2345 2.2040 672 903 30.9376 0.1218 0.5046 t Rgsgr(‘ricé()M)
36 A" 880 874 650 888 68.6848 | 16.8675 0.8116 655 870 12.1463 | 38.1409 2.7126 CHjs opr(56)
37 A" 820 821 646 826 7.4411 89.8914 3.4651 638 810 1.7304 0.19506 0.8733 ®»CH(55) CO(15)
38 A" - 770 619 776 34.1980 | 19.6054 0.9403 573 760 24.4008 | 16.6106 0.8114 Noé ls_|c(ils§§61)
39 A" 755 - 507 759 5.1718 2.0695 0.6970 528 745 2.4163 10.4004 0.5425 ®CH(55) C-C(17)
40 A" 742 - 496 747 6.2759 2.4789 0.5208 464 732 2.2000 1.7347 0.5586 ®»CH(55)
41 A" 676 - 460 680 23.5843 | 13.3337 0.4943 415 666 0.1187 45221 0.3211 NO, rock(60)
42 A" 664 - 395 668 0.5737 11.8851 0.3737 367 654 1.0468 9.8793 0.3433 ®CH(55)
43 A" - 650 361 656 10.4650 | 42.8677 0.6250 361 640 0.8988 11.3714 0.3606 bC-0O(54)
44 A" 599 - 326 603 0.8328 22.8760 0.3953 338 589 6.2936 35.022 0.5880 bC-N(60)
45 A" - 590 250 596 0.0648 38.7008 0.2783 286 580 0.6586 14.0121 0.2790 ®»CC(52)
46 A" 550 - 247 557 0.0661 26.7835 0.2269 195 540 0.3263 32,1378 0.1152 »CC(52)
47 A" - 490 197 496 4.3556 14.8177 0.1527 190 480 0.2620 20.6686 0.2032 ®»CO(48)
48 A" 480 - 191 487 8.7964 6.2562 0.1279 166 465 8.7840 5.8086 0.0936 ®CN(40)
49 A" - 350 102 356 8.9711 8.0320 0.0208 136 339 3.3401 21.9277 0.0710 NO, twisting(61)
50| A - | 165 261 160 | 22885 1 1407 | o0s077 32 155 | 59366 | 88161 | 00019 | NO,wagging(61)
51 A" - 115 -112 119 0.0800 5.6058 0.0591 -403 105 0.0831 10.3057 0.0973 TCH;(38)

Abbreviations: v — stretching; ss — symmetric stretching; ass — asymmetric stretching; b — bending; o - out-of-plane bending; R — ring; trigd — trigonal
deformation; symd — symmetric deformation; asymd — antisymmetric deformation; t— torsion; s — strong; vs — very strong; ms — medium strong; w — weak; vw
— very weak
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These observations agree well with the earlier work [31-
32]. The CH3 in-plane bending vibration is observed at 1590
cm® in Raman. The symmetrical methyl deformation mode
(CH3sb) is established at 1578 cm™ in the IR spectrum for
3'NAP. The CH3 out-of-plane bending vibration is found at
1540 cm™. These frequencies are in good agreement with
those found in the characteristic group frequency table 2
[33-34]. The theoretically computed value by B3LYP6-
311++G (d,p) method for CH3 in-plane bending is nearly
coincides with the experimental value. The bands obtained at
880, 1140 cm™ and 874 cm™ in IR and Raman spectra are
assigned to CHj; in-plane and out-of-plane rocking modes,
respectively, and they show good agreement with the
calculated values.

NO, vibrations

The characteristic group frequencies of the nitro group are
relatively independent of the rest of the molecule which makes
this group convenient to identify. Aromatic nitro compounds
have strong absorptions due to the asymmetric and symmetric
stretching vibrations of the NO2 group at 1570-1485cm™ and
1370-1320cm™, respectively [35]. Hence, the asymmetric
stretching mode of nitro group for 3'NAP is identified at
1693cm™ in FTIR, spectrum and in good agreement with TED
output. The symmetric stretching mode of nitro group is
assigned at 1362cm™ in IR spectrum. The NO, scissoring
mode has been designated to the band at 770 cm™ in Raman
spectrum, respectively. The deformation vibrations of NO,
group (rocking, wagging and twisting) contribute to several
normal modes in the low frequency region [36]. These bands
were also found well within the characteristic region and
summarized in Table 2
NBO analysis

NBO analysis is proved to be an effective tool for
chemical interpretation of hyper conjugative interaction and
electron density transfer (EDT) from filled lone electron pairs
of the n (Y) of the ‘‘Lewis base’’ Y into the unfilled antibond
o* (X-H) of the ‘‘Lewis acid”” X—H in X-H...Y hydrogen
bonding systems [37]. Also, in order to obtain structure of
molecule 3'NAP, the main natural orbital interactions were
analyzed with the NBO 3.1 program [38]. The lowering of
orbital energy due to the interaction between the doubly
occupied orbital and the unoccupied ones is a very convenient
guide to interpret the molecular structure. In energetic terms,
hyperconjugation is an important effect [39-40] in which an
occupied Lewis-type natural bond orbitals stabilized by
overlapping with a non Lewis-type orbital (either one-center
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Rydberg’s or two-center antibondig NBO). This electron
delocalization can be described as a charge transfer from a
Lewis valence orbital (donor), with a decreasing of its
occupancy, to a non-Lewis orbital (acceptor). Several other
types of valance data, such as directionality, hybridization and
partial charges, were analyzed in the output of NBO analysis
Table 3 and 4 gives the second-order perturbation energy,
Eij(2) corresponding to the interactions and the overlap
integral of each orbital pair. From the table very strong hyper
conjugative interaction is observed between the = type orbital
containing the lone electron pair of O;5 and the neighbor (C3-
N10) anti-bonding orbital of the benzene ring. This interaction
is responsible for a prounced of the lone pair orbital
occupancy. The hyper conjugation between O;g and the
benzene ring defines the common molecular feature of this
type of molecules. An important contribution for the
molecular stabilization energy is further given by 018 through
the overlap of its sp0.25 lone pair (LP (1) O18) with the
n*(C3-N10) orbital and shows the hyper conjugation
interaction.

Molecular Electrostatic Potential

Molecular electrostatic potential (MESP) at a point in the
space around a molecule gives an indication of the net
electrostatic effect produced at that point by the total charge
distribution (electron + nuclei) of the molecule and correlates
with dipole moments, electro negativity, partial charges, and
chemical reactivity of the molecule. It provides a visual
method to understand the relative polarity of the molecule. An
electron density isosurface mapped with electrostatic potential
surface depicts the size, shape, charge density, and site of
chemical reactivity of the molecule. Different values of the
electrostatic potential are represented by different colors: red
represents the regions of the most negative electrostatic
potential, blue represents the regions of the most positive
electrostatic potential, and green represents the region of zero
potential. Potential increases in the following order: red <
orange < yellow < green < blue. Such mapped electrostatic
potential surfaces have been plotted for the title molecule by
B3LYP/6-311++G(d,p) method using the computer software
Gaussian 09 package. In the present study, 3D plots of
molecular  electrostatic  potential (MEP) of  3'-
Nitroacetophenone is illustrated in Fig 4.

The color code of MEP is in the range between -5.706
a.u. (red) to 5.706 a.u. ( blue) in the title compound, where
blue indicates the strongest attraction and red indicates the
strongest repulsion.

Table 3.NBO results showing the formation of Lewis and non Lewis orbitals by valence hybrids corresponding to the inter
molecule of 3'- nitroacetophenone using B3LYP/6-311+G(d,p) level calculation.

Bond A-B Occupancy | ED, | EDg | NBO% S% P%
BD(C1-C2) 1.97257 50.30 | 49.70 | 0.70925"%°+0.70505""® | 34.63,35.97 | 65.37, 64.03
BD*(C1-C2) 0.02213 49.70 | 50.30 | 0.7050°"% + 0.70925"*7® | 34.63,35.97 | 65.37,64.03
BD(C3-N10) 1.98931 36.63 | 63.37 | 0.60535%* +0.7960°71% | 23.60, 37.62 | 76.40, 68.38
BD*(C3-N10) | 0.09270 63.37 | 36.63 | 0.7960°>2* + -0.6053°"% | 23.60, 37.62 | 76.40, 68.38
BD(C7-08) 1.99481 35.20 | 64.80 | 0.5933%72% + 0.8050°"% | 30.02, 37.70 | 69.98, 62.30
BD*(C7-08) 0.01215 64.80 | 35.20 | 0.8050°">° + 0.5933%"% | 30.02, 37.70 | 69.98, 62.30
BD(N10-018) | 1.99519 50.57 | 49.43 | 0.7111%°%%2+0,70315™% | 31.10,19.84 | 68.90, 80.16
BD*(N10-018) | 0.05508 49.43 | 50.57 | 0.70315"%%+ 0.711157% | 31.10, 19.84 | 68.90, 80.16
BD(N10-019) | 1.99522 50.58 | 49.42 | 0.7112%7%%2+0,70305*% | 31.07,19.78 | 68.93, 80.22
BD*(N10-019) | 0.05588 49.42 | 50.58 | 0.7030%"%% + -0,7112°™*% | 31.07,19.78 | 68.93, 80.22
LP(1) 08 1.97862 - - SpoeT 62.30 37.70

LP(1) 018 1.98271 - - SpO® 79.94 20.06
LP(019) 1.98274 - - SpO%® 79.97 20.03
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The negative (red) regions of MEP were related to
electrophilic reactivity and the positive (blue) regions to
nucleophilic reactivity are shown in Fig. 4. As can be seen
from the figure and the calculated results, this molecule has
several possible sites for electrophilic attack over oxygen
atom. For possible nucleophilic reactions the maximum
positive region is found on the hydrogen atoms of the benzene
ring.

Fig 4. Molecular electrostatic potential map (MEP) for
3'-nitroacetophenone.
Table 4:Second order perturbation energies (E?) kcal
(mol) corresponding of the most importance charge
transfer interaction (donor — aceptor) in the compounds
studied by B3LYP 6-311++G(d,p).

S.No Bond Aceptor E2 EG-Ei) | F(i,j)
1. BD(C1-C2) BD*C3-N10 | 4.08 | 0.98 0.057
2. BD(C3-N10) | BD*C1-C2 [ 150 | 1.37 0.041
3. BD(C7-08) BD*C1-C2 [ 150 | 1.59 0.44
4, BD(N10-018) | BD*C3-N10 | 0.56 | 1.30 0.025
5. BD(N10-019) | BD*C3-C4 | 0.88 | 1.56 0.033
6. LP(1) 08 RY*C7 14.67 | 1.59 0.137
7. LP(1) 018 BD*C3-N10 | 430 | 1.08 0.062
8 LP(019) N10 534 | 1.88 0.089

Non-Linear Optical (Nlo) Properties

The quantum chemistry based prediction of non-linear
optical (NLO) properties of a molecule has an important role
for the bonding and delocalization of electron density from
occupied Lewis-type (donor) NBOs to properly unoccupied
non-Lewis type design of materials in modern communication
technology, signal processing and optical interconnections
[41]. Especially organic molecules are studied because of their
larger NLO susceptibilities arising from m-electron cloud
movement from donor to acceptor, fast NLO response times,
high laser damage thresholds and low dielectric constants.
Although the organic molecules have these advantages, they
have several NLO disadvantages too they have generally low
thermal stability and they may undergo a facile relaxation to
random orientation [42]. In addition, in the UV-VIS region,
the low energy transitions result in a trade-off between the
nonlinear efficiency and optical transparency [43-44]. But the
usage of organic molecules as ligand can overcome these
disadvantages. The tensor components of the static first
hyperpolarizability () were analytically calculated by using
the same method as mentioned above. From the computed
tensorial components, f is the calculated for the title molecule
by taking into account the Kleimman symmetry relations and
the square norm of the Cartesian expression for the f} tensor
[45]. The relevant expressions used for the calculation are
shown below.
B=(Px2-+Py2+pz2)1/2
where
Bx= Bxxx+ Pxyy+ Pxzz
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Py=Byyy+ Bxxy+ Pyzz

Bz= Pzzz+ Pxxz+ Pyyz

The components of dipole moment, the first
hyperpolarizability of the title compound can be seen in Table
5. The calculated value of the first hyperpolarizability is
1.6567 x 10¥%.s.u. The value of B obtained by Sun et al. [46]
with the B3LYP/6-31++G(d,p) method for urea is 0.37289 x
10"* e.s.u. The first hyperpolarizability of the title compound
is 4.4 times greater than that of urea. According to the
magnitude of the first hyperpolarizability, the title compound
may be a potential applicant in the development of NLO
materials

Table 5.Theoretical first hyperpolarizability(p) of
3'-nitroacetophenone using DFT/B3LYP/6-311++G(d,p)
methods and basis set.

Parameters Values

BXxx 231.476870
Bxxy 7.375913718
Bxyy -115.3537548
Byyy -186.703748
Bxxz 6.0869233
Byyz -0.1824346
Bxzz -26.3916448
Byzz 9.8780137
Bzzz -9.5524493
first hyper polarizability | 1.6567 x 10’ e.s.u

HOMO-LOMO analysis

The energy gap between the highest occupied and the
lowest unoccupied molecular orbitals, is a critical parameter
in determining  molecular electrical transport properties
because it is a measure of electron conductivity. The analysis
of the wave function indicates that the electron absorption
corresponds to the transition from the ground to the first
excited state and is mainly described by one-electron
excitation from HOMO to LUMO. The HOMO energy
characterizes the ability of electron giving and the LUMO
energy characterizes the ability of electron accepting, and the
gap between HOMO and LUMO characterizes the molecular
chemical stability. The energy gaps are largely responsible for
the chemical and spectroscopic properties of the molecules.
This is also used by the frontier electron density for predicting
the most reactive position in p-electron systems and also
explains several types of reaction in conjugated system [47].
The HOMO and LUMO energies of 3'NAP calculated by the
DFT level are listed in Table6. The few frontier orbitals of
3'NAP are shown in Fig 5 along with the respective energies.
In 3'NAP, both HOMO and LUMO are formed primarily from

p, orbital from all atoms of the compound.
UV-VIS Spectrum
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Fig 5. Single excited state absorption spectrum of 3’-
nitroacetophenone.
The calculated energy value of HOMO is -0.38728a.u.
and energy of LUMO is 0.02396 a.u. Moreover lower in the
HOMO and LUMO energy gap explains the eventual charge
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transfer interactions taking place within the compound, which
influences the biological activity of the compound and also
energy serves as a measure of the excitability of a compound,
the smaller the energy gap, the more easily the compound will
be excited. Consequently, the lowering of the HOMO-LUMO
band gap is essentially a consequence of the large stabilization
of the LUMO due to the strong electron—acceptor ability of the
electron—-acceptor group. By using HOMO and LUMO
energies, the chemical hardness (g) and chemical potential (1)
have been calculated. The chemical hardness, which is an
index of reactivity, is given by

n = (I-H)/2
and the chemical potential that measures the escaping
tendency of electron cloud is given by p = -(1+H)/2
where | and H are ionization potential and electron affinity of
a molecular system. The calculated value of chemical
hardness and chemical potential of 3'NAP are presented in
Table 6. The use fulness of these quantities have been recently
demonstrated in understanding the toxicity of various
pollutants in terms of their reactivity and site selectivity [48]

Table 6. Calculated HOMO — LUMO energy of 3-

nitroacetophenone using DFT / 6-311++G(d,p) method.

Parameters | Values (a.u)
HOMO -0.38728
LUMO 0.02396
Energy Gap | 0.41124

n 0.20562

u 0.4352

UV-VIS analysis

In the UV-VIS region with high extinction co- efficient
, all molecules allow strong n*r and *c transition [49]. The
theoretically calculated UV spectrum of 3'NAP are plotted as
shown in fig 6. in an attempt to understand the nature of
electronic transitions in terms of their energies and oscillator
strengths,  time-dependent DFT(TD-DFT) Calculations
involving configuration interaction between the singly excited
electronics states are conducted the calculated results
involving the vertical excitations energies their molecular
orbital contribution oscillator(f) and wave lengths are reported
in Table 7 due to the frank Condon principle, the maximum
absorption peak (max) in a uv-vis spectrum corresponds to
vertical excitation. TD-DFT calculation predict three
transitions in the near ultra-violate region for 3'NAP the
strong transitions at 5.5484ev(223.46.nm) with an oscillator
strength 0.1126 for 3'NAP.

£ 4

(First Excited State)
- - et e
- Ervue = 0,02396 a.u,
@
C
-
+Fe

LUMO

AE=0.41124 a.u.

995

HOMO

— Ewws = 0.38728 au.
[{Ground State)

Fig 6. The few frontier orbitals of 3’-nitroacetophenone.
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Table 7. The computed excitation energies, Oscillator
strength and electronic transition configuration of 3'-
nitroacetophenone.

Excited | EE(eV)/ f Configuration | CI
State Wavelength expansion
(nm) coefficient
1 4.2812/289.60 | 0.0000 | 3944 0.61244
39,46 0.13223
39,53 0.23727
2. 4.6027/269.37 | 0.0002 | 4144 -0.12384
41546 0.53183
41,50 0.13729
41,57 0.15402
41,59 0.14094
41,63 0.12605
41564 0.17669
41569 -0.13073
41,76 -0.11548
3. 5.5487/22346 | 0.1126 | 4244 0.47907
42_546 0.12494
43544 -0.37434
43546 0.24386

Error analysis of different vibrational calculations

The root mean square deviation is very small in
B3LYP/6- 311++G(d,p) method, B3LYP, and HF levels are
shown a uniform deviation after scaling. Most of the
calculated frequencies in DFT/B3LYP/6-311++G(d,p) method
are exactly fitted with experimental frequencies. The
correlation graphs are shown in Fig.7, which are described
harmony between the calculated and experimental
wavenumbers. The relations between the calculated and
experimental wavenumbers are linear and described by the
following equation:

V cal =-446.52558 V exp + 1.29255 for HF=6-311++G(d,p)
V cal = -446.57049 V exp + 1.2413 for B3LYP=6-
311++G(d,p)

We calculated correlation coefficients (R2) value between
the calculated and experimental wavenumbers. As a result, the
performances of the B3LYP method with respect to the
prediction of the wavenumbers within the molecule were quite
close.

R2 =0:99886 for HF
R2 = 0:99787 for B3LYP
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Fig 7. Correlation graph of trans 3'-nitroacetophenone .

Thermodynamic Properties

Several thermodynamic parameters have been calculated
using B3LYP with 6-311++G(d,p) basis set. The standard
heat capacities (Cop,m), standard entropies (S°y), and standard
enthalpy changes (AHOm ) ( 0 —>T)) were obtained and are
listed in Table 8. As can be seen from in Fig 8. the standard
heat capacities, entropies and enthalpy changes increase at any
temperature from 100.00 to 1000.00 K, since increasing the
temperature causes an increase in the intensity of the
molecular vibration.

o
250

200
150

100

Thermodynamic parameters
{(Jmol'k-1)

Temperature (Kelvin)
Fig 8. Correlation graph of heat capacity, entropy and
enthalpy with Temperature of 3’-nitroacetophenone.
Table 8. Theromadynamic pararmeters of 3'-

nitroacetophenone calculated using B3LYP/6-311++G(d,p)
method and basis set.

(Temp) | Cp (mol"k™) | AHO— T (KJ mol™) | S(mol k™)
100 16.9740109 7.948 63.17409
200 29.1916396 7.948004 68.68326
300 414370211 7.948725 71.90664
400 52.486957 8.486665 74.7311
500 61.5575183 9.274254 77.29224
600 68.7307167 10.46703 79.93412
700 74.4132581 12.04622 82.73851
800 78.9938406 13.97467 85.72827
900 82.7578519 16.2103 88.90004
1000 85.9002854 18.71273 92.23989
Conclusion
In this investigation, HF and density functional

calculations on 3’-Nitroacetophenone have been performed.
The main objective is to reproduce the molecular geometry,
investigate the energetic behaviour (UV-VIS), reactive sites,
delocalization of electron density, energy gap, and non-linear
optical properties of 3’-Nitro acetophenone for the further
studies. The HOMO-LUMO energy gap explain the eventual
charge transfer taking place with the molecule. The molecular
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electrostatic potential map shows that the negative potential
sites are on the electronegative atoms as well as the positive
potential sites are around the hydrogen atoms. These sites give
information about the possible areas for inter- and intra
molecular hydrogen bonding. Natural bond orbital analysis
indicates the strong intra molecular interactions. Natural bond
orbital analysis of 3'-Nitro acetophenone confirms that the
intra molecular charge transfer caused by r-electron cloud
movement from donor to acceptor must be responsible for the
non-linear optical properties of the title compound. The
correlations between the thermodynamic properties C%m, S°n
and H’ v; temperature T are also obtained.
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