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ABSTRACT 

The FT-IR and FT-Raman spectra of 1-bromo-4-nitrobenzene (1B4NB) have been recorded in 

the range 400-4000 cm
-1

 and 100-4000 cm
-1

 respectively. Also the NMR and UV-VIS spectra of 

1B4NB have been recorded and analyzed. The molecular structures, fundamental vibrational 

frequencies and intensity of the vibrational bands are investigated and interpreted theoretically with 

the use of structure optimizations and normal coordinate force field calculations based on  density 

functional theory (DFT) with basis sets 6-31+G(d,p) and 6-311++G(d,p). The vibrational wave 

number assignments were made from potential energy distribution (PED) calculations using Veda 

program. The simulated vibrational spectra of the molecule show excellent agreement with the 

experimental spectra. The hyper conjugative interaction energy (E)2 and electron densities of donor (i) 

and acceptor (j) bonds were calculated using NBO analysis. The energy gap of the molecule was 

found using HOMO and LUMO calculation. The electronic transition was studied using UV-Visible 

analysis of the title molecule with B3LYP/6-311++G (d,p) level of basis set. The microscopic Non-

linear optical behavior, the molecular electrostatic potential (MEP), chemical descriptors and thermo 

dynamical properties of the title compound were also calculated. In addition, the 
1
H and 

13
C NMR 

chemical shifts values of 1B4NB in the ground state for B3LYP/ 6-311++G (d,p) basis set were also 

calculated using Gauge independent atomic orbital (GIAO) method. 
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1.  INTRODUCTION 

 

Benzene is a colorless and highly flammable liquid with a sweet smell. It is an 

important industrial solvent and precursor to basic industrial chemicals including drugs, 

plastics, synthetic rubber, and dyes. It evaporates into the air very quickly and dissolves 

slightly in water [1]. Benzene was historically used as a significant component in many 

consumer products such as Liquid Wrench, several paint strippers, rubber cements, spot 

removers and other hydrocarbon-containing products. Benzene is also a natural part of crude 

oil, gasoline, and cigarette smoke [2-3]. Today, benzene is used mainly as an intermediate to 

make other chemicals. Its most widely-produced derivatives include styrene, which is used to 

make polymers and plastics, phenol for resins and adhesives and cyclohexane which is used in 

the manufacture of nylon. 

Nitrobenzene is used to produce lubricating oils used in motors and machinery. 

Nitrobenzene and its derivatives are used in the manufacture of dyes, drugs, pesticides, 

polisher, paint, and synthetic rubber. Nitrobenzene is also used to mask unpleasant odors in 

shoe and floor polishes, leather dressings, paint solvents, and other materials. A significant 

use of nitrobenzene is its use in the production of the analgesic paracetamol and it has been 

used as an inexpensive perfume for soaps. Bromobenzene is used as an additive to motor oils, 

as a crystallizing solvent, and in the production of the synthetic intermediate phenyl 

magnesium bromide. 

Various spectroscopic studies of halogen and nitrogen substituted benzene compounds 

have been reported in the literature [4-8]. Suryanarayana et al. [4] investigated the vibrational 

analysis of substituted nitrobenzenes. vibrational spectra, normal coordinate analysis and 

transferability of force constants of some chlorinated nitrobenzenes. Krishnakumar et al. [5] 

have studied the Density functional theory calculations and vibrational spectra of p-bromo 

nitrobenzene. Muralidhar Rao et al. [6] have studied the vibrational spectra and normal 

coordinate analysis of mono halogenated nitrobenzenes. A DFT analysis of the vibrational 

spectra of nitrobenzene was carried out by John Clarkson and Ewen Smith [7]. Shweta Singh 

el al. [8] performed the vibrational study of fluorobenzene and its solvation with methanol via 

polarized Raman measurements and quantum chemical calculations. 

1-Bromo-4-nitrobenzene (1B4NB) belongs to the group of organic halogen compounds 

replacing two hydrogen atoms in benzene by bromine and nitro group (NO2). 1B4NB is used 

in the fumigant and insecticide, solvent and chemical intermediate to manufacture dyes, 

agrochemicals, pharmaceuticals and other organic synthesis.  Literature survey reveals that no  

detailed ab initio HF/DFT (B3LYP) with 6-31+G (d, p) and 6-311++G(d,p) basis sets 

calculations, NBO analysis, HOMO and LUMO calculation, UV-Visible analysis and NMR 

chemical shifts calculation of 1B4NB have been reported so far. It is, therefore thought worth 

to make this theoretical and experimental vibrational spectroscopic research based on 

molecular structure to give the correct assignment of fundamental bands in the experimentally 

observed IR and Raman spectra. 

In this study, molecular geometry, optimized parameters and vibrational frequencies are 

computed using hybrid density functional methods (B3LYP) at 6-31+G (d, p) and 6-311++G 

(d,p) basis sets. These methods predict relatively accurate molecular structure and vibrational 

spectra with moderate computational effort.  

 

 

https://en.wikipedia.org/wiki/Solvent
https://en.wikipedia.org/wiki/Analgesic
https://en.wikipedia.org/wiki/Paracetamol
https://en.wikipedia.org/wiki/Soap
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2.  EXPERIMENTAL DETAILS 

 

The titled compound 1B4NB is purchased from Sigma-Aldrich chemicals, USA with 

spectroscopic grade and it was used as such without any further purification. The FT-IR 

spectrum of the compound has been recorded in Perkin-Elimer 180 spectrometer in the range 

of 4000-400 cm
-1

. The spectral resolution is ±2 cm
-1

. The FT-Raman spectrum of the 

compound was also recorded in same instrument with FRA 106 Raman module equipped with 

Nd: YAG laser  source operating in the region 100-4000 cm
-1

 at 1.064 µm line width with 200 

Mw powers. 

 

2. 1. Computational methods 

The molecular structure of the title compound in the ground state is computed by 

performing DFT (B3LYP) with 6-31+G(d,p) and 6-31++G(d,p) basis sets. The optimized 

structural parameters are used in the vibrational frequency calculations at DFT levels. All the 

computations have been done by adding polarization function p and diffuse function d on 

heavy atoms [9] and polarization function p and diffuse function on hydrogen atoms [10], in 

addition to triple split valence basis set 6-31+G (d, p) /6-311++G(d,p), for better treatment of 

polar bonds of bromine and nitro group. As a result, the unscaled frequencies, reduced 

masses, force constants, infrared intensities, Raman activities and depolarization ratios were 

obtained. Therefore, a discussion was made on calculated values using these sets. The 

calculated frequencies are scaled by 0.9668 scale factor [11,12]. The detailed assignments of 

the calculated normal modes have been made on basis of the corresponding PEDs computed 

quantum chemically using VEDA program [13]. The PED calculations tell the relative 

contributions of internal coordinates to each mode of vibration. Hence it is possible to 

describe the character of each mode. Gauss view program has been considered to get visual 

animations and also for the verification of the normal mode.  

In this study, the 
1
H and 

13
C NMR chemical shifts and nuclear magnetic shielding 

tensor values of 1B4NB in the ground state for B3LYP/ 6-311++G(d,p) basis set were 

calculated with the gauge – independent atomic orbital (GIAO) method [12,16,17]. The 

electronic absorption spectra for optimized molecule is also calculated for the  same basis set. 

To investigate the reactive sites of the title compound the molecular electrostatic potential was 

obtained. The thermodynamic properties such as the heat capacity, entropy and enthalpy at 

various temperatures in the range of 100-1000 K, were investgated from the vibrational 

frequency calculations of the molecule. Further, the NBO analysis and NLO activity of the 

title compound were calculated using DFT methods. All calculations were performed using 

Gaussian 09W program package [14,15] employing B3LYP with 6-31+G(d,p) and 6-311++G 

(d,p) basis sets.  

 

 

3.  RESULTS AND DISCUSSION 

3. 1. Molecular Geometry: 

The molecular structure of the 1B4NB belongs to Cs point group symmetry. The 

optimized molecular structure with atom numbering obtained from GAUSSVIEW program is 

shown in the Figure 1. The molecule contains Bromine atom Br and nitro group NO2 

connected with benzene ring. The comparative optimized structural parameters such as bond 
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lengths, bond angles and dihedral angles at B3LYP/6-31+G(d,p) and B3LYP/6-31++G(d,p) 

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, which may be due to the 

theoretical calculations belong to isolated molecules in gaseous phase and the experimental 

results belong to molecules in solid state [17]. 

 
 

Fig 1. Molecular structure of 1B4NB 

 

 

Table 1. Optimized geometric parameters of 1B4NB 

 

Bond parameter b3lyp/6-31+g(d,p) b3lyp/6-311++g(d,p) Experimental Value 

Bond length (Å) 

C1-C2 1.3976 1.3944 1.392 

C1-C6 1.3976 1.3944 1.39 

C1-Br11 1.8953 1.9088 1.867 

C2-C3 1.3926 1.3901 1.377 
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C2-H7 1.0839 1.0819 0.95 

C3-C4 1.3945 1.3911 1.392 

C3-H8 1.0829 1.0813 0.95 

C4-C5 1.3945 1.3911 1.365 

C4-N12 1.4715 1.478 1.442 

C5-C6 1.3926 1.3901 1.365 

C5-H9 1.0829 1.0813 0.95 

C6-H10 1.0839 1.0819 0.95 

N12-O13 1.2321 1.2245 1.215 

N12-O14 1.2321 1.2245 1.224 

Bond  angles () 

C2-C1-C6 121.3141 121.4673 120.1 

C2-C1-Br11 119.3419 119.2654 
 

C6-C1-Br11 119.344 119.2674 
 

C1-C2-C3 119.4505 119.2751 120.2 

C1-C2-H7 120.2822 120.4266 120 

C3-C2-H7 120.2673 120.2983 121.3 

C2-C3-C4 118.7892 118.9956 117.3 

C2-C3-H8 121.367 121.2499 121.3 

C4-C3-H8 119.8439 119.7545 121.3 

C3-C4-C5 122.2063 121.9915 123 

C3-C4-N12 118.8959 119.0039 117.7 

C5-C4-N12 118.8977 119.0046 119.3 

C4-C5-C6 118.7903 118.9952 118.6 

C4-C5-H9 119.8467 119.7574 120.7 

C6-C5-H9 121.363 121.2474 120.7 

C1-C6-C5 119.4496 119.2753 120.6 

C1-C6-H10 120.2853 120.4291 119.7 

C5-C6-H10 120.2651 120.2956 119.7 

C4-N12-O14 117.7937 117.5961 117.3 

O13-N12-O14 124.4142 124.8099 124 
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Dihedral angle () 

C6-C1-C2-C3 -0.0008 0.0034 
 

C6-C1-C2-H7 -180.0015 180.0027 
 

Br11-C1-C2-C3 180.0017 -179.9984 
 

Br11-C1-C2-H7 0.0009 0.0009 
 

C2-C1-C6-C5 -0.0015 0.0018 
 

C2-C1-C6-H10 -179.9981 180.0012 
 

Br11-C1-C6-C5 -180.0039 -179.9964 
 

Br11-C1-C6-H10 -0.0006 0.003 
 

C1-C2-C3-C4 0.0005 -0.0056 
 

C1-C2-C3-H8 -179.9989 179.9946 
 

H7-C2-C3-C4 -179.9988 179.9951 
 

H7-C2-C3-H8 0.0018 -0.0046 
 

C2-C3-C4-C5 0.0021 0.0028 
 

C2-C3-C4-N12 179.9942 -179.9989 
 

H8-C3-C4-C5 180.0015 -179.9975 
 

H8-C3-C4-N12 -0.0064 0.0008 
 

C3-C4-C5-C6 -0.0044 0.0024 
 

C3-C4-C5-H9 179.9934 -179.9997 
 

N12-C4-C5-C6 180.0036 -179.9959 
 

N12-C4-C5-H9 0.0013 0.002 
 

C3-C4-N12-O13 -180.0038 0.0304 
 

C3-C4-N12-O14 -0.0073 180.0259 
 

C5-C4-N12-O13 -0.0115 180.0288 
 

C5-C4-N12-O14 -180.015 0.0243 
 

C4-C5-C6-C1 0.0039 -0.0046 
 

C4-C5-C6-H10 -179.9994 179.996 
 

H9-C5-C6-C1 -179.9938 179.9975 
 

H9-C5-C6-H10 0.0029 -0.0019 
 

 

 

The benzene ring appears little distorted and angles slightly out of perfect hexagonal 

structure. It is naturally due to the substitutions of the Bromine atom and Nitro group in the 
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place of H atoms. According to the experimental values, order of the optimized length of the 

six C-C bonds of the ring are as C5-C6=C4-C5≤C2-C3≤C1-C6 ≤C1-C2=C3-C4. According to 

the calculated values for both B3LYP/6-31+G(d,p) and B3LYP/6-311++G(d,p), the order of 

the bond lengths is slightly differed as C5-C6=C2-C3≤ C3-C4=C4-C5≤C1-C2=C1-C6 since 

the substitutions are different. The bond length in the ring is differed from one another by 

0.0031-0.0019Å for B3LYP/6-31+G(d,p) and 0.0033-0.0010Å for B3LYP/6-311++G(d,p).  

The experimental C-Br bond length 1.867 Å [18-19] is 0.0418 Å lesser than the 

calculated value (1.9088 Å) by B3LYP/6-311++G(d,p). The experimental C-N bond length 

1.442 Å [20] is 0.036 Å smaller than the calculated value (1.478 Å) by B3LYP/6-

311++G(d,p). The experimental N-O bond length 1.2150 Å [20] is 0.0095 Å smaller than the 

calculated value (1.2245 Å) byB3LYP/6-31++G (d, p). The extension of bond length when H 

is replaced by Br atom is larger than the bond length when H is replaced by NO2. The 

substitution of Br with C atom shares its π electron with the ring leads to increase in bond 

length and bond angles of aromatic ring. The N12-O13 and N12-O14 bond lengths are equal as 

compared to those bond lengths of nitro benzene. The asymmetry of the benzene ring is 

evident by the bond angle order C2-C3-C4=C4-C5-C6≤C1-C2-C3=C1-C6-C5≤C2-C1-

C6≤C3-C4-C5. The bond angle of C3-C4-C5 calculated by B3LYP/6-31++G (d, p) is 

122.2063 which is 3.4263˚ greater than the bond angle of C2-C3-C4 (118.78˚) due to the 

substitution of bromine atom and nitrogen atom.  

 

3. 2. Vibrational Assignments 

The 1B4NB consists of 14 atoms, hence undergoes 36 normal modes of vibrations. Out 

of the 36 normal modes of vibrations, there are 26 in plane modes of vibrations and the 

remaining 10 are out of plane vibrations. The bands that are in the plane of the molecule are 

represented as A
′
 and out-of-plane as A

″
. Thus all the normal modes of vibrations of the title 

molecule are distributed as  

 

Γ Vib = 26 A’ + 10 A” 

 

In agreement with Cs symmetry all the 36 fundamental vibrations are active in both 

Raman scattering and IR absorption. The harmonic-vibrational frequencies calculated for 

1B4NB at DFT (B3LYP ) level using the triple split valence basis set along with the diffuse 

and polarization functions, 6-311++G(d,p) and  the observed FT-IR and FT-Raman 

frequencies for various modes of vibrations, IR Intensities, Raman Activities and PED have 

been presented in the Table 2. The detailed vibrational assignment is obtained by comparison 

with theoretically scaled wave numbers with PED. Comparison of frequencies calculated at 

B3LYP with the experimental values reveals the over estimation of the calculated vibrational 

modes due to the neglect of anharmonicity in real system. In order to reproduce the observed 

frequencies, refinement of scaling factors was applied. The descriptions concerning the 

assignment have also been indicated in Table 2. The comparative IR and Raman spectra of 

experimental and calculated (B3LYP) are given in the Figures 2 and 3 respectively. From the 

table, it is found that the calculated (unscaled) frequencies by B3LYP with 6-311++G(d,p) 

basis set is closer to the experimental frequencies. 
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Table 2. Detailed vibrational assignment of 1B4NB using B3LYP/6-311++G(d,p) level along 

with PED calculation. 

 

S. No 

Calculated 

Frequencies (cm
-1

) 

Observed 

Frequencies (cm
-1

) IR 

Intensity 

Abs. 

Raman 

Intensity 

Abs. 

Vibrational 

assignments 
Un Scaled Scaled FT-IR FT-Raman 

1 58.37 56.43212 
 

57.28 0.00 0.25 τO3N4C12C13(97) 

2 98.1 94.84308 
 

92.47 2.95 3.99 

τC1C6C2C3(15)+ 

τC5C6C1Br11(50)+ 

τC2C3C4N12(32) 

3 170.16 164.5107 
 

171.71 2.60 29.06 
βC5C4N12(39)+ 

βC6C1Br11(47) 

4 243.25 235.1741 
 

251.43 0.69 66.59 

βC3C4C5(15)+ 

νN12C4(11)+ 

νBr11C1(35)+ 

βC2C1C6(16) 

5 283.42 274.0105 
 

286.83 1.97 31.89 
τC5C6C1Br11(40)+ 

τC2C3C4N12(55) 

6 295.4 285.5927 
 

300.31 0.31 6.15 

βO4N12O13(21)+ 

βC5C4N12(31)+ 

βC6C1Br11(40) 

7 417.37 403.5133 418 
 

0.00 0.01 τC1C6C2C3(82) 

8 453.36 438.3084 465 
 

10.07 0.14 τC3C2C4C5(84) 

9 469.7159 454.1213 479.4 
 

12.85 4.45 

βC3C4C5(11)+ 

νN12C4(35)+ 

νBr11C1(35)+ 

βO13N12O14(10) 

10 518.8 501.5758 521.5 
 

1.50 28.27 
βO4N12C13(61)+ 

βC5C4N12(13) 

11 633.22 612.1971 620.5 623.3 0.74 58.59 

νC1C2(13)+ 

βC1C2C3(37)+ 

βC2C3C4(19) 

12 668.95 646.7409 675.1 
 

2.30 0.50 τC1C6C4C5(76) 

13 721.25 697.3045 
 

721 24.23 9.30 ΓO14C4O13N12(73) 

14 721.84 697.8749 738.1 
 

2.29 24.13 

νBr11C1(12)+ 

βO13N12O14(15)+ 

βC2C1C6(32) 

15 773.48 747.8005 
 

740.33 0.00 0.12 
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16 809.53 782.6536 
 

837 45.64 1.59 
τH7C2C3C4(60)+ 

ΓC5C4C6H9(38) 

17 877 847.8836 847.2 869.9 71.26 104.10 ΓO13N12O14(59) 

18 926.39 895.6339 
 

931.99 0.90 2.33 
τH3C2C4C8(28)+ 

ΓC10C6C5H4(68) 

19 945.27 913.887 959.3 
 

0.00 0.07 
τH7C2C3C4(32)+ 

ΓC10C6C5H4(60) 

20 1018.88 985.0532 1010.5 999.47 31.40 11.22 
βC3C4C5(20)+ 

βC4C5C6(61) 

21 1060.86 1025.639 
 

1064.26 42.93 198.49 
νC1C6(56)+ 

νBr11C1(13) 

22 1092.17 1055.91 1066.1 1064.15 42.75 468.82 βH7C2C3(76) 

23 1105.64 1068.933 1104.6 1102.9 7.39 0.68 
βC3C4C5(22)+ 

νN12C4(20) 

24 1172.15 1133.235 1173.1 1167.71 6.61 11.66 
νC5C6 (25)+ 

βH8C3C2(56) 

25 1278.44 1235.996 1207.9 
 

2.12 0.83 νC3C4(82) 

26 1298.54 1255.428 1277.9 
 

14.54 0.21 
νC5C6 (11)+ 

βH9C5C6(78) 

27 1331.71 1287.497 1354.7 
 

402.66 1271.13 

νO14N12 (74)+ 

νN12C4 (13)+ 

βO13N12O14(12) 

28 1388.54 1342.44 1388.3 1362.06 2.35 3.35 

βC1C2C3(18)+ 

βH7C2C3(48)+ 

βC7C2C3(11) 

29 1477.79 1428.727 1471.2 
 

42.16 5.61 βH10C6C5(64) 

30 1493.8 1444.206 1516.9 1426.85 213.41 39.46 νO13N12 (80) 

31 1571.68 1519.5 1574 1530.3 69.71 393.86 
νC5C6 (46)+ 

βC2C1C6(11) 

32 1594.66 1541.717 1597 1595.08 70.97 3.99 
νC1C2 (55)+ 

βC4C5C6(13) 

33 3313.71 3203.695 3025.6 
 

0.34 19.08 νC5H9 (98) 

34 3314.63 3204.584 3056.64 
 

0.51 23.96 νC6H10 (82) 

35 3327.72 3217.24 
 

3085.16 2.63 6.15 νC3H8(84) 

36 3328.46 3217.955 3100.4 3175.02 4.01 81.15 νC2H7(98) 
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Fig. 2. The Theoretical and Experimental IR spectra of 1B4NB 



World Scientific News 61(2) (2017) 150-185 

 

 

-160- 

3500 3000 2500 2000 1500 1000 500 0

0

1

2

3

4

5

6

7

8 RAMAN/EXPERIMENTAL

 

 

R
am

an
 In

te
ns

ity

Wavenumber (cm
-1
)

 
 

3500 3000 2500 2000 1500 1000 500 0

0

1

2

3

4

5

6

7 RAMAN/B3LYP/6-311++G(d,p)

 

 

R
am

an
 In

te
ns

ity

Wavenumber (cm
-1
)

 
 

Fig. 3. The Theoretical and Experimental Raman spectra of 1B4NB 
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3. 2. 1. C-H vibrations 

In aromatic hydrocarbons, various C-H stretching vibration occurs in the region 3100-

3000 cm
-1

 due [21-23]. In 1B4NB, three IR bands at 3100, 3056, 3025 cm
-1

 and two Raman 

bands at 3100 and 3085 cm
-1

 have been assigned to C-H ring stretching vibrations. The 

corresponding calculated values (unscaled) are 3313,3314, 3327 and 3328 cm
-1

 All the C-H  

stretching vibrations in both IR and Raman region, are shifted to higher frequencies due to the 

presence of bromine atom and nitrogen atom. The bands due to C-H in-plane bending 

vibrations in both FT-IR and Raman occur in the region 1290-900 cm
-1

. The bands at 1066, 

1173, 1277, 1388 and 1471 cm
-1

are due to C-H in-plane bending vibrations. The bands at 

1388 and 1471 cm
-1 

are outside the expected range, it is due to the substitution of Br atom and 

NO 2 group. The band observed at 1388 cm
-1 

is described as a mixed mode (28) with PED 

48% and 1471 cm
-1 

(mode no. 29) with PED 64%. From TED calculations it is clear that they 

are described as mixed modes. The theoretically computed unscaled frequencies for C-H in-

plane bending vibrations by B3LYP/6-311++G(d,p) method show excellent agreement with 

recorded spectrum as well as literature data except the value at 1092 cm
-1

. This may be due to 

the substitution of Br atom. 

The C-H out-of-plane bending vibrations occur in the range 1000-675 cm
-1

 [ 24-26]. In 

this title compound, one IR band at 959 cm
-1

 and two Raman bands at 931 and 837 cm
-1

 are 

observed as C-H out-of-plane bending vibrations. The C-H in-plane vibrations and the C-H 

out-of-plane bending vibration are in good agreement with the literature values and also well 

supported by TED values. 

  

3. 2. 2. Ring vibrations 

The ring C=C and C-C stretching vibrations, known as semicircle stretching usually 

occur in the region 1200-1625 cm
-1 

[33]. The C=C stretching vibrations of the present 

compound are observed at 1597 and 1574 cm
-1 

in the IR region. All these bands are in the 

expected range. The calculated values are at 1594 and 1571 cm
-1

. Two IR bands at 1277 and 

1207 cm
-1 

and one Raman band at 1167 cm
-1

 are assigned to C-C stretching vibrations. The 

corresponding calculated values are 1298, 1278 and 1172 cm
-1

. The C-C stretching vibrations, 

shifts to the higher wave number range and it is mainly due to the NO2 vibrations.  

The βC2C1C6(32) CCC in-plane bending vibrations are observed at 738 cm
-1 

(mode no. 

14) in FT-IR and 251 cm
-1

 (mode no. 4) in FT-Raman and the corresponding calculated value 

is 721 cm
-1

 243 cm
-1

 respectively. The βC1C2C3(37) and βC2C3C4(19) vibrations are observed 

at 620 cm
-1 

in FT-IR and 623 cm
-1

 in FT-Raman and the corresponding calculated value is 

633 cm
-1

 (mode no. 11). The βC3C4C5(11) vibration is observed at 479 cm
-1 

(mode no. 9) in 

FT-IR and the βC3C4C5(20) vibration is observed 999 cm
-1

 (mode no. 20) in FT-Raman and 

the corresponding calculated value is 469 cm
-1

 and 1018 cm
-1

 respectively. The βC3C4C5(15) 

and βC2C1C6(16) vibration is observed at 251 cm
-1

 in FT-Raman and the corresponding 

calculated value is 243 cm
-1

 (mode no. 4). 

The ΓC10C6C5H4(60) and ΓC10C6C5H4(68) CCC out-plane bending vibrations are 

observed at 959 cm
-1 

in FT-IR and 931 cm
-1

 in FT-Raman and the corresponding calculated 

value is 945 cm
-1

 (mode no. 19) 926 cm
-1

 (mode no. 18) respectively. The ΓC5C4C6H9(38)  

vibration is observed at 837 cm
-1 

in FT-Raman and the corresponding calculated value is 809 

cm
-1

 (mode no. 16). The in-plane bending vibrations are in good agreement with the literature 

[28]. But some of the CCC out-of-plane vibrations are pulled considerably to the lower 
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region. Only the interaction of N-O modes lowered these vibrations. These observations show 

that the C-C stretching vibrations are not much affected by the substitutions. The NO2 

substitution has influenced appreciably only the CCC out-of-plane vibrations. 

Also the βH9C5C6(78) and βH8C3C2(56) vibrations are observed at 1277 cm
-1 

in FT-IR 

and 1167 cm
-1

 in FT-Raman and the corresponding calculated value is 1298 cm
-1

 (mode no. 

26) and 1172 cm
-1

 (mode no. 24) respectively.  

 

3. 2. 3. Nitro group vibrations 

The characteristics group frequencies of the nitro group are relatively independent of the 

rest of the molecule which makes this group convenient to identify. For the assignments of 

NO2 group frequencies basically six fundamentals can be associated to each NO2 group 

namely, NO2 ss: symmetric stretch; NO2 ass: anti symmetric stretch; NO2 sciss: scissoring; 

and NO2 rock: rocking which are belongs to in-plane (A’) vibrations. In addition to that NO2 

wag: wagging and NO2 twist: twisting modes of NO2 group would be expected to be 

depolarized for out-of-plane (A”) symmetry species. In aromatic nitro compounds, the anti 

symmetric NO2 stretching vibrations are generally observed in the region 1570-1485 cm
-1

, 

while the symmetric stretching  appeared in the region 1370-1320 cm
-1

 [29-32]. The NO2 anti 

symmetric stretching vibration is observed in IR and Raman spectra at 1516 and 1426 cm
-1

, 

respectively for 1B4NB. The calculated value is 1493 cm
-1 

(mode no. 30). The NO2 

symmetric stretching vibration is observed in IR spectra at 1354 cm
-1

, for 1B4NB. The 

calculated value is 1331 cm
-1 

(mode no. 27). The TED of these modes are contributing 80% 

for the anti symmetric NO2 stretching vibrations and 74% for the symmetric NO2 stretching 

vibrations  The assignment proposed in this case is in line with the earlier works and this is a 

unique occurrence of NO2. 

Aromatic nitro compounds also show a band with weak to medium intensity in the 

region 590-500 cm
-1

 [33] due to the in-plane bending deformation mode of the NO2 group. A 

very weak band is observed in this case in IR spectrum at 479 cm
-1

 (mode no.9) for this NO2 

in-plane bending. The out-of-plane NO2 deformation vibration is usually observed with 

medium intensity in the region 775-660 cm
-1

 [34,35]. In the present case, the NO2 

deformation is found at 847 cm
-1

 (mode no. 17). All these bands are observed only in IR and 

this assignment is not in line with the literature. Thus, it may be concluded that the substitute 

Br has influenced much the NO2 deformational modes. Also the NO2 twisting vibration 

around CN band is observed at 286 and 92 cm
-1

 and the corresponding calculated value is 283 

and 98 cm
-1

. All these bands are observed only in Raman and this assignment is in line with 

the literature. 

 

3. 2. 4. Carbon–nitrogen vibrations  

The C-N stretching and bending vibrations of a nitro group occur around 1110 cm
-1

 

[36]. The C-N stretching and in-plane bending of a nitro group observed at 1104, 1354 cm
-1 

and 171 cm
-1 

respectively. The C-N stretching and in-plane bending bands were observed at 

1108 and 389 cm
-1

 in nitrobenzene by John Clarkson et al. [7]. In the previous work [7], the 

observed frequency for C-N bending frequency is low when compared with observed range in 

the present molecule. The scaled down computed value for C-N stretching vibration by 

B3LYP/6-31++G method nearly coincides with observed values and these assignments are in 

good agreement with the literature data.  
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3. 2. 5. C–Br vibrations 

According to earlier works [37-39], strong characteristic absorptions due to the C-X 

stretching vibrations are to be observed with the position of the band being influenced by 

neighboring atoms or groups, the smaller the halide atom, the greater the influence of the 

neighbor. Bands of weak to medium intensity are also observed due to overtones of the C-X 

stretching vibrations [40]. The C-Br stretching vibration gives generally strong band in the 

region 650-485 cm
-1 

[41-43]. In the present compound, a band is observed at 1064 and 738 

cm
-1 

for C-Br stretching as a mixed mode (mode no. 21 & 14) and the bands observed at 300 

and 171 cm
-1

 (mode no. 6 & 3) have been assigned to C-Br in-plane and twisting vibrations  

of CCCBr is observed at 286 cm
-1 

 (mode no. 5). All these assignments coincide well with the 

calculated values and further they are justified with PED values.  

 

3. 3. Frontier Molecular Orbitals 

Frontier molecular orbitals (FMOs), highest occupied molecular orbitals (HOMOs) and 

lowest unoccupied molecular orbitals (LUMOs), play an important role to characterize the 

chemical reactions [44]. As we can determine how the molecule interacts with other spieces, 

they are called FMOs and are also used by the frontier electron density for predicting the most 

reactive position in π-electron systems and explain several types of reaction in conjugated 

system. The HOMO energy characterizes the ability to donate an electron and LUMO energy 

characterizes the ability to obtain an electron. The energy gap between HOMO and LUMO is 

a critical parameter in determining the molecular chemical stability [44], Optical properties 

[45] and biological activity [46], Kinetic stability and chemical softness-hardness of a 

molecule. The chemical hardness is a good indicator of the chemical stability. The molecules 

having a small energy gap are known as soft and having a large energy gap is known as hard 

molecules. The surfaces for the FMOs were drawn to understand the bonding between the 

atoms of the title molecule. In this study six important MOs for gas phase namely third 

highest occupied MO (HOMO-2), second highest occupied MO (HOMO-1), highest occupied 

MO (HOMO), third lowest unoccupied MO (LUMO+2), second lowest unoccupied MO 

(LUMO+1), lowest unoccupied MO (LUMO), were obtained as shown in Fig. 4.  

 

 

            Homo = -7.6615 eV  Lumo = -3.1239 eV  

Energy gap = 4.5376 eV 
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          Homo-1 = -8.2462 eV  Lumo+1 = -1.5452 eV 

 

         Homo-2 = -8.4677 eV  Lumo+2 = -0.9071 eV 

 

Fig. 4. The Homo-Lumo diagram of1B4NB 

 

 

The red colour represents positive phase and green represents negative phase. It is 

obvious from the figure that, the HOMO of the title compound represents charge density 

localized on the ring and on the NO2 group except N atom, but LUMO represents charge 

distribution on the entire molecule expect some carbon atoms in the ring. Thus the HOMO 

LUMO implies an electron density transfer to NO2 group from the ring.  

By using HOMO and LUMO energy values for a molecule, the global chemical 

reactivity descriptors of molecules such as hardness (η), chemical potential (μ), softness (S), 

electronegativity (χ) and electrophilicity index (ω) have been defined [47,48]. On the basis of 

EHOMO and ELUMO, these are calculated using the below equations. 

Using koopman’s theorem for closed-shell molecules, 

The hardness of the molecule is  

 

                                                 η = (I-A)/2     …(1) 
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The chemical potential of the molecule is 

 

                                                 μ = – j( I+A)/2    …(2) 

 

The softness of the molecule is 

 

                                                 S = 1/2η   …(3) 

 

The electro negativity of the molecule is 

 

                                                 χ = (I+A)/2   …(4) 

 

The electrophilicity index of the molecule is 

 

                                                ω = μ
2
/2η    …(5) 

 

where A is the ionization potential and I is the electron affinity of the molecule. I and A can 

be expressed through HOMO and LUMO orbital energies as I = -EHOMOand A = -ELOMO. The 

electron affinity I and Ionization potential A of title molecule 1-Bromo-4-Nitro Benzene is 

calculated by basis set B3LYP/6-311++G(d,p). The calculated values of the softness, 

hardness, chemical potential, electro negativity and, electrophilicity index of the molecule is 

0.2178, 2.2949, -5.418, 5.418, and 6.3956 respectively. The soft molecule represents a small 

HOMO-LUMO gap and that of the hard molecule is large.  

 
Fig. 5. The DOS Spectrum of 1B4NB 
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Also using the Gauss sum 2.2 program the density of states DOS spectrum of 1B4NB is 

obtained and is shown in Fig. 5. The spectrum is used to explain the contribution of electrons 

to the conduction and valence band. The spectrum gives idea about how many states are 

available at certain energy states. The lines at the starting end of the energy axis of the plot 

that is from -20 ev to -5 ev, are called filled orbital and from -5 ev to 0 ev, are called virtual 

orbital. The virtual orbital are not occupied and are also called acceptor orbital, whereas the 

filled orbital are called donor orbital. A high intensity DOS at a specific energy levels means 

that there are many states available for occupation. A DOS of zero intensity means that no 

states can be occupied by the system. The variation in the peak height is due to the movement 

of electrons between the C=C and C-C in the ring of the molecule. The peak at certain 

energies, decreases from the value due to the movement of electrons between the C=C and C-

C in the ring of the molecule.  

 

3. 4. Molecular Electrostatic Potential  

In the present study, 3D plots of molecular electrostatic potential (MEP) of 1-bromo-

4-mitrobenzene is illustrated in Fig. 6. The MEP is a plot of electrostatic potential mapped 

onto the constant electron density surface. The positions of the minima of the molecular 

electrostatic potential associated with the electron donating centre in isolated molecules have 

been successfully used to predict the sites and directionality of hydrogen bonds  

 

 Total density 
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Alpha density 

 
 

ESP 

 
 

Fig. 6. The MEP, Total density, Alpha density and ESP of 1B4NB 
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MEP in a variety of systems. The MEP surface is superimposed on top of the Total 

Energy Density. The MEP is a useful property to study reactivity given that an approaching 

electrophile will be attracted to negative regions with the electron distribution effect 

dominant. In the majority of the MEPs, the maximum negative region which preferred site for 

electrophilic attack is indicated as red colour, the maximum positive region which preferred 

site for nucleophilic attack as blue colour. The importance of MEP lies in the fact that it 

simultaneously displays molecular size, shape as well as positive, negative and neutral 

electrostatic potential regions in terms colour grading (Fig. 6) and is very useful in research of 

molecular structure with its physiochemical property relationship [49-51]. Also the 3D plots 

of total electron density, alpha density and electrostatic potential ESP is shown in Fig. 6. 

The color scheme for the MEP surface is as follows: red for electron rich, partially 

negative charge: blue correspond to electron deficient, partially positive charge: light blue for 

slightly electron deficient region; yellow for slightly electron rich region; green for neutral, 

respectively. 

The electrostatic potential increases in the order as red< orange<yellow<green<blue. 

The colour code of the map range between -0.04399 a.u (deepest red) to 0.04399 a.u ( deepest 

blue).As can be seen from the MEP map of the title molecule, while regions having the 

negative potential are over the electronegative atoms (CC group, oxygen and nitrogen atoms), 

the regions having the positive potential are over hydrogen atoms. The O and N atoms 

indicates the strongest repulsion with other atoms. 

 

3. 5. Thermodynamic Properties 

On the basis of vibrational analysis, the thermodynamic properties: heat capacity (C), 

entropy (S) and enthalpy changes (H) for the title molecule were obtained from the theoretical 

harmonic frequencies and are listed in Table 3. The comparative graph of heat capacity (C), 

entropy (S) and enthalpy changes (H) for the title molecule are shown in Fig. 7. From Table 3, 

it can be observed that these thermodynamic functions are increasing with temperature 

ranging from 100 to 1000 K due to the fact that the molecular vibrational intensities increase 

with temperature [52]. All the thermodynamic data supply helpful information for the further 

study on 1-bromo-4-nitrobenzene. They can be used to compute the other thermodynamic 

energies according to relationships of thermodynamic functions and estimate directions of 

chemical reactions according to the second law of thermodynamics in thermo chemical field 

[30]. In this work, all thermodynamic calculations were done in gas phase and they could not 

be used in solution. 

 

Table 3. The specific heat capacity C, entropy S and enthalpy changes ΔH of 1BNB 

   

T (K) C (J/mol
-1

K
-1

) S (cal mol
-1

 K
-1

) ΔH (kcal/mol
-1

) 

100 63.9 291.85 4.76 

200 98.76 346.66 12.87 

298.15 134.53 392.78 24.32 
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Fig. 7. The comparative graph of Heat capacity, Entropy and Enthalpy of 1B4NB 

 

 

3. 6. Atomic Charge 

It is well known that the atomic charges are very much dependent on how the atomics 

are defined. It also plays an important role in the application of  quantum chemical calculation 

to molecular system because of atomic charges effect dipole moment, molecular 

polarizability, electronic structure and a lot of properties of molecular systems. The mulliken 

charges are calculated at B3LYP/6-311++G(d,p) basis set level for the molecule under study 

and the mulliken atomic charges plot for 1-bromo-4-nitrobenzene is plotted in Fig. 8. The 

300 135.19 393.61 24.57 

400 168.48 437.18 39.79 

500 195.93 477.84 58.07 

600 217.65 515.56 78.79 

700 234.78 550.45 101.44 

800 248.47 582.73 125.63 

900 259.59 612.66 151.05 



World Scientific News 61(2) (2017) 150-185 

 

 

-170- 

1
C

2
C

3
C

4
C

5
C

6
C

7
H

8
H

9
H

1
0
H

1
1
B

r

1
2
N

1
3
O

1
4
O

-0.3

-0.2

-0.1

0.0

0.1

0.2

Mulliken Charges

 

 

C
h

a
rg

e
s

Atoms

carbon atom most positive and negative charges and hydrogen atoms all most positive 

chargers [53]. The oxygen atoms are negative charges and nitrogen atom are neutral charges. 

From this result H8 and H9 atoms shows the higher positive charge. The C4 atom has high 

negative charges due to Nitro group. Also the thermodynamic parameters such as molecular 

electric dipole moments μ (Debye), Polarizability (α0) and hyperpolarizability (β0) values of 

1B4NB have also been calculated tabulated in Table 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Mulliken atomic charge plot for 1B4NB 

 

 

Table 4. The molecular electric dipole moments μ (Debye), Polarizability (α0) and 

hyperpolarizability (β0)  values of 1B4NB. 

 

Parameters B3LYP/6-31+G(d,p) B3LYP/6-311++G(d,p) 

     Dipole moment ( μ )                        Debye Debye 

μx -0.0183938 1.9558 

μy -1.3598690 -0.5356 

μz 0.0070740 0.0090 

Μ 1.3600Debye 2.027860216Debye 

      Polarizability ( α0  )                       x10
-30

esu  x10
-30

esu 

αxx 103.913 333.8385 
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Standard value for urea (μ = 1.3732 Debye, β0 = 0.3728x10
-30 

esu): esu - electrostatic unit 

 

 

3. 6. 1. UV-Analysis 

The UV absorption spectrum of the molecule is recorded in the range 200-800 nm. All 

the structures allow strong π-π* and σ-σ* transition in the uv-vis region with high extinction 

coefficients. The calculated results involving the vertical excitation energies, oscillator 

strength f and wavelength using TD-B3LYP/6-311++G(d,p) basis set in Gas phase and 

measured experimental wavelength is tabulated in Table 5. It is evident from the Table, that 

the calculated absorption maxima values have been found to be 1235.98, 670.12 and 583.23 

nm with corresponding experimental value is 286 nm. The experimental and computed UV-

VIS absorption spectrums are shown in Fig. 9 and Fig. 10. 

 

αxy 0.834 5.8621 

αyy 164.7081 231.9007 

αxz 2.8342 -19.7660 

αyz -0.6024 0.3353 

αzz 55.996 135.4681 

α0 0.2872x10
-30

esu 0.61089x10
-30

esu 

 Hyperpolarizability ( β0 )                   x10
-30

esu x10
-30

esu 

βxxx -3.8791 -890.5661 

βxxy -95.4032 51.5371 

βxyy 21.4033 46.7036 

βyyy 1396.00 -272.3370 

βxxz 0.4395 -12.2313 

βxyz -2.2020 5.1169 

βyyz -7.8045 2.26247 

βxzz -0.7922 64.2087 

βyzz -60.3686 -3.4504.64 

βzzz 0.9410 -8.2299 

β0 0.10715x10
-30

esu 0.7788x10
-30

esu 
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Fig. 9. The UV-Visible spectrum of 1B4NB 

 

 
 

Fig. 10. Computed UV-Visible spectrum of 1B4NB 
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Table 5. Theoretical absorption spectra of 1B4NB using TD-B3LYP/6-311++G(d,p)  

basis set in Gas phase. 

 

Calculated at 

B3lyp/6-311++g(d,p) 
Oscillator strength 

Calculated 

Band gap(ev/nm) 

Experimental 

Band gap(ev/nm) 

Excited State 1 Singlet-A(f = 0.0025) 1.0031eV/ 1235.98 nm  

47 -> 50 -0.48106   

49 -> 50 0.51345   

 

Excited State 2 Singlet-A(f = 0.0151) 1.8502eV/670.120 nm  

44 -> 50 -0.26910   

47 -> 50 0.46459   

48 -> 50 -0.11098   

49 -> 50 0.43995   

 

Excited State 3 Singlet-A(f = 0.0042) 2.1258eV/583.23 nm 286 

43 -> 50 -0.11255   

44 -> 50 0.35714   

45 -> 50 -0.14240   

47 -> 50 0.15484   

48 -> 50 0.53551   

49 -> 50 0.16976   

 

 

3. 7. NBO Analysis 

Natural bond orbital analysis is an important tool for studying intra and intermolecular 

bonding and interaction among bonds and also provides a basis for investigating charge 

transfer or conjugative interaction in molecular systems. This non covalent bonding-

antibonding interaction can be quantitatively described in terms of the NBO analysis, which is 

expressed by means of the second-order perturbation interaction energy E(2) as shown in 

Table 6 (Supplementary Table).  
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This energy represents the estimate of the off-diagonal NBO Fock matrix elements 

F(i,j). It can be deduced from the second-order perturbation approach [54,55]. The larger the 

E(2) value, the more intensive is the interaction between electron donors and electron 

acceptors and hence the conjugation of the system is greater. 

It is evident from Table that, intramolecular hyper conjugation interaction of the σ and π 

electrons of C-C, C-H, C-N and C-Br to antibond C-C, C-H, C-N bond leads to stabilization 

of some part of the ring. The NBO analysis has been performed on the molecule at the DFT 

(B3LYP) with 6-31++G(d,p) level in order to elucidate the intramolecular rehybridization and 

delocalization of electron density within the molecule. The intermolecular interaction are 

formed by the orbital overlap between bonding C-C and C-C antibonding orbital which result 

in intra-molecular charge transfer ICT, causing stabilization of the system. The strong 

intramolecular hyper conjugative interaction of the σ electrons of C1-C2 distribute to σ* 

electrons of C1-C6, C2-C3, C2-H7, C3-H8 and C6-H10 of the ring. Also the strong intra-

molecular interaction of the π electrons of C3-C4 distribute to π* electrons of C1-C2, C5-C6 

N12-O13, and N12-O14 of the ring.  

The intra-molecular interaction is formed due to the orbital overlap between π (N12-O13) 

and σ* (N12-O14) with the energy of 282.20 K Cal/mol. The π (N12-O14) is interacting with π* 

(N12-O13) with the energy of 250.16 K Cal/mol. In the same way the π* (N12-O14) interacts 

with π* (N12-O13) with the energy of 2093.55 K Cal/mol and the π* (C1-C2) interacts with π* 

(C5-C6) with the energy of 182.32 K Cal/mol. Apart from π-π*, σ-σ* and π*-π*interactions, n-

σ*, n-π* and σ*-σ* interactions also occur in the formation of 1B4NB. The NBO analysis 

also predicts the interaction between lone pair and acceptor bonds with in the molecule. 

 

Table 6. NBO Analysis 

 

Type 
Donor 

NBO (i) 
ED/e Acceptor NBO (j) ED/e 

E(2) 

KJ/mol 
E(2) 

kcal/mol 
E(j)-E(i)  

a.u 

F(i,j) 
a.u 

σ -σ* 
BD (1) 

C1-C2 
1.98299 

BD*(1) C1-C6 0.02477 13.77 3.29 1.27 0.058 

BD*(1) C2-H7 0.01140 6.78 1.62 1.23 0.040 

BD*(1) C3-H8 0.01029 7.74 1.85 1.22 0.042 

BD*(1) C6-H10 0.01125 8.70 2.08 1.23 0.045 

π -π* 
BD (2) 

C1-C2 
1.66564 

BD*(2) C3-C4 0.38010 84.18 20.12 0.28 0.068 

BD*(2) C5-C6 0.30225 78.58 18.78 0.29 0.067 

σ -σ* 
BD (1) 

C1-C6 
1.98301 BD*(1) C1-C2 0.02464 13.72 3.28 1.27 0.058 
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BD*(1) C2-H7 0.01140 8.66 2.07 1.23 0.045 

BD*(1) C5-C6 0.01553 9.12 2.18 1.2 0.047 

BD*(1) C-H10 0.01125 6.86 1.64 1.23 0.040 

σ -σ* 
BD (1) 

C1-Br11 
1.98659 

BD*(1) C2-C3 0.01480 11.67 2.79 1.20 0.052 

BD*(1) C5-C6 0.01553 11.63 2.78 1.20 0.052 

σ -σ* 
BD (1) 

C2-C3 
1.96881 

BD*(1) C1-C2 0.02464 11.92 2.85 1.25 0.053 

BD*(1) C1-Br11 0.03002 18.87 4.51 0.79 0.053 

BD*(1) C2-H7 0.01140 4.81 1.15 1.20 0.033 

BD*( 1) C3-C4 0.02267 10.96 2.62 1.25 0.051 

BD*(1) C3-H8 0.01029 5.44 1.30 1.20 0.035 

BD*(1) C4 - N12 0.05902 17.99 4.30 0.98 0.058 

σ -σ* 
BD (1) 

C2-H7 
1.98028 

BD*(1) C1-C2 0.02464 4.44 1.06 1.08 0.030 

BD*( 1) C1-C6 0.02477 15.52 3.71 1.08 0.057 

BD*(1) C3-C4 0.02267 15.31 3.66 1.08 0.056 

σ -σ* 
BD (1) 

C3-C4 
1.97815 

BD*(1) C2-C3 0.01480 8.95 2.14 1.28 0.047 

BD*(1) C2-H7 0.01140 7.91 1.89 1.22 0.043 

BD*(1) C3-H8 0.01029 5.56 1.33 1.21 0.036 

BD*(1) C4-C5 0.02086 15.69 3.75 1.26 0.061 

BD*(1) C5-H9 0.01071 8.33 1.99 1.22 0.044 
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   BD*(1) N12-O13 0.07891 4.69 1.12 0.94 0.029 

π -π* 
BD (2) 

C3-C4 
1.66637 

BD*(2) C1-C2 0.37661 80.58 19.26 0.28 0.066 

BD*( 2) C5-C6 0.30225 84.68 20.24 0.29 0.069 

BD*(1) N12-O13 0.07891 6.95 1.66 0.49 0.027 

BD*(1) N12-O14 0.13600 8.62 2.06 0.51 0.030 

BD*(2) N12-O14 0.35219 13.47 3.22 0.81 0.046 

σ -σ* 
BD (1) 

C3-H8 
1.97867 

BD*(1) C1-C2 0.02464 15.73 3.76 1.09 0.057 

BD*(1) C2-C3 0.01480 4.18 1.00 1.10 0.030 

BD*( 1) C4-C5 0.02086 17.11 4.09 1.08 0.059 

σ -σ* 
BD (1) 

C4-C5 
1.96879 

BD*(1) C3-C4 0.02267 16.74 4.00 1.27 0.064 

BD*(1) C3-H8 0.01029 7.74 1.85 1.22 0.043 

BD*(1) C5-C6 0.01553 8.74 2.09 1.28 0.046 

BD*(1) C5-H 9 0.01071 5.86 1.40 1.22 0.037 

BD*(1) C6-H10 0.01125 7.45 1.78 1.22 0.042 

BD*(2) N12-O13 0.37986 5.77 1.38 1.36 0.043 

σ -σ* 
BD (1) 

C4-N12 
1.98333 

BD*(1) C2-C3 0.01480 6.36 1.52 1.38 0.041 

BD*(1) C5-C6 0.01553 4.64 1.11 1.38 0.035 

BD*(1) N12-O14 0.13600 6.15 1.47 1.06 0.036 

σ -σ* 
BD (1) 

C5-C6 
1.96633 BD*(1) C1-C6 0.02477 12.05 2.88 1.25 0.054 



World Scientific News 61(2) (2017) 150-185 

 

 

-177- 

BD*(1) C1-Br11 0.03002 19.04 4.55 0.79 0.054 

BD*(1) C4-C5 0.02086 10.67 2.55 1.24 0.050 

BD*(1) C4-N12 0.05902 22.43 5.36 0.98 0.065 

BD*(1) C5-H9 0.01071 5.27 1.26 1.20 0.035 

BD*(1) C6-H10 0.01125 4.81 1.15 1.20 0.033 

π -π* 
BD (2) 

C5-C6 
1.65932 

BD*(2) C1-C2 0.37661 85.77 20.50 0.27 0.067 

BD*( 2) C3-C4 0.38010 83.51 19.96 0.27 0.066 

σ -σ* 
BD (1) 

C5-H9 
1.97812 

BD*(1) C1-C6 0.02477 16.23 3.88 1.08 0.058 

BD*(1) C3-C4 0.02267 17.20 4.11 1.08 0.059 

BD*(1) C5-C6 0.01553 4.69 1.12 1.09 0.031 

σ -σ* 
BD (1) 

C6-H10 
1.97827 

BD*(1) C1-C2 0.02464 15.48 3.70 1.08 0.056 

BD*(1) C1-C6 0.02477 4.35 1.04 1.08 0.030 

BD*(1) C4-C5 0.02086 15.90 3.80 1.08 0.057 

σ -σ* 
BD (1) 

N12-O13 
1.96340 

BD*(1) C3-C4 0.02267 4.69 1.12 1.38 0.035 

BD*(2) N12-O13 0.37986 38.07 9.10 1.47 0.113 

BD*(1) N12-O14 0.13600 34.89 8.34 1.07 0.086 

BD*( 2) N12-O14 0.35219 52.09 12.45 1.37 0.127 

π -σ* 
BD (2) 

N12-O13 
1.64720 

BD*(1) C3-C4 0.02267 7.41 1.77 0.73 0.035 

BD*(1) N12-O13 0.07891 47.57 11.37 0.41 0.065 
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BD*(2) N12-O13 0.37986 658.65 157.42 0.83 0.324 

BD*(1) N12-O14 0.13600 286.10 68.38 0.43 0.161 

BD*(2) N12-O14 0.35219 1180.72 282.20 0.73 0.404 

σ -σ* 
BD (1) 

N12-O14 
1.86192 

BD*(1) N12-O13 0.07891 34.02 8.13 0.87 0.076 

BD*(2) N12-O13 0.37986 457.27 109.29 1.29 0.358 

BD*(1) N12-O14 0.13600 22.93 5.48 0.89 0.062 

BD*(2) N12-O14 0.35219 337.57 80.68 1.19 0.293 

π -π* 
BD (2) 

N12-O14 
1.70701 

BD*(2) C3-C4 0.38010 32.13 7.68 0.29 0.043 

BD*(1) N12-O13 0.07891 26.90 6.43 0.50 0.053 

BD*(2) N12-O13 0.37986 1046.67 250.16 0.92 0.437 

BD*(1) N12-O14 0.13600 295.93 70.73 0.52 0.178 

BD*(2) N12-O14 0.35219 415.97 99.42 0.82 0.258 

n -σ* 
LP (1) 

Br11 
1.99463 

BD*(1) C1-C2 0.02464 4.98 1.19 1.50 0.038 

BD*(1) C1-C6 0.02477 4.98 1.19 1.50 0.038 

n -σ* 
LP (2) 

Br11 
1.97468 

BD*(1) C1-C2 0.02464 12.93 3.09 0.83 0.045 

BD*(1) C1-C6 0.02477 12.84 3.07 0.83 0.045 

n -π* 
LP (3) 

Br11 
1.92842 BD*(2) C1-C2 0.37661 43.51 10.40 0.30 0.054 

n -σ* 
LP (1) 

O13 
1.98910 BD*(1) C4-N12 0.05902 10.42 2.49 1.12 0.048 

n -σ* 
LP (2) 

O13 
1.92960 BD*(1) C4-N12 0.05902 13.39 3.20 0.56 0.038 
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BD*(1) N12-O14 0.13600 39.66 9.48 0.52 0.064 

BD*(2) N12-O14 0.35219 10.84 2.59 0.82 0.044 

n -σ* 
LP (1) 

O14 
1.98882 BD*(1) C4-N12 0.05902 10.54 2.52 1.13 0.048 

n -π* 
LP (2) 

O14 
1.92280 

BD*(2) C3-C4 0.38010 4.52 1.08 0.29 0.017 

BD* (1) C4-N12 0.05902 15.65 3.74 0.56 0.041 

BD*(1) N12-O13 0.07891 50.00 11.95 0.50 0.069 

π*-π* 
BD*(2) 

C1-C2 
0.37661 BD*(2) C5-C 6 0.30225 762.83 182.32 0.01 0.078 

π*-σ* 
BD*(2) 

C3-C4 
0.38010 

BD*(1) N12-O14 0.13600 6.57 1.57 0.23 0.033 

BD*(2) N12-O14 0.35219 7.61 1.82 0.53 0.046 

σ*-σ* 
BD*(1) 

N12-O14 
0.13600 

BD*(1) C4-N12 0.05902 19.29 4.61 0.04 0.040 

BD*(2) N12-O13 0.37986 324.59 77.58 0.40 0..311 

BD*(2) N12-O14 0.35219 31.55 7.54 0.30 0.086 

π*-π* 
BD*(2) 

N12-O14 
0.35219 BD*(2) N12-O13 0.3798 8759.41 2093.5 0.10 0.683 

 

3. 8. NMR Spectra Analysis 

The 
1
H and 

13
C NMR chemical shifts are calculated within GIAO method applying 

B3LYP /6-311++G(d,p) levels. A comparison of the experimental and theoretical spectra can 

be very useful in making correct assignments and understanding the basic chemical shift 

molecular structure relationship. The experimental 
1
H and 

13
C NMR spectra of the title 

compound are given in Fig. 11 and 12. In Table 7, the experimental and the theoretical 
1
H and 

13
C isotropic chemical shifts in ppm for the title compound are given. The 

13 
C chemical shift 

values for all calculations have range 130.395 from 158.613 ppm at B3LYP/6-311++G(d,p) 

level in the average for title compound.  

The 
1
H chemical shift values for all calculations have 7.333 from 8.4 ppm at 

B3LYP/6311++G(d,p) level in the average for title compound. As can be seen from Table 6, 

theoretical 
1
H and 

13
C chemical shift results of the title compound are generally closer to the 

corresponding experimental chemical shift data except for C1 atom. The small shifts can be 

explained as a consequence of the change in the molecular environment. 
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Fig. 11. The experimental 
1
H NMR spectra of 1B4NB 
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Fig. 12. The experimental 
13

C NMR spectra of 1B4NB 
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Table 7. Theoretical and experimental 
1
H and 

13
C chemical shift (ppm) of 1B4NB 

  

Atoms 
Isotropic chemical 

shielding tensor (σ) (ppm) 

Theoretical Shift 

(ppm) 

Experimental Shift 

(ppm) 

C1 24.7176 158.613 147.04 

C2 45.1166 137.639 - 

C3 52.2096 130.395 132.66 

C5 52.2096 130.649 130.02 

C6 45.1166 137.919 - 

H7 24.5982 7.3333 7.675 

H8 23.5073 8.4 8.085 

 

 

4.  CONCLUSIONS 

   

The FT-IR, FT-Raman, the 
1
H and 

13
C NMR and UV-Vis spectra of the compound 

1B4NB have been recorded and analyzed. The detailed interpretations of the vibrational 

spectra have been carried out. The optimized geometrical parameters were calculated and 

compared with the literature XRD data. The vibrational wave number assignments were 

carried out by the TED analysis. The result obtained from the TED analysis clearly explains 

the vibration of all functional groups. From the order of bond length which were calculated by 

B3LYP and method with 6-31++G(d,p) and 6-311++G(d,p) basis sets, it is noted that the 

benzene ring is little distorted from perfect hexagonal structure, which is naturally due to the 

substitutions of NO2 group and bromine (Br) atom in the place of H atoms in the ring. The 

extension of bond length in the ring by the substitution of Br atom is found smaller than by 

the substitution of NO2. From the NO2 vibrations, it may be concluded that the substitute Br 

has not influenced much the NO2 deformational modes, which is quite expected as they are 

attached to the opposite points in the benzene ring. 

Investigations throughout the work prove that the NLO and NBO analysis, 
1
H and 

13
C 

chemical shifts, HOMO-LUMO energy analysis, molecular parameters of hardness (η), 

chemical potential (μ), softness (S), electronegativity (χ) and electrophilicity index (ω), MEP, 

Mulliken charges of the title compound can be successfully predicted by B3LYP method with 

6-31+G(d,p) and 6-311++G(d,p) basis sets. NLO investigations on the compound which have 

benzene ring and substituted by various electron donating or withdrawing atom or group have 

been fulfilled. Also, how NBO analysis predicts the interaction between lone pair and 

acceptor bonds with in the molecule. 

Information about the size, shape, charge distribution and site of high electro negativity 

of title compound has been obtained by mapping electron density isosurface with molecular 

electrostatic potential surfaces. The obtained optimized geometric parameters, 
1
H and 

13
C 

NMR chemical shifts results seemed to be in a good agreement with experimental data. The 
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3D plots of FMOs, ESP, ED, MEP, contour figures examined and discussed for the title 

molecule at the B3LYP method with 6311++G(d,p) level. The ESP and MEP plots for 

compound show the distribution of charge of compounds with respect to the difference 

between positive and negative charge. To sum up, the negative region (red) is mainly over the 

N and O atomic sites, which were caused by the contribution of lone-pair electrons of 

nitrogen and oxygen atom while the positive (blue) potential sites are around the hydrogen 

atoms. The compound exhibits strong effective intra- and intermolecular charge transfer and 

shows the second order nonlinearity. 

The HOMO-LUMO energy gap indicates the stability and reactivity of the title 

compound. The good correlation between the UV-Vis, absorption maxima and calculated 

electronic absorption maxima are found. The donor-acceptor interaction, as obtained from 

NBO analysis could fairly explains the decreases of occupancies of σ bonding orbital and the 

increases of occupancy of π* antibonding orbital’s. In addition, Mulliken atomic charges, 

MEP, Thermodynamic parameters first order hyperpolarizabilities and dipole moment of the 

title compound have also been calculated.  
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