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ABSTRACT 

The experimental FTIR (4000–400 cm-1) and FT-Raman spectra (3500-50 cm-1) of 1,2,3-trichloro-4-nitrobenzene (TCNB) in solid 
phase have been recorded. The density functional theoretical (DFT) computations were performed at the B3LYP quantum chemical 
method with 6-31+G(d,p) and 6-311++G(d,p) basis sets to derive the optimized geometric parameters and vibrational frequencies. 
The theoretical vibrational spectral characteristics of TCNB are compared with the experimental results. The assignments of the 
vibrational frequencies have been confirmed by total energy distribution (TED) analysis. The possible electronic transitions are 
determined by HOMO–LUMO orbital shapes and their energies using the same theoretical calculations. TCNB exhibited good 
nonlinear optical activity and was much greater than that of urea. The charge density distribution and site of chemical reactivity of 
the molecule have been obtained by molecular electrostatic potential (MESP) studies. In addition, natural bond orbital (NBO), 
Mulliken charges and thermodynamic properties were also investigated.  

Keywords: FTIR; FT-Raman; DFT calculations; 1,2,3-trichloro-4-nitrobenzene ; NBO. 

 
INTRODUCTION 

enzene derivatives have been widely used to 
manufacture therapeutic chemicals, dyes, artificial 
leather and detergent products. The substituted 

benzene derivatives with high optical non-linearities are 
very promising materials for future optoelectronic and 
non-linear optical applications. Particularly, the new non-
linear optical crystal of chloro and nitro substituted 
benzene has been grown by low temperature solution 
growth technique. The optical transparency of this crystal 
is quite good and hence it can be a potential material for 
frequency doubling of non-linear optics1. When 
substituted benzene molecules undergo electrophilic 
substitution reactions, substituents on a benzene ring can 
influence the reactivity. Most of the nitrobenzene is 
consumed in the production of aniline which is used as 
starting materials in a vast amount of chemicals, 
pharmaceuticals, dyes, electro-optical and many other 
industrial processes2. The inclusion of substituents in 
benzene leads to the variation of charge distribution in 
the molecule, and consequently affects the structural, 
electronic and vibrational parameters. Because of these 
versatile behaviors of benzene, Mahadevan et al.3, have 
extensively reported the FTIR and FT-Raman, UV 
spectroscopic investigation of 1-bromo-3-
fluorobenzene using DFT calculations. Further, the 
molecular structure and conformation of 1, 3, 5-tris 
(trifluoromethyl)benzene by gas-phase electron 
diffraction and quantum chemical calculations have been 
investigated by Kolesnikova et al.4. The spectroscopic 
study of human hemoglobin structural and functional 
alterations and heme degradation upon interaction with 
benzene was studied by Hosseinzadeh et al.5. More 

recently, Vennila et al.6 investigated a complete 
computational and spectroscopic study of 2-bromo-1,4-
dichlorobenzene. Literature survey reveals that, no 
density functional theory (DFT) with 6-31G+ (d, p) and  6-
311++G(d,p) basis set calculations of 1,2,3-trichloro-4-
nitrobenzene (TCNB) have been reported so far. 
Therefore, an attempt has been made in the present 
investigation to study the detailed theoretical (DFT) and 
experimental (FTIR and FT-Raman) investigation of the 
vibrational spectra of TCNB. 

MATERIALS AND METHODS 

The compound TCNB was purchased from Lancaster 
Chemical Company, UK which is of spectroscopic grade 
and hence used for recording the spectra as such without 
any further purification. The FTIR spectrum of the 
compound was recorded in the range of 4000-400 cm

−1
 

using a BRUKER IFS-66V FTIR spectrometer equipped with 
an MCT detector, a KBr beam splitter and a globar source. 

The spectral resolution is  1 cm−1. The FT-Raman spectrum 
of TCNB has been recorded in the Stokes region (3500-50 
cm

−1
) on a computer interfaced BRUKER IFS model 

interferometer equipped with FRA-106 FT-Raman 
accessory using Nd:YAG laser source operating at 1.064 
nm excitation wavelengths, line widths with 200 mW 
power. The frequencies of all sharp bands are accurate to 

 1 cm
−1

. 

Computational Details  

DFT calculations were reported to provide excellent 
vibrational frequencies of organic molecules if the 
calculated frequencies are scaled to compensate for the 
approximate treatment of electron correlations, for basis 
set deficiencies, and for anharmonicity. A number of 
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studies have been carried out regarding the calculations 
of vibrational spectra using B3LYP method with the 6-
31+G (d,p) and 6-311++G(d, p) basis sets. As a result, it 
was found that the experimental vibrational frequencies 
and IR intensities could be reported very accurately. In 
this study, all calculations were performed using the 
Becke-3-parameter hybrid functional (B3) for exchange 
part and the Lee-Yang-Parr (LYP) correlation function

7, 8
, 

with 6-31+G(d, p) and 6-311++G(d, p) as the basis sets using 
the GAUSSIAN 09W suite of program9. The basis sets 6-
31+G(d,p) and  6-311++G(d, p) are a triple-split valance 
basis sets that increases the flexibility of the valence 
electrons. All the parameters were allowed to relax and 
all the calculations converged to an optimized geometry 
which corresponds to a true minimum, as revealed by the 
lack of imaginary values in the wavenumber calculations. 
The Cartesian representation of the theoretical force 
constants have been computed at the fully optimized 
geometry. Transformation of force field and calculation of 
the total energy distribution (TED) were done on a PC 
with the MOLVIB program (version V7.0-G77) written by 
Sundius

10
. To understand the clear evidence of 

stabilization originating from the hyper conjugation of 
various intermolecular interactions, natural bond orbital 

analysis with B3LYP/6-311++G(d,p) method have been 
calculated. The HOMO and LUMO analyses have been 
used to elucidate information regarding charge transfer 
and chemical reactivity of the molecule. 

RESULTS AND DISCUSSION 

Molecular geometry 

The optimized molecular structure of TCNB is shown in 
Fig. 1. The most optimized structural parameters 
calculated by DFT/B3LYP with 6-31+G(d,p) and 6-
311++G(d,p) basis sets are compared with X-ray diffraction 
experimental data11,12 and represented 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 belong to isolated molecule in gaseous phase 
while the experimental results belong to molecule in solid 
state. The calculated geometrical parameters represent a 
good approximation and they are the bases for 
calculating other parameters, such as vibrational 
frequencies and thermodynamics properties. 

Table 1: Optimized geometrical parameters of 1, 2, 3-trichloro-4-nitrobenzene obtained by B3LYP/6-31+G(d, p) and 6-
311++G(d, p) basis sets.

 

Parameters 

Method/Basis set 

Experimentala 
B3LYP/                         

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

6-311++G(d,p) 

Bond length (Å)    

C1-C2 1.404 1.401 1.396 

C1-C6 1.395 1.391 1.387 

C1-Cl7 1.738 1.738 1.721 

C2-C3 1.415 1.411 1.396 

C2-Cl8 1.735 1.735 1.721 

C3-C4 1.411 1.407 1.387 

C3-Cl9 1.730 1.730 1.721 

C4-C5 1.397 1.393 1.388 

C4-N10 1.485 1.492 1.471 

C5-C6 1.384 1.380 1.388 

C5-H13 1.081 1.080 1.087 

C6-H14 1.083 1.081 1.081 

N10-O11 1.225 1.218 1.225 

N10-O12 1.233 1.225 1.228 

Bond angle (0)    

C2-C1-C6 120.50 120.55 121.0 

C2-C1-Cl7 121.21 121.21 120.7 

C6-C1-Cl7 118.28 118.23 118.9 

C1-C2-C3 120.14 120.10 118.6 

C1-C2-Cl8 119.59 119.57 118.9 

C3-C2-Cl8 120.26 120.31 120.2 

C2-C3-C4 118.26 118.28 118.6 
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 aExperimental values are taken Ref. 11, 12 

The optimized molecular structure of TCNB reveals that 
the para-substituted nitro group and chlorine atoms at 
first, second and third positions are in planar with the 
benzene ring. Inclusion of nitro group and chlorine atoms 
known for their strong electron-withdrawing nature is 
expected to increase a contribution of the resonance 
structure, in which the electronic charge is concentrated 
at this site. This is the reason for the increase in bond 
lengths of C1-Cl7 (1.738 Å), C2-Cl8 (1.735 Å) and C3-Cl9 
(1.730 Å). The carbon atoms are bonded to the hydrogen 
atoms with an σ-bond in benzene and the substitution of 
nitro group and chlorine atoms for hydrogen reduces the 
electron density at the ring carbon atom. The ring carbon 
atoms in substituted benzenes exerts a larger attraction 
on the valence electron cloud of the hydrogen atom 
resulting an increase in the C-H force constants and a 
decrease in the corresponding bond length (~1.08 Å). The 
benzene ring appears to be a little distorted because of 
the halogen atoms as seen from the bond angles 
calculated. For chlorine atoms at first, second and third 
positions of the benzene ring, the bond angles C2–C1–C6, 

C1–C2–C3 and C2–C3–C4 are calculated as 120.5, 

120.14 and 118.26, respectively. The bond angle C3–
C4–C5 for nitro group at fourth position is calculated as 

120.6. They are differing from the typical hexagonal 

angle of 120. These asymmetries of the exocyclic angles 
reveal the repulsion between chlorine atoms, nitro group 
and the benzene ring. 

Vibrational spectra 

The TCNB consists of 14 atoms, hence undergoes 36 
normal modes of vibrations. In agreement with Cs 
symmetry, the 36 fundamentals are distributed amongst 
the symmetry species as 

Γ3N-6 = 25 A' (in-plane) + 11 A" (out-of-plane) 

The observed FTIR and FT-Raman spectra of TCNB are 
shown in Fig. 2. The detailed vibrational assignment of 
fundamental modes of TCNB along with the calculated IR 

and Raman intensities and normal mode descriptions 
(characterised by TED) are reported in Table 2.  

The reliable prediction of vibrational spectra is of 
considerable use in assigning the normal modes of a 
molecule. Computational methods can also be used to 
assign the bands of the spectra. The selection of adequate 
quantum chemical methods and scaling procedures 
remarkably reduces the risk in the assignment and can 
accurately determine the contribution of the different 
modes in an observed band. DFT calculations were 
reported to provide excellent vibrational frequencies of 
organic molecules if the calculated frequencies are scaled 
to compensate for the approximate treatment of electron 
correlations, for basis set deficiencies, and for 
anharmonicity. However, the introduction of scaling 
factors is capable of accounting for all these effects. In 
this study, a better agreement between the computed 
and experimental frequencies can be obtained by using 
scale factor13 of 0.96 for B3LYP method. The resultant 
scaled frequencies are also listed in Table 2.  

C-H vibrations 

In the experimental spectrum, C–H stretching frequencies 
appear in the range 3100-3000 cm-1, the C–H in-plane 
bending vibrations14 in the range 1300-1000 cm-1 and C–H 
out-of-plane bending vibrations in the range 1000-750 
cm-1. In the present study, the FTIR vibrational 
frequencies at 3155 and 3120 cm-1 are assigned to C–H 
stretching vibrations of TCNB and show good agreement 
with the calculated results. The Raman counterparts of C-
H vibrations are observed at 3150 and 3118 cm-1, which 
are further supported by the TED contribution of almost 
100%. The IR band at 1190 cm

-1
 and Raman band at 1182 

cm-1 are assigned to C–H in-plane vibrations of TCNB. The 
C–H out-of-plane bending vibrations of the molecule are 
found at 780 cm-1 in IR and 795 cm-1 in the Raman 
spectrum. These modes show consistent agreement with 
the computed B3LYP results. 

C2-C3-Cl9 117.85 117.88 118.9 

C4-C3-Cl9 123.88 123.82 120.7 

C3-C4-C5 120.69 120.65 119.4 

C3-C4-N10 124.02 124.09 121.3 

C5-C4-N10 115.28 115.24 119.3 

C4-C5-C6 120.68 120.71 120.6 

C4-C5-H13 118.35 118.31 119.3 

C6-C5-H13 120.95 120.96 121.3 

C1-C6-C5 119.71 119.67 119.3 

C1-C6-H14 119.64 119.65 119.7 

C5-C6-H14 120.63 120.66 121.3 

C4-N10-O11 119.32 119.18 118.3 

C4-N10-O12 116.51 116.38 119.1 

O11-N10-O12 124.16 124.43 123.5 
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C-C vibrations 

The C-C aromatic stretching vibrations15 gives rise to 
characteristic bands in both the observed IR and Raman 
spectra, covering the spectral range from 1650 to 1400 
cm

-1
. Therefore, the C-C stretching vibrations of TCNB are 

found at 1520, 1422, 1390 cm-1 in FTIR and 1525, 1494, 
1450, 1435 cm

-1
 in the FT-Raman spectrum and these 

modes are confirmed by their TED values. Mostly, the 
substitutions in the aromatic ring of the title compound 
affect the ring vibrational modes. In the present study, 
the bands observed at 1170, 1130, 970 cm-1 and 1168 cm-

1 in the FTIR and Raman spectrum, respectively, have 
been designated to ring in-plane bending modes by 
careful consideration of their quantitative descriptions. 
The ring out-of-plane bending modes of TCNB 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. The theoretically computed values for C-C 
vibrational modes by B3LYP/6-311++G(d,p) method gives 
excellent agreement with experimental data. 

NO2 vibrations 

Aromatic nitro compounds have strong absorptions due 
to the asymmetric and symmetric stretching vibrations of 
the NO2 group at 1570-1485 cm

-1 
and 1370-1320 cm

-1 
region, 

respectively16. Hydrogen bonding has a little effect on the 
NO2 asymmetric stretching vibrations17. For TCNB, the 
strong bands at 1602 cm-1 in IR and 1595 cm-1 in the 
Raman spectra corresponds to asymmetric stretching 
modes of nitro group. The symmetric stretching vibration 
of nitro group is identified at 1360 cm-1 in FTIR and 1355 
cm

-1
 in the Raman spectrum. The strong band at 750 cm

-1
 

in the infrared and the band at 758 cm-1 in the Raman 
spectrum is assigned to NO2 scissoring mode of TCNB. The 
deformation vibrations of NO2 group (rocking, wagging 
and twisting) contribute to several normal modes in the 
low frequency region. In the present investigation, the 
rocking modes of NO2 group is found at 510 cm

-1
 in both 

IR and Raman spectra and the NO2 wagging vibrations of 
TCNB are observed at 350 cm-1 in the Raman spectrum. 
These assignments are also supported by the literature

17 
in 

addition to TED output. 

C-N vibrations 

The identification of C-N vibrations is a very difficult task, 
since mixing of several bands are possible in this region. 
Silverstein et al.

18
 assigned C-N stretching absorption in 

the region 1382-1266 cm
-1

 for aromatic amines. In TCNB, 
the band observed at 1270 and 1275 cm-1 in FTIR and 
Raman spectra, respectively, are assigned to C-N 
stretching vibration and the corresponding force constant 
contribute 81% to the TED. In this study, the bands 
observed at 630 cm-1 in IR is assigned to C-N in-plane 
bending vibration of TCNB. The slight shift in wavenumber 
is due to the fact that force constants of the C-N bond 
increases due to resonance with the ring. The C-N out-of-

plane bending vibration has also been identified and is 
listed in Table 2. 

C-Cl vibrations 

The vibrations belongs to the bond between the ring and 
the halogen atoms are worth to discuss here, since mixing 
of vibrations are possible due to the lowering of the 
molecular symmetry and the presence of heavy atoms on 
the periphery of molecule

19
. Generally, the C-Cl 

absorption is obtained in the broad region
20

 between 850 
and 550 cm-1.  For TCNB, the bands found at 895, 850, 815 
cm-1 in IR and 890, 820 cm-1 in the Raman have been 
designated to C-Cl stretching mode of vibration and the 
corresponding force constant contribute nearly 75% to 
the TED. Most of the aromatic chloro compounds have the 
band of strong to medium intensity in the region 385-265 cm-1 
due to C-Cl in-plane bending vibration. Accordingly, in this 
study, the bands identified at 615, 580 cm

-1
 in FTIR and 

612, 575, 400 cm
-1

 in the Raman have been assigned to 
the C-Cl in-plane mode of TCNB. The C-Cl out-of-plane 
deformation for TCNB has been established at 260, 205 
and 190 cm

-1 
in the Raman spectrum. These are in good 

agreement with the literature data20. 

Thermodynamic properties 

In addition to the vibrational assignments, several 
thermodynamic parameters are also calculated for the 
title compound using B3LYP method with 6-31+G(d,p) and 
6-311++G(d,p) basis sets and are listed in Table 3. The 
difference in the values calculated by both the basis sets 
is only marginal. The global minimum energy obtained for 
structure optimization of TCNB by DFT/B3LYP with 6-
31+G(d,p) and 6-311++G(d,p) basis sets are-
1815.52936576 and -1815.71187667 Hartrees, 
respectively. The specific heat and rotational constants 
are increasing in values from lower to higher basis sets for 
B3LYP. The same trends have been observed in entropy 
calculations. The prediction of accurate dipole moments 
is very important issue because the magnitude of dipole 
moment is strongly related to structural stability. If the 
structural stability is high, dipole moment is lower. In the 
present study, the total dipole moment of TCNB 
determined by B3LYP method using 6-31+G (d, p) and 6-
311++G(d,p) basis sets is 3.5103 and 3.4734 Debye, 
respectively. 

For the title molecule, the structural stability at B3LYP/6-
311++G (d, p) level is high since the dipole moment is 
lower than one at B3LYP/6-31+G (d, p). The variation in 
zero-point vibrational energies (ZPVEs) seems to be 
significant. The total energy and the change in the total 
entropy of the title compound at room temperature are 
also presented.  According to relationships of 
thermodynamic functions, one can compute other 
thermodynamic energies and estimate directions of 
chemical reactions from the second law of 
thermodynamics in thermo chemical field. 
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Table 2: Vibrational assignments of fundamental modes of 1,2,3-trichloro-4-nitrobenzene  along with calculated IR intensity (km/mol), Raman 
activity (Å amu-1) and normal mode descriptions (characterized by TED) based on quantum mechanical calculations using DFT method 

Sl. 
No. 

Species 
Cs 

Observed                                             
fundamentals (cm

-1
) 

Calculated frequencies νi (cm
-1

) 

TED(%) among types of 
internal coordinates 

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

FTIR Raman Unscaled νi Scaled 
IR 

intensity 
Raman 
activity 

Unscaled νi Scaled 
IR 

intensity 
Raman 
activity 

1 A' 3155(ms) 3150(vw) 3256 3126 10.79 95.80 3234 3105 11.43 96.75 CH(98) 

2 A' 3120(s) 3118(ms) 3232 3102 0.30 80.63 3212 3083 0.47 72.23 CH(96) 

3 A' 1602(ms) 1595(s) 1636 1571 213.09 6.93 1623 1558 206.64 5.26 NO2 asym(88) 

4 A'
 

1520(vs) 1525(ms) 1606 1542 55.71 83.96 1597 1533 51.65 78.40 CC(84) 

5 A' - 1494(vw) 1577 1514 62.79 25.54 1568 1505 86.29 27.19 CC(83) 

6 A'
 

- 1450(vw) 1453 1395 67.02 0.09 1449 1391 71.76 0.04 CC(80) 

7 A' 1422(vs) - 1385 1329 27.31 0.95 1379 1324 27.45 1.57 CC(78) 

8 A' - 1435(vw) 1364 1309 334.23 252.63 1350 1296 330.91 222.87 CC(79) 

9 A'
 

1390(vw) - 1305 1253 45.08 37.87 1290 1238 42.99 36.45 CC(81) 

10 A' 1360(vs) 1355(vs) 1200 1152 12.84 2.22 1197 1149 12.77 1.98 NO2 sym(85) 

11 A'
 

1270(s) 1275(ms) 1174 1127 0.57 1.43 1172 1125 0.54 1.21 CN(81) 

12 A' 1190(w) - 1154 1107 140.72 115.78 1147 1101 147.06 116.58 bCH(78), bCN(18) 

13 A' - 1182(s) 1088 1044 2.94 3.41 1086 1042 3.40 3.81 bCH(79), bCCl(16) 

14 A'
 

1170(s) 1168(w) 984 945 0.30 0.01 983 944 0.42 0.04 R asymd (72), bCH(18) 

15 A' 1130(ms) - 898 862 87.98 2.71 900 864 93.94 2.99 R symd (74), bCN(19) 

16 A'
 

970(w) - 845 811 23.13 0.42 841 807 26.56 0.21 R trigd (74), bCCl(17) 

17 A' 895(vs) 890(ms) 802 770 21.72 1.32 806 774 26.77 1.11 CCl(74) 

18 A'
 

850(vs) - 759 728 28.77 3.78 759 729 25.71 3.26 CCl(73) 

19 A' 815(s) 820(w) 747 717 18.52 1.06 719 690 15.85 1.12 CCl(74) 

20 A'
 

750(s) 758(w) 560 538 14.57 4.08 559 536 13.89 3.92 NO2 sciss(72) 

21 A' 630(w) - 385 370 1.38 5.87 386 371 1.52 5.82 bCN(71), R asymd (20) 

22 A'
 

615(ms) 612(w) 350 336 0.43 4.68 349 335 0.39 4.42 bCCl(70), R symd (18) 

23 A' 580(s) 575(w) 309 297 0.56 2.79 308 296 0.72 2.67 bCCl(69), R trigd (21) 

24 A' 510(w) 510(ms) 292 280 1.91 0.39 288 277 1.47 0.21 NO2 rock (68) 

25 A' - 400(w) 252 242 0.34 0.85 252 242 0.39 0.90 bCCl(70), bCH(18) 
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26 A" - 795(w) 686 658 2.22 0.27 639 613 0.58 1.55  CH (65), tR asymd (24) 

27 A"
 

780(s) - 617 593 5.84 4.13 616 591 5.04 3.93  CH (66), tR trigd (23) 

28 A" 710(ww) 715(w) 556 534 0.45 0.34 542 520 0.61 0.50 tR asymd (64),  CH (19) 

29 A"
 

695(vw) - 517 496 0.00 0.32 512 491 0.07 0.46 tR symd (62),  CN (19) 

30 A" 675(vw) - 507 487 7.19 10.65 505 485 7.24 10.91 tR trigd (63),  CCl (19) 

31 A"
 

- 350(ms) 248 238 0.46 0.31 244 234 0.35 0.14 NO2 wagg (62) 

32 A" - 310(s) 220 212 0.13 0.96 221 212 0.13 1.02  CN (60), tR asymd (21) 

33 A"
 

- 260(ms) 205 197 0.97 0.95 205 197 0.98 1.02  CCl (61), tR asymd (22) 

34 A"
 

- 205(ms) 87 83 2.39 0.63 86 82 2.26 0.63  CCl (62),  CH (19) 

35 A"
 

- 190(ms) 67 64 1.26 0.05 66 63 1.29 0.06  CCl (60),  CN (19) 

36 A"
 

- 150(vw) 56 54 0.04 0.66 62 59 0.06 0.67 NO2 twist (59) 

Abbreviations used: ν-stretching; ss – symmetric stretching; ass – asymmetric stretching; b-bending; ω-out-of-plane bending; R-ring; t-torsion; s-
strong; vs-very strong; ms-medium strong; w-weak; vw-very weak. 

Table 3: The thermodynamic parameters of 1,2,3-trichloro-4-nitrobenzene  calculated at the B3LYP/6-311++G(d,p) method. 

Parameters 
Method/Basis set 

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

Optimized global minimum Energy (Hartrees) -1815.52936576 -1815.71187667 

Total energy(thermal), Etotal (kcal mol
-1

) 52.226 51.933 

Heat capacity, Cv (kcal mol-1 k-1) 0.0352 0.0354 

Entropy, S (kcal mol-1 k-1)   

Total 0.0991 0.0994 
Translational 0.0421 0.0421 

Rotational 0.0320 0.0320 

Vibrational 0.0249 0.0252 

Vibrational energy, Evib (kcal mol-1) 50.448 50.155 

Zero point vibrational energy, (kcal mol-1) 46.2077 45.8744 

Rotational constants (GHz)   

A 1.0106 1.0140 
B 0.4685 0.4693 

C 0.3201 0.3208 

Dipole moment (Debye)   

μx -1.2725 -1.2862 

μy -3.2715 -3.2265 

μz 0.0000 0.0000 

μtotal 3.5103 3.4734 
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Table 4: Second-order perturbation theory analysis of Fock matrix in NBO basis for 1, 2, 3-trichloro-4-nitrobenzene. 

Donor (i) ED (i) (e) Acceptor (j) ED (j) (e) 
aE(2)           

(kJ mol-1) 

bE(j)–E(i)          
(a.u.) 

cF (i,j) 
(a.u.) 

σ(C1 - C2) 0.98875 σ*(C2 - C3) 0.02076 1.97 1.26 0.063 

π(C1 - C2) 0.83940 
π*(C3 - C4) 0.22814 9.48 0.28 0.067 

π*(C5 - C6) 0.14436 7.73 0.32 0.063 

σ(C1 - C6) 0.98769 
σ*(C1 - C2) 0.02168 2.00 1.25 

0.064 

 

σ*(C2 -Cl8) 0.01211 2.12 0.89 0.055 

σ(C2 - C3) 0.98694 
σ*(C1 - C2) 0.02168 2.13 1.27 0.066 

σ*(C1 -Cl7) 0.01334 1.95 0.90 0.053 

σ(C3 - C4) 0.98719 
σ*(C4 - C5) 0.01001 2.25 1.29 0.068 

σ*(C2 -Cl8) 0.01211 1.94 0.90 0.053 

π(C3 - C4) 0.83618 

π*(C1 - C2) 0.22263 8.42 0.27 
0.062 

 

π*(C5 - C6) 0.14436 9.41 0.31 0.069 

π*(N10 - O11) 0.30711 9.43 0.17 
0.054 

 

σ(C4 - C5) 0.98448 

σ*(C3 - C4) 0.01821 2.50 1.24 0.070 

σ*(C3 -Cl9) 0.01171 2.31 
0.88 

 
0.057 

σ(C5 - C6) 0.98462 σ*(C1 -Cl7) 0.01334 2.29 0.87 0.056 

π(C5 - C6) 0.82693 
π*(C1 - C2) 0.22263 12.14 0.25 0.071 

π*(C3 - C4) 0.22814 10.43 0.25 0.067 

π(N10 - O11) 0.99213 π*(N10 - O11) 0.30711 3.56 0.32 0.051 

n3(Cl7) 0.95182 π*(C1 - C2) 0.22263 8.05 0.30 0.068 

n3(Cl9) 0.94438 π*(C3 - C4) 0.22814 8.47 0.29 0.069 

n2(O11) 0.94828 
σ*(C4 - N10) 0.05406 6.85 0.54 

0.077 

 

σ*(N10 - O12) 0.02823 9.55 0.71 0.105 

n2(O12) 0.94730 
σ*(C4 - N10) 0.05406 6.69 0.54 

0.076 

 

σ*(N10 - O11) 0.02604 8.76 0.72 0.102 

n3(O12) 0.73052 π*(N10 - O11) 0.30711 77.84 0.14 0.135 

π*(C1 - C2) 0.22263 π*(C5 - C6) 0.14436 37.62 0.04 0.081 

π*(C3 - C4) 0.22814 π*(C5 - C6) 0.14436 44.27 0.04 0.083 

π*(N10 - O11) 0.30711 π*(C3 - C4) 0.22814 12.01 0.11 0.062 

σ*(N10 - O12) 0.02823 σ*(N10 - O11) 0.02604 6.48 0.01 0.051 

aE(2) means energy of hyper conjugative interactions. 
b
Energy difference between donor and acceptor i and j NBO orbitals. 

c
F(i,j) is the Fock matrix element between i and j NBO orbitals. 

HOMO, LUMO analysis 

The electronic absorption corresponds to the transition 
from the ground to the first excited state and is mainly 
described by one electron excitation from the highest 
occupied molecular orbital (HOMO) to the lowest 
unoccupied molecular orbital (LUMO). In TCNB, the 

LUMO of π nature, (i.e. benzene ring) is delocalized over 
the whole C-C bond and nitro group. The HOMO is 
located over the chlorine atoms. Therefore, the HOMO → 
LUMO transition implies an electron density transfer to C-
C bond of the benzene ring and nitro group from chlorine 
atoms. Moreover, these three orbitals significantly 
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overlap in the para position of the benzene ring for TCNB. 
The atomic orbital compositions of the frontier molecular 
orbital and the HOMO–LUMO energy gap of TCNB was 
calculated at the B3LYP/6-311++G(d,p) level are shown in 
Fig. 3. The HOMO-LUMO energy gap for TCNB is found to 
be 4.571 eV. The LUMO as an electron acceptor 
represents the ability to obtain an electron, and HOMO 
represents the ability to donate an electron

21
. Moreover, 

a lower HOMO–LUMO energy gap explains the fact that 
ultimate charge transfer interaction is taking place within 
the molecule which reflects the chemical activity of the 
molecule. 

NBO analysis 

Natural Bond Orbital (NBO) analysis is one of the most 
powerful tools for interpreting quantum-chemical results 
in terms of chemically significant terms. This study 
localizes the molecular wave functions in optimized 
electron pairs, corresponding to lone pairs; core pairs on 
bonding units; giving a picture which is close to the 
familiar Lewis picture of molecular structure. In TCNB, the 
hyperconjugative interaction energy was deduced from 
the second-order perturbation approach22. By the use of 
the second-order bond–antibond (donor–acceptor) NBO 
energetic analysis, insight in the most important 
delocalization schemes was obtained. The change in 
electron density (ED) of (σ*, π*) antibonding orbitals and 
E(2) energies have been calculated for TCNB to give clear 
evidence of stabilization originating from various 
molecular interactions and are given in Table 4. The 
electron density of conjugated single as well as double 
bond of benzene ring (~0.9e) clearly demonstrates strong 
delocalization for TCNB. The strong intramolecular hyper 
conjugative interaction of the σ and π electrons of C–C 
bonding to the C–C antibonding of the ring leads to 
stabilization of some part of the ring as evident from 
Table 4. For example, In TCNB, the intramolecular hyper 
conjugative interaction of σ(C1-C2) → σ*(C2-C3) and   
π(C1-C2) → π

*
(C3-C4) leading to stabilization of 1.97 and 

9.48 kJ/mol, respectively. The intramolecular interaction 
are formed by the orbital overlap between bonding and 
antibonding C-C and C-Cl orbitals which results 
intramolecular charge transfer (ICT) causing stabilization 
of the system. These interactions are observed as 
increase in electron density (ED) in C–C, C–Cl antibonding 
orbital that weakens the respective bonds. The energies 
for the interaction n3(Cl7) → π*(C1-C2) and n3(Cl9) → 
π*(C3-C4) are 8.05 and 8.47 kJmol

-1
, respectively clearly 

demonstrate the intramolecular hyper conjugative 
interaction between the chlorine atoms and benzene ring is 
strong in the ground state for TCNB . Further, the 
intermolecular interaction from n3(O12) → π*(N10-O11) 
leading to the stabilization energy of 77.84 kJmol-1. There 
occurs a strong intramolecular hyperconjugative 
interaction of π*(C3-C4)→ π*(C5-C6) which increases 
electron density that weakens the respective bond (C5-C6 
= 1.38 Å) leading to stabilization of 44.27 kJ mol-1. These 
charge transfer interactions of TCNB are responsible for 

pharmaceutical and biological properties. Hence the 
TCNB structure is stabilized by these orbital interactions. 

Electrostatic potential, total electron density and 
molecular electrostatic potential 

The electrostatic potential has been used primarily for 
predicting sites and relative reactivities towards 
electrophilic attack, and in studies of biological 
recognition and hydrogen bonding interactions

23
. To 

predict reactive sites for electrophilic and nucleophilic 
attack for the investigated molecule, the MEP at the 
B3LYP/6-311++G(d,p) optimized geometry is calculated. In 
the present investigation, the electrostatic potential 
(ESP), electron density (ED) and the molecular 
electrostatic potential (MEP) map figures for TCNB are 
shown in Fig. 4. The ED plots for TCNB show a uniform 
distribution. However, it can be seen from the ESP 
figures, that the negative ESP is localized more over the 
nitro group and is reflected as a yellowish blob, the 
positive ESP is localized on the rest of the molecule. This 
result is expected, because ESP correlates with electro 
negativity and partial charges. The negative (red and 
yellow) regions of the MEP are related to electrophilic 
reactivity and the positive (blue) regions to nucleophilic 
reactivity, as shown in Fig. 4. Generally, the potential 
energy increases from red < orange < yellow < green < 
blue. In the present study, the MEP map shows that the 
negative potential sites are oxygen atoms of nitro group 
(Red) and the positive potential sites are around the 
nitrogen and hydrogen atoms of the benzene ring (Blue). 
From these results, one can say that the H atoms indicate 
the strongest attraction and chlorine atoms indicate the 
strongest repulsion. These sites provide information 
about the region of intermolecular interactions for the 
title compound. Thus, the results indicate that the TCNB 
will be the most reactive site for both electrophilic and 
nucleophilic attack.  

First hyperpolarizability 

 The quantum chemistry based prediction of non-linear 
optical (NLO) properties of a molecule has an essential 
role for the design of materials in modern communication 
technology, signal processing and optical 
interconnections

24,25
. Especially organic molecules are 

studied because of their larger NLO susceptibilities arising 
π-electron cloud movement from donor to acceptor, fast 
NLO response times, high laser damage thresholds and 
low dielectric constants. The total static dipole moment µ, 

the average linear polarizability , the anisotropy of the 

polarizability ∆α, and the first hyperpolarizability β can be 
calculated by using the following equations25: 

The calculated values of total static dipole moment µ, the 

average linear polarizability  , the anisotropy of the 
polarizability ∆α, and the first hyperpolarizability β using 
the DFT-B3LYP/6-311++G(d,p) method are 3.4734 Debye, 
18.61 Å3, 14.01 Å3 and 8.495×10-30 e.s.u.-1, respectively. 

The values of µ,   and β obtained by Sun et al.
26

 with 
the B3LYP method for urea are 1.373 Debye, 3.831 Å3 and 
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0.3729×10-30 e.s.u.-1, respectively. The first 
hyperpolarizability of TCNB molecule is 23 times greater 
than that of urea. According to these results, the title 
compound may be a potential candidate for the 
development of NLO materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Molecular structure of 1, 2, 3-trichloro-4-
nitrobenzene. 

 

 

Figure 2: FTIR and FT-Raman spectra of 1, 2, 3-trichloro-4-
nitrobenzene. 

 

Figure 3: Frontier molecular orbital for 1,2,3-trichloro-4-
nitrobenzene. 
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Figure 4: (a) Electrostatic potential (ESP); (b) electron 
density (ED) and (c) the molecular electrostatic potential 
(MEP) map for 1, 2, 3-trichloro-4-nitrobenzene. 

CONCLUSION 

Based on the SQM force field obtained by DFT/B3LYP 
method with 6-31+G(d,p) and 6-311++G(d,p) basis sets, a 
complete vibrational properties of 1,2,3-trichloro-4-
nitrobenzene have been investigated by FTIR and FT-
Raman spectroscopies. The various modes of vibrations 
were unambiguously assigned based on the results of the 
TED output. The HOMO and LUMO energy gap explains 
the eventual charge transfer interactions taking place 
within the molecule. NBO results reflect the charge 
transfer mainly due to the lone pair n3(O12) → π*(N10-
O11), n3(Cl7) → π*(C1-C2) and n3(Cl9) → π*(C3-C4) 
interactions. The MEP map shows the negative potential 
sites are on oxygen atom as well as the positive potential 
sites are around the hydrogen atoms. Furthermore, the 
polarizability, the first hyperpolarizability and total dipole 
moment of title molecule have been calculated and the 
results are discussed. These results indicate that the TCNB 
compound is a good candidate of nonlinear optical 
materials. 
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