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a b s t r a c t

The solid phase FTIR and FT–Raman spectra of 4-amino-5-chloro-2-methoxybenzoic acid (4A5Cl2MBA)
have been recorded in the regions 400–4000 and 50–4000 cm–1, respectively. The spectra have been
interpreted in terms of fundamentals modes, combination and overtone bands. The structure of the mol-
ecule has been optimized and the structural characteristics have been determined by density functional
theory (B3LYP) method with 6-311++G(d,p) as basis set. The vibrational frequencies were calculated for
most stable conformer and were compared with the experimental frequencies, which yield good agree-
ment between observed and calculated frequencies. The infrared and Raman spectra have also been pre-
dicted from the calculated intensities. 1H and 13C NMR spectra were recorded and 1H and 13C nuclear
magnetic resonance chemical shifts of the molecule were calculated using the gauge independent atomic
orbital (GIAO) method. UV–Visible spectrum of the compound was recorded in the region 200–400 nm
and the electronic properties HOMO and LUMO energies were measured by time-dependent TD-DFT
approach. Nonlinear optical and thermodynamic properties were interpreted. All the calculated results
were compared with the available experimental data of the title molecule.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Derivatives of benzoic acid have been the subject of investiga-
tion for many reasons. Derivatives of benzoic acid are essential
components of the vitamin B-complex. Benzoic acid occurs widely
in plants and animals tissues along with vitamin B-complex and is
used in miticides, contrast media in urology, cholocystographic
examinations and in the manufacture of pharmaceuticals. Meth-
oxybenzoic acids (anisic acids) are naturally occurring compounds
and their biological activity is widely described. They are known to
be important inhibitors in the growth of bacteria [1] and they influ-
ll rights reserved.

.in (N. Sundaraganesan).
ence the catalytic activity of many enzymes [2]. The amino benzoic
acids belong to aromatic amino acids, which are biologically active
substances [3]. 4-aminobenzoic acid is a non-protein amino acid
that is widely distributed in nature. Most often it is used in sun-
screen preparations, since it can help to protect the skin against
ultra-violet radiation.

In the previous work, molecular structure and charge density
analysis of p-methoxybenzoic acid have been made by Fausto
et al. [4]. Experimental and theoretical IR, Raman, NMR spectra
of 2-, 3- and 4-aminobenzoic acids have been investigated by
Samsonowicz et al. [5]. Sundaraganesan et al. [6,7] studied the
vibrational spectra and assignments of 5-amino-2-chlorobenzoic
acid and p-chlorobenzoic acid by HF and DFT methods. Molecular
structure, vibrational assignments and proton NMR analysis of o-,
m- and p-methoxybenzoic acids have been carried out by
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Fig. 1. Theoretical optimized possible geometric structure with atoms numbering
of 4A5Cl2MBA.
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Kalinowska et al. [8]. To the best of our knowledge, neither the
experimental nor theoretical studies of the title compound of 4-
amino-5-chloro-2-methoxybenzoic acid have been available until
now.

In this paper, we reported the experimental and theoretical
studies on 4-amino-5-chloro-2-methoxybenzoic acid. The interac-
tion energies, NMR spectral analysis, molecular electrostatic poten-
tial, thermodynamic and nonlinear optical properties of the title
compound were investigated at the B3LYP/6-311++G(d,p) level.

2. Spectral measurements

The 4-amino-5-chloro-2-methoxybenzoic acid sample was pur-
chased from Sigma–Aldrich Chemical Company with a stated pur-
ity 97% and it was used as such without further purification. The
sample was prepared using a KBr disk technique because of solid
state. The FTIR spectrum of molecule recorded in the region 400–
4000 cm�1 on a Perkin Elmer FTIR spectrometer calibrated using
polystyrene bands. FT-Raman spectrum of the sample recorded
using 1064 nm line of Nd:YAG laser as excitation wave length in
the region 50–4000 cm–1 on a Bruker RFS 100/S FT-Raman spec-
trometer. The detector is a liquid nitrogen cooled Ge detector. Five
hundred scans were accumulated at 4 cm�1 resolution using a laser
power of 100 mW.

The ultraviolet absorption spectra of 4-amino-5-chloro-2-meth-
oxybenzoic acid dissolved in ethanol and DMSO were examined in
the range 200–400 nm using Shimadzu UV-1800 PC, UV–Vis
recording Spectrometer. Data were analyzed by UV PC personal
spectroscopy software, version 3.91.

NMR experiments were performed in Bruker DPX 600 MHz at
300 K. The compound was dissolved in DMSO. Chemical shifts
were reported in ppm relative to tetramethylsilane (TMS) for 1H,
13C NMR and DEPT 135 spectra. 1H and 13C NMR spectra were ob-
tained at a base frequency of 600 MHz and 150 MHz, respectively.

3. Computational details

The molecular geometry is directly taken from the X-ray diffrac-
tion experimental result without any constraints. The DFT calcula-
tions were performed using the Gaussian 03 program package [9].
The calculations employed the B3LYP exchange–correlation func-
tional, which combines the hybrid functional of Becke [10,11] with
the gradient–correlation functional of Lee et al. [12] and the split-
valence polarized 6-311++G(d,p) basis set [13]. The harmonic
vibrational frequencies were calculated at the same level of theory
for the optimized structures. Vibrational band assignments were
made using the Gauss-View molecular visualization program
[14]. Additionally, the calculated vibrational frequencies were clar-
ified by means of the total energy distribution (TED) analysis and
assignments of all the fundamental vibrational modes by using
VEDA 4 program [15]. After optimization, 1H and 13C NMR chemi-
cal shifts were calculated using the GIAO method [16] in DMSO.
UV–Vis spectra, electronic transitions, vertical excitation energies,
absorbance and oscillator strengths were computed with the time-
dependent DFT method. The electronic properties such as HOMO
and LUMO energies were determined by TD-DFT approach. To
investigate the reactive sites of the title compound the MEP were
evaluated using the B3LYP/6-311++G(d,p) method.

4. Prediction of Raman intensities

The Raman activities (SRa) calculated with Gaussian 03 program
[9] converted to relative Raman intensities (IRa) using the following
relationship derived from the intensity theory of Raman scattering
[17,18],
Ii ¼
f ðm0 � miÞ4Si

mi½1� expð�hcmi=kTÞ�

where m0 is the laser exciting wavenumber in cm�1 (in this work,
we have used the excitation wavenumber m0 = 9398.5 cm�1, which
corresponds to the wavelength of 1064 nm of a Nd:YAG laser), mi

the vibrational wavenumber of the ith normal mode (cm�1), while
Si is the Raman scattering activity of the normal mode mi. f (is a
constant equal to 10�12) is a suitably chosen common normaliza-
tion factor for all peak intensities. h, k, c and T are Planck and
Boltzmann constants, speed of light and temperature in Kelvin,
respectively.
5. Results and discussion

5.1. Potential energy surface scan analysis

On the basis of the definition of the standard conformer, theoreti-
cally, 4A5Cl2MBA has four different possible conformers; the struc-
tures of all the conformers are shown in Fig. 1. The relative energies
of the conformers calculated by B3LYP/6-311++G(d,p) method are
collected in Table 1. Possible conformers of 4A5Cl2MBA depend on
the rotation of C1AC18 bond, linked to carboxyl group and benzene
ring. This bond is responsible for the flexibility and conformational
stability of 4A5Cl2MBA. Thus, O19AC18AC1AC6 dihedral angle is a
coordinate related to conformational flexibility.The potential energy
surface (PES) of the dihedral angle O19AC18AC1AC6, calculated at
the B3LYP level of theory, is displayed in Fig. 2. The internal rotational
profile of C1AC18 bond was obtained at B3LYP level of theory by
allowing the torsional coordinate to vary in steps of 10� from 0� to
360�. This rotation bond yielded the energetically two local minima
at 0� and 360�, with E = �1050.501302 Hartree for conformer 1
(Fig. 2-C1). For the O19AC18AC1AC6 rotation, the maximum energy
(�1050.485157 Hartree) was obtained at 180� (C4) in the potential
energy curve. The conformation C2 and C3 corresponds to the
dihedral angle of 135� and 90� respectively. It is evident that con-
former 1 is the most stable form. The less stable form is conformer 4



Table 1
Calculated energies and energy difference for four conformers of 4A5Cl2MBA by DFT method.

Conformers B3LYP6-311++G(d,p)

Energy (hartree) Energy (kcal/mol) aEnergy differences (kcal/mol)

C1 �1050.501302 �659199.0215 0.0000
C2 �1050.488781 �659191.1645 7.8570
C3 �1050.487380 �659190.2853 8.7362
C4 �1050.485157 �659188.8904 10.1311

a Energies of the other three conformers relative to the most stable C1 conformer.
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Fig. 2. PES scan for dihedral angle O19AC18AC1AC6 of 4A5Cl2MBA at B3LYP/6-
311++G(d,p).

Table 2
The calculated geometric parameters of 4A5Cl2MBA, bond lengths in angstrom (Å)
and angles in degrees (�).

Bond lengths B3LYP X-raya Bond angles B3LYP X-raya

C(1)AC(2) 1.412 1.386 C(2)AC(1)AC(6) 117.3 118.8
C(1)AC(6) 1.399 1.394 C(2)AC(1)AC(18) 126.5 120.9
C(1)AC(18) 1.502 1.463 C(6)AC(1)AC(18) 116.2 120.3
C(2)AC(3) 1.389 1.384 C(1)AC(2)AC(3) 121.0 121.2
C(2)AO(13) 1.373 1.354 C(1)AC(2)AO(13) 117.0 115.5
C(3)AC(4) 1.406 1.390 C(3)AC(2)AO(13) 122.0 124.5
C(3)AH(7) 1.082 0.979 C(2)AC(3)AC(4) 121.2 121.2
C(4)AC(5) 1.407 1.392 C(2)AC(3)AH(7) 120.6 120.4
C(5)AC6) 1.379 1.370 C(4)AC(3)AH(7) 118.1 119.7
C(6)AH(8) 1.082 0.958 C(3)AC(4)AC(5) 117.5 119.2
O(13)AC(14) 1.428 1.432 C(4)AC(5)AC(6) 121.1 120.2
C(14)AH(15) 1.093 1.004 C(1)AC(6)AC(5) 121.9 120.6
C(14)AH(16) 1.094 1.043 C(1)AC(6)AH(8) 117.6 120.3
C(14)AH(17) 1.088 1.007 C(5)AC(6)AH(8) 120.6 119.1
C(18)AO(19) 1.207 1.254 C(2)AO(13)AC(14) 120.3 118.2
C(18)AC(20) 1.349 1.288 O(13)AC(14)AH(15) 110.9 110.2
O(20)AH(21) 0.973 1.091 O(13)AC(14)AH(16) 110.9 111.5
C(5)ACl(12) 1.762 O(13)AC(14)AH(17) 105.7 107.2
C(4)AN(9) 1.374 C(1)AC(18)AO(19) 122.0 120.4

C(1)AC(18)AO(20) 117.8 117.7
O(19)AC(18)AO(20) 120.2 121.9
C(18)AO(20)AH(21) 109.8 111.7
H(15)AC(14)AH(16) 110.2 112.8

a Taken from Ref [4].
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(Fig. 2-C4) making an angle at 180� with E = �1050.485157 Hartree.
Therefore, in the present work we have focused on the most stable
conformer C1 form of 4A5Cl2MBA molecule to clarify molecular
structure and assignments of vibrational spectra.

5.2. Structural analysis

The optimized structural parameters such as bond length and
bond angle for the thermodynamically preferred geometry of
4A5Cl2MBA for monomer are determined at B3LYP/6-
311++G(d,p) level. The optimized parameters are presented in Ta-
ble 2 in accordance with the atom numbering scheme of the mol-
ecule shown in Fig. 1. The molecules are linked by short
intermolecular and asymmetric OAH� � �O hydrogen bonds of
1.82 Å between oxygen atom and hydrogen atom of hydroxyl
group of another molecule to give rise to a dimer. Then, in order
to test the effect of intermolecular interactions, the 4A5Cl2MBA di-
mer formed by OAH� � �O intermolecular hydrogen bonds is investi-
gated by theoretical methods. The geometry of the molecule under
investigation is considered by possessing C1 point group symme-
try. To the best of our knowledge, exact experimental data of the
geometrical parameters of 4A5Cl2MBA are not available in the
literature. Therefore, our optimized structural parameters are com-
pared with the XRD data of closely related molecule p-methoxy-
benzoic acid [4]. From the structural data, it is observed that the
C1AC2, C3AC4 and C4AC5 bond lengths of ring carbon atoms are
larger than that of other ring carbon atoms and also there is a con-
siderable difference between the experimental and theoretical
bond lengths. This is due to the substitution of electron donor
and electron acceptor groups in the benzene ring and also the pres-
ence of intermolecular hydrogen bonding. The calculated bond
length of C1AC18 (1.502 Å) is more deviated from the experimen-
tal bond length (1.463 Å) due to the presence of intermolecular
interaction between carboxyl groups of two different molecules.
Because of the electron donating and accepting substituents on
the benzene ring, the symmetry of the ring is distorted.

5.3. Vibrational assignments

The vibrational spectrum is mainly determined by the modes
of the free molecule observed at higher wavenumbers, together
with the lattice (translational and vibrational) modes in the low
wavenumber region. In our present study, we have performed a
frequency calculation analysis to obtain the spectroscopic
signature of 4-amino-5-chloro-2-methoxybenzoic acid. The 4A5
Cl2MBA molecule consists of 21 atoms therefore they have 57
vibrational normal modes. All the frequencies are assigned in
terms of fundamental, overtone and combination bands. Assign-
ments have been made on the basis of relative intensities, ener-
gies, line shape and total energy distribution (TED). The
measured (FTIR and FT-Raman) wavenumbers and assigned wave-
numbers of the some selected intense vibrational modes calcu-
lated at the B3LYP level using basis set 6-311++G(d,p) along
with their TED are given in Table 3. For B3LYP with 6-
311++G(d,p) basis set, the wavenumbers in the ranges from
4000 to 1700 cm�1 and lower than 1700 cm�1 are scaled with
0.958 and 0.983, respectively [19]. The calculated Raman and IR
intensities were used to convolute each predicted vibrational
mode with a Lorentzian line shape with a full width at half max-
imum (FWHM = 10 cm�1) to produce simulated spectra. This re-
veals good correspondence between theory and experiment in
main spectral features. The experimental and theoretical FTIR
and FT-Raman spectra are shown in Figs. 3 and 4.



Table 3
The observed FT-IR, FT-Raman and calculated wavenumbers (cm�1) using B3LYP/6-311++G(d,p) along with IR and Raman relative intensities, Raman scattering activities, and
total energy distribution (TED) of 4A5Cl2MBA.

Mode Nos. Experimental B3LYP/6-311++G(d,p) Assignments based on TED (P10%)

FTIR FT-Raman Unscaled Scaled aIIR
bSRa

cIRa

1 3459s 3701 3545 40.14 46.49 20.25 tasym NH2 (100)
2 3345s 3348w 3641 3488 271.22 24.67 11.35 t OH (100)
3 3240s 3228w 3589 3438 67.57 207.11 100.01 tsym NH2 (100)
4 3211 3076 7.34 58.67 40.09 t CH (99)
5 3078m 3201 3067 4.37 69.58 47.96 t CH (99)
6 3019vw 3015w 3146 3014 11.50 106.00 76.86 tasym CH3 (100)
7 2947ms 2946w 3092 2962 24.06 51.34 39.13 tasym CH3 (100)
8 2839w 3024 2897 43.45 166.86 135.36 tsym CH3 (100)
9 1710vs 1705s 1795 1719 423.05 99.78 265.54 t C@O (88)

10 1639s 1643m 1659 1631 416.46 91.91 269.82 q NH2(65) + t CC (20)
11 1609s 1612s 1632 1605 78.59 81.47 246.32 t CC(45) + qNH2(32)
12 1593s 1592w 1593 1566 20.61 3.29 10.40 t CC (69) + bCNH (12)
13 1512w 1513w 1530 1504 47.99 14.78 50.21 t CC(33) + bCH (31) + t CN(10)
14 1484w 1504 1478 75.92 3.93 13.77 q CH3(62) + CCOCH (17)
15 1493 1468 11.40 12.17 43.13 q CH3(77) + CCOCH (23)
16 1460m 1455w 1486 1461 8.74 2.31 8.26 x CH3(80)
17 1427w 1427m 1447 1422 208.37 5.49 20.56 t CC(30) + xCH3(10) + bHCO (10)
18 1369s 1405 1381 357.30 4.25 16.73 b OH (80)
19 1334m 1339w 1349 1326 6.58 1.31 5.52 t CC(82) + bCNH(11)
20 1322w 1328 1305 118.89 34.52 149.31 t CC (40) + t CN (26) + b CH(10)
21 1248w 1265vs 1280 1258 74.48 1.18 5.42 b CH (83)
22 1209m 1230m 1230 1209 225.40 5.07 24.82 t CO (35) + r CH3(30)
23 1222 1201 160.51 63.58 314.51 t C18O20(30) + t C18C(22) + r CH3(13)
24 1173w 1173vw 1195 1174 42.07 17.50 89.74 r CH3(29) + b CCH(27) + t CO(16) + t CC(11)
25 1168 1148 0.58 2.38 12.64 t CH3(86) + C COCH (14)
26 1111w 1119 1100 33.62 1.87 10.61 t CAO (42) + t CC(14) + b CNH (10)
27 1085 1067 0.31 2.03 12.07 b CNH (62) + t CC(18)
28 1049s 1048w 1069 1051 10.85 1.02 6.20 t C14AO(36) + t CC(15) + b CCC(11) + b CH(11) + t CACl(10)
29 982s 982w 998 981 45.21 8.80 59.30 t CO(46) + t CC(13) + t CN(10)
30 902m 903w 950 934 13.78 0.23 1.67 C CH (90)
31 820s 799w 814 800 29.78 0.25 2.26 C CH (71) + C CCCC (10)
32 771w 794 781 37.26 0.69 6.44 b OCO (18) + t C18AC(18) + t C18AO(14)
33 740s 770 757 3.28 0.28 2.73 C CCCO(60) + C HOCO (25)
34 738w 746 734 2.60 24.04 244.29 t CC(35) + b CCC(33)
35 689m 668w 691 679 0.50 1.10 12.43 C CCCC(33) + C HCCC (28) + C CCNH (11) + C CCNCl (10)
36 666w 664 653 35.97 0.56 6.67 q CO2 (30) + t CACl (18) + b CCO (15) + b CCC(14)
37 650w 641w 662 650 8.76 1.38 16.54 C OH (33) + C CCCO(19) + C CCCC(28)
38 639 628 0.14 1.76 22.09 b CCO (56) + b CCN (11) + b CCCl (10)
39 611w 621 611 90.19 0.23 3.00 C OH (80)
40 590m 591w 599 589 6.98 1.27 17.37 b CCC(45) + b CCO (22) + t CACl (11)
41 460s 482w 472 464 3.89 1.82 34.24 b CCN(34) + b COC(21) + t CACl (14)
42 457 449 7.24 0.59 11.60 C CCCC(41) + C CCCH(18) + C CCNH(14) + C CCCO(10)
43 413m 421 414 148.04 2.55 55.947 C NH10 (85)
44 402 395 10.25 4.29 100.334 b CCO (76) + t CC(11)
45 381s 380 374 95.30 3.72 93.762 C NH11 (60)
46 355m 366 360 7.97 9.15 243.08 t CACOOH (50) + b CCC(27)
47 336w 338 333 51.88 1.95 57.742 C NH11 (35) + C CCCCl (18) + C CCCO (15)
48 302w 334 328 15.73 5.62 169.984 t CCl (27) + b CCC (26) 10
49 277 272 1.90 1.88 74.315 b CCCl (36) + r NH2 (33) + b CACOOH (14)
50 264 259 2.67 0.04 1.699 C CH3 (53) + C CCCN (28)
51 225w 213 210 1.33 0.88 51.203 C CH3 (44) + C CCCN (15) + C CCCCl (10)
52 197w 212 209 0.47 0.80 46.89 r CH3 (73) + b C18CC (16)
53 183w 184 180 4.10 1.04 76.927 b CCCl (45) + r CACOOH (43)
54 113m 149 147 1.54 0.55 56.362 C CCCO (44) + C CCCCl (34)
55 71w 84 83 0.76 0.50 136.223 C CCCO (57) + CCCCC (15)
56 61 60 1.38 0.30 146.797 C CCOACH3 (76) + C OACH3 (12)
57 59 58 1.53 0.46 239.532 t COOH (90)

s-Strong, m-medium, w-weak, vs-very strong, vw-very weak, tsym: symmetric stretching, tasym: asymmetric stretching, b: in-plane bending, C: out-of-plane bending,
q: scissoring, x: wagging, t: twisting, r-rocking.

a IIR: IR intensity.
b SRa: Raman scattering activity.
c IRa: Raman intensity, normalized to 100.
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5.3.1. CAH vibrations
Aromatic compounds commonly exhibit multiple weak bands

in the region 3100–3000 cm�1 due to aromatic CAH stretching
vibrations [20–23]. The band appeared at 3071 cm�1 in FT-Raman
spectrum is assigned to CAH ring stretching vibrations. The exper-
imental bands identified at 3078, 3015 cm�1 for monomer and the-
oretical wavenumber at 3080, 3066 cm�1 by B3LYP method are
assigned to CAH ring stretching vibrations. No bands are observed
in FTIR spectrum. The TED contribution of 99% shows that they are
pure stretching modes. All the CAH stretching vibrations are very
weak in intensity and this is due to the decrease of dipole moment
caused by the reduction of negative charge on the carbon atom.
This reduction occurs because of the electron withdrawal on the
carbon atom by the substituent due to the decrease of inductive
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Fig. 3. Experimental (bottom) and theoretical (top) FTIR spectra of 4A5Cl2MBA.
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effect, which in turn is caused by the increased chain length of the
substituent [24].

The CAH in-plane and out-of-plane bending vibrations gener-
ally lie in the range 1000–1300 cm�1 and 950–800 cm�1 [25,26],
respectively. In the present case, two CAH in-plane bending vibra-
tions of the present compound identified at 1258, 1174 cm�1 for
monomer are assigned to CAH in-plane bending vibrations. The
same vibrations are measured in FTIR at 1248, 1173 cm�1 and in
FT-Raman at 1265, 1195 cm�1. The predicted vibrations are in line
with the experimental data and literature value. The two CAH out-
of-plane bending vibrations are observed at 902, 820 cm�1 in FTIR
spectrum and at 903, 799 cm�1 in FT-Raman spectrum.

5.3.2. CACl vibrations
The presence of halogen on alkyl substituted aromatic ring can

be detected indirectly from its electronic impact on the in-plane
CAH bending vibrations [27]. The CACl stretching vibrations give
generally strong bands in the region 730–580 cm�1 [28]. Mooney
[29] assigned vibrations of C–X group (X = Cl,Br, I) in the frequency
range of 1129–480 cm�1. Accordingly, the bands observed in FTIR
spectrum at 666, 460 cm�1 (mode No. 36 and 41) and in FT-Raman
spectrum at 482 cm�1 are assigned to CACl stretching vibration.
The predicted values (653, 464 cm�1 for monomer) show a small
deviation ca. 1–10 cm�1 with experimental data and the maximum
TED value is 18% as reported in Table 3. These vibrations are mixed
with stretching and in-plane bending vibrations of CAC and CAO
bond. The peaks at 272 and 180 cm�1 for monomer (183 cm�1, in
FT-Raman spectrum) are assigned to CACl in-plane-bending vibra-
tion whereas the out-of-plane bending CACl vibration is assigned
to 113 cm�1 (FT-Raman), both are mixed vibrations as shown in
Table 3. The remainder of the observed and calculated frequencies
accounted in Table 3.

5.3.3. Amino group vibrations
The methylene and amino groups are generally referred to as

electron donating substituents in aromatic ring system [30]. The
CH2 interacts with nearby p-systems via hyperconjugation, while
the NH2 share its lone pair of electrons with the p-electrons in a
ring. Both mechanisms imply electronic delocalization and are ta-
ken into account by the molecular orbital approach. The molecule
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under investigation possesses one NH2 group and hence one can
expect one asymmetric and one symmetric NAH stretching vibra-
tions. It is stated that in amines, the NAH stretching vibrations oc-
cur in the region 3500–3300 cm�1. The asymmetric-NH2 stretching
vibration appears from 3500 to 3420 cm�1 and the symmetric-NH2

stretching is observed in the range 3420–3340 cm�1. The antisym-
metric (mas) stretching mode is calculated at the higher wavenum-
ber 3545 cm�1 than the symmetric (ms) one at 3438 cm�1 by
B3LYP/6-311++G(d,p) method having mode Nos. 1 and 3 as seen
in Table 3. The infrared spectrum of title molecule shows a band
observed at 3459 cm�1 corresponding to NH2 asymmetric stretch-
ing mode. The symmetric stretching also observed as weak band in
FTIR spectrum at 3240 cm�1.

The scissoring mode of the NH2 group appears in the region
1615–1650 cm�1 in benzene derivatives with NH2 substituents.
The calculated frequency for the scissoring mode of NH2 is 1631
and 1605 cm�1 (mode Nos. 10 and 11) for monomer. This mode
(mode Nos. 10 and 11) is also coupled with ring stretching mode
as shown in Table 3. The computed vibrations well coincide with
the experimental (1639, 1609 cm�1 in FTIR and 1643, 1612 cm�1

in FT-Raman) data. The theoretically predicted wavenumber by
B3LYP method at 414, 374, 333 cm�1 is assigned to NH2 out-of-
plane bending vibrations.

5.3.4. COOH vibrations
The vibrational bands of the terminal ACOOH groups of

4A5Cl2MBA contain the CAO, C@O and OAH vibrational modes.
C@O stretching band appears strongly in the region 1870–
1540 cm�1 in which the position of C@O stretching band depends
on the physical state, electronic and mass effects of neighboring
substituents, conjugations and intramolecular and intermolecular
hydrogen bonding [31–33,22]. The C@O stretching mode is the
strongest band in the infrared spectrum and appears with dimin-
ished intensity in the Raman spectrum. Hence the very strong FTIR
band observed at 1710 cm�1 and FT-Raman band observed at
1705 cm�1 are assigned to the C@O stretching band of 4A5Cl2MBA
molecule. The similar vibration is calculated for monomer at
1719 cm�1 by DFT-B3LYP method. However, the computed value
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(1707 cm�1) of C@O stretching vibration of monomer shows better
agreement with the experimental data. In addition carboxylic acids
also show CAO stretching band in FTIR at 1209 cm�1 and in FT-Ra-
man at 1230 cm�1.

As for the AOH hydroxyl group which connects the molecules,
the observed IR frequency region is usually at the interval 3550–
3200 cm�1 [33]. The OAH stretching vibration is observed in FTIR
at 3345 cm�1 as shown in Fig. 3. Although these values are not ob-
served in the recorded FT-Raman spectrum, the OAH stretching
mode of monomer is found as 3488 cm�1 by B3LYP calculation le-
vel, as given in Table 3. Diverse dimeric units are common features
among mono aminobenzoic acids as well as they are observed in
the structure of benzoic acid [34]. The occurrence of dimeric con-
ventions is due to hydrogen bonds which act as the bridging mode.
The lower stretching frequency observed in 4A5Cl2MBA compared
with the free OAH group stretching signifies that there is a possi-
bility of intermolecular hydrogen bonding in 4A5Cl2MBA, between
the hydroxyl group of one molecule and carbonyl group of another
molecule. The carboxylic acid shows in-plane and out-of-plane
bending vibrations of OAH group at 1369 and 650, 611 cm�1

(FTIR), respectively. The TED calculations show that the hydroxyl
stretching vibrational mode is very pure. But the out-of-plane
bending vibration of the hydroxyl group is overlapped with the
other vibrations. The band due to the free hydroxyl group is sharp
and its intensity increases.

5.3.5. Methoxy group vibrations
The wavenumbers of the vibrational modes of methoxy groups

in 4A5Cl2MBA are known to be influenced by a variety of interest-
ing interactions such as electronic effects, intermolecular hydrogen
bonding in the crystalline network [35] and Fermi resonance. Elec-
tronic effects such as back-donation and induction, mainly caused
by the presence of oxygen atom adjacent to CH3 group, can shift
the position of CAH stretching and bending modes [36–38]. Of this
methoxy group of 4A5Cl2MBA, X-ray diffraction studies revealed
that there is a weak intermolecular hydrogen formed between
the H3CAO� � �HAO of the hydroxyl group interaction play a key role
in the formation of the crystalline network [39]. The CAH stretch-
ing vibrations in the methoxy group of bands observed in FTIR at
3019, 2947 and in FT-Raman at 3015, 2946 cm�1 are assigned to
CH3 asymmetric stretching vibrations. The theoretically scaled val-
ues by B3LYP/6-311++G(d,p) method at 3014, 2962 cm�1 (mode
Nos. 6 and 7) are in good agreement with the experimental values.
The theoretically predicted value at 2897 cm�1 is assigned to CH3

symmetric stretching vibration. The Raman band at 1484 cm�1 is
assigned to CH3 scissoring vibration and is in excellent agreement
with the theoretically calculated value by the B3LYP/6-31G(d)
method at 1478 cm�1 (mode No. 14). The wagging mode of CH3

group assigned at 1461, 1422 cm�1 for monomer shows good cor-
relation with the measured wavenumbers 1460, 1427 cm�1 in FTIR
and 1455, 1427 cm�1 in FT-Raman spectrum. Balafour [40] as-
signed the OACH3 torsional mode at 82 cm�1, and Lakshmaiah
and Rao [41] calculated this mode to be at 58 cm�1 for anisole. In
our title molecule this mode calculated at 60 cm�1 is assigned to
the OACH3 torsional mode.

5.3.6. Ring vibrations
The aromatic ring vibrational modes of title compound have

been analyzed based on the vibrational spectra of previously pub-
lished vibrations of the benzene molecule and they are helpful in
the identification of the phenyl ring modes [30,42]. The ring
stretching vibrations are very prominent, as the double bond is
in conjugation with the ring, in the vibrational spectra of benzene
and its derivatives [22]. The carbon–carbon stretching modes of
the phenyl group are expected in the range from 1650 to
1200 cm�1. The actual position of these modes is determined not
so much by the nature of the substituents but by the form of sub-
stitution around the ring [43]. In general, the bands are of variable
intensity and are observed at 1625–1590, 1590–1575, 1540–1470,
1465–1430 and 1380–1280 cm�1 from the wavenumber ranges gi-
ven by Varsanyi [44] for the five bands in the region. In the present
work, the wavenumbers observed in the FTIR spectrum at 1609,
1593, 1512, 1427, 1334 cm�1 and in FT-Raman spectrum at 1612,
1592, 1513, 1427, 1339, 1322 cm�1 have been assigned to CAC
stretching vibrations. The theoretically computed values at 1605,
1566, 1504, 1422, 1326, 1305 cm�1 (monomer) show good agree-
ment with experimental data. These modes are mixed modes with
the contribution of CAH and CANAH in-plane bending vibrations
in this region. The CACAC out-of-plane bending modes of mono-
mer is attributed to the low wavenumbers computed at 734, 653,
589 cm�1 and these wavenumbers are consistent with the experi-
mental wavenumbers.
5.4. 13C and 1H NMR spectral analysis

The relations between the calculated and experimental chemi-
cal shifts are linear and described by the following equation:

dcal:ðppmÞ ¼ 1:0444dexp : � 0:0548 ðR2 ¼ 0:9962Þ
1H : dcal:ðppmÞ ¼ 0:7595dexp : þ 1:3429 ðR2 ¼ 0:9067Þ
13C : dcal:ðppmÞ ¼ 1:0208dexp : þ 3:0939 ðR2 ¼ 0:9756Þ

The performances of the B3LYP method with respect to the pre-
diction of the chemical shifts within the molecule were quite close.
However, 13C NMR calculations gave a slightly better coefficient
and lower standard error (R2 = 0.9756) than for 1H NMR chemical
shifts (R2 = 0.9067). The measured 13C, 1H and DEPT NMR spectra
are shown in Figs. 5–7. The computed and experimental 13C NMR
and 1H NMR chemical shifts are tabulated in Table 4. Aromatic car-
bons give signals in overlapped areas of the spectrum with chem-
ical shift values from 100 to 150 ppm [45,46]. In our present
investigation, the experimental chemical shift values of aromatic
carbons are in the range 98.28–160.12 ppm. As can be seen from
Table 4, the calculated values show moderate agreement with
measured values except the 1H NMR chemical shifts of the active
hydrogen atoms H10, H11 and H21 due to the influence of rapid
proton exchange, hydrogen bond, solvent effect, etc. in the molec-
ular system. The theoretically calculated chemical shifts of C5 and
C6 atoms are found at 125.63 and 144.47 ppm respectively in
DMSO solvent, which are largely downfield relative to aromatic
benzene [47] due to the electronegative Cl atom which decrease
the electron density of the adjacent carbon atoms of the ring.

The 13C chemical shifts of carboxylic acids are in the range of
160–182 ppm but those of their salts between 167 and 183 ppm
[48]. The experimental chemical shift value of C18 is 165.86 ppm
and the calculated value is 171.71 ppm in gas phase and
167.64 ppm in DMSO solvent. The C18 and H21 atoms are
deshielded due to the presence of electronegative oxygen in the
carboxylic group.
5.5. Nonlinear optical effects

Nonlinear optical (NLO) effects arise from the interactions of
electromagnetic fields in various media to produce new fields al-
tered in phase, frequency, amplitude or other propagation charac-
teristics from the incident fields [49]. NLO is at the forefront of
current research because of its importance in providing the key
functions of frequency shifting, optical modulation, optical switch-
ing, optical logic, and optical memory for the emerging technolo-
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Fig. 6. Experimental 1H NMR spectrum of 4A5Cl2MBA.
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gies in areas such as telecommunications, signal processing, and
optical interconnections [50–53].

The first hyperpolarizability (b0) of this novel molecular system,
and related properties (b, a0 and Da) of 4A5Cl2MBA are calculated
using B3LYP/6-311++G(d,p) method, based on the finite-field ap-
proach. In the presence of an applied electric field, the energy of
a system is a function of the electric field. First order hyperpolariz-
ability is a third rank tensor that can be described by 3 � 3 � 3
matrices. The 27 components of the 3D matrix can be reduced to
10 components due to the Kleinman symmetry [54]. It can be given
in the lower tetrahedral format. It is obvious that the lower part of
the 3 � 3 � 3 matrices is a tetrahedral. The components of b are de-
fined as the coefficients in the Taylor series expansion of the en-
ergy in the external electric field. When the external electric field
is weak and homogeneous, this expansion becomes:

E ¼ E0 � laFa � 1=2aabFaFb � 1=6babcFaFbFc þ � � �

where E0 is the energy of the unperturbed molecules, Fa is the field
at the origin, la, aab and babc are the components of dipole moment,
polarizability and the first order hyperpolarizabilities, respectively.
The total static dipole moment l, the mean polarizability a0, the
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Table 4
Experimental and theoretical 1H and 13C isotropic chemical shifts (with respect to
TMS) of 4A5Cl2MBA in DMSO and gas (all values in ppm).

Atom Exp. B3LYP Atom Exp. B3LYP

DMSO Gas DMSO Gas

H7 6.449 6.54 6.01 C1 108.121 113.67 115.86
H8 7.598 8.29 8.52 C2 160.116 165.67 168.23
H10 6.078 4.59 4.30 C3 98.283 97.24 101.54
H11 3.915 4.52 3.72 C4 150.127 154.48 158.14
H15 3.358 3.86 3.66 C5 108.444 125.63 124.81
H16 3.553 3.87 3.64 C6 133.161 144.47 142.52
H17 3.736 4.35 4.17 C14 56.079 56.54 58.30
H21 11.864 10.08 9.40 C18 165.857 167.64 171.71
Solvent 2.509 Solvent 39.500
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anisotropy of the polarizability Da and the mean first order hyper-
polarizability b0, using the x, y, z components they are defined as:

l ¼ ðl2
x þ l2

y þ l2
z Þ

1=2

a0 ¼ ðaxx þ ayy þ azzÞ=3
Table 5
The dipole moments l (D), the polarizability a (a.u.), the average polarizability ao (Å),
the anisotropy of the polarizability Da (Å), and the first hyperpolarizability b
(�10�30 cm5 esu�1) of 4A5Cl2MBA.

lx 0.74 bxxx �211.50
ly 3.41 bxxy �398.53
lz �0.25 bxyy �258.99
l0 3.90 byyy 87.01
axx 172.81 bxxz 47.84
axy 3.03 bxyz �33.44
ayy 149.56 byyz 6.37
axz 0.31 bxzz 88.64
ayz 0.04 byzz 57.67
azz 71.59 bzzz 64.29
a0 19.46 bx �381.85
Da 46.40 by �253.85

bz 118.50
b 4.09
a ¼ 2�1=2½ðaxx � ayyÞ2 þ ðayy � azzÞ2 þ ðazz � axxÞ2 þ 6a2xx�1=2

b0 ¼ ðb2
x þ b2

y þ b2
z Þ

1=2

and

bx ¼ bxxx þ bxyy þ bxzz

by ¼ byyy þ bxxy þ byzz

bz ¼ bzzz þ bxxz þ byyz

Since the values of the polarizabilities (a) and hyperpolarizability
(b) of the Gaussian 03 output are reported in atomic units (a.u.),
the calculated values have been converted into electrostatic units
(esu) (a: 1 a.u. = 0.1482 � 10�24 esu; b: 1 a.u. = 8.639 � 10�33 esu).

Urea is one of the prototypical molecules used in the study of
the NLO properties of molecular systems. Therefore it was used fre-
quently as a threshold value for comparative purposes. The total
molecular dipole moment and the first order hyperpolarizability
are 3.90 Debye and 4.0915 � 10�30 cm5/esu, respectively and are
depicted in Table 5. Total dipole moment of title molecule is
approximately two and a half times greater than that of urea and
the first order hyperpolarizability of title molecule is 11 times
greater than that of urea (l and b of urea are 1.3732 Debye and
(DMSO)
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Fig. 8. Experimental UV spectra of 4A5Cl2MBA molecule in ethanol, water and
DMSO solvent.



Table 6
Experimental absorption wavelength k (nm), excitation energies E (eV) in solvent and computed absorption wavelength k (nm), excitation energies E (eV) and oscillator strengths
(f) of 4A5Cl2MBA in gas phase and in solvent (ethanol and water).

Experimental TD-DFT/B3LYP/6-311++G(d,p)

Ethanol Water DMSO Gas Ethanol Water

k (nm) E (eV) k (nm) E (eV) k (nm) E (eV) k (nm) E (eV) (f) k (nm) E (eV) (f) k (nm) E (eV) (f) Assignment

308.5 4.0241 304.5 4.0770 311.0 4.0113 279.63 4.4339 0.1232 288.51 4.2974 0.2397 288.75 4.2939 0.2369 n–p⁄
274.5 4.5225 265.0 4.6847 277.4 4.2487 257.77 4.8099 0.0000 262.47 4.7237 0.1857 262.88 4.7164 0.1844 n–p⁄

255.43 4.8540 0.0053 238.58 5.1967 0.2452 238.77 5.1927 0.2429
251.98 4.9204 0.1789 237.58 5.2186 0.0019 236.75 5.2369 0.0006

235.5 5.2715 233.0 5.3280 234.6 5.0964 235.59 5.2626 0.0013 235.36 5.2678 0.0135 234.99 5.2762 0.0103 n–r⁄
212.0 5.8558 211.0 5.8836 5.3286 228.52 5.4255 0.2172 229.46 5.4031 0.0013 229.34 5.4062 0.0015 n–p⁄
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0.3728 � 10�30 cm5/esu obtained by HF/6-311G(d,p) method).
These results indicate that the title compound is a good candidate
of NLO material.

To understand this phenomenon in the context of molecular
orbital theory, we examined the molecular HOMOs and molecular
ELUMO+1= -0.85118 eV 

EHOMO-1= -7.19747 eV 

ΔE=6.34629 eV 

Fig. 9. The frontier and second frontier
LUMOs of the title compound. When we see the first hyperpolariz-
ability value, there is an inverse relationship between the first
hyperpolarizability and HOMO–LUMO gap, allowing the molecular
orbitals to overlap to have a proper electronic communication con-
jugation, which is a marker of the intramolecular charge transfer
LUMO+1 

LUMO (First Excited 
State) 

ELUMO= -1.47432 eV

EHOMO= -6.40371 eV 

HOMO 

(Ground State)

HOMO-1 

ΔE= 4.92938 eV 

molecular orbitals of 4A5Cl2MBA.



Table 7
Calculated energies values of 4A5Cl2MBA.

RTD-DFT/B3LYP/6-311++G(d,p) Gas Ethanol Water

Etotal (Hartree) �1050.3386 �1050.3614 �1050.3624
EHOMO (eV) �6.4037 �6.3297 �6.3281
ELUMO (eV) �1.4743 �1.5641 �1.5717
DEHOMO–LUMO gap (eV) 4.9294 4.7656 4.7563
EHOMO�1 (eV) �7.1975 �7.0315 �7.0250
ELUMO+1 (eV) �0.8512 �0.6868 �0.6846
DEHOMO�1–LUMO+1 gap (eV) 6.3463 6.3447 6.3403
Dipole moment (Debye) 4.5056 7.4502 7.5620

Fig. 10. Molecular electrostatic potential map (MEP) of 4A5Cl2MBA molecule.
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from the electron donating group through the p-conjugation sys-
tem to the electron accepting group [55,56].

5.6. UV–Vis spectral analysis

The electronic absorption spectra of the title compound in eth-
anol, water and DMSO solvent were recorded within the 200–
400 nm range and representative spectra are shown in Fig. 8. As
can be seen from the Fig. 8, electronic absorption spectra showed
four bands at 308.5, 274.5, 235.5 and 212.0 nm for ethanol, at
304.5, 265.0, 233.0 and 211.0 nm for water and at 311.0, 277.4
and 234.6 nm for DMSO medium. The band at 215.3 nm in DMSO
medium may be due to solvent peak. Electronic absorption spectra
were calculated using the TD-DFT method based on the B3LYP/6-
311++G(d,p) level optimized structure in gas phase. The calculated
results are listed in Table 6 along with the experimental absorption
spectral data. For TD-DFT calculations, the theoretical absorption
bands are predicted at 279.63, 257.77, 255.43, 251.98, 235.59
and 228.52 nm in gas phase. In addition to the calculations in gas
phase, TD-DFT calculations of the title compound in ethanol and
water as solvent were performed using the PCM model. The PCM
calculations reveal that the calculated absorption bands have slight
red-shifts with the values of 288.51, 262.47, 235.36 nm in ethanol
and 288.75, 262.88, 234.99 nm in water comparing with the gas
phase calculations of TD-DFT method. And also, the calculated
bands have slight blue-shift with the values of 229.46 nm and
229.34 nm in ethanol and water respectively. The band at
308.5 nm (ethanol), 304.5 nm (water) and 311.0 nm (DMSO) is as-
signed as n–p⁄ transition. Similarly, the band at 235.5 nm (etha-
nol), 233.0 nm (water) and 234.6 nm (DMSO) is assigned to n–p⁄

transition. Thus, the TD-DFT method in the gas phase and in sol-
vent media is convenient for predicting electronic absorption
spectra.

5.7. HOMO–LUMO analysis

Molecular orbital and their properties like energy are very use-
ful to the physicists and chemists and their frontier electron den-
sity used for predicting the most reactive position in p-electron
system and also explained several types of reaction in conjugated
systems [57]. The total energy, energy gap and dipole moment af-
fect the stability of a molecule. Surfaces for the frontier orbital
were drawn to understand the bonding scheme of present com-
pound and it is shown in Fig. 9. The conjugated molecules are char-
acterized by a highest occupied molecular orbital-lowest
unoccupied molecular orbital (HOMO–LUMO) separation, which
is the result of a significant degree of intermolecular charge trans-
fer (ICT) from the end-capping electron-donor to the efficient elec-
tron acceptor group through p-conjugated path. The HOMO is the
orbital that primarily acts as an electron donor and the LUMO is the
orbital that largely acts as the electron acceptor, and the gap be-
tween HOMO and LUMO characterizes the molecular chemical sta-
bility. The energy gap between the HOMO and the LUMO
molecular orbitals is a critical parameter in determining molecular
electrical transport properties because it is a measure of electron
conductivity. The HOMO is delocalized over the entire molecule
except methyl group. The HOMO ? LUMO transition implies an
electron density transfer to carboxyl group through benzene ring
from amino group and chlorine atom. The computed energy values
of HOMO and LUMO are �6.40371 eV and �1.47432 eV, respec-
tively. The energy gap value is 4.92938 eV in ethanol for
4A5Cl3MBA molecule. The energy values of the frontier orbitals
are presented in Table 7. The energy gap between HOMO and
LUMO determines the kinetic stability, chemical reactivity and,
optical polarizability and chemical hardness–softness of a mole-
cule [58].
5.8. Molecular electrostatic potential

Molecular electrostatic potential (MEP) 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 (elec-
tron + nuclei) of the molecule and correlates with dipole moments,
electronegativity, partial charges and chemical reactivity of the
molecules. It provides a visual method to understand the relative
polarity of the molecule. Fig. 10 provides a visual representation
of the chemically active sites and comparative reactivity of atoms.
The different values of the electrostatic potential at the surface are
represented by different colors. Potential increases in the order
red < orange < yellow < green < blue. The color code of these maps
is in the range from �43.6244 kcal/mol (deepest red) to
+43.6244 kcal/mol (deepest blue) in the compound, where blue
indicates the strongest attraction and red indicates the strongest
repulsion. As can be seen from the MEP map of the title molecule,
while regions having the negative potential are over the electro-
negative atom (Oxygen and chloro atoms), the regions having the
positive potential are over the hydrogen atoms. The negative po-
tential value is �43.6244 kcal/mol for oxygen atom (C@O for oxy-
gen atom, O19). A maximum positive region localized on the H
atom bond has value of +43.6244 kcal/mol (NH2 for H atom, H11).

6. Conclusions

The FTIR, FT-Raman spectra, 1H, 13C NMR and UV–Visible spectra
of 4-amino-5-chloro-2-methoxybenzoic acid have been recorded
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and analyzed. The equilibrium geometries, harmonic wavenumbers
for monomer and dimer calculations (conformer 1) have been car-
ried out for the first time at DFT level. Optimized geometrical
parameters of the title compound are in agreement with the crystal
structure data obtained from XRD studies. Ab initio programs were
used to find the most stable conformer of 4A5Cl2MBA. In the pres-
ent study, experimental and calculated vibrational wavenumber
analysis confirms the existence of dimer by involvement of hetero-
nuclear association through carbonyl (C@O) oxygen and hydroxyl
(OAH) hydrogen of acid group. Theoretical electronic absorption
spectra have some blue shifts compared with the experimental data
and molecular orbital coefficients analysis suggests that electronic
transitions are assigned to p–p⁄ type. The theoretically constructed
FTIR and FT-Raman spectra exactly coincide with experimentally
observed counterparts.
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