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1. Introduction 

The title compound 4A-N-(4MB)A is a curcumin 

derivative. Curcumin is a natural polyphenol derived from the 

plant Curcumalonga, which has been used in the Indian 

Ayurveda medicine. Extensive researches reveal that curcumin 

exhibits a remarkable range of pharmacological activities, 

such as antioxidant, anti-viral, and anti-tutor activities [1, 2]. 

Recent research also indicated that these pharmacological 

actions of curcumin may owe to its inhibition against cellular 

glyoxalases. Enzyme kinetics studies reveal that curcumin 

elicits a significant inhibitory activity on GLOI (Ki=5.1 μM) 

[3]. Curcumins have several biological activities, such as anti-

inflammatory, antioxidative, antibacterial, antihepatotoxic, 

hypertensive and hypocholesterolenic properties [4–8].  

Curcumin inhibits in vitro lipid peroxide formation by liver 

homogenates of endemic mice [9].  It is used for the synthesis 

of bioactive pyrimidine compounds [10] and also finds 

applications in the preparation of liquid-crystalline     

polymers [11].  

Thermo tropic liquid crystalline behavior of polymeric 

materials containing cyclopentanone moiety linked with 

polyethylene spacers is of considerable current interest, not 

only because of their potential as high-strength fibers, plastics, 

moldings, etc. [12–14], but also their applications in non-

linear optical materials [15]. The benzylidene derivatives are 

intermediates in various pharmaceuticals, agrochemicals and 

perfumes [16]. Curcumin demonstrated a great ability in 

chelating essential metal ions such as Cu(II) [17] and the 

complexes showed a higher scavenging ability than curcumin. 

Fluorescence Quenching studies of curcumin by hydrogen 

peroxide in Acetonitrile solution is reported by Iwunze [18].  

E. Benassi et al., [19] carried out a theoretical study about the 

structural, electronic and spectroscopic properties of the 

ground and single excited states of curcuminoidic core 

concerning the ground state, tautomeric equilibrium, 

vibrational and therochemical analysis; and electronic 

absorption spectra (with ab initio and semi-empirical 

methodologies) have been studied. A full geometry 

optimization of the first singlet excited states was obtained, 

with different computational methodologies. 

An investigation of NMR spectra of Dihydropyridones 

derived from curcumin is conducted by Bahjat et al., [20]. 
1
H 

and 
13

C NMR spectra of dihydropyridones derived from 

curcumin were discussed and their structures were elucidated 

accordingly. The optimized structure is used to calculate the 

NMR chemical shifts at the B3LYP/6-311G(d,p) level using 

the GIAO method. Comparative anti-inflammatory activities 

of Curcumin and Tetrahydrocurcumin are analyzed by Yukio 

et al., [21]. In addition, the bond dissociation enthalpy of the 

phenolic OH was calculated using the DFT/B3LYP.  

Literature survey reveals that to the best of our 

knowledge, ab initio HF, DFT calculations and experimental 

studies on 4A-N-(4MB)A molecule have not been reported so 

far. Therefore, The present work deals with FT-IR and FT-

Raman spectroscopic investigation of 4A-N-(4MB)A utilizing 

HF/6-311++G(d,p) and DFT method with 6-311G(d,p)/6-

311++G(d,p) as basis sets. The UV and NMR spectral studies 

have been carried out by using TD-DFT/B3LYP/6-

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

311++G(d,p) basis sets respectively. Vibrational spectrum of 

the molecule is supported by using the SQM force field 

technique based on DFT. The redistribution of ED in various 

bonding and anti-bonding orbitals and E2 energies has been 

calculated by NBO analysis using DFT method. The HOMO 

and LUMO analysis have been used to elucidate information 

regarding charge transfer within the molecule.   
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ABSTRACT 

The optimized molecular structure, vibrational frequencies, corresponding vibrational 

assignments and thermodynamic properties of 4-Acetyl-N-(4-

methoxybenzylidene)aniline [4A-N-(4MB)A] have been investigated by using ab initio 

HF/6-311++G(d,p) and DFT/B3LYP method at 6-311G(d,p) and 6-311++G(d,p) basis 

sets. The energy and oscillator strength calculated by TD-DFT are in line with 

experimental findings. The 
1
H and 

13
C NMR chemical shifts calculations of the 4A-N-

(4MB)A molecule were carried out by using HF/6-311++G(d,p) and B3LYP functional 

with 6-311G(d,p)/6-311++G(d,p) basis set. HOMO and LUMO orbitals have been 

visualized. The stability of the molecule arising from hyperconjugative interaction and 

charge delocalization has been analyzed using natural NBO analysis.  The minimum 

energy conformational analysis was carried out with the help of PES scan.  Besides, MEP 

was calculated and Mulliken charges, IR and Raman intensities have also been reported.                                                                                     
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2. Experimental Details 

The FT-Raman spectrum of 4A-N-(4MB)A was recorded 

using the 1064 nm line of a Nd:YAG laser as excitation 

wavelength in the region 10-3500 cm
-1

 on a Brucker model 

IFS 66V spectrophotometer equipped with an FRA 106 FT-

Raman module accessory. The FT-IR spectrum of this 

compound was recorded in the region 400-4000 cm
-1 

on an 

IFS 66V spectrophotometer using the KBr pellet technique. 

The spectrum was recorded at room temperature, with a 

scanning speed of 10 cm
-1 

per minute and at the spectral 

resolution of 2.0 cm
-1

. The theoretically predicted IR and 

Raman spectra at HF/6-311++G(d,p) and B3LYP/6-

311G(d,p)/6-311++G(d,p) level of calculations are shown in 

Figs.1 and 2 respectively along with the experimental 

spectrum.  

 

Fig 1. Comparison of the Experimental and computed FT-

IR   spectra of 4A-N-(4MB)A 

 

Fig 2. Comparison of the Experimental and computed FT-

Raman spectra of 4A-N-(4MB)A 

 

3. Computational Details 

For meeting the requirements of both accuracy and 

computing economy, theoretical methods and basis sets 

should be considered. DFT has proved to be extremely useful 

in treating electronic structure of molecules. The density 

functional three parameter hybrid model (DFT/B3LYP) at 6-

311G(d,p)/6-311++G(d,p) basis sets level along with HF 

method was adopted to calculate the properties of the 

molecule in this work. All the calculations were performed 

using the Gaussian 03W program package [22] with the 

default convergence criteria without any constraint on the 

geometry [23]. It should be noted that Gaussian 03W package 

does not calculate the Raman intensities. The Raman 

activities were transformed into Raman intensities using 

Raint program [24] by the expression: 

          Ii =10
-12 

x  (υo-υi)
4  

x 1/υi   x  RAi
                                     

(1) 

where Ii is the Raman intensity. RAi
 

is the Raman 

scattering activities, υi is the wavenumber of the normal 

modes; and
 
υo denotes the wavenumber of the excitation laser 

[25]. For B3LYP functional, selected as the one which gives 

the most accurate results, calculations were continued with 

the expanded 6-311G(d,p) basis set. The
 
results obtained at 

this level of theory, were used for the detailed interpretation 

of the IR and Raman spectra. TED was calculated by using 

the SQM program [26, 27] and the fundamental vibrational 

modes were characterized by their TED.  

4. Results and Discussion 

4.1. Molecular Geometry 

Molecular structure of the title compound belongs to C1 

point group symmetry. The optimized molecular structure of 

4A-N-(4MB)A is shown in Fig. 3. Optimized bond lengths, 

bond angles and dihedral angles of the molecule are predicted 

using HF/6-311++G(d,p) and B3LYP/6-311G(d,p)/6-

311++G(d,p) levels are given in Table 1.  

The most of the optimized bond lengths and bond angles 

are calculated at HF/6-311++G(d,p) and B3LYP/6-

311G(d,p)/6-311++G(d,p) method correlates well with the 

different basis sets. The bond distance of C1-C2 is 1.401Å, 

1.402 Å and 1.392 Å at B3LYP/6-311++G(d,p), B3LYP/6-

311G(d,p) and HF/6-311++G(d,p) methods respectively. The 

reasoning of larger bond length that appears in the bond is 

repulsive and attractive forces of unlike charges. The 

maximum bond length has been calculated for C4-C16 

(1.461Å), C25-C29 (1.495Å) and C29-C31 (1.519 Å) by 

B3LYP/6-311++G(d,p). Carbonyl group has the bond 

distance 1.358 Å, 1.424 Å, 1.219 Å (C1-O11, O11-C12, C29-

O30 respectively).  

Optimized bond angles of C2-C1-C6 are 119.8°, 119.7 

and 119.7° using B3LYP/6-311++G(d,p), B3LYP/6-

311G(d,p) and HF/6-31G(d,p) methods respectively. The C2-

C1-O11, C25-C29-O30 bonds have different angles (124.4 

and 120.8°) and this is due to the dominant ED in oxygen 

more than carbon and hydrogen, the C-C-H bond angle of the 

molecule increases and decreases towards 120 degree. 

Among the bond angles of O-C-H, the O11-C12-H13 has 

minimum angle about 111.3°. The C-C-C bond angles that 

end with hydrogen atom have maximum bond angle in the 

molecule (C2-C3-C4: 121.1°, C5-C4-C16: 122.0°,    C4-C5-

C6: 121.1° and C19-C21-C25: 121.0°).  
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Table 1. Geometric bond length, bond angle, dihedral Angle of 4AN(4MB)A 

 

Parameters HF/ 

6-311++G(d,p) 

B3LYP/ 

6-311G(d,p) 

B3LYP/ 

6-311++G(d,p) 

Bond length (Å)    

C1-C2 1.392 1.402 1.401 

C1-C6 1.392 1.403 1.403 

C1-O11 1.341 1.357 1.358 

C2-C3 1.377 1.383 1.384 

C2-H7 1.074 1.083 1.083 

C3-C4 1.393 1.405 1.405 

C3-H8 1.077 1.085 1.085 

C4-C5 1.388 1.401 1.401 

C4-C16 1.471 1.461 1.461 

C5-C6 1.383 1.388 1.389 

O11-C12 1.402 1.424 1.424 

C16-N28 1.255 1.279 1.279 

C18-C19 1.395 1.406 1.406 

C18-C20 1.389 1.405 1.405 

C18-N28 1.402 1.399 1.399 

C19-C21 1.376 1.383 1.383 

C21-C25 1.396 1.404 1.405 

C23-C25 1.387 1.400 1.401 

C23-H27 1.074 1.084 1.083 

C25-C29 1.498 1.496 1.495 

C29-O30 1.192 1.217 1.219 

C29-C31 1.514 1.520 1.519 

Bond Angle (°)    

C2-C1-C6 119.7 119.7 119.8 

C2-C1-O11 116.0 115.8 115.8 

C6-C1-O11 124.3 124.6 124.4 

C1-C2-C3 119.8 119.9 119.9 

C2-C3-C4 121.2 121.1 121.2 

C3-C4-C5 118.4 118.4 118.4 

C3-C4-C16 119.7 119.4 119.7 

C5-C4-C16 121.9 121.7 122.0 

C4-C5-C6 121.2 121.1 121.1 

C1-C6-C5 119.7 119.7 119.7 

C1-O11-C12 120.3 118.9 119.0 

O11-C12-H13 111.3 111.4 111.3 

C4-C16-N28 123.3 123.1 123.3 

C19-C18-C20 119.1 118.7 118.7 

C19-C18-N28 118.2 118.2 118.3 

C20-C18-N28 122.7 123.0 122.9 

C18-C19-C21 120.4 120.5 120.5 

C18-C20-C23 120.2 120.4 120.4 

C19-C21-C25 120.9 121.0 121.0 

C20-C23-C25 121.0 120.9 121.0 

C21-C25-C23 118.5 118.5 118.4 

C21-C25-C29 118.7 118.4 118.7 

C23-C25-C29 122.8 123.1 122.9 

C16-N28-C18 119.9 120.6 120.4 

C25-C29-O30 120.6 120.8 120.8 

Dihedral Angle (°)    

C6-C1-C2-C3    0.0     0.0    0.0 

C6-C1-C2-H7 -180.0 -180.0 -180.0 

O11-C1-C2-C3 -180.0 -180.0 -180.0 

O11-C1-C6-C5 180.0 180.0 180.0 

C2-C1-O11-C12 -180.0 -180.0 -180.0 

C1-C2-C3-H8 -180.0 -180.0 -180.0 

C2-C3-C4-C16 180.0 180.0 180.0 

C16-C4-C5-C6 -180.0 -180.0 -180.0 

C3-C4-C16-H17 -0.1 -0.2 -0.3 

C3-C4-C16-N28 178.4 178.9 178.9 
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Fig 3. Optimized structure of 4A-N-(4MB)A using 

B3LYP/6-311G(d,p) 

4.2. Potential Energy Surface Scan Studies 

The PES scan on dihedral angle O11-C1-C6-C5 has been 

performed at B3LYP/6-311++G(d,p) level. The PES scan was 

carried out by minimizing the potential energy in all 

geometrical parameters by changing the torsional angle at 

every 10° for 360° rotation around the bond. The results 

obtained in PES scan study by varying the torsional 

perturbation around the cyanide bond (C=O) is plotted in. Fig 

4. The large energy barrier of about -824.14 (Hartee) indicates 

that the rotation of C=O group is very much restricted.
         

 

Fig 4. PES scan for dihedral angle O11-C1-C6-C5 for  

4A-N-(4MB)A using B3LYP/ 

6-311++G(d,p) 

4.3. Vibrational Spectral Analysis 

Vibrational spectral assignments were performed on the 

recorded FT-IR and FT-Raman spectra based on the 

theoretically predicted wavenumbers by ab initio HF/6-

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

methods and are collected in Table-2. None of the predicted 

vibrational spectra has any imaginary wavenumbers, implying 

that the optimized geometry is located at the local lowest point 

on the PES. We know that ab initio HF and DFT potentials 

systematically overestimate the vibrational wavenumbers. 

These discrepancies are corrected either by computing 

anharmonic corrections explicitly or by introducing a scaled 

field [28] or by directly scaling the calculated wavenumbers 

with proper scale factors [29, 30]. After scaling with a scaling 

factor, the deviation from the experimental value is less than 

10 cm
-1

 with few exceptions. The title molecule belongs to C1 

point group. The 96 normal modes of fundamental vibrations. 

Comparison of the wavenumbers calculated with experimental 

values reveal that the B3LYP method shows very good 

agreement with experimental observation due to inclusion of 

electron correlation for this method. 

4.3.1. C-H Vibrations 

In the heteroaromatic compounds, the C-H stretching 

vibrations normally occur at 3100-3000 cm
-1

 [31]. These 

vibrations are not found to be affected by the nature and 

position of the substituent and typically exhibit weak bands 

compared with the aliphatic stretching vibrations. In IR 

spectra, most of the aromatic compounds have nearly four 

peaks in the region 3080-3010 cm
-1

 due to ring C-H stretching 

bands. IR frequencies of C-H bands are a function of sp 

hybridization [32]. The scaled vibrations, [mode nos:96-83] 

assigned to the aromatic C-H stretch computed in the range 

3375-3177 cm
-1

 and 2953-2912 cm
-1

 by B3LYP/6-

311++G(d,p) method shows good agreement with the recorded 

medium strong  FT-IR band at 3169 cm
-1

. As expected, these 

fourteen modes are pure stretching modes as it is evident from 

TED column that they are almost contributing to 97%.   

The C-H in-plane-bending vibrations are usually expected 

to occur in the region 1300-1000 cm
-1

 and these vibrations are 

very useful for characterization purposes [32]. Two medium 

strong peaks at 1161, 1192 cm
-1

 in FT-IR and Four very weak 

bands at 1272, 1273,1277, 1288 cm
-1

 in FT-IR and 1162 cm
-1 

in FT-Raman spectrum are assigned to the C-H in-plane 

bending vibrations. These vibrations are in good agreement 

with the theoretically computed values by B3LYP/6-

311++G(d,p) method at 1291, 1282, 1279, 1276, 1195, 

1168cm
-1

   [mode nos:57, 56, 55, 54, 51, 49]. The C-H out-of-

plane bending vibrations are strongly coupled and occur in the 

region 1000-700 cm
-1

 [33]. Generally, the C-H out-of-plane 

deformation modes owned the highest wavenumbers have 

weaker intensity than these observing at lower wavenumbers 

[34]. In the title molecule 4A-N-(4MB)A, the peaks observed 

at 1122, 1061, 914 cm
-1

 in the FT-IR spectrum are assigned to 

C-H out-of-plane bending vibrations. These assignments are in 

good agreement with the theoretically scaled harmonic 

wavenumbers at 1129, 1068, 923 cm
-1

 in B3LYP/6-

311++G(d,p) method [mode nos:47, 41, 36]. 

4.3.2. C=O Vibrations 

The carbon-oxygen double bond is formed by pπ-pπ 

bonding between carbon and oxygen. Because of the different 

electro negativities of carbon and oxygen atoms, the bonding 

electrons are not equally distributed between the two atoms 

[35]. Normally, the carbonyl group vibrations occur in the 

region 1780-1680 cm
-1

. In the present study, the very weak 

band observed at 1255 cm
-1 

in FT-Raman and strong peak 

observed at 1253 cm
-1

 in FT-IR is assigned to C-O stretching 

vibration, which is not only in well agreement with the 

theoretical values: 1260 cm
-1

 [mode no:53] by B3LYP/6-

311++G(d,p) method, but also with literature values [30].  

4.3.3. CH3 Vibrations 

In 4A-N-(4MB)A, there are two CH3 groups attached to 

the benzene ring and we expect number of stretching and 

bending vibrations. In aromatic molecules, the asymmetric 

stretching vibrations of CH3 are expected to appear in the 

range of 3000-2905 cm
-1 

and symmetric stretching vibrations 

are in the range of 2870-2860 cm
-1

 [33, 36]. In this study the 

harmonic frequencies 3169 and 1629 cm
-1

 (mode nos: 82 

and73) by B3LYP/6-311++G(d,p) method are assigned to CH3 

asymmetric and  symmetric stretching modes respectively. 

The in-plane bending vibrations (scissoring) of the CH3 

groups have been identified by the B3LYP/6-311G(d,p) 

method at 1607, 1601, 1591 cm
-1 

(mode nos:71,70,69). The 

CH3 wagging vibrations computed by B3LYP/6-311G(d,p) 

method at 1550, 1441, 1434 cm
-1

 [mode nos:67,64,63] show 

good agreement with the recorded spectral value observed at 

1428 cm
-1

 in FT-Raman.  
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Table 2. The observed FT-IR, FT-Raman and computed frequencies (cm
-1

), IR, Raman intensities (Km/mol), reduced mass 

(amu) and force constants (mdyn/Å) of  4AN(4MB)A by using B3LYP/6-311++G(d,p) 

Mode 

No. 

Observed Freq. (cm-

1) 

Computed at B3LYP/6-311++G(d,p) TED (%) 

FT-IR FT- 

Raman 

Freq. 

scaled 

Intensity Red. 

Mass 

Force 

Const. IR Raman 

1   27 1.09 2.04 4.20 0.00 υOC (36%)+ tCCOC (24%) 

2   31 1.63 9.29 5.40 0.00 tCCCN (31%)+ tCNCC (33%)+ tCCCC (11%) 

3   41 0.84 1.21 4.78 0.00 tCNCC (31%)+NCCC (12%)+CCCC (11%) 

4   63 2.01 3.11 4.10 0.01 NCC (17%)+CNC (15%) 

5   75 1.34 2.47 4.19 0.01 tCCCN (10%)+ tCCCC (71%) 

6   101 2.02 2.35 4.38 0.03 NCC (10%)+ tCNCC (19%) 

7   121 4.20 18.43 4.80 0.04 CCC (10%)+ tCCCC (31%) 

8   143 0.08 0.47 1.03 0.01 HCH (12%)+ tHCOC (12%)+ tCCCN (17%) 

9   159 1.86 3.78 6.05 0.09 tHCCO (66%) 

10   195 0.75 8.97 2.72 0.06 HCH (14%)+ tHCCO (23%) 

11   207 5.27 40.29 3.24 0.08 CCC (43%)+CCC (17%) 

12   239 6.58 0.72 3.62 0.12 CCC (13%)+ tCCCC (11%) 

13   241 0.25 23.11 1.51 0.05 COC (12%)+ tCCCC (10%)+ tCCCC (12%) 

14 293w 294w 277 0.96 14.31 4.06 0.18 CCC (14%)+ υCC (17%)+CCO (11%) 

15   326 7.50 41.35 4.14 0.26 CCN (14%) 

16   370 3.04 2.18 5.28 0.43 CCO (22%)+ tCCCC (11%) 

17 417w 418w 387 2.71 1.83 4.16 0.37 CCC (10%) 

18   421 0.92 40.79 2.98 0.31 tCCCC (24%)+ tCCCC (38%) 

19   429 0.54 4.79 3.06 0.33 tCCCC (46%)+ tCCCC (10%)+ tCCCC (21%) 

20 471w 470w 446 9.13 0.61 5.04 0.59 CCO (18%)+COC (10%)+CCC (12%) 

21   468 3.41 9.92 4.29 0.55 CNC (12%)+ tCNCC (14%) 

22   505 7.63 0.58 3.44 0.52 NCC (11%)+CCN (14%)+CCC (16%) 

23   530 6.17 12.10 4.05 0.67 tCCCC (11%)+ tCCCC (15%)+OCCC (11%)+NCCC 

(16%) 

24 582w 587w 543 14.22 1.70 2.74 0.47 OCCC (29%)+CCCC (26%) 

25   554 15.51 17.91 4.52 0.82 υCC (14%)+CCO (44%) 

26 641w 639w 601 26.69 0.75 2.59 0.55 CHCH (14%)+OCCC (41%) 

27   608 56.26 12.28 3.48 0.76 CCC (24%)+CCC (18%)+CCC (17%) 

28   646 2.62 13.23 7.08 1.74 CCC (22%)+CCC (18%)+CCC (17%) 

29   651 0.05 2.90 6.97 1.74 CCC (18%)+ υCC (10%)+ υCC (19%)+ υCC (13%) 

30   711 0.10 21.80 5.13 1.53 tCCCC (13%)+ tCCCC (17%)+ tCCOC (10%)+OCCC 

(13%) 

31   736 1.34 3.60 3.71 1.18 tCCCC (32%)+ tCCCC (11%)+ tCCCC (12%) 

32   749 0.72 4.75 3.77 1.25 CCC (52%) 

33   786 2.44 69.89 4.34 1.58 υOC (10%)+OCCC (10%) 

34   825 0.77 1.70 1.26 0.50 CCC (12%) 

35   832 15.06 58.70 1.43 0.58 υCC (12%) 

36 914ms 915w 846 41.58 15.56 1.66 0.70 tHCCC (37%)+CCCH (18%) 

37   852 1.19 5.89 5.80 2.48 tHCCO (11%)+ tHCCO (16%)+ tHCCC (23%) 

38   863 46.24 6.89 1.65 0.72 tHCCC (17%)+ tHCCO (31%) 

39   902 39.02 28.50 3.78 1.81 υOC (15%) 

40   956 80.47 70.27 2.14 1.15 NCCC (12%) 

41 1061w 1063w 962 0.30 8.38 1.34 0.73 υCC (32%)+CHCH (26%) 

42   963 1.23 22.87 1.35 0.74 tHCCO (26%)+CCCH (38%) 

43   983 0.19 0.88 1.34 0.76 tHCCC (25%)+CCCH (51%) 

44 1098w 1096w 1002 0.45 32.37 1.35 0.80 CCC (14%)+CCC (19%) 

45 1099w 1097w 1008 18.24 209.46 1.59 0.95 CCC (11%)+CCC (11%) 

46   1022 0.08 0.46 2.60 1.60 CCCH (11%)+ tHCCC (37%)+ tHCCO (22%) 

47 1122w 1121w 1026 5.37 14.20 2.71 1.68 tHCCC (24%)+CCCH (54%)  

48   1043 0.74 0.27 1.88 1.20 tHCCC (12%)+CCNH (66%) 

49 1161ms 1162w 1054 66.68 5.29 6.84 4.48 HCH (10%)+CHCH (50%)+OCCC (17%) 

50   1089 4.13 213.55 2.46 1.72 υCC (17%)+ υCC (18%)+CHCH (23%) 

51 1192ms 1189w 1132 10.47 25.26 1.32 0.99 υCC (32%)+ υCC (24%)+HCC (12%) 

52   1133 7.15 0.66 1.28 0.97 υCC (33%)+ υCC (18%)+HCC (13%) 

53 1253w 1255w 1166 0.74 2.85 1.27 1.02 υOC (24%) 

54 1272w 1269w 1179 446.99 1565.14 1.36 1.12 υCC (11%)+ υCC (23%)+HCC (16%) 

55 1273w 1271w 1192 18.83 185.97 1.19 1.00 HCC (17%)+HCC (14%) 
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ν-stretching,  δ-in-plane bending, -out-of-plane bending, s-strong, m-medium, w-weak, ms-medium strong, vs-very strong 

 

 

56 1277w 1276w 1200 7.16 5.84 1.40 1.19 υCC (10%)+ υCC (15%)+HCC (16%)+HCC (27%) 

57 1288w 1284w 1222 58.51 748.41 2.42 2.13 υCC (11%)+ υCC (20%)+HCC (14%) 

58   1271 34.06 3.00 2.26 2.15 υCH (27%) 

59  1332w 1278 489.98 212.02 3.44 3.31 υCC (14%) 

60   1287 210.65 11.22 4.32 4.21 CHOH (32%) 

61  1377w 1320 15.64 0.46 2.08 2.13 υNC (28%)+ υCC (13%) 

62  1411w 1329 21.58 32.76 1.45 1.51 υCC (30%)+ υCC (11%)+CCO (10%) 

63 1429w 1428w 1332 27.94 7.11 2.51 2.62 HCC (14%)+HCC (19%)+HCC (20%)+HCC (19%) 

64 1432w  1344 111.62 281.80 7.51 8.00 HCC (17%)+HCC (18%)+HCC (17%)+HCC (23%) 

65   1385 57.71 3.22 1.33 1.50 HCN (42%) 

66 1513w  1404 5.63 132.43 1.62 1.88 HCN (11%)+HCH (19%)+HCH (30%)+HCH (16%) 

67 1543w 1542w 1441 13.57 21.19 3.09 3.79 υCC (13%)+ υCC (10%)+HCC (12%) 

68 1557w 1559w 1453 18.31 167.17 2.86 3.56 υCC (11%)+HCN (21%) 

69  1587w 1471 15.03 5.13 1.06 1.35 HCH (20%)+HCH (47%)+HCH (16%)+CHCH (11%) 

70  1598w 1476 7.02 5.19 1.21 1.55 HCH (15%)+HCH (10%)+ tHCOC (22%)+CHOH 

(17%) 

71  1061w 1480 11.62 9.94 1.05 1.35 NCH (10%)+HCH (30%)+HCH (30%) 

72   1493 9.99 17.67 1.05 1.37 υCH (10%)+HCH (40%)+ tCHOH (10%) 

73 1621ms 1622w 1503 68.28 40.16 1.06 1.41 υCH (25%)+ υCH (25%)+HCH (13%)+HCH (21%)+ 

tHCOC (10%) 

74   1527 0.70 252.87 2.43 3.33 HCH (14%) 

75   1544 137.37 34.48 2.63 3.69 HCC (10%)+HCC (11%)+HCC (10%)+HCC (10%) 

76   1587 68.75 389.50 6.45 9.58 υCC (24%)+ υCC (36%)+CCC (11%) 

77   1604 61.97 853.26 6.95 10.53 υCC (15%)+ υCC (25%)+ υCC (14%)+ υCC (18%) 

78   1623 794.72 7324.42 5.68 8.81 υCC (18%)+ υCC (21%) 

79   1646 67.28 254.55 5.78 9.22 υCC (16%)+ υCC (13%)+ υCC (12%) 

80   1687 121.93 2107.38 7.66 12.84 υNC (75%) 

81   1736 273.73 205.12 10.56 18.75 υON (88%) 

82 3160ms 3163w 3002 39.52 57.74 1.09 5.76 υCH (11%)+HCH (10%)+ tHCOC (47%) 

83 3169ms 3167w 3012 63.10 191.52 1.03 5.53 υCH (48%)+ υCH (37%)+ υCH (14%) 

84 3192w 3194w 3033 3.47 199.98 1.04 5.62 υCH (99%) 

85   3073 32.29 65.99 1.11 6.16 υCH (14%)+HCH (67%) 

86 3231w 3232w 3090 8.68 43.04 1.10 6.18 υCH (42%)+ υCH (51%) 

87   3140 22.24 180.47 1.10 6.39 υCH (67%) 

88 3281w 3283w 3141 16.82 150.02 1.10 6.40 υCH (10%)+ υCH (76%) 

89   3163 7.76 53.49 1.09 6.42 υCH (89%) 

90   3174 7.43 33.23 1.09 6.45 υCH (70%)+ υCH (25%) 

91   3184 2.38 47.00 1.09 6.50 υCH (85%) 

92   3191 2.22 19.80 1.09 6.53 υCH (83%)+ υCH (15%) 

93   3191 8.06 95.90 1.09 6.56 υCH (17%)+ υCH (19%)+ υCH (61%) 

94 3358w 3351w 3197 5.87 182.01 1.09 6.58 υCH (74%)+ υCH (13%) 

95   3201 2.78 136.27 1.09 6.60 υCH (89%)+ υCH (10%) 

96   3207 9.71 118.15 1.09 6.63 υCH (15%)+ υCH (84%) 
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4.3.4. Ring Vibrations 

The ring carbon-carbon stretching vibrations occur in the 

region 1625-1430 cm
-1

. In general, the bands are of variable 

intensity and are observed at 1625-1575, 1540-1470, 1465-

1430 and 1380-1280 cm
-1

 from the wavenumber ranges given 

by  Shimanouchi et al.,  [37] for five bands in the region. In 

the present investigation, the wavenumbers observed at 1559 

cm
-1

 in FT-Raman and 1557 cm
-1

 in FT-IR have been assigned 

to C=C stretching vibration. The theoretically computed 

values by B3LYP/6-311G(d,p) at 1566, 1550, 1416, 1384, 

1339 cm
-1 

[mode nos:68,67,62,61,59] show good agreement 

with experimental values. The aromatic stretching (c-c) 

vibrations give rise characteristic bands in both the observed 

IR and Raman spectra, covering the spectral range from 1600-

1400 cm
-1 

[38-42]. The calculated harmonic mode nos: 57, 56, 

51 (B3LYP/6-311++G(d,p) are in agreement with 

experimental FT-IR: 1288 and FT-Raman: 1284 cm
-1

 values 

and also find support from literature values. The C-C in-plane 

bending vibration calculated at 475 cm
-1 

by B3LYP/6-

311G(d,p) method (mode no: 20) is in good agreement with 

the spectral value observed at 471 cm
-1

 in FT-IR; and the C-C 

out-of-plane bending vibrations are assigned to 649, 590 cm
-1 

[mode nos: 26,24] in B3LYP/6-311++G(d,p) method. 

Moreover, the theoretically calculated C-C-C in-plane and 

out-of-plane bending vibrations are in agreement with 

literature values [43]. 

5. NMR Analysis 

The molecular structure of 4A-N-(4MB)A is optimized by 

using B3LYP method with 6-311++G(d,p). GIAO 
13

C and 
1
H 

chemical shift calculations of the title compound is made by 

using B3LYP method in conjunction with  6-311++G(d,p) 

basis set. The calculated values at different basis sets for 
13

C 

and 
1
H NMR as shown in Table 3 correlates well with each 

other. The 
13

C and
 1

H NMR spectrum of 4A-N-(4MB)A as 

shown in Fig. 5. The spectral value of all the atoms like 

Carbon, Hydrogen, Oxygen and Nitrogen shows different 

values for basis sets.  In Carbon atome C31 has maximum 

values of 171.19, 160.72 and 160.55 by using HF/6-

311++G(d,p), B3LYP/6-311G(d,p) andB3LYP/6-311++G(d,p) 

respectively.  In Hydrogen atom H32 has maximum values of 

30.60, 30.43, 30.46 by using HF/6-311++G(d,p), B3LYP/6-

311G(d,p) andB3LYP/6-311++G(d,p) respectively.  This 

shows that both the basis sets are in close agreement with each 

other. 

 

Fig 5. The computed (a)
 1
H NMR and (b)

 13
C NMR of 4A-

N-(4MB)A 

Table 3. Theoretical 
1
H and 

13
C spectra of 4AN(4MB)A (with respect to TMS, all values in ppm) 

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

1C 18.49 5.42 4.71 

2C 65.32 55.14 54.35 

3C 54.04 47.32 46.31 

4C 53.43 40.62 39.54 

5C 54.12 48.84 47.72 

6C 63.21 53.58 52.77 

12C 136.49 120.70 120.45 

16C 19.99 16.89 13.85 

18C 31.68 23.43 21.46 

19C 61.61 50.20 49.47 

20C 74.78 65.71 64.93 

21C 52.07 48.29 47.09 

23C 54.90 49.23 48.36 

25C 51.42 39.06 37.65 

29C -27.61 -30.06 -33.48 

31C 171.19 160.72 160.55 

7H 24.81 24.74 24.69 

8H 24.39 24.41 24.41 

9H 23.00 23.27 23.17 

10H 24.67 24.65 24.58 

13H 29.54 29.08 29.06 

14H 28.98 28.52 28.51 

15H 29.58 29.11 29.06 

17H 22.28 22.30 22.11 

22H 24.29 24.25 24.24 

24H 23.93 23.77 23.73 

26H 23.24 23.59 23.48 

27H 23.91 23.96 23.86 

32H 30.60 30.43 30.41 

33H 29.80 29.39 29.27 

34H 30.30 30.38 30.45 

 



F.Liakath Ali Khan et al./ Elixir Vib. Spec. 92 (2016) 38706-38717 38713 

6. NBO Analysis 

NBO analysis gives the accurate possible natural Lewis 

structure picture of ø, because all orbital are mathematically 

chosen to include the highest possible percentage of the ED. 

Interaction between both filled and virtual orbital spaces 

information is correctly explained by the NBO analysis. It 

could enhance the analysis of intra- and inter- molecular 

interactions. The second order Fock matrix was carried out to 

evaluate donor (i) – acceptor (j) i.e. donor level bonds to 

acceptor level bonds interaction in the NBO analysis [44]. The 

result of interaction is a loss of occupancy from the 

concentration of electron NBO of the idealized Lewis 

structure into an empty non-Lewis orbital. For each donor (i) 

and acceptor (j), the stabilization energy E(2) associates with 

the delocalization i → j is estimated as:   

 

ij

jiF

iij qEE
 


2),(

)2(

                                             (2) 

where qi is the donor orbital occupancy, εj and εi are 

diagonal elements and F(i, j) is the off diagonal NBO Fock 

matrix element. NBO analysis provides an efficient method 

for studying intra- and inter-molecular bonding and interaction 

among bonds; and also provides a convenient basis for 

investigating charge transfer or conjugative interaction in 

molecular systems. Some electron donor orbital, acceptor 

orbital and the interacting stabilization energy resulted from 

the second-order micro disturbance theory are reported       

[45, 46].  

The larger E(2) value the more intensive is the interaction 

between electron donors and acceptors i.e. the more donation 

tendency from electron donors to electron acceptors and the 

greater the extent of conjugation of the whole system [47]. 

Delocalization of ED between occupied Lewis – type (bond or 

lone pair) NBOs and formally unoccupied (antibond or 

Rydeberg) non-Lewis NBOs corresponds to a stabilizing 

donor- acceptor interaction. NBO analysis has been performed 

on the BHMBC molecule at DFT/B3LYP/6-311++G(d,p) 

level in order to elucidate, the intra-molecular hybridization 

and delocalization of ED within the molecule. The charge 

transfer within the molecule is more in π → π* transition. This 

study reveals the energy transfer during inter-molecular 

interactions. Transition between πC1-C2 and π*C5-C6 bonds 

has the energy 22.59 kJ/mol.  Similarly transition between 

πC3-C4 and π*C16-N34 bond has the energy 17.56 kJ/mol. 

The E(2) values and types of the transition for 4A-N-

(4MB)A are shown in Table.4. 

7. HOMO-LUMO Analysis 

HOMO and LUMO are very important parameters for 

quantum chemistry. We can determine the way in which the

Table 4. Second order perturbation theory analysis of Fock matrix in NBO basis for 4AN(4MB)A  using B3LYP/6-311G(d,p) 

 

Donor (i) Type ED/e Acceptor (j) Type ED/e E(2)a 

(kJmol-1) 
E(j)-E(i)b (a.u) F(i,j)c 

(a.u) 

C1-C2 σ 1.98 C1-C6 σ* 0.02 3.01 1.26 0.055 

C1-C2 π 1.71 C5-C6 π* 0.03 22.59 0.28 0.072 

C1-C6  σ 1.97 C1-C2 σ* 0.01 3.10 1.29 0.057 

C1-C6   C6-O11  0.03 0.84 1.07 0.027 

C1-H7 σ 1.98 C1-C6 σ* 0.02 0.60 1.07 0.023 

C1-H7   C2-C3  0.02 4.10 1.08 0.059 

C2-C3 σ 1.97 C3-C4 σ* 0.39 4.22 1.26 0.065 

C2-H8 σ 1.98 C1-H7 σ* 0.01 0.67 0.96 0.023 

C3-C4 σ 1.97 C3-C16 σ* 0.03 3.04 1.17 0.053 

C3-C4 π 1.62 C16-N34 π* 0.16 17.56 0.28 0.066 

C3-C16 σ 1.97 C3-C4 σ* 0.39 3.12 1.23 0.055 

C4-C5 σ 1.97 C3-C16 σ* 0.03 3.40 1.19 0.057 

C4-H9 σ 1.98 C5-H10 σ* 0.01 0.74 0.95 0.024 

C5-C6 π 1.63 C5-C6 π* 0.40 0.92 0.28 0.014 

C5-H10 σ 1.98 C4-H9 σ* 0.01 0.61 0.99 0.022 

C6-O11 σ 1.99 C5-C6 σ* 0.40 0.97 1.46 0.034 

C12-H15 σ 1.99 C6-O11 σ* 0.03 0.52 0.91 0.020 

C16-H17 σ 1.99 C3-C4 σ* 0.39 4.18 1.10 0.061 

C16-N34 σ 1.91 C16-H17 σ* 0.04 0.56 1.27 0.024 

C18-C19 σ 1.97 C18-C20 σ* 0.03 3.86 1.24 0.062 

C18-C19 π 1.60 C21-C25 π* 0.02 24.31 0.28 0.074 

C18-C20 σ 1.97 C16-N34 σ* 0.16 0.73 0.72 0.021 

C18-N34 σ 1.98 C3-C16 σ* 0.03 3.74 1.26 0.061 

C19-C21 σ 1.98 C19-H22 σ* 0.01 1.28 1.15 0.034 

C21-H26 σ 1.98 C19-C21 σ* 0.01 0.75 1.11 0.026 

\C23-C25 σ 1.97 C25-C28 σ* 0.07 2.41 1.13 0.047 

C23-H27 σ 1.98 C20-H24 σ* 0.01 0.74 0.95 0.024 

C25-C28 σ 1.98 C23-C25 σ* 0.02 2.40 1.22 0.048 

C28-O29 σ 1.97 C28-C30 σ* 0.05 0.96 1.45 0.034 

C28-C30 σ 1.99 C28-O29 σ* 0.01 0.74 1.24 0.027 

C30-H31 σ 1.97 C28-O29 σ* 0.14 4.65 0.54 0.046 

C30-H32 σ 1.97 C28-O29 σ* 0.14 4.57 0.54 0.046 

C30-H33 σ 1.99 C28-O29 σ* 0.14 1.13 1.11 0.032 
a
E(2) means energy of hyper conjugative interaction (stabilization energy) 

b
Energy difference between donor and acceptor i and j NBO orbitals. 

c
F(i,j) is the Fork matrix element between i and j NBO orbitals. 
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molecule interacts with other species; hence, they are called 

the frontier orbitals. HOMO, which can be considered as the 

outermost orbital containing electrons, tends to give these 

electrons such as an electron donor. On the other hand; LUMO 

can be considered as the innermost orbital containing free 

places to accept electrons [48]. The HOMO and LUMO 

energy calculated by HF/6-311++G(d,p) and B3LYP/6-

311G(d,p)/6-311++G(d,p) methods are shown in Table 5. This 

electronic transition absorption corresponds to the transition 

from the ground to the first excited state and is mainly 

described by an electron excitation from HOMO to LUMO. In 

the present study, the C=C, O-CH3 and C-O bond have highest 

occupied MO and the LUMO prevails over the C-C bond in 

4A-N-(4MB)A. The atomic compositions of the frontier MO 

using B3LYP/6-311G (d,p) are shown in Fig. 6.  

 

 

HOMO PLOT 

 

LUMO PLOT 

Fig 6. The atomic orbital compositions of the frontier 

molecular orbital for  4A-N-(4MB)A using B3LYP/6-

311++G(d,p) 

Table 5. HOMO LUMO energy calculated by HF and DFT 

methods 

SCF energy = - 824.14 a.u. 

8. Molecular Electrostatic Potential  

MEP is related to the ED and is a very useful descriptor in 

understanding sites for electrophilic and nucleophilic reactions 

as well as hydrogen bonding interactions [49, 50]. The 

electrostatic potential V(r) is also well suited for analyzing 

processes based on the "recognition" of one molecule by 

another, as in drug-receptor, and enzyme-substrate 

interactions, because it is through their potentials that the two 

species first "see" each other [51, 52]. To predict reactive sites 

of electrophilic and nucleophilic attacks for the investigated 

molecule, MEP at the B3LYP/6-311++G(d,p) optimized 

geometry was calculated. The negative (red and yellow) 

regions of MEP were related to electrophilic reactivity and the 

positive (blue) regions to nucleophilic reactivity (Fig. 7). The 

negative region is localized on the oxygen atoms and the 

positive region is localized on the hydrogen atom. These 

results provide information concerning the region where the 

compound can interact inter-molecularly and bond 

metallically. Therefore, Fig. 7 confirms the non-existence of 

inter-molecular interactions within the molecule. 

 

Fig. 7. Molecular electrostatic potential map calculated at                    

B3LYP/6-311G(d,p) level for BHMBC 

9. Other Molecular Properties 

9.1. Mulliken Charges 

The calculation of atomic charges plays an important role 

in the application of quantum mechanical calculations to 

molecular systems [53]. The charge distributions are 

calculated by Mulliken method [54] using HF/6-311++G(d,p), 

B3LYP/6-311G(d,p) and B3LYP/6-311++G(d,p) methods for 

the equilibrium geometry of  4A-N-(4MB)A are given in 

Table 6. The charge distribution on the molecule has an 

important influence on the vibrational spectra. The 

corresponding Milliken’s plot is shown in Fig. 8. C23 

possesses the most negative charges by B3LYP/6-

311++G(d,p) method. 

 

Fig. 8. Comparison of different methods for calculated                                    

atomic charges of 4A-N-(4MB)A

Parameter HF/ 

6-311++G(d,p) 

(eV) 

B3LYP/ 

6-311G(d,p) 

(eV) 

B3LYP/ 

6-311++G(d,p) 

(eV) 

HOMO -0.347 -0.343 -0.343 

LUMO -0.236 -0.239 -0.239 

Energy gap 

(ΔE) 

-0.111 -0.104 -0.104 
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Table 6. Calculated Mulliken charges of 4AN(4MB)A by HF and DFT method 

 

Charges HF/6-311++G(d,p) B3LYP/6-311G(d,p) B3LYP/6311++G(d,p) 

1C -0.706 0.186 -0.658 

2C -0.489 -0.092 -0.461 

3C -0.497 -0.061 -0.501 

4C 0.627 -0.162 0.748 

5C -0.088 -0.015 -0.105 

6C 0.096 -0.133 0.083 

7H 0.231 0.103 0.188 

8H 0.202 0.088 0.158 

9H 0.244 0.109 0.196 

10H 0.233 0.115 0.201 

11O -0.237 -0.342 -0.151 

12C -0.311 -0.136 -0.331 

13H 0.147 0.112 0.151 

14H 0.176 0.134 0.177 

15H 0.146 0.125 0.165 

16C -0.060 0.140 -0.088 

17H 0.138 0.075 0.095 

18C -0.967 0.073 -0.688 

19C 0.164 -0.056 0.047 

20C -0.318 -0.075 -0.390 

21C 0.621 -0.031 0.463 

22H 0.221 0.096 0.178 

23C -1.193 -0.062 -1.034 

24H 0.209 0.105 0.179 

25C 1.123 -0.167 1.263 

26H 0.260 0.108 0.207 

27H 0.195 0.098 0.151 

28N 0.230 -0.323 0.243 

29C -0.124 0.225 -0.297 

30O -0.327 -0.305 -0.254 

31C -0.484 -0.324 -0.452 

32H 0.156 0.137 0.162 

33H 0.159 0.123 0.150 

34H 0.220 0.133 0.203 

 

Table 7. Theoretically computed energies, zero-point vibrational energies, rotational constants, entropies and dipole 

moment for 4AN(4BM)A 

 

Parameters HF/ 

6-311++G(d,p) 

B3LYP/ 

6-311G(d,p) 

B3LYP/ 

6-311++G(d,p) 

Total Energies (a.u) -818.74 -823.91 -823.92 

Zero point energy (kcal/mol) 182.24 170.44 170.20 

Rotational constants (GHz) 1.94 1.90 1.90 

0.10 0.10 0.10 

0.10 0.10 0.10 

Entropy (cal/mol/K)    

Total 133.36 136.76 137.58 

Translational 42.49 42.49 42.49 

Rotational 34.02 34.06 34.06 

Vibrational 56.85 60.22 61.04 

Dipole moment (D) 5.34 5.79 5.81 
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9.2. Thermodynamic Properties 

The calculated thermodynamic parameters are presented 

in the Table 7. Scale factors have been recommended [55] for 

an accurate prediction in determining the zero-point 

vibrational energies and the entropy S. The variations in the 

zero-point vibrational energies seem to be insignificant. The 

total energies found to decrease with increase of the basis sets. 

The changes in the total entropy of  4A-N-(4MB)A at room 

temperature at different basis sets are only marginal. 

10. Conclusion  

A complete vibrational and molecular structure analysis 

has been performed based on the quantum mechanical 

approach by ab initio HF and DFT (B3LYP) calculations. 

NBO reflects the charge transfer within the molecule. HOMO 

and LUMO orbitals have been visualized. 
13

C and 
1
H NMR 

chemical shifts calculation of the  4A-N-(4MB)A molecule 

were carried out by using B3LYP functional with 6-311G(d,p) 

basis set and the result coincide well with the different basis 

sets. Moreover, MEP, several thermodynamic properties and 

Mulliken charges are also calculated. 
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