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ABSTRACT  
 A structural and vibrational analysis of the 4-(2,5-di-2-thienyl-1H-pyrrol-1-yl) 
benzoic acid (TPBA), was carried out by ab initio calculations, at the density functional 
theory (DFT) method. Molecular geometry, vibrational wave numbers and gauge 
including atomic orbital (GIAO) 13C NMR and 1H NMR chemical shift values of 
(TPBA), in the ground state have been calculated by using ab initio density functional 
theory (DFT/B3LYP) method with 6-311G(d,p) as basis set for the first time. 
Comparison of the observed fundamental vibrational modes of (TPBA) and calculated 
results by DFT/B3LYP method indicates that B3LYP level of theory giving yield good 
results for quantum chemical studies. Vibrational wave numbers obtained by the 
DFT/B3LYP method are in good agreement with the experimental data. The study 
was complemented with a natural bond orbital (NBO) analysis, to evaluate the 
significance of hyper conjugative interactions and electrostatic effects on such 
molecular structure. By using TD-DFT method, electronic absorption spectra of the 
title compound have been predicted and a good agreement with the TD-DFT method 
and the experimental one is determined. The predicted non-linear optical properties of 
the title compound are much greater than ones of urea. In addition, the molecular 
electrostatic potential (MEP), frontier molecular orbitals analysis and thermodynamic 
properties of TPBA were investigated using theoretical calculations.  
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I. INTRODUCTION 
 

 The chemical properties of compounds containing aromatic carboxyl have 

been extensively investigated in the past decades. Pyrroles are components of more 

complex macrocycles, including the porphyrins of heme, the chlorins, bacteriochlorins, 

chlorophyll, porphyrinogens [1]. Pyrrole is a 5-membered aromatic heterocycle, like 

furan and thiophene. Unlike furan and thiophene, it has a dipole in which the positive 

end lies on the side of the heteroatom, with a dipole moment of 1.58 D. Synthesized 

electroactive processable polymeric materials with a linear combination of thiophenes 

as the external units and N-substituted pyrrole as the central unit (2,5-di(2-thienyl)-1H-

pyrrole derivatives) have attracted interest. Kim et al., [2] have been studied the 

synthesis, electrochemical, and spectroelectrochemical properties of conductive poly-

[2,5-di-(2-thienyl)-1H-pyrrole-1-(p-benzoic acid)]. They investigated their study that the 

2,5-di(2-thienyl)-1H-pyrrole derivative, [(2,5-di-(2-thienyl)-1H-pyrrole)-1-(p-benzoic 

acid)] (DPB) was chosen as a model compound. Because, in that particular system, the 

carboxylic acid group of benzoic acid is one of the most useful units to further 

incorporate functional groups into the polymer backbone. New type 2,5-di(2-

thienyl)pyrrole derivative namely 4-amino-N-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-

yl)benzamide have been synthesized via reaction of 1,4-di(2-thienyl)-1,4-butanedione 

and p-aminobenzoyl hydrazide by Soyleyici et al [3]. 

The calculations based on DFT method have been used in many areas [4-7]; the results 

are also in good agreement with the experimental results in calculating vibrational wave 

numbers. In this study, we first synthesized 4-(2,5-di-2-thienyl-1H-pyrrol-1-yl) benzoic 

acid then the geometrical parameters, fundamental frequencies, electronic transitions, 

thermodynamic properties and GIAO 1H and 13C NMR chemical shifts of the TPBA 

molecule in the ground state have been calculated by using the DFT method with 6-

311G(d,p) as basis set. In these DFT studies, the geometric structures of the TPBA 

molecule, i.e. bond lengths, bond angles, and torsion angles, have been calculated. We 

need experimental results to confirm the calculations; however, such experimental data 

are scarce. The absence of the X-ray structure of the title molecule, we could only be 

compared the selected geometrical results with available experimental counterparts. 

Whereas, the comparison of the experimental and theoretical spectra reveals that very 

useful in making correct assignments and understanding the basic chemical shift-

molecular structure relationship. And so, these calculations are valuable for providing 

insight into molecular analysis. 

EXPERIMENTAL DETAILS  

 The compound TPBA in solid form were prepared using a KBr disc 

technique. The infrared spectrum of the compound was recorded in the range of 

4000–600 cm-1 on a Perkin–Elmer FT-IR system spectrum BX spectrometer. The 

spectrum was recorded at room temperature, with a scanning speed of 10 cm-1 min-1 
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and the spectral resolution of 4.0 cm-1. The ultraviolet absorption spectra of sample 

solved in DMSO was examined between 200 nm and 500 nm with resolution of 1 nm 

by Analytic JENA S 600 UV–Vis recording spectrometer. The sample spectrum was 

taken inside a quartz tupe with DMSO. NMR experiment was performed in Bruker 

DPX-400 at 300 K. Chemical shifts were reported in ppm relative to tetramethylsilane 

(TMS) for 1H NMR spectrum in DMSO. NMR spectrum was obtained at the base 

frequency of 400 MHz for 1H nuclei. The experimental HOMO–LUMO values for 

TPBA were calculated from cyclic voltammetry. 

 

COMPUTATIONAL DETAILS 

 

The entire calculations were performed at Density functional theoretical (DFT) level 

with 6-311G(d,p) as basis set using Gaussian 03W [8] program package, invoking 

gradient geometry optimization [9]. Initial geometry generated from the standard 

geometrical parameters was minimized without any constraint on the potential energy 

surface at HF level adopting the standard B3LYP/6-31G(d,p) basis set then re-

optimized again at DFT level using the same basis set for better description. All the 

optimized structures were confirmed to be minimum energy conformations. Harmonic 

vibrational wave numbers were calculated using analytic second derivatives to confirm 

the convergence to minima on the potential surface and to evaluate the zero-point 

vibrational energies (ZPVE). At the optimized structure of the TPBA, no imaginary 

frequencies were obtained, proving that a true minimum on the potential energy 

surface was found. By the use of potential energy distribution (PED) using VEDA 4 

program [10] along with available related molecules, the vibrational frequency 

assignments were made with a high degree of accuracy. The natural bond orbital 

(NBO) calculations were performed using NBO 3.1 program [11] as implemented in 

the Gaussian 03W [8] package at the DFT/B3LYP level in order to understand various 

second order interactions between the filled orbitals of one subsystem and vacant 

orbitals of another subsystem, which is a measure of the intermolecular delocalization 

or hyper conjugation. The 1H NMR isotropic shielding were calculated with the GIAO 

method [12, 13] using the optimised parameters obtained from B3LYP/6–311G(d,p) 

method. The B3LYP method allows calculating the shielding constants with accuracy 

and the GIAO method is one of the most common approaches for calculating nuclear 

magnetic shielding tensors. The effect of solvent on the theoretical NMR parameters 

was included using the default model IEF–PCM provided by Gaussian 03W. The 

isotropic shielding values were used to calculate the isotropic chemical shifts δ with 

respect to tetramethylsilane (TMS). 

 

PREDICTION OF RAMAN INTENSITIES 

The theoretical Raman intensity (IR), which simulates the measured Raman spectrum, 

can be calculated using RAINT program [14]. The Raman activities (Si) calculated by 
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Gaussian 03 program [8] have been converted to relative Raman intensities (IR). The 

theoretical Raman intensity (IR), which simulates the measured Raman spectrum, is 

given by the equation [14,15]: 

                                                                {1} 

where ‘Bi’ is a temperature factor which accounts for the intensity contribution of 

excited vibrational states, and is represented by the Boltzmann distribution: 

          {2} 

In Eq. (1) ‘ν0’ is the frequency of the laser excitation line (in this work, we have used 

the excitation frequency ν0 = 9398.5 cm−1, which corresponds to the wavelength of 

1064 nm of a Nd:YAG laser), ‘νi’ is the frequency of normal mode (cm−1), while ‘Si’ is 

the Raman scattering activity of the normal mode Qi.    is given in arbitrary units (C is 

a constant equal 10−12). In Eq. (2) h, k, c, and T are Planck and Boltzmann constants, 

speed of light and temperature in Kelvin, respectively. Thus, the presented theoretical 

Raman intensities have been computed assuming ‘Bi’ equal to 1. The simulated spectra 

were plotted using a Lorentzian band shape with a half-width at half-height (HWHH) 

of 3 cm-1. 

RESULTS AND DISCUSSION 
MOLECULAR GEOMETRY 

The optimized molecular structures obtained from GaussView program [16] are shown 

in Fig. 1. 

 

 

 

 

 

 

 

 

 

FIG. 1: THEORETICAL STRUCTURE OF THE TPBA 

The most relevant structural parameters, bond lengths, bond angles and dihedral angles 

for TPBA have been employed without symmetry constraint by DFT/B3LYP method 

with the 6-311G(d,p) as basis set are presented in Tables SI-1 and 2 (supplementary 

information). The TPBA molecule consists of two thiophene ring and benzoic acid 

structure substituted with pyrrole ring. The DFT calculation predicts the tilting around 

41° between the theophene rings and pyrrole ring. On the other hand, the benzoic acid 

exhibits the tilting around 62° with pyrrole ring. This shows the non-planarity of the 

entire molecule and also the individual planarity of the each rings. 

The title molecule is considered to possess C1 point group symmetry. The global 

minimum energy of TPBA was calculated at -1733.7013 Hartree. The C-S bond lengths 
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in the thiophene rings are calculated at B3LYP/6-311G(d,p) level are 1.754 and 1.732 

Å, respectively, which are smaller than the bond length of the single C-S bond (1.82 Å). 

The bonds, which act a bridge role between the thiophene rings and pyrrole ring are 

induced the C-S bond distances to the elongation of 1.754 Å whereas another values 

are calculated at 1.732 Å. The reported C-S bond distances values 1.759, 1.746 Å [17] 

1.739 Å [18, 19] 1.751 Å [20] are in agreement with calculated values. In the case of C-

N bonds, The C1-N5 and C4-N5 bond distances are all calculated at 1.396 Å whereas 

the C25-N5 bond distance has been calculated at 1.428 Å at B3LYP/6-311G(d,p) level 

of theory which are shorter than that of normal C-N bond (1.47 Å) and longer than 

that of C=N bond (1.33 Å) [21]. But the second one is much closer to that of C-N 

bond distance [21].  

The C-C bond length in benzene ring is between 1.388–1.399 Å at B3LYP/6-

311G(d,p) level, which is much shorter than the typical C-C single bond (1.54 Å) and 

longer than the C=C double bond (1.34 Å) [22]. All the internal C-C-C bond angles in 

the benzene ring have been calculated around ~120° whereas in the thiophene ring 

which are calculated at around ~113°. The C-S-C bond angles are calculated at 91.8° 

which are in good agreement with the literature value of 92.1° [17]. It can be concluded 

from the calculated values, the geometrical parameters are slightly overestimated from 

the experimental values those are taken to be compared, due to the fact that the 

experimental results belong to the solid phase and theoretical calculations belong to 

isolated molecule in gas phase. 

 

VIBRATIONAL ASSIGNMENTS 

The harmonic vibrational frequencies are calculated for the title compound by 

DFT/B3LYP/6-311G(d,p) level of theory in order to obtain the spectroscopic 

signature of the selected compounds. Vibrational spectral assignments have been 

performed based on the recorded FT-IR spectra and the theoretically predicted 

wavenumbers of TPBA. The recorded FT-IR and calculated vibrational wave number 

along with their relative intensities and probable assignments of TPBA are given in 

Table 1. 

No 
Exp. Wave 

number 
Theoretical wave number 

Assignments (PED) 
 FT-IR Scaled IIR

a SRa
a IRa

a 

1 3650 3647 106.78 197.57 3.01 υOH(100) 

2  3144 0.34 155.40 2.89 υCH(97) 

3  3139 0.56 255.24 3.67 υCH(97) 

4  3138 0.56 265.11 3.71 υCH(98) 

5  3130 5.66 69.06 0.20 υCH(98) 

6  3112 2.25 64.57 0.19 υCH(99) 

7  3111 2.41 60.81 0.18 υCH(99) 

8  3108 0.78 115.62 0.35 υCH(99) 

9  3102 1.98 75.74 0.23 υCH(99) 
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10  3094 9.10 130.27 0.40 υCH(96) 

11  3093 11.44 131.13 0.40 υCH(98) 

12  3091 1.77 41.56 0.13 υCH(98) 

13 3070 3089 1.35 20.84 0.06 υCH(97) 

 2984     overtone+combination 

 2851     overtone+combination 

 2671     overtone+combination 

 2549     overtone+combination 

14 1674 1744 351.28 125.72 1.47 υCO(83) 

15 1610 1594 90.21 269.34 3.73 υCC(67), δCCH(16) 

16 1576 1567 9.62 29.22 0.42 υCC(71) 

17  1555 8.72 23.22 0.34 υCC(72) 

18 1518 1538 0.62 2631.04 38.86 υCC(73) 

19  1493 28.04 15.08 0.24 δCCH(50), υCC(33) 

20  1490 9.11 1.68 0.03 υCC(59), δCCH(22) 

21  1459 0.02 3024.43 49.03 υCC(63) 

22  1421 20.53 0.87 0.02 υCC(79) 

23 1431 1410 11.03 44.02 0.76 υCC(69) 

24  1395 27.53 4.65 0.08 υCC(35), δCCH(31) 

25  1380 86.21 33.53 0.60 υCN(27), υCC(24) 

26  1332 3.52 9.49 0.18 δCCH(27), υCC(22) 

27 1355 1331 182.11 64.50 1.22 
δOH[δCOH(32)], 
υCO(22), υCC(20) 

28  1327 39.75 96.61 1.84 
υCN(26), υCC(18), 
δCCH(11) 

29  1301 5.47 0.58 0.01 υCC(34), υCN(26) 

30  1294 3.51 44.76 0.89 υCC(42), δCCH(19) 

31 1286 1290 4.40 0.16 0.00 δCCH(51), υCC(24) 

32  1272 1.09 1.68 0.03 
δCCH(33), υCC(25), 
υCN(14) 

33  1234 0.31 102.80 2.21 υCC(41), υCN(18) 

34 1222 1225 7.59 15.40 0.33 δCCH(46) 

35 1199 1197 4.88 16.01 0.36 δCCH(46), υCC(26) 

36 1164 1172 31.11 1.51 0.03 δCCH(52), υCC(24) 

37 1164 1172 138.06 29.05 0.68 δCCH(59), υCC(28) 

38 1129 1149 163.63 64.20 1.55 δCCH(53), υCC(19) 

39 1101 1096 3.29 1.79 0.05 δCCH(52), υCC(23) 

40  1081 20.63 6.02 0.16 δCCH(32) 

41  1072 28.11 19.63 0.53 
δCCH(44), δCHS(14), 
υCC(10) 

42  1070 123.88 6.65 0.18 δCCH(24), υCC(19) 

43  1057 7.32 5.30 0.15 
υCC(21), δCCH(18), 
δCHS(15) 

44 1043 1040 0.77 3.31 0.09 υCC(47), δCCH(25) 

45  1032 4.28 3.81 0.11 δCCH(35), υCC(32) 
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46  1030 8.24 157.81 4.50 δCCH(55), υCC(26) 

47 1019 1012 5.09 32.40 0.95 υCC(33) 

48  998 6.47 3.66 0.11 
δCCC(37), δCCH(21), 
υCC(14) 

49  968 0.13 0.27 0.01 γCH[τCCCH(38)] 

50 950 956 0.10 0.31 0.01 γCH[τCCCH(39)] 

51  887 10.13 27.40 0.98 δCCN(10) 

52  885 1.71 2.99 0.11 
γCH[τCCCH(11), 
τCHCH(60)], τCSCH(11) 

53  884 4.81 5.13 0.18 
γCH[τCCCH(10), 
τCHCH(53)] 

54 863 869 1.26 5.05 0.19 δCCC(28), δCCH(10) 

55  854 23.42 0.11 0.00 
γCH[τCCCH(48), 
τCNCH(20)], τCCCO(11) 

56 840 840 0.15 6.73 0.26 
γCH[τCCCH(33), 
τCNCH(13)] 

57 834 826 1.09 5.63 0.22 
γCH[τCCCH(79), 
τCNCH(18)] 

58  819 49.55 4.08 0.16 
υCS(37), δCCS(14), 
δCCC(11) 

59  818 23.27 76.00 3.05 
υCS(40), δCCS(14), 
δCCC(11) 

60  815 8.56 1.19 0.05 
γCH[τCCCH(43), 
τCSCH(18), τHCCH(17)] 

61  812 15.66 11.56 0.47 
τCCCH(44), τCCHS(19), 
τCCHH(17) 

62 782 771 47.50 1.11 0.05 
τCCCO(27), τCCCH(15), 
τCOOH(12) 

63  770 25.58 43.03 1.89 υCC(39), δCCC(10) 

64 764 763 34.09 0.04 0.00 
γCH[τCCCH(61), 
τCNCH(20)] 

65  720 6.20 6.09 0.29 υCS(59), δCCC(21) 

66  717 0.36 22.75 1.10 υCS(64), δCCC(21) 

67  700 53.37 1.80 0.09 
τCCCC(28), τCCCH(21), 
τCCCO(12) 

68 695 675 62.74 5.75 0.30 
γCH[τCCCH(46), 
τCSCH(38)] 

69  674 62.24 6.67 0.36 
δCCH(46), 
γCH[τCSCH(38)] 

70  667 19.90 6.55 0.35 τCCCN(26), τCCHN(14) 

71  663 27.28 13.68 0.75 δCOO(16) 

72  643 7.01 13.55 0.77 τCCCN(12) 

73  634 3.00 8.50 0.49 
δCCS(16), υCS(15), 
δCCC(15) 

74  619 2.31 0.78 0.05 δCCC(33) 

75  617 7.04 31.17 1.88 δCCS(29), υCS(18) 
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76  596 7.42 2.44 0.15 
γOH[τCCOH(29)], 
υCS(13), δCCN(10) 

77  575 41.85 1.65 0.11 
γOH[τCCOH(28)], 
τCOOH(13) 

78  568 0.09 30.81 2.10 
τCCCC(64), 
γCH[ΓCCCH(16)], 
τCCCS(22) 

79  551 19.91 6.09 0.43 τCCCS(15), τCCCC(13) 

80  511 4.83 1.25 0.10 δCCO(12), υCC(11) 

81  497 2.82 1.65 0.13 τCCCS(23), δCCO(18) 

82  491 1.59 3.02 0.25 τCCCS(18) 

83  474 17.39 6.60 0.58 τCCCS(10) 

84  455 11.00 1.78 0.17 δCCO(15) 

85  409 1.34 6.50 0.72 
τCCCC(64), 
γCH[τCCCH(23)] 

86  404 1.01 2.48 0.28 
υCC(24), δCCS(20), 
δCCC(16) 

87  377 3.84 3.87 0.49 δCCC(19) 

88  372 6.99 1.05 0.13 δCCN(23) 

89  324 0.58 2.78 0.44 τCCCS(22), τCCCC(16) 

90  42 0.76 16.92 100.00 
τCCCN(33), τCCCO(19), 
τCCCS(10) 

91  40 0.15 0.40 2.60 τCCCN(30), τCCSN(24) 

92  33 0.26 1.86 17.90 τCCCN(61) 

93  28 0.59 6.37 82.95 
τCCCN(47),  τCCSN(19), 
τCCCS(16) 

94  26 0.10 5.04 74.87 τCCNC(18) 

TABLE 1: TPBA, Comparison of the Calculated and Experimental Vibrational 
Spectra and Proposal Assignments 

The experimental FT-IR and calculated Infrared and Raman spectra of the title 

molecule depicted as Fig. 2. 
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FIG. 2: TPBA EXPERIMENTAL FT-IR AND CALCULATED INFRARED 

AND RAMAN SPECTRA 

 Any discrepancy noted between the observed and the calculated frequencies 

may be due to the two facts: one is that the experimental results belong to solid phase 

and theoretical calculations belong to gaseous phase; the another one is that the 

calculations have been actually done on a single molecule contrary to the experimental 

values recorded in the presence of intermolecular interactions. It is customary to scale 

down the calculated harmonic frequencies in order to improve the agreement with the 

experiment. Vibrational frequencies calculated at B3LYP/6-311G(d,p) level of theory 

were scaled by 0.967 to correct the theoretical error in this work. 
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C-H VIBRATIONS 

 The existence of one or more aromatic rings in a structure is readily 

determined from the C-H and C=C-C ring related vibrations. The C-H stretching 

occurs above 3000 cm−1 and is typically exhibited as a multiplicity of weak to 

moderate bands compared with the aliphatic C-H stretch [23]. In this region the bands 

are not affected appreciably by the nature of substituent. From Table 1 the observed 

FT-IR spectral wavenumbers are assigned to the C-H stretching modes of aromatic 

group of TPBA. The medium band in FT-IR at 3070 cm-1 is assigned to C-H 

stretching vibrations. The theoretically computed wavenumbers (mode nos. 2 to 13) by 

B3LYP/6-311G(d,p) level of theory predicted at 3144, 3139, 3138, 3130, 3112, 3111, 

3108, 3102, 3094, 3093 and 3091 cm-1 fall within the recorded spectral range. As 

expected these modes are pure stretching modes as it is evident from the Table 1. 

The observed C-H in-plane bending vibrations are assigned at 1222, 1199, 1164, 1164, 

1129 and 1101 cm-1 in FT-IR spectra. The wavenumbers are predicted at 1272,1225, 

1197, 1172, 1172, 1149, 1096, 1081, 1072, 1070, 1032 and 1030 cm-1 (mode nos.31, 32 

and 34-42, 45 and 46) for the same vibrations which also correlated with the 

experimental values.  Furthermore, the band is observed at 950 cm-1 in FT-IR 

spectrum for out of plane bending vibrations. The calculated wave number values at 

968, 956, 885, 884, 854, 840, 826 and 815 cm-1 for the out-plane-bending vibrations 

are found to be exactly correlated with their experimental counterpart. 

C-S AND C-N VIBRATIONS 

In the case of thiophene two C-S stretching vibrations are attributed, one is fell in 

higher wavenumber and another one is in lower wave number. The C-S stretching 

wavenumbers are observed by Kwiatkowski et al. and Bak et al.[24-25] at 840 and 754 

cm-1 whereas Kupka et al. [26] have been predicted theoretically at 842 and 750 cm-1 

by DFT method. Notwithstanding the fact, in our present study, the ring connected C-

S bond stretching vibrations predicted in lower wave number at 720 and 717 cm-1 

whereas the another C-S bond stretching vibrations attributes in higher wave number 

at 819 and 818 cm-1. The PED contributes around 60% in the lower wavenumber 

region whereas in the higher wave number region this contribution falls around 40% 

shown in the Table 1. The CS in-plane-bending vibrations are predicted at 634 and 617 

cm-1 by B3LYP method. The deformation vibrations are also predicted in the lower 

wave number region at 497, 491, 474 and 324 cm-1 respectively. The other essential 

characteristic vibrations of the title compound is C-N stretching vibrations, which are 

predicted at 1380, 1327 and 1301 cm-1 in B3LYP/6-311G(d,p) level of theory. There 

are no bands observed in the experimental spectrum. The deformation vibrational 

wave numbers of C-N group are observed at 840 and 834 cm-1 in FT-IR spectrum. 

The theoretically predicted C-N deformation vibrational wave numbers are calculated 
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at 887, 854, 840 and 826 cm-1 in B3LYP level. The PED column shows these modes 

are a mixed one with minor contributions. 

 

C–C VIBRATIONS 

The ring stretching vibrations are very much important in the spectrum of benzene, 

pyridine and their derivatives are highly characteristic of the aromatic ring itself. C-C 

ring stretching vibrations occur in the region 1430-1625 cm−1. In general, the bands 

are of variable intensity and are observed at 1625-1590, 1575-1590, 1470-1540, 1430-

1465 and 1280-1380 cm−1 from the wave number ranges given by Varsanyi [27]for the 

five bands in the region. In the present study, the C-C stretching vibrations are found 

at 1610, 1576, 1518 cm-1 in IR spectra for Benzene ring. The computed wavenumbers 

at 1594, 1567, 1555, 1538 and 1395 cm-1 by DFT method assigned C-C stretching 

vibrations for the Benzene ring. The band observed at 1431 cm-1 in IR spectra 

identified as C-C stretching vibrations for the pyrrole ring. These vibrations also 

computed at 1490, 1410 and 1380 cm-1 by DFT method for pyrrole ring. The band 

observed at 1043 cm-1 in IR spectra identified as C-C stretching vibrations for the 

thiophene ring. These vibrations also calculated at 1459, 1421, 1301, 1294, 1057 and 

1040 cm-1 by DFT method for thiophene ring. The wavenumber 1234 cm-1 has also 

been assigned for C-C stretching vibrations which calculated by B3LYP/6-311G(d,p) 

level of theory. The C-C-C in-plane-bending bands always occur between the value 

1000-600 cm-1[28]. The band observed at 863 cm-1 in FT-IR spectrum is assigned to 

C-C-C deformations of phenyl ring. The computed wavenumbers at 998, 869, 619, 

377, 207, 185 and 115 cm-1 by DFT method have been assigned C-C-C in plane 

bending vibrations. The PED contribution for this mode is a mixed mode as it is 

evident from Table 1. The calculated wavenumber at 700, 568, 409, 156 and 91 cm-1 

are assigned as C-C-C-C torsional vibrations for the title molecule. 

 

C AND 1H NMR SPECTRAL ANALYSIS  

Application of the gauge-including atomic orbital (GIAO) [29] approach to molecular 

system was significantly improved by an efficient application of the method to the ab 

initio SCF calculations, using technique borrowed from analytic derivative 

methodologies. GIAO procedure is somewhat superior since it exhibits a faster 

convergence of the calculated properties upon extension of the basis set used. Taking 

into account the computational cost and the effectiveness of calculation, the GIAO 

method seems to be preferable from many aspects at the present state of this subject. 

On the other hand, the density functional methodologies offer an effective alternative 

to the conventional correlated methods, due to their significantly lower computational 

cost. The 1H and 13C chemical shifts are measured in DMSO solvent and are 

calculated in different solvents as depicted in Table 2. 
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Table 2: TPBA experimental and calculated chemical shifts (ppm) 

Atom Calculated Exp. 

 Ethanol Water Gas DMSO DMSO 

C34 168.65 168.72 166.98 168.70 166.73 

C25 149.97 149.97 149.93 149.97 141.62 

C8 144.54 144.51 144.98 144.52 133.68 

C19 144.40 144.37 144.90 144.38 133.68 

C29 135.81 135.78 136.20 135.79 130.36 

C4 135.17 135.18 134.89 135.18 131.60 

C1 135.12 135.14 134.77 135.14 131.60 

C27 135.05 135.08 134.49 135.07 130.36 

C26 134.16 134.19 133.52 134.18 130.36 

C24 134.14 134.15 133.83 134.15 130.36 

C11 132.58 132.65 131.53 132.63 129.60 

C16 132.54 132.62 131.40 132.60 129.60 

C28 131.31 131.33 131.18 131.32 125.22 

C17 130.24 130.27 129.50 130.26 127.23 

C10 130.19 130.22 129.47 130.21 127.23 

C9 129.60 129.64 128.88 129.63 124.75 

C18 129.55 129.59 128.84 129.58 124.75 

C2 116.06 116.00 116.94 116.02 110.10 

C3 116.03 115.98 116.90 116.00 110.10 

H33 8.24 8.24 8.26 8.24 8.02 

H32 8.20 8.20 8.08 8.20 8.00 

H30 7.29 7.29 7.19 7.29 7.46 

H31 7.26 7.27 7.13 7.27 7.43 

H21 7.18 7.19 6.94 7.19 7.30 

H15 7.18 7.19 6.95 7.19 7.29 

H22 6.74 6.75 6.58 6.75 6.87 

H14 6.74 6.75 6.58 6.75 6.87 

H6 6.57 6.57 6.50 6.57 6.57 

H7 6.57 6.57 6.50 6.57 6.57 

H37 6.10 6.13 5.47 6.12 - 

H13 5.85 5.85 5.72 5.85 6.65 

H23 5.83 5.83 5.70 5.83 6.65 

 

The isotropic chemical shifts are frequently used as an aid in identification of reactive 

organic as well as ionic species. It is recognized that accurate predictions of molecular 

geometries are essential for reliable calculations of magnetic properties. At first the full 

geometry optimization of TPBA was performed by using B3LYP/6-311G (d,p) level 

of theory. Then, GIAO 1H and 13C chemical shift calculations of the TPBA has been 

made by same method. The 1H and 13C NMR spectra of TPBA measured in DMSO 

solvent are shown in SI - 3. 
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 The result in Table 3 shows that the range of 13C NMR chemical shift of 

typical organic molecule usually is >100 ppm [30, 31] the accuracy ensures reliable 

interpretation of spectroscopic parameters. The signals for aromatic carbons were 

observed at 125.22-141.62 ppm in 13C NMR spectrum for the title molecule, since 

those carbon atoms which belong to benzene ring. The calculated values for benzene 

ring carbon atoms also fall within the expected range of 131.32-149.97 ppm. The 

exception in the case of aromatic ring carbon chemical shift is observed which are 

125.22 and 141.62 ppm due to the substitution of carboxylic acid group and pyrrole 

nitrogen respectively. The chemical shift values in the pyrrole ring connected carbon 

atoms of the thiophene ring are observed 144.52 and 144.38 ppm whereas the 

calculated one is at 133.68 ppm which gives good agreement with the experimental 

chemical shift values. The signals of the aromatic proton were observed at 7.43-8.02 

ppm which shows good agreement with theoretical value of 7.27-8.24 ppm. The 

adjacent proton chemical shift values H6 and H7 in pyrrole ring are calculated at 6.57 

and 6.57 ppm which are exactly correlated with the experimental values those are also 

observed at 6.57 ppm of each. This shows that the correlation between theory and 

experiment for the title compound is good. For 1H and 13C chemical shifts, the 

calculated values are also agreement with the experimental values. 

 

Table 3: The experimental and computed (TD-/B3LYP/6-311(d,p)) 
absorption wavelength λ (nm), excitation energies E(eV),  of TPBA 

DMSO Water Gas Ethanol Experimental 

λ(nm
) 

E(e
V) 

λ(nm
) 

E(e
V) 

λ(nm
) 

E(e
V) 

λ(nm
) 

E(e
V) 

λ(n
m) 

E(e
V) 

344.6
3 3.5

976 

409.9
7 3.0

242 

422 
2.9
38 

410.6
8 3.0

19 
340
.68 

3.6
43 (62→

63) 
(91→
92) 

(91→
92) 

(91→
92) 

281.6
7 

4.4
017 

329.6
9 

3.7
607 

325.2
2 

3.8
123 

330.1
5 

3.7
554 

269
.92 

4.5
98 

(60→
63) 

(91→
93) 

(91→
93) 

(91→
93) 

(61→
63) 

   

258.5
2 

4.7
959 

310.9
7 

3.9
87 

321.1
1 

3.8
612 

311.4
7 

3.9
806 

203
.54 

6.0
98 

(59→
63) 

(91→
94) 

(91→
94) 

(91→
94) 

(60→
63) 

(91→
95) 

 
(91→
95) 

(61→
64) 
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NBO ANALYSIS 

By the application of the second-order donor–acceptor NBO energetic analysis, insight 

in the most important delocalization schemes was obtained. NBO analysis gives 

information about intra and intermolecular bonding and interactions among bonds, 

and also provides a convenient basis for investigating the interactions in both filled and 

virtual orbital spaces along with charge transfer and conjugative interactions in 

molecular system. The second order Fock matrix was carried out to evaluate the 

donor–acceptor interactions in the NBO analysis [32]. The change in electron density 

(ED) in the (σ*, π*) antibonding orbitals and E(2) energies have been calculated by 

natural bond orbital (NBO) analysis [33] using DFT method to give clear evidence of 

stabilization originating from various molecular interactions. NBO analysis has been 

performed on TPBA using NBO 3.1 program as implemented in the Gaussian 03W 

package at the DFT-B3LYP/6-311G(d,p) level of theory in order to elucidate intra 

molecular hydrogen bonding, intra molecular charge transfer (ICT) interactions and 

delocalization of π-electrons of the flavone ring. The hyper conjugative interaction 

energy was deduced from the second-order perturbation approach[34]. The interaction 

result is a loss of occupancy from the localized NBO of the idealized Lewis structure 

into an empty non-Lewis orbital. For each donor (i) and acceptor (j), the stabilization 

energy E(2) associated with the delocalization i → j is estimated as 

 
Some electron donor orbital, acceptor orbital and the interacting stabilization energy 

resulted from the second-order-micro-disturbance theory, where qi is the donor orbital 

occupancy, εi and εj are diagonal elements and F(i,j) is the off diagonal NBO Fock 

matrix element reported [35, 36]. The larger the E(2) value, the more intensive is the 

interaction between electron donors and electron acceptors, i.e. the more donating 

tendency from electron donors to electron acceptors and the greater the extent of 

conjugation of the whole system. 

In the present study, the intra molecular hyper conjugative interactions are formed by 

the orbital overlap between bonding (C–C), (C-N) and anti-bonding (C–C), (C-N) and 

(C-O) orbital which results in intramolecular charge transfer (ICT) causing stabilization 

of the molecular system. These interactions are observed as an increase in electron 

density (ED) in (C–C), (C-N) and (C-O) antibonding orbital that weakens the 

respective bonds. 

 

ELECTRONIC PROPERTIES: 

ABSORPTION SPECTRA: 

 TD-DFT/B3LYP/6-311G(d,p) calculations have been performed to 

determine the low-lying excited states of TPBA On the basis of fully optimized 

ground-state structure. The calculated result involving the vertical excitation energies, 
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oscillation strength (f) and wavelength are carried out and compared with measured 

experimental wavelength listed in Table 3. Typically, according to Frank-Condon 

principle, the maximum absorption peak λmax corresponds in an UV-Vis spectrum to 

vertical excitation. TD-DFT/B3LYP/6-311G(d,p) level of theory predict one intense 

electronic transition for DMSO at 4.4017 eV (281.67 nm) with oscillatior strength 

f=0.073 is in good agreement with the measured experimental data DMSO (exp 

=269.92 nm) shown in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 3: THE EXPERIMENTAL (DMSO) AND THEORETICAL (GAS, 

WATER, DMSO AND ETHANOL) UV-VIS SPECTRA OF THE TPBA 

All the structures allow strong π-π* and σ-σ* transition in the UV-vis region with high 

extinction co-efficients. The π-π* transitions are expected to occur relatively at lower 

wavelength, due to the consequence of the extended aromaticity of the benzene ring. 

Natural bond orbital analysis also indicates that molecular orbitals are mainly compared 

of π atomic orbital so above electronic transitions are mainly derived from the 

contribution of π-π* bands. 
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FRONTIER MOLECULAR ORBITAL 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). The HOMO represents the ability to donate an electron, LUMO as 

an electron acceptor represents the ability to obtain an electron. Both HOMO and 

LUMO are the main orbitals that take part in chemical stability [37]. The energy values 

of LUMO and HOMO and their energy gap reflect the chemical activity of the 

molecule. The decrease in the HOMO and LUMO energy explains the Intra molecular 

charge transfer (ICT) interaction taking place within the molecule which is responsible 

for the activity of the molecule. The HOMO-LUMO energy separation has served as a 

simple measure of kinetic stability. A molecule with a small or no HOMO-LUMO gap 

is a chemically reactive [38-39]. Pearson showed that the HOMO-LUMO gap 

represents the chemical hardness of the molecule [40, 41]. The HOMO-LUMO energy 

gap of TPBA was calculated at the B3LYP/6-311G(d,p) level and their values shown 

below reveals that the energy gap reflect the chemical activity of the molecule. The 

HOMO is located over the thiophene and pyrrole rings of the molecule, the HOMO 

→ LUMO transition implies an electron density transfer to benzoic acid from 

thiophene and pyrrole rings. Moreover, these orbital significantly overlap in their 

position for TPBA. The atomic orbital compositions of the frontier molecular orbital 

are sketched in SI-5. The calculated energy values in different solvent. 

HOMO energy =-5.40 eV 

LUMO energy =-1.87 eV 

                                   HOMO-LUMO energy gap = 3.53 eV 

 

MOLECULAR ELECTROSTATIC POTENTIAL (MEP) ANALYSIS 

The molecular electrostatic potential (MEP) is related to the electronic density and is a 

very useful descriptor for determining sites for electrophilic attack and nucleophilic 

reactions as well as hydrogen-bonding interactions [42, 43]. The molecular electrostatic 

potential, V(r), at a given point r (x, y, z) in the vicinity of a molecule, is defined in 

terms of the interaction energy between the electrical charge generated from the 

molecule electrons and nuclei and a positive test charge (a proton) located at r. To 

predict reactive sites for electrophilic and nucleophilic attack for the title molecule, 

MEP was calculated at the B3LYP/6-311G(d,p) optimized geometry. The negative 

(red) regions of MEP were related to electrophilic reactivity and the positive (white) 

regions to nucleophilic reactivity shown along with contour map in SI-7. The negative 

regions are mainly localized on the electronegative atoms. A maximum positive region 

is localized on the carboxylic acid group of the molecule indicating a possible site for 
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nucleophilic attack. The electrophilic and nucleophilic sites give information about the 

region from where the compound can have non-covalent interactions. 

 

MULLIKEN ATOMIC CHARGE 

The Mulliken atomic charges of TPBA molecule calculated by DFT method at 6-311G 

(d,p) basic set in gaseous phase are given in Table SI-8. The charge distribution on the 

molecule has an important role in the application of quantum mechanical calculations 

for the molecular system. The charges at the sites of the C atom attached to the O 

atom are positive because of the electron-withdrawing nature of the O and N atoms. 

Due to strong negative charges of O atom, C34 accommodate positive charge and 

become more acidic. Other C atoms are negative. Moreover, Mulliken atomic charges 

also show that all the hydrogen atoms have a net positive charge but an H37 atom 

accommodate more positive atomic charges 0.257, than the other hydrogen atoms and 

is acidic. This is due to the presence of electronegative oxygen atoms (O35 and O36). 

The negative values of atomic charges of C atom in the aromatic ring lead to a 

redistribution of electron density. 

 

THERMODYNAMICAL PROPERTIES 

On the basis of Vibrational analysis, the statistical thermo chemical analysis of TPBA is 

carried out by B3LYP/6-311G(d,p) level of theory considering the molecule to be at 

room temperature of 298.15 K and 1 atm pressure. The thermodynamic functions, like 

heat capacity (C), enthalpy changes (H) and entropy (S), rotational constants and zero 

point vibrational energy (ZPVE) of the molecule by DFT method for the title 

molecule were obtained from the theoretical harmonic frequencies and listed in Table 

SI-9. It can be observed that these thermodynamic functions such as heat capacity (C), 

enthalpy changes (H) and entropy (S), are increasing with temperature ranging from 

100 to 700 K due to the fact that the molecular vibrational intensities increase with 

temperature which are shown in Table 4. 

Table 4 Thermodynamic properties at different temperatures at the B3LYP/6-
311G(d.p) level for TPBA 

T (K) C(cal mol-1 K-1) S (cal mol-1 K-1) H (kcal mol-1) 

100 31.326 97.595 2.219 

150 41.424 112.957 4.130 

200 53.163  127.019 6.588 

250 65.812 140.677 9.660 

298.15 78.004 153.663 13.219 

300 78.464  154.162 13.368 

350 90.484  167.477 17.695 

400 101.520  180.558 22.599 

450 111.439 193.333 28.027 

500 120.250 205.749 33.923 
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550 128.038 217.772 40.233 

600 134.920 229.387 46.910 

650 141.019 240.591 53.911 

700 146.447 251.391 61.200 

The correlation equations between heat capacity, enthalpy changes, entropy and 

temperatures were fitted by correlation coefficients. The corresponding correlation 

graphics are shown in Fig. 4. All the thermodynamic data give helpful information for 

the further study on the title molecule. 

 

 

 

 

 

 

 

 

FIG .4, THE TPBA MOLECULE CORRELATION GRAPHIC OF HEAT 

CAPACITY, ENTROPY, ENTHALPY AND TEMPERATURE 

 

II. CONCLUSION 

 The spectroscopic techniques such as FT-IR, NMR and UV-visible supported 

by the recent development of computational tool such as DFT method allow the 

structural analysis of our title molecule to be conducted in a seamless way. In the 

present study, the experimental approach to molecular properties has been shown by 

some examples of FT-IR, NMR and UV-visible spectroscopy. The theoretical support 

has been addressed by example of DFT/B3LYP/6-311G(d,p) calculations, and the 

peculiarities and limitations of the theoretical approach to the analysis have been 

considered. The experimental data are deviated substantially from the calculated results 

according to the intermolecular hydrogen bonds and the crystal forces, which 

deforming the structure. The good agreement between the experimental results and 

calculated frequencies indicate that the density functional methods provide valuable 

information for understanding the vibrational spectra of the TPBA molecule. NBO 

analysis gives the information about intermolecular and intra molecular charge transfer 

within the molecule. The UV-visible spectrum was also recorded and the energies of 

frontier MO’s and the λmax of the compound were also determined from TD-DFT 

method. The relative stabilities, HOMO-LUMO energy gap and implications of the 
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electronic properties are examined and discussed. The observed and the predicted 

isotropic chemical shifts are found to be in good agreement. Thermodynamic 

properties in the range from 100 to 700 K are obtained. The gradients of heat capacity, 

entropy and enthalpy with temperature are always positive. 
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