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Abstract : The molecular structure and vibrational spectra of 2-thiophene carboxylic acid (TCA) is calculated
with the help of B3LYP density functional theory (DFT) using 6-31G** as basis set. The solid phase FTIR and
FT-Raman spectra of TCA have been recorded in the range 4000 - 400 and 3500-50 cm™ respectively. On the
basis of B3LYP calculations, the normal coordinate analysis is performed to assign the vibrational fundamental
frequencies according to potential energy distribution (PED). The over estimations of the calculated wave
numbers are corrected by the aid of scaled quantum mechanical force field methodology (SQMFF). The
computational frequencies are in good agreement with the observed results. The stability of the molecule is
analyzed using NBO analysis.The calculated HOMO and LUMO energies show that charge transfer that charge
transfer occurs within the molecule.
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I.  Introduction

Thiophene is one of the simplest aromatic molecules with a five - membered heterocyclic sulphur-
containing ring. Thiophene obeys the 4n+2x electron rule and is considered to be aromatic. The aromaticity in
thiophene is attributed to the delocalization of w electrons forming an aromatic sextet in which four electrons are
contributed by carbon atoms and a pair of electrons by the sulphur atom in the ring. Thiophene is uniquely a
electron rich heterocycle and has the highest resonance stabilization energy among the five membered
heterocycles. Thiophenes are part of many organic compounds [1] having vast applications in the field of
electronics and optoelectronics, medicine and materials [2-6]. The remarkable pharmacological efficiency of
the compounds containing a thiophene ring in their structure are known for their antidepressant, anticonvulsant,
anthelmintic (nematodes), antispasmodic, antihistaminic, anesthetic, antipruritic, antitussive, analgesic action
[7]. Thiophene and its derivatives exhibit diverse biological properties such as nemoticidal [8], insecticidal [9],
antibacterial [10], antifungal [11], antiviral[12] and antioxidant activity[13].

Quantum chemical computational methods have proved to be an essential tool for interpreting the
vibrational spectra[14-16]. DFT calculations are known to provide excellent vibrational wavenumbers of
organic compounds, if the calculated wavenumbers are scaled to compensate for the treatment of electron
correlation, for basis set deficiencies and for anharmonic effects [17-19]. The present work reports a complete
vibrational analysis of 2-thiophene carboxylic acid (TCA) by combining the experimental IR and Raman
spectral data and theoretical information using scaled quantum chemical (SQM) technique based on Pulay’s
density functional theory (DFT). The redistribution of electron density (ED) in various bonding and antibonding
orbitals and their stabilization energies E (2) have also been calculated by natural bond orbital (NBO) analysis
to give clear evidence of stabilization originating from the hyper conjugation of various intra-molecular
interactions. The studies of HOMO, LUMO analysis have been used to elucidate information regarding charge
transfer within the molecule.

I1.  Experimental Details
The title compound TCA was purchased from Sigma —Aldrich chemical Company (USA) with a stated
purity of 99% and used as such without any further purification. The FTIR spectra of 2-thiophene carboxylic
acid was recorded in the region 4000-400 cm-1 on JASCO -6300 spectrometer with samples in the KBr.The FT-
Raman spectrum of TCA was obtained in the range 3500-50 cm-1 using Bruker RFS 100/s FT-Raman
spectrophotometer with a 1064nm Nd:YAG laser source of 150mW power. The spectral resolution is 2cm-.

I11.  Computational Methods
The molecular geometry optimization, energy and Vibrational frequency calculations have been
performed for TCA using Guassian’03W programpackage [20] at the Becke3-Lee-Yang-Parr (B3LYP) level
with standard 6-31G** basis set. The Cartesian representation of the theoretical force constants has been
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computed at the fully optimized geometry. Multiple scaling of the force field has been performed by SQM
procedure [21, 22] using selective scaling in the internal coordinate representation. Normal coordinate analysis
has been performed to obtain full description of the molecular motion pertaining to the normal modes with
MOLVIB program version 7.0 written by Sundius [23, 24]. For plots of simulated IR spectra, pure Lorentizian
band shapes were used with a bandwidth (FWHM) of 10cm-1. The Raman activity (Si) calculated by Guassian
03W program have been suitably adjusted by the scaling procedure with MOLVIB and subsequently converted
to relative Raman intensity (li) using the following relationship derived from the basis theory of Raman
Scattering.[25 , 26]

I _ f(Vo_vi)48i
i_v 1-e —hevy -
IR .

where v, is the exciting frequency (in cm-1 units), v; is the vibrational wave number of the ith mode, h,
¢, k are universal constants, and f is the suitably chosen common scaling factor for all the peak intensities. The
simulated IR and Raman spectra have been plotted using with Lorentizian shapes with full width at half
maximum (FWHM) of 10 cm-1. Natural bond orbital (NBO) [27] analysis were performed using NBO 3.1
program as implemented in the Guassian 03 W package at the DFT/B3LYP/6-31G** level of theory.

IV.  Results And Discussion
4.1 Molecular Geometry
The optimized molecular structure along with the numbering of atoms of TCA is as shown in Fig 1.
Parameters corresponding to optimized geometry of the title compound are given in Table 1.

€

Fig.1. Molecular structure of TCA with numbering of atoms

TABLE 1-Optimized geometrical parameters of TCA obtained by
B3LYP/6-31G** density functional calculations

Bond Length / A Bond Angle / °
C1-C2 1.38 C2-C1- S5 111.52
C1-S5 1.74 C2-C1-C6 129.34
C1-C6 1.47 S5-C1-C6 119.14
C2-C3 1.42 C1-C2-C3 112.72
C2-H9 1.08 C1-C2-H9 122.52
C3-C4 1.37 C3-C2-H9 124.76
C3-H10 1.08 C2-C3-C4 112.36
C4-S5 1.08 C2-C3-H10 124.10
C4-H11 1.08 C4-C3-H10 123.54
C6-07 1.22 C3-C4-C5 112.42
C6-08 1.36 C3-C4-C5 112.42
08-H12 0.97 C3-C4-H11 127.77
C5-C4-H11 119.81
C1-S5-C4 90.98
C1-C6-07 125.01
C1-C6-08 112.30
07-C6-08 "122.69
C6-08-H12 105.59
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4.2 Vibrational spectra

The vibrational spectral assignments have been carried out with the help of normal coordinate analysis.
Non-redundant set of local symmetry coordinates constructed by suitable linear combinations of internal
coordinates chosen according to the recommendations of Pulay et al.[21] are given in Table 2. The computed
wave numbers are selectively scaled according to the SQM procedure suggested by Rauhut and Pulay [22]. The
detailed vibrational assignments of fundamental modes of TCA along with the observed and calculated
wavenumbers, IR intensities, Raman activities and normal mode description (characterized by PED) are
reported in Table 3. For a visual comparison, the observed and simulated FTIR and FT-Raman spectra are
presented in Figs. 2 and 3 respectively.

TABLE 2- Definition of local symmetry coordinates in B3LYP/6-31G** level for TCA

1.No Symmetry Coordinates? Description®
1 Sl =TI21 vC2Cl1

2 Sz =I32 vC3C2
3 S3=1r43 vC4C3
4 SA= le vC1C6
5 S5 =154 vC485
6 Se¢=TI15 vCl1 S5
7 S 7=Te7 vC607
8 S g8=1Iles vC608
9 Sg=r312 vO8H12
10 S 10=la11 vC4H11
11 S11=r310 vC3H10
12 S 12="129 vC2H9
13 S13=B129 Pa2o BC2H9
14 S14=P2310-Paz10 BC3H10
15 Sis=Pasn-Psan BC4HI11
16 S16=Ps 16-P216 BC1C6
17 S 17=Pr61-Pss1 BCo6C2
18 S18=Bas2 ta(Ps 1 21P3 45)+ b(Pr23+P234) PBring 1
19 S 19=(@-b)(Ps12—P234)+(1-a) (Pr23Psas) Bring 2
20 S20=2Bss7 Pre1i—Pser BCOO
21 S =Pss BCOH
22 Sar=Y11435 yC4H11
23 Sz3= Y9231 "{C2H9
24 Su=Y10342 yC3H10
25 825=’Y(5125 "{C1C6
26 S26=7 1687 yCOO
27 S 27=b(Y4512+ Y3451) Ta(y 5123+ 2345)+ Y1234 tring 1
28 Szg=(a-b)(y 34511y 1234)+(1-a)(Yas12+Y5123) Tring 2
29 S20=T 1286 2T 12867 tOH

30 S30=T 86 12+ T8615TT 7615TT 7612 1CC

For numbering of atoms refer Fig 1.
8Definitions are made in terms of the valence coordinates:

rij is the bond length between atoms i and j: Bij« is the valence angle between i,j,k where j is the central
atom: yijq is the out-of-plane angle between the i-j bond and the plane defined by the j.k.l atoms: Tjy is the
torsion (dihedral)angle between the plane defined by I,j,k and j,k,I atoms
®(v)stretching:(B)in-plane-bending:(y)out-of-plane-bending (t)torsion.
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Fig.2 FT-IR spectra of TCA (a) observed (b) simulated
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4.2.1 COOH Vibrations

Vibrational analysis of carboxylic acid is made on the basis of carbonyl group and hydroxyl group. The
free hydroxyl group absorbs strongly in the region 3700-3584 cm™, whereas the existence of intermolecular
hydrogen bond formation can lower the O-H stretching frequency in the range 3500-3200 cm™ [28, 29]. In the
experimental IR of TCA, the bands due to the OH stretching are superimposed upon the CH stretching bands
and cannot be distinguished from overtones and combinations, making the vibrational spectra more complicated
[30]. However, this band is predicted at 3562 cm™ by DFT/B3LYP/6-31G" and is assigned to a weak band at
3562 cm™ in the FTIR spectra of the title molecule. The characteristic absorption bands of C=0 stretching
vibrations of acids are normally strong in intensity and found in the region 1800-1690 cm™ [31]. The position of
the C=0 stretching band depends on the bond strength, which in turn depends on the inductive, conjugative,
steric effects, the size of the ring to which it is attached and on the lone pair of electrons on oxygen. The
intensity of carbonyl group can increase because of conjugation or formation of hydrogen bonds. In TCA the
conjugation of C=0 with C=C bond results in the lowered value of carbonyl stretching wavenumber. The very
strong band observed at 1669 cm™ in the FT IR spectrum is assigned to the C=0 stretching vibration for TCA.
The corresponding theoretically computed value at1669 cm™ is in good agreement with the experimental result
[32]. Two other characteristic carboxylic group vibrations are C-O stretching and in- plane C-OH bending. The
C-O stretching and in- plane C-OH bending are expected in the wide range of 1450-1150 cm™ depending on
whether the acid is monomeric or dimeric [33]. For TCA the bands observed at 1432, 1232 and 1229 cm™ have
contributions from the C-O stretching and in- plane C-OH bending modes. According to PED results both these
vibrations are described as mixed modes as shown in Table 3. In TCA a medium strong band at 742 cm™ (FT-
Raman) corresponds to yC-COOH out of plane bending vibration. This assignment is in agreement with Subash
chandrabose et al. and Chaitantya [34, 35]. As the TCO, modes are expected in the region 150-50 cm™ [36] for
TCA, the computed band at 70 cm™ is assigned to this mode; for the same vibration, the FT Raman spectral
measurements show a weak band at 70 cm™.

4.2.2 C-H Vibrations

Hetero aromatics such as furans, Pyrroles and thiophenes show C-H stretching bands in the region
3100-3000 cm™ [37]. In the present study the aromatic C-H stretch computed in the range 3117-3080 cm™ by
B3LYP method shows good agreement with the recorded FTIR and FT-Raman bands in the range 3113-3083
cm™. All the aromatic C-H bands are found to be weak, and this is due to a decrease in dipole moment caused
by reduction of negative charge on the carbon atom [38]. In aromatic compounds the C-H in-plane bending
wavenumbers appear in the range 1000-1300 cm™ and C-H out-of plane bending in the range 750-1000 cm™
[31, 39]. According to Socrates [39] the frequencies of thiophene appear in the region 1283-909 cm™ for C-H
in-plane bending and 832-710 cm™ for C-H out-of-plane bending vibrations. For the title compound the bands at
1283, 1105, 1041 cm™ in FT-IR and at 1114 cm™ in FT-Raman are ascribed to C-H in plane bending modes.
The C-H out-of —plane bending vibrations are assigned to the medium bands observed at 910, 858 cm™ in FTIR
and to a weak band at 862 cm™ in FT-Raman. The position and the number of C-H in-plane vibration modes
depend on the orientation and the number of isolated ring hydrogen atoms, whereas the position of the C-H out-
of-plane deformation bands depend on the number of free hydrogen atoms adjacent to one another[37]. The
theoretically computed frequencies for both in-plane and out-of plane deformation vibrations by B3LYP/6-
31G™ show excellent agreement with experimental spectrum as well as literature data.
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Fig.3. FT-Raman spectra of TCA (a) observed (b) simulated
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4.2.3 Ring Vibration

The aromatic ring stretching vibrations occur generally in the region 1600-1350 cm™. The position and
the intensity of the ring stretching bands of aromatic five membered ring hetero cycles are more sensitive than
the corresponding bands of benzene to changes in the substituents so that wide frequency variation can occur,
exceptionally in thiophene which involves the movement of the heavy sulphur heteroatom [37]. For 2
substituted thiophenes these bands are observed at 1514-1532, 1430-1454 and 1347-1367 cm™ from the
wavenumber ranges given by C. N. R. Rao [37] for the four bands in the region. In the present work the
wavenumbers observed in the FT IR spectrum at 1528 and 1352 are assigned to C-C stretching vibrations. The
same vibrations in the FT- Raman are at 1530, 1413 and 1354 cm™. The scaled vibrations by B3LYP calculation
predicted at 1526, 1410 and 1356 cm™ shows good agreement with the recorded spectral data. Coats [40]
observed C-S stretching modes between 710 and 687 cm™ and Kwiastkowski et al. [41] reported C-S stretching
vibration at 839 and 608 cm™. In the present study the stretching of the C-S bond in the thiophene ring is
identified at 852, 649 cm™ theoretically (B3LYP), but only one peak is observed at 647/637 in the experimental
FT IR/FT Raman spectrum. Small changes in the wavenumber observed for these modes are due to the change
in force constants/reduced mass ratio resulting mainly from the extent of mixing between ring and substituent

group.

TABLE 3- Assignments of fundamental vibrations of TCA by normal coordinate analysis based on SQM force
field calculations using B3LYP/6-31G**

Observed wavenumbers | Calculated Wave
numbers(cm™)
Using ) B3LYP / AR IR Characterisation of mormal modes with
6-31G force ! ! PED(%)°
(cm™) field
IR Raman Scaled
3562w - 3562 83.9 1497 VOH(100)
- 3113 3117 0.6 165.5 VCH(98)
3097w 3102ms 3100 0.3 88.7 VCH(98)
3083w 3080 4.9 106.1 VCH(98)
1669s 1669 299.3 64.1 vC=0 (48), vC-0(37)
1528s 1530w 1526 6.3 1.9 vCC(45), Bring 2(36), BCH(15).
1432s - 1432 304.1 56 vC-0(35), BCOH(19), vC-Cy(18),
- 1413vs 1410 19.1 70 vCC(52), BCH(37)
1352m 1354m 1356 17.6 54.1 vCC(74), BCO(14)
1283vs - 1280 2.4 42 BCH(39),uCC(22) , BCO(14)
1229m 1232w 1229 202.5 37.7 BCOH(57), vC=0(22) , vC-O( 22)
1105m 1114m 1118 6.3 53 vCC(39), BCH(27), BCO(19)
- 1080m 1071 0.6 95 vCC (40), BCO(30), vCS (10)
1041m - 1039 45.4 7.9 BCH(23), vCS (23), vCCqx(19)
910m - 911 1.2 1 yCH (75), T ring 1(13)
858m 862w 858 0.1 2.1 yCH (86)
- - 852 9.4 7.2 vCS (70), Bring 1(10)
742m 742 943 0.8 yC-COO(69), yCH (15)
- - 732 20.7 25 yCH (95)
7235 - 723 3.8 48 Bring 2(65), vC=Ca(22), vCS (32)
647w 637m 649 375 13.4 vCS (26), Pring 1(65)
587w 587 39.7 4.7 tring 1 (50), t OH(32).
562w - 579 343 1.7 tring 1 (46) , tring 1 (23) ,t OH(23).
- 526 90.4 3.4 5 COO(51), 7 ring 2(28)
498m - 498 13.7 2.7 T ring 2(64), tring 1(22)
- 431w 431 3.4 2.6 vCS (31), BCOO(20), BCC(19), B ring 1(14)
- 324 12.1 3 BCOO(30), B ring 1(21), vCCa(15), vCS (13)
- 183 1.9 0 BCOO(59), BCC(33)
111m 111 2.1 18 yCC 78), tring 1(11),
70w 70 0 0.6 1C0,(60), yCC (30),

(v)stretching:(B)in-plane-bending:(y)out-of-plane-bending:(8)scissoring:(t)torsion.
“Calculated IR intensity(K mol™).

PRaman activity(A*amu-1).

°PED values greater than 10% are given

5 NBO Analyses

Natural bond analysis provides an efficient method for studying intra and intermolecular bonding and
interaction among bonds, and also provides a convenient basis for investigating charge transfer or conjugative
interactions in molecular systems. NBO method gives useful information about interactions in both filled and
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virtual orbital spaces which could enhance the analysis of intra and intermolecular interactions [42]. This is
carried out by considering all possible interactions between filled donor and empty acceptor NBOs and
estimating their energy importance by second order perturbation theory. For each donor (i) and acceptor NBO
(j) the stabilization energy E (2) associated with electron delocalization between donor and acceptor is estimated
as

E(Z):AE”:C]I F( i J)/(EJ_E|)

Where q' is the orbital occupancy, Ejand E; are diagonal elements and F (i j) is the off —diagonal NBO
Fock matrix element. The larger the E(2) value the more intensive is the interaction between electron donors and
electron acceptors, i.e. more donating tendency from electron donors to electron acceptors and greater the extent
of conjugation of the whole system. The results of second order perturbation theory analysis of Fock matrix
atB3LYP/6-31G™ level of theory are collected in Table 4. The intramolecular interaction are formed by the
orbital overlap between bonding = (C1-C2) and antibonding = “(C6-O7) orbital which results in intramolecular
charge transfer (ICT) causing stabilization of the system. These interactions are observed as increase in electron
density in (C6-07) antibonding orbital which weakens the respective bond. The most important interaction
energies related to resonance in the molecule are electron donation from the lone pair of the ring hetero sulphur
atom n2 ( S5) to the antibonding acceptors m (C1-C2) and m (C3-C4) (stabilization energy of 20.93 and
23.45KJ/mol ), which measures the 7 delocalization within the thiophene ring. The magnitude of charge transfer
from the lone pairs of n1( O8) to the antibonding C6-O7 o orbitals amount to a stabilization of 7.09 Kcal/mol,
while to the antibonding m orbits it is of the order of 45.5 Kcal/mol. The interaction (n— o ) between the
oxygen lone pair (O7) and the antibonding o ~ of C1-C6 and C6-08 is seen to give more stabilization of 18.62
and 33.87 Kcal/mol respectively. In the case of OH bond, 6(O8-H12) conjugation with o "(C1-C6) and ¢ ~
(C6-0O7) leads to less stabilization energy of 5.09 and 1.02 K cal/mol which shows that o(O-H) bonds do not
have the stability to cause any change in the thiophene ring.

The atomic charges of TCA calculated by NBO analysis using the B3LYP/6-31G™" is show in Fig.2
.From the listed atomic charge values, O8 and O7 oxygen atoms have a very large negative charge and behave
as electron acceptors. The very high positive charge on charge atom C6 atom is due to the partial polar nature of
the C=0 group.

TABLE 4-Second order perturbation theory analysis of Fock matrix in NBO basis for TCA

Donor (i) ED (i) ED ()| E @7 | EG)-G)° F(i.j)°
(e) Acceptor (j) (e) (KJmol™) (a.u) (a.u)
6*(C1-Cq) 0.0662 2.87 1.17 0.05
o(C1-Cy) 1.9816 | o (C2-Cs) 0.0130 2.14 1.26 0.05
6 (Cs-07) 0.0197 1.94 1.33 0.05
] 7*(C3-Ca) 0.2994 14,91 0.29 0.06
n(C-C) 1.8095 *(Ce-O7) 0.2767 22.99 0.28 0.07
o(C1-Ss) 1.9747 | 6*(Cs-Og) 0.1017 3.03 1.01 0.05
6 (C1-Cy) 0.0716 3.85 1.29 0.06
o( C1-Co) 1.9805 6*(0g.H1z) 0.0134 2.75 1.13 0.05
6 (C1-Cy) 0.2036 2.32 1.26 0.05
o( C2-Cs) 1.9783 | o (C1-C) 0.0662 4.63 1.12 0.07
o (Cs-Ca) 0.0156 2.05 1.26 0.05
o(C3-Cy) 1.9868 | 6*(C,-Cs) 0.0130 2.15 1.26 0.05
1(C3-Ca) 1.8350 | m*(Ci-Cyp) 0.3411 17.48 0.29 0.07
o(C4-Ss) 1.9810 | 6*(C4-Ce) 0.0662 3.22 1.11 0.54
o(Ce-07) 1.9973 | 6*(Ci-Cyp) 0.0204 1.15 1.66 0.04
1(Cs-Or) 19831 | m*(Ci-Cyp) 0.3411 456 0.39 0.04
5(Cg-Og) 1.9943 | 6*(Cy-Ss) 0.0258 2.39 1.14 0.05
] 6*(C1-Cq) 0.0662 5.09 1.18 0.07
o(Os-Hy2) 1.9862 6*(Ce-07) 0.0197 1.02 1.34 0.03
6*(C1-Cy) 0.2036 2.25 1.23 0.05
n1(Ss) 1.9847 6*(C3-Cy) 0.0156 2.14 1.23 0.05
7*(C1-Cy) 0.3411 20.93 0.26 0.07
n2(Ss) 1.6039 7*(C3-Cy) 0.2994 23.45 0.26 0.07
6*(C;1-Cq) 0.0662 2.98 1.13 0.05
n1(0r) 1.9760 6*(Cg-Os) 0.1017 1.31 1.03 0.03
6*(C;1-Cq) 0.0662 18.62 0.7 0.10
n2(07) 1.9760 6*(Cg-Og) 0.1017 33.87 0.61 0.13
n1(Og) 19763 | 6*(Cs-O7) 0.0197 7.09 1.21 0.08
n2(Os) 1.8284 | 6*(Cs-O7) 0.0197 4556 0.34 0.11

4 E(2) means energy of hyper conjugative interactions.
® Energy difference between donor and acceptor | and j NBO orbitals.
°F(i,j) is the Fock matrix element between i and j NBO orbital
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Fig. 4. Atomic charges of TCA by NBO analysis using B3LYP/6-31G™

6 HOMO, LUMO analysis

Both the highest occupied molecular orbital (HOMO) and the lowest unoccupied orbital (LUMO) are
the main orbital that take part in chemical stability[43]. Molecular orbitals can provide insight into the nature of
reactivity and some of the structural and physical properties of molecules. The HOMO represents the ability to
donate an electron, while LUMO as an electron acceptor represents the ability to obtain an electron. The
electronic transition absorption corresponds to the transition from ground to the first excited state and is mainly
described by one electron excitation from the highest occupied molecular orbital to the lowest unoccupied
molecular orbital [44, 45]. The HOMO of w nature, are well localized within the ring. By contrast, LUMO of
nature is delocalized over the entire part of the molecule. Consequently HOMO — LUMO transition implies
an energy transfer from the aromatic heterocyclic ring. The energy gap between HOMO and LUMO has been
used to prove the bioactivity from intramolecular charge transfer [45]. The energy gap measures the kinetic
stability of the molecules. A molecule with a small frontier orbital gap is more polarizable and it implies high
chemical reactivity and low kinetic stability.

The HOMO and LUMO energy calculated by B3LYP /6-31G™ method as shown below:
HOMO energy = -0.25059 a. u.
LUMO energy = -0.05697a. u.
HOMO — LUMO energy gap=0.1932 a. u.

The calculated self- consistent field (SCF) energy of TCA is -741.58657a. u. The HOMO and LUMO
energy gap explains the eventual charge transfer interactions taking place within the molecule. The HOMO and
LUMO plots of TCA are shown in Fig. 4.

6 Thermodynamic properties

Several thermodynamic parameters were calculated by using DFT with 6-31G ™ basis set are given in
Table 5. Scale factors are recommended [46 ]for an accurate prediction in determining the zero-point vibrational
energy(ZPVE) for DFT calculation
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Fig. 4. HOMO and LUMO plot of TCA

V.  Conclusions

The FT-IR and FT-Raman Spectra have been recorded and the detailed vibrational assignments’ are
presented for TCA. The equilibrium geometries, harmonic vibrational frequencies, IR and Raman spectra, NBO
analysis, HOMO and LUMO analysis and thermodynamic properties of the title compound are determined and
analyzed by B3LYP /6-31G™ level of theory . The assignments of wave numbers of the title compound are
quite comparable and unambiguous. NBO results reflect the charge transfer in the molecule due to the oxygen
lone pairs in the thiophene ring and the carboxylic group. The lowering of HOMO and LUMO gap clearly
explains the charge transfer interactions taking place within the molecule.
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TABLE 5 - The calculated thermodynamic parameters of TCA by B3LYP/6-31G™" method

Parameters B3LYP/6-31G™

SCF energy (Hartrees) -741.536303

Total energy (thermal), Etotal (Kcal mol™) 55.813

Heat capacity at const. volume, C, (cal mol™ K*) 25.184

Entropy, S (cal mol? K™) 83.358

Vibrational energy, Evib (Kcal mol™) 54.035

Zero —point vibrational energy (Kcal mol™) 51.521

Rotational constants (GHz)

A 3.711

B 1414

C 1.024

Dipole moment (Debye)

Lix 1.408

Ly 1.712

W, 0.000

Lltotal 2.216
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