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Abstract—In this work, FT-IR, FT-Raman, and FT-NMR spectra of 4-Methylesculetin molecule are pre-
sented for the first time. FT-IR, FT-Raman, and FT-NMR spectra of 4MEC have been recorded and analyzed.
The FT-IR and FT-Raman spectra of this molecule are recorded at 4000—400 cm~! and 50—3500 cm™!,
respectively. The infrared vibrational frequencies, absolute intensities, potential energy profile, HOMO—
LUMO plot and NBO analysis of the molecule have been also predicted using Becke’s three-parameter
hybrid B3LYP method in the density functional theory DFT method. Calculated and experimental data are

in good agreement.
DOI: 10.1134/S0030400X14030059

1. INTRODUCTION

The coumarin derivatives are known to have diverse
applications as anticoagulants, spasmolytics, antican-
cer drugs, or as plant growth-regulating agents [1—4].
Their complexation ability in respect to different
metal ions has been studied and discussed widely in a
considerable number of investigations [5—9]. It has
been found that the binding of a metal to the coumarin
moiety retains or even enhances its biological activity
[10—12]. Various types of coumarin substitutions in
their skeletal structure can influence their biological
activity. Therefore, a comprehensive structure—sys-
tem—activity relationship study of coumarins with
special respect to carcinogenicity, mutagenicity, and
cancer-preventing activity would be of high interest.
Recently considerable attention has been focused on
biological activity displayed by the coumarins, espe-
cially byesculetin [13]. Esculetin and 4-methylescule-
tin as coumarin derivatives have a diphenolic structure
contained in many plants, such as Citrus limonia and
Euphorbia lathyris. It has multiple biological activi-
ties, including of the inhibition of the xanthine oxidize
activity [8], platelet aggregation [14], and the induc-
tion apoptosis. In addition, esculetin shows antioxida-
tive activity [15, 16], an inhibitory effect on the growth
of human breast cancer [17]. On the other hand the
pharmaceuticals and agrochemicals containing cate-
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chol skeleton, represent one of the most ubiquitous
families of natural antioxidants [18—20].

Modern FT-IR and the near infrared (NIR) FT-
Raman spectroscopies have proven to be an excep-
tionally powerful technique for solving many drug
molecules, biological molecules, and the natural
products. It has been extensively employed both in the
study of chemical kinetics and chemical analysis.
Since fluorescence-free Raman spectra and computed
results help in the unambiguous identification of
vibrational modes and provide deeper insight into the
bonding and structural features of complex organic
molecular systems [21, 22]. The advent of fast com-
puters along with sophisticated computational meth-
ods makes the task of solving various structural chem-
ical problems easily. Density functional theory (DFT)
has become an efficient tool in the prediction of
molecular structure, conjugation, hydrogen bonding
harmonic force field, vibrational frequencies, and IR
and Raman activities of the bioactive molecule [23—
28]. The present work deals with the FT-IR and FT-
Raman spectral investigations of 4-Methylesculetin
supported by DFT calculation to understand the
structural and bonding features, electron delocaliza-
tion, and the intramolecular charge transfer interac-
tions. The natural bond orbital (NBO) analysis and
the distribution of electric charges on atoms of free
molecule of 4-Methylesculetin compounds also were
investigated by using the DFT computation.
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Fig. 1. Experimental FT-IR spectra of 4-methylesculetin molecule.
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Fig. 2. Experimental FT-Raman spectra of 4-methylesculetin molecule.

2. EXPERIMENTAL

The FT-IR spectrum of this molecule is recorded
in the region 4000—400 cm~! on IFS 66V spectropho-
tometer using KBr pellet technique is shown in Fig. 1.
The FT-Raman spectrum of 4MESC has been
recorded using 1064 nm line of Nd:YAG laser as exci-
tation wavelength in the region 50—3500 cm~' on
Bruker FRA 106/S are shown in Fig. 2. The 'H and
3C NMR spectra are taken in chloroform solutions
and all signals are referenced to TMS on a Bruker
Superconducting FT-NMR Spectrometer. All NMR
spectra are measured at room temperature.
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3. COMPUTATIONAL DETAILS

The calculations were performed at DFT levels by
using Gaussian 09 [29] program package; invoking
gradient geometry optimization [30]. In order to
establish the stable possible conformations, the con-
formational space of title molecule was scanned with
molecular mechanic simulations. This calculation was
performed with the Spartan 10 program [31]. For
meeting the requirements of both accuracy and com-
puting economy, theoretical methods and basis sets
should be considered. Density functional theory
(DFT) has been proved to be extremely useful in treat-
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Fig. 3. All conformer and atomic numbering of the 4—metyhylesculetin molecule.

ing electronic structure of molecules. The basis set cc-
pVDZ was used for the conformational analysis. The
optimized structural parameters were used in the
vibrational frequency calculations at the DFT level to
characterize all stationary points as minima.

Then, vibrationally averaged nuclear positions of
4MESC were used for harmonic vibrational frequency
calculations resulting in IR and Raman frequencies
together with intensities and Raman depolarization
ratios. In the present work, the DFT method B3LYP
with cc-pVDZ, cc-pVTZ and cc-pVQZ basis sets were
used for the computation of molecular structure,
vibrational frequencies and energies of optimized
structures. The vibrational modes were assigned on the
basis of TED analysis for higher basis set (B3LYP/cc-
pVDZ), using SQM program [32].

It should be noted that Gaussian 03W package is
able to calculate the Raman activity The Raman
activities were transformed into Raman intensities
using Raint program [33] by the expression:

i1

[i = 10_12(\/0 — Vi) RA,', (1)

i

Table 1. Energetic of the four conformers calculated at the
B3LYP/cc-pVDZ level

(r:r(l)aﬁifg;_ E, Hartree AE, kcal/mol | Dip. Mom., D
1 —686.83073582 0.000 4.345
2 —686.82438414 3.985 4.732
3 —686.83047963 0.160 7.327
4 —686.81897294 7.381 6.438
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where [;is the Raman intensity, R4, is the Raman scat-
tering activities, v; is the wavenumber of the normal
modes and v, denotes the wavenumber of the excita-
tion laser [34].

The 'H and '3C NMR chemical shifts calculations
of the conformer 1 of the 4MESC molecule were made
by using B3LYP functional with cc-pVDZ, cc-pVQZ
and cc-pVTZ basis sets. The GIAO (Gauge Including
Atomic Orbital) method is one of the most common
approaches for calculating isotropic nuclear magnetic
shielding tensors [35, 36]. For the same basis set size
GIAO method is often more accurate than those cal-
culated with other approaches [37, 38]. The NMR
spectra calculations were performed by Gaussian 03
program package. The calculations reported were per-
formed in chloroform solution using IEF—PCM
model as well as gas phase in agreement with experi-
mental chemical shifts obtained in chloroform solu-
tion.

4. RESULTS AND DISCUSSION
4.1. Molecular Geometry

The numbering scheme for 4MESC is shown in
Fig. 3. Optimized bond parameters were calculated by
using B3LYP with cc-pVDZ basis set. To find stable
conformers, a meticulous conformational analysis was
carried out for the title molecule. Rotating each
10 degree intervals around the free rotation bonds,
conformational space of the title molecule was
scanned by molecular mechanic simulations and then
full geometry optimizations of these structures were
performed by B3LYP/cc-pVDZ method. Results of
geometry optimizations indicated that the title mole-
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Table 2. Optimized geometric parameters of 4MESC molecule

Theoretical (B3LYP) Experi- Theoretical (B3LYP) Experi-

mental mental

Parameters |cc-PVDZ|cc-PVTZ| cc-pVQZ X[—31§2]1y Parameters cc-PVDZ |cc-PVTZ|cc-pVQZ X[_;;?y
Bond lengths, A Cy—C,o—H,, 111.0 111.0 111.0 | 109.4

Cc,—-GC, 1.388 1.381 1.381 1.373 || Cg—C 9—H>y, 111.1 110.9 110.9 109.4
C,—C 1.415 1.406 1.405 1.398 || Hyg—C9—Hy, 106.8 107.0 107.0 109.4
C,—0O;5 1.369 1.368 1.366 1.362 || Hy—C9—H,, 108.3 108.3 108.3 109.5
C,—C; 1.400 1.391 1.391 1.383 || Hy;—C9—H», 108.3 108.3 108.3 109.4

C,—H, 1.092 1.082 1.081 0.930 Dihedral angles (deg)

C;—Cy 1.408 1.400 1.400 1.372 || C4—C|—C,—C;5 0.0003 0.0008|  0.002 2.37
C3;—0y5 1.363 1.360 1.359 1.382 || C4—C,—C,—H; —-179.90 |-180.0 |-180.0 |—177.5
C,—C;s 1.413 1.405 1.405 1.407 || O5—C;—Cy,—C;4 179.90 180.0 179.9 177.9
C,—Cq 1.454 1.447 1.447 1.445 ||0s—C,—C,—H; 0.0001 0.0004|  0.0001 2.18
Cs—Cs 1.385 1.377 1.377 1.370 || C,—C—C¢—Cs 0.0 0.0 0.0 —1.59
Cs—Hq 1.089 1.079 1.079 0.930 ||C,—C|—Cc—0y3  |—180.0 —180.0 |-1799 |-179.9
Cs—013 1.362 1.362 1.361 1.362 || O0,5—C,—Cs—Cs 179.9 179.9 179.9 178.6
Cs—Cyp 1.361 1.352 1.352 1.354 | O;5—C,—Cc—Oy3 0.0002 0.0004|  0.0001 0.29
Cs—Cy9 1.503 1.500 1.499 1.490 || C,—C—O5s—H 4 0.0 0.0002| 0.0 13.18
Cio—Cu 1.455 1.448 1.448 1.415 ||Ce—C—0O;5—H;¢ [—180.0 —180.0 |—180.0 |—166.86
Cio—Hp, 1.090 1.080 1.079 0.930 || C|—C,—C5;—C, 0.0003 0.0008|  0.0002 2.33
Ci;1—0y; 1.207 1.202 1.201 1.232 ||C|—C,—C53—0y3 [—-179.9 —-179.9 |-179.9 |-178.0
C;1—O4g 1.399 1.392 1.390 1.363 || H,—C,—C5;—C, 179.9 180.0 180.0 177.6
O,;—Hy4 0.971 0.965 0.963 0.820 || H,—C,—C3—0g —0.0005 | —0.0013| —0.0003] —2.04
O,5—Hy¢ 0.968 0.962 0.960 0.819 || C,—C5—C4—C5 0.0 0.0 0.0 1.38
C9—Hy 1.102 1.092 1.091 0.960 || C,—C;—C,—Cy 179.9 179.9 179.9 178.9
Ci9—Hy; 1.102 1.092 1.091 0.960 || O3—C;—C,—C;5 179.9 179.9 179.9 179.0
Cio—H», 1.098 1.087 1.086 0.960 || O3—C;—C,—Cq —0.0022 | —0.0057| —0.0014| —1.42
Bond angles (deg) C,—C5—05—Cy; 179.9 180.0 179.9 174.7
C,—C,—Cq 120.7 120.7 120.7 120.1 || C4—C5—0,3—Cy; 0.0031 0.0077|  0.0019 5.57
C,—C—0Oy;5 124.4 124.0 123.9 122.5 || C5—C4—Cs—Cq —0.0003 | —0.0008 —0.0002| —0.52
C¢—C,;—0Oy5 114.7 115.2 115.3 117.3 || C53—C4—Cs—Hyg 179.9 180.0 179.9 179.4
C,—Cy—C;4 119.3 119.3 119.2 118.6 || Cs—C4—Cs—Cs 179.9 179.9 |-179.9 177.92
C,—C,—H; 121.6 121.4 121.4 120.6 || Cs—C4—Cs—Hy 0.0012 | —0.0031 0.0008 2.07
C;—C,—H; 118.9 119.1 119.2 120.6 || C;—C4—C3—Cyg —0.0015 | —0.0036] —0.0009| —1.05
C,—C5—-Cy 121.1 121.3 121.3 123.2 || C5—C4—C3—C/y 179.9 179.9 179.9 179.44
C,—C;—0y3 116.4 116.5 116.5 114.9 || Cs—Cy4—Cg—Cyy 180.0 179.9 179.9 176.32
C;—C5—0y5 122.4 122.1 122.0 121.7 || Cs—Cy—Cs—Cyg —0.0008 | —0.0019| —0.0005 —-3.19
C;—C,—Cs 118.2 118.1 118.1 116.8 || C4—C5s—C¢—C, 0.0003 0.0008|  0.0002 0.65
C;—C,4—Cy 117.7 117.7 117.7 118.0 || C4—C5—C4—0Oy; 179.9 179.9 180.0 179.0
Cs—C,y—Cy4 124.0 124.1 124.1 125.0 || Hg—Cs—C(c—C, —179.9 —180.0 [-179.9 |-179.3
C,—Cs—Cq 121.2 121.2 121.2 121.3 || Hg—C5—C¢—0; —0.0003 | —0.0007| —0.0002] —0.93
C,—Cs—Hyg 120.9 120.7 120.6 119.3 || C;—C4—03—Hy4 —0.0002 | —0.0003| —0.0001] —1.35
Cs—Cs—Hyg 117.8 118.0 118.0 119.3 || Cs—C4—0O13—H 4 180.0 179.9 180.0 179.7
C,—C¢—Cs 119.2 119.3 119.3 119.7 || C4—C5—C—Cy; —0.0043 | —0.0114| —0.0028] —0.46
C,—Cs—Oy3 120.2 120.5 120.6 121.5 ||C4—C5—Cp—H 5 179.9 179.9 179.9 179.4
Cs—C¢—Oy3 120.4 120.1 120.0 118.6 || C19—Cs—C;p—Cy; | 179.9 179.9 179.9 179.0
C4—Cs—Cy 118.5 118.7 118.7 118.2 || C19g—Cs—Cp—Hy» | —0.002 —0.0053] —0.0012 —1.03
C,—Cs—Cy9 120.1 120.1 120.1 120.9 || C4—C5—C9—Hyg 59.33 59.461 | 59.475 47.97
Ci0—Cs—Cy9 121.2 121.0 121.0 120.7 || C4—Cs—C9—H,, 59.32 59.462 | 59.474 72.69
Cs—C0—Cy; 123.4 123.3 123.3 123.0 || C4—C3—C 9—H>, 179.9 179.9 180.0 167.3
Cg—Co—Hj» 121.7 121.6 121.6 118.5 || C1p—Cg—C9—Hyo | 120.6 120.5 120.5 132.1
Ci1—Cio—Hp, 114.8 114.9 115.0 118.4 || C—Cg—Co—H,; [—120.6 —120.5 |-120.5 |-107.8
Cio—C;1—0y7 126.5 126.5 126.4 123.1 || C1p—Cg—C9—H», 0.0 —0.0014| —0.0005| —12.14
Cio—C;1—0O15 115.9 115.8 115.8 117.8 || Cg—C1y—C;—0;7 |—179.9 179.9 |-179.9 |-176.8
0,7—C,;—0y3 117.4 117.6 117.7 114.4 || C3—Cp—C|1—Oy5 0.009 0.0237|  0.0058 4.36
C¢—O3—H4 107.2 108.4 108.7 109.5 ||H{,—C(—C;;—0y5 0.015 0.040 0.0097 3.20
C,—0,5—Hjg 109.9 110.4 110.7 109.5 || H{,—C—C;;—05 [—179.9 —-1799 |-179.9 |-175.6
C;—05—Cy4 121.9 122.1 122.2 121.1 || Cp—C1—0,5—C;5 | —0.008 —0.0214| —0.0053] —6.82
Cs—C9—Hy 111.0 111.0 111.0 1094 [|O0;—C;;—0;53—C5 | 179.9 179.9 179.9 174.2
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cule is rather flexible molecule and, in theory, may
have at least four conformers as shown in Fig. 3.
Ground state energies, zero point corrected energies
(E.eet + ZPE), relative energies and dipole moments
of conformers were presented in Table 1. Zero point
corrections have not caused any significant changes in
the stability order.

The optimized molecular geometry (Fig. 3) repre-
sents an isolated molecule under ideal conditions with
a stationary point at the potential energy surface; the
convergence was confirmed by observing no imaginary
vibrational wavenumbers. Table 2 shows the selected
optimized parameters of 4MESC molecular unit in
solid phase using B3LYP (cc-PVDZ, cc-PVTZ and
cc-pVQZ) level along with experimental value [39].
The optimized geometry shows that the calculated
bond lengths are slightly longer than the experimental
values. This variation is due to the fact that the optimi-
zation was performed in an isolated condition. The
changes in bond length of the C—H bond on substitu-
tion are due to the electron donation group within the
benzene ring which reduces the electron density of the
carbon atom. The agreement for bond angles is not as
good as that for the bond distances. The optimized
bond lengths of C—C in the ring vary in the range from
1.385 to 1.454 A for cc-PVDZ level, 1.377 to 1.447 A
for cc-PVTZ and cc-pVQZ levels are in good agree-
ment with 4AMESC (1.370—1.445 A) [39]. The bond
length of C—CH; (C4—C, ) the calculated value of all
the levels are 1.499 and 1.503 A is also found to deviate
negatively only by 0.01 A in comparison with experi-
mental. C—O bonds in 4MESC vary between 1.359 A
and 1.399 A and the range of double bonds between C
and O are 1.201—1.207 A [39]. The calculated approx-
imate angles of C,—C,—C;, C;—C,—C; and C,—Cy—
C,o are 119.3°, 118.2° and 118.5°, respectively. The
negative deviation of angles and positive deviation of
the remaining angles from the normal value of 120° in
the ring shows the asymmetry of the benzene ring
angles. From the optimized parameters within the
coumarin system, the length of the double bond C,—
C;g 1.454 A, is reasonable for a C=C conjugated to a
carbonyl, and the adjacent C;—C, bond of 1.408 Ais
shortened because of resonance. In general, the
endocyclic and exocyclic Cy—O,, bonds in the (hemi)
ketals ring show significant deviations from the normal
(1.42—1.43 A). This is explaining the invoking contri-
butions to the ground state from likely resonance
structures.

4.2. Natural Bond Orbital Analysis

The natural bond orbital (NBO) analysis provides a
description of the structure of a conformer by a set of
localized bond, antibonds and Rydberg extra valence
orbitals. Stabilizing interactions between filled and
unoccupied orbitals and destabilizing interactions
between filled orbitals can also be obtained from this
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analysis [40, 41]. Therefore, NBO theory is a valuable
complement to the energetic and structural data pre-
sented above. A large number of stabilizing orbital
interactions are observed in WS molecule. The NBO
[42] analysis is already proved to be an effective tool for
chemical interpretation of hyperconjugative interac-
tion and electron density transfer from the filled lone
pair electron. The hyperconjugative interaction
energy was deduced from the second-order perturba-
tion approach.

(o*|Flo) _ _, fi
EQ) = —ng——— = -n, L, 2
A P "AE @

" o

where (c*|F|c)?, or Ef is the Fock matrix element
between i and j NBO orbitals, €, and €. are the ener-
giesof c and o* NBO’s, and n is the population of the
donor ¢ orbital. NBO theory can also be used to iden-
tify hydrogen bonding.

Among the most energetic donor-acceptor NBO
interactions are those involving the p-type lone pair of
the oxygen atom, LP2017 with vicinal * (C;;—0;)
antibonds having energy contribution 222 kJ mol~! of
hyperconjugative interaction is weak, these E(2) val-
ues and the low value electron density (0.09658¢) are
chemically significant and can be used as a measure of
the intramolecular delocalization. A very strong inter-
action has been observed between the p-type orbital
containing the of LP2013 to the n* (Cs—C¢) and
LP2015 to the n* (C,—C,) the neighbor anti-bonding
orbital of the benzene ring. This interaction is respon-
sible for a pronounced increases of the O,; (1.92095¢),
0,5 (1.92022¢) orbital occupancy than the other occu-
pancy, and is possible to hyperconjugation between
O,;, ;5 and the benzene ring.

The NBO analysis is an efficient method for inves-
tigating charge transfer (CT) or hyperconjugative
interaction in molecular systems. Some electron
donor orbital, acceptor orbital and the interacting sta-
bilization energies resulting from the second-order
microdisturbance theory have been reported [43]. The
larger the E® values are, the more intensive is the
interaction between electron donors and electron
acceptors. The second-order perturbation theory
analysis of Fock matrix in the NBO shows that strong
intramolecular hyperconjugative interactions, which
are presented in Table 3. The intramolecular hyper-
conjugative interactions are formed by the orbital
overlap between n*(C—C)- and n*(C—C)-bond orbit-
als which results in intramolecular charge transfer
(ICT) causing stabilization of the system. These inter-
actions are observed as an increase in electron density
(ED) in C—C antibonding orbital that weakens the
respective bonds. The strong intramolecular hyper-
conjugative interaction of m-electrons from C—C
bonds to the m*(C—C)-bond of the phenyl ring
increases ED at the six conjugated m-bonds. From the
second order perturbation analysis the m-electron
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Table 3. Second order perturbation theory analysis of Fock matrix in NBO basis
Donor(i) ED(), e Acceptor(j) ED(), e EQ2),2kImol™! | EG)—E(),Pa.u. F(I+)),°a.u.
(C—C,) 1.71559 n*(C3—Cy) 0.40186 191 1339 370
*(Cs—Cg) 0.31747 123 1392 294
m(C3—Cy) 1.65176 n*(C1—Cy) 0.35773 130 1286 291
*(C5—Cg) 0.31747 167 1339 339
*(Cg—Cyp) 0.12235 110 1444 297
(Cs—Cyg) 1.70372 m*(C—C,) 0.35773 182 1313 352
T*(C3—Cy) 0.40186 135 1313 305
(Cg—Cyp) 1.85118 *(C3—Cy) 0.40186 52 1392 202
c*(C;—0y7) 0.21527 161 1497 354
LP20,; 1.92095 T*(C5—Cy) 0.31747 138 1785 373
LP20,; 1.92022 *(C1—C,) 0.35773 141 1812 386
LP20, 1.87352 o*(Cp—Cy)) 0.04597 91 3019 381
6*(C1—0g) 0.09658 222 2626 543
LP20g 1.81436 n*(C3—Cy) 0.40186 165 1707 396
co*(C1—0y7) 0.21527 205 1838 438

ED — electron density.
8 E(2) means energy of hyperconjugative interactions; cf. Eq. (2).

Energy difference between donor and acceptor / and j NBO orbitals.

¢ F(i + j) is the Fock matrix element between i and j NBO orbitals.

delocalization around in phl and ph2 is revealed by
the ED at the three conjugated m-bonds (=1.65—
1.71e) and t*(~0.31—-0.40¢) leading to stabilization of
75—95 kJ/mol~!. The m-electron cloud movement
from donor to acceptor can make the molecule highly
polarized and causes ICT, which is responsible for the
NLO activity of 4DMBP.

4.3. HOMO—LUMO Energy

In principle, there are several ways to calculate the
excitation energies. The simplest one involves the dif-
ference between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO) of a neutral system, and is a key
parameter in determining molecular properties. The
eigenvalues of LUMO and HOMO and their energy
gap reflect the chemical activity of the molecule. The
HOMO energies, the LUMO energies and the energy
gap for 4MESC molecules have been calculated using
DFT level. An electronic system with a larger
HOMO-LUMO gap should be less reactive than one
having a smaller gap [44, 45]. The 3D plots of the
HOMO and LUMO for the 4MESC are shown in
Fig. 4. In 4MESC the highest occupied molecular
orbitals are localized mainly on all atoms, the lowest
unoccupied molecular orbitals are also mainly on the
carbon atoms having single bonds only in the ring,
which also indicate that, the frontier molecular orbit-
als are mainly composed of m-atomic orbitals, so elec-
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tronic transitions from the HOMO to the LUMO are
mainly derived from the electronic transitions of T — *.

The energy gap between HOMO and LUMO char-
acterizes the molecular chemical stability and their
properties and are very important parameters for
quantum chemistry. This is also used by the frontier
electron density for predicting the most reactive posi-
tion in m-electron systems and also explains several
types of reaction in conjugated system [46]. The con-
jugated molecules are characterized by a small
HOMO-LUMO energy separation, which is the
result of a significant degree of intramolecular charge
transfer from the end-capping electron—donor groups
to the efficient electron—acceptor groups through
n-conjugated path [47]. Recently, the energy gap
between HOMO and LUMO has been used to prove
the bioactivity from intramolecular charge transfer
[48, 49]. According to the DFT calculation, the
energy gap between (AFE) transitions from HOMO to
LUMO of the molecule is about 4.154 eV. The lower
HOMO-LUMO energy gap shows the possibility of
intramolecular charge transfer analysis and confirms
the bioactivity of the molecule.

4.4. Vibrational Assignments

The molecule 4MESC consists of 22 atoms; hence
one can have 60 normal modes of vibrations. The har-
monic wavenumber calculations were performed with
B3LYP with cc-pVDZ, cc-pVQZ and cc-pVTZ basis
sets. The title molecule belongs to C; point group sym-
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Fig. 4. HOMO—LUMO plot of 4-methylesculetin molecule.

metry. The recorded FT-IR, FT-Raman and calcu-
lated wavenumbers and intensities (IR, Raman) are
given in Table 4. The comparisons of experimental
spectra are shown in Fig. 1 (FT-IR) and Fig. 2
(FT-Raman). The total energy distributions for all
fundamental vibrations were calculated using scaled
quantum mechanics (SQM) method at B3LYP/cc-
pVDZ level.

OH vibrations. The OH group vibrations are likely
to be most sensitive to the environment, so they show
pronounced shifts in the spectra of the hydrogen-
bonded species. The nonhydrogen-bonded or a free
hydroxyl group absorbs strongly in the 3700—3550
cm~! region [50, 51]. Theoretically calculated band at
3673 and 3712 cm™!' is assigned to the OH symmetric
stretching vibration. Experimentally this band is
observed in the 3671 and 3707 cm~! region of IR spec-
tra. The O—H in-plane bending vibrations appear in
the region 1150—1250 cm~!. While the stretching and
out-of-plane of OH group is much affected due to
hydrogen bonding, the OH in-plane vibrations are not
affected by hydrogen bonded. In-plane OH bending
vibration is predicted at 1202 cm~! by cc-pVQZ basis
sets (mode no: 38). This vibration is observed experi-

OPTICS AND SPECTROSCOPY Vol. 116

mentally at 1192 cm™! by means of FT-IR spectra.
The mode no: 40—41 peaks are mixed bands with OH,
ccC, ccH bending vibration and cc, CO stretching
vibration.

CH vibrations. Despite six bands expected for the
stretching vibrations of the CH group, the FT-IR
spectra exhibits only three bands with wavenumbers
above 3000 cm~! [52, 53]. According to the performed
calculations, the lowest frequency band at 3016 cm™!
is definitely due to the asymmetric CH; vibration in
the FT-IR spectra. Two remaining bands were previ-
ously attributed to 3092 cm~! and 3165 cm~! which are
assigned to CH stretching vibrations of the ring in the
FT-IR spectra.

The in-plane bending vibrations 3(CH) and 6(CH)
are observed for 4AMESC in the range 890—1180 cm™!
(Table 4). Seven modes characterize these vibrations
for the 8(CH) ring (v, V33, V34, V35, V36, V37, and Vsg).
The IR bands corresponding to these modes are
observed at 1022 cm™!, 1119 cm™' and 1159 cm™.
Their Raman peaks are appearing at 891 cm™!,
1092 cm~! and 1164 cm™.
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Table 4. Comparison of the observed and calculated vibrational spectra of free 4MESC molecule

Theoretical (B3LYP) Experimental
cc-PVDZ iz | pvoz [Exe IR Rgxmpén TED, %
1\;1053221 Freq. IR IRaman | Freq. | Freq.

Vi 74 | 0.508 | 3.916 73 72 Teeeu(19) + Tecec(7) + Tecco(32)

V5 104 | 0.203 | 2.759 103 103 Teece(36) + Teeen(22) + Tecco(11) + Tecoc(18)

Vs 168 | 0.103 | 6.281 | 164 | 163 142 | tecec(24) + tecco(15) + Teeen(42)

V4 188 | 0.405 | 4.204 187 187 178 | tceec(30) + tecen(14) + tecco(20)

Vs 212 | 0.373 | 2.810 205 204 vec(19) + 8cec(33) + 8cco(23)

Ve 213 | 0300 | 2.054 | 211 212 212 | tecec(12) + Tecen(70)

7 266 | 0.009 | 6.784 264 264 257 | tecoc(15) + tecec(23) + tecen(25) + tecco(17)

Vg 287 | 25.037 | 15.686 281 283 Tccon(71)

Vg 294 | 0.881 3.037 296 297 Scco(40) + 8ccc(20)

Vio 308 | 0.023 | 3.856 309 310 vee(12) + 8cco(24) + Sccp(11) + 8ccc(30)

Vi 369 | 0.002 | 28.871 | 369 | 371 vee(10) + 8eco(24) + 8cec(37)

Via 391 | 2.608 1.874 384 380 Tecou(17) + Teeec(20) + Teccn(16) + Tecco(28)

Vi3 405 | 4.646 1.845 399 390 399 | teecu(10) + tecec(13) + Tecou(56)

vie | 409 | 0.160 | 38.896 | 4C10 | 412 vee(15) + 8eco(23) + 8ccc(32)

vis | 448 0393 | 6313 | 444 | 445 tecon(15) + Teecc(38) + Tecen(19)

vie | 487 | 1.759 | 4239 | 487 | 489 | 488 | 473 | vee(16) + Scco(15) + Seec(34) + Scen(15)

vi; | 537 0854 | 13.021 | 538 | 539 | 522 | 529 | vec(l1) + 8ccc(28) + Scco(23)

vig | 540 | 0.094 | 5755 | 538 | 540 | 545 Tecee(33) + Tecen(30)

vie | 560 | 4591 | 5761 | 561 | 565 | 569 | 572 | 8ccoB) + Scec(25) + Secu(14)

vy | 646 | 1.863 | 13.587 | 646 | 649 636 | vee(10) + 8cco27) + Secc(23) + decn(13)

Vo 680 | 0363 | 1.464 | 676 | 678 | 663 Tecon(10) + Teeee(20) + Yeen(24) + teeco(15)

vy, | 694 0234 | 1.169 | 694 | 697 | 691 | 673 | tecon(ll) + Tecec@2) + tecen(15)

vy; | 696 | 1.013 |17.902 | 696 | 699 | 710 vee(20) + 8eo(19) + Scen(19)

vaa | 735 0191 | 2127 | 738 | 741 | 741 | 721 | tecoc(10) + Tecec(28) + vYeen(32) + Tecco(15)

vys | 776 1210 | 12,047 | 772| 775 | 789 | 764 gCC(M) +veo(13) + 8cco(11) + Seec(25) +

ccu(l

Vag 817 | 0.733 1.706 815 818 808 | vee(19) + veo(15) + 8ccc(22) + dccp(ll) +
dccoll3)

vy | 823 | 3523 | 2540 | 827 | 829 | 839 | 827 | theen(12) + tecec(13) + Tecco(20) + Yecn(39)

vys | 850 | 0.498 | 1.035 | 852 | 855 | 857 | 845 | teccc(14) + veen(39) + Tecco(12) + Tocen(19)

veo | 869 | 5.618 | 0958 | 869 | 872 870 | Tecec(28) + Yeen(33) + Tecco(19)

vy | 89312421 | 15079 | 892 | 897 891 %/CC(IS) + Veo(14) + 8cco(11) + Secc(15) +

ccH(

Vi 980 | 1.683 | 0.875 983 987 960 | vee(11) + 8ccc(13) + 8ccn(30) + tecen(23)

Vi, 1019 | 0.498 | 0.132 | 1028 1032 Scen(16) + teccc(Cl) + teeen(37)

vy | 1037 | 3.350 | 0.959 | 1035 | 1039 | 1022 Vee27) + Seec(18) + Scen(21) + Tecen(13)

vage | 1114 | 2.536 | 41.370 | 1104 | 1107 | 1119 | 1092 | vee(23) + veo(16) + Seco(10) + dcen(23) +
dcon(11

vis | 1136 | 41.802 | 25.848 | 1123 | 1127 vee(20) + veo(16) + Scec(11) + Sccn(24) +
dcon(13)

V3 1154 | 2.710 4.382 | 1149 1153 | 1159 1164 | vee(16) + vep(15) + 8cco(11) + ccc(11) +
dccn(27)

vy | 1182 | 4.091 | 18.017 | 1181 | 1184 vee(14) + 8cec(11) + Secp(42)

vig | 1192 | 4965 | 2.760 | 1196 | 1202 | 1196 vee(14) + 8con(19) + Secn(38)

Vi | 1222 2350 | 3.334 | 1222 | 1227 | 1245 | 1244 | vee(15) + veo(10) + Secc(23) + Scen(26)
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Table 4. (Contd.)

Theoretical (B3LYP) Experimental
cc-PVDZ PVIZ | PVQZ T | Ronen TED, %
1\11;);([1221 Freq. Iir TRaman | Freq. | Freq.

Va0 1270 | 32.113| 5.407 | 1259 | 1262 1271 vee(1l) + vee(10) + 8ccc(26) + dcon(13) +
dccn(17)

V4 1318 6.264| 3.642| 1300 | 1303 vee(26) + vee(11) + Sccc(15) + dcen(15) +
dcon(19

Vi 1342 | 26.132| 10.751 | 1342 | 1345 1348 | 1321 | vee(10) + Sccc(10) + 8ccp(16) + Sy (16) +
Tcecu(24)

V43 1362 | 16.842| 8.682 | 1359 | 1363 1367 | vee(22) + Occc(10) + 8ccy(18) + dycn(18)

Va4 1391 | 16.403| 100 1374 | 1378 1397 | 1396 | vcce(31) + Sccc(16) + dccn(10)

Vs 1409 1.169| 7.285| 1432 | 1438 1437 | 1431 | Syucu(35) + teccu(52)

\; 1418 0.239| 6.171 | 1440 | 1445 Sccu(15) + ducu(25) + teccu(35)

V47 1461 1.605| 9.266 | 1445 1449 1468 | 1464 | vc(29) + Occc(16) + 8ccp(20) + dcco(14)

Vg 1507 | 18.819| 5.061 | 1491 1496 1507 | vee(31) + vep(10) + 8cec(13) + dccu(24)

veo | 1576 | 31.716| 62.825| 1558 | 1563 | 1560 | 1564 | vee(35) + Scec(14) + Seco(15) + Scen(18)
vso | 1628 | 2.801| 11.822| 1608 | 1612 | 1609 | 1612 | vec(36) + Scec(23) + Secn(19) + Seco(10)

vs; | 1635 | 10.597| 24.551| 1612 | 1617 vee(30) + 8ecc(17) + Seco(11) + Secn(22)
vs, | 1774 100 35.082 | 1741 | 1741 1746 | vec(20) + veo(26) + Scen(12) + Scco(15)
vs; | 2942 | 1.686| 16.872| 2925 | 2936 ven(83)

vsy | 3000 | 1390 6.788 | 2970 | 2982 ven(75) + tecen(11)

vss | 3040 | 2.194| 6.583| 3012 | 3024 | 3016 ven(79)

vss | 3097 | 0.538| 8.016| 3071 | 3083 | 3092 ven(75)

vs; | 3114 | 0.205| 10.670 | 3091 | 3103 ven(76)

vss | 3122 | 0.322] 6.236 | 3095 | 3106 | 3165 ven(75)

vsy | 3630 | 18.166| 4.811| 3650 | 3673 | 3671 Vor(92)

veo | 3676 | 17.023| 7.659 | 3692 | 3712 | 3707 von(90)

Table 5. The NMR spectral data of 4-methylesculetin

B3LYP (Theoretical) Experi- B3LYP (Theoretical) Experi-

cc-pVDZ | cc-pVIZ | cc-pVQZ mental cc-pVDZ | cc-pVIZ | cc-pVQZ mental

Cu 145.114 165.389 170.98 161.081 Cio 10.644 21.681 24.227 15.663
Cq 143.538 162.016 168.470 151.956 Hy 7.202 7.674 7.861 7.381
C; 138.492 156.855 162.375 143.077 H, 6.911 7.244 7.358 7.381
C, 135.384 153.584 158.969 138.406 H;, 6.267 6.543 6.686 6.800
Ce 130.925 148.575 154.128 107.917 Hy 5.189 5.942 6.158 6.800
Cy 105.080 120.406 125.623 106.321 Hy, 4.636 5.336 5.606 5.831
Ccro 101.680 115.864 120.783 104.663 H, 2.860 2.997 3.075 2.376
Cs 97.834 113.571 118.811 101.330 H,, 2.860 2.997 3.075 2.376
G, 91.034 105.178 110.385 98.594 H,, 2.422 2.664 2.728 2.376

'H NMR data taken from [http://www.nmrdb.org/predictor?smiles=C,,=CC(=C(0)C=C1C(=CC(0,)=0)C)O].
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Fig. 5. (a) Molecular electrostatic potential mapped for
4-methylesculetin molecule; (b) molecular electrostatic
potential (equipotential lines) mapped for 4-methylescule-
tin molecule; (c¢) electron density of e 4-methylesculetin
molecule calculated at the B3LYP/cc-pVDZ level of theory.

The out-of-plane CH-bending vibrations appear in
the standard region 400—790 cm~!. We predicted at
670—880 cm™! region by B3LYP/cc-pVQZ level of
theory. Several bands are observed at 663 cm™!,
741 cm™!, 839 cm~!, and 857 cm~! which are assigned
to out-of-plane CH bending vibration of the ring in
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the FT-IR spectra. These bands observed at 673 cm™!,
721 cm~', 827 cm™!, 845 cm™!, and 870 cm™! are
attributed to out-of-plane bending vibrations of the
4MESC compound in the FT-Raman spectra.

Methyl group vibrations. Vibrations of the C—CH;
system in 4MESC molecule should be described by
12 normal modes. These are three stretching: 2 v,
(CH;) and v, (CH3). The CHj; vibrations of methyl
group are predicted at 2936 cm~! (Symmetric),
2982 cm~! (Asymmetric) and 3024 cm~!' (Asymmet-
ric) by B3LYP/cc-pVQZ level of theory. Mode num-
bers are 43 (Symmetric), 45 (Asymmetric) and 46
(Asymmetric) which are assigned to the symmetric
CH; bending and asymmetric CH; bending vibrations
of the methyl group. The CH; rocking modes are

appeared at 987 cm~! (mode no: 31) and 1032 cm™!
(mode no: 32) in the 4MESC compound. There is one
mode describing torsion mode of the CH; group
(mode no: 3) these are v4 and v, modes correspond-
ing to the C—CHj; torsion modes.

4.5. NMR Spectra

Nuclear magnetic resonance (NMR) spectra were
recorded to confirm the presence of various types of
protons and carbon for the formation of the target
compound. The NMR spectra of 4MESC in chloro-
form solutions were recorded using Bruker Supercon-
ducting FT-NMR Spectrometers. All NMR spectra
are measured at room temperature. Signals of the
recorded NMR spectra are given in Table 5.

The isotropic chemical shifts are frequently used as
an aid in identification of reactive ionic species. It is
recognized that accurate predictions of molecular
geometries are essential for reliable calculations of
magnetic properties. The NMR spectra calculations
were performed for chloroform solvent. It is necessary
to consider the solvent effects because the spectral data
available are obtained in different solutions. The iso-
tropic shielding values were used to calculate the iso-
tropic chemical shifts & with respect to tetramethylsi-

lane (TMS) (8, = o1 — Oso)-

4.6. Molecular Electrostatic Potential Maps

The molecular electrostatic potential (MESP) is
the most useful electrostatic property to study the rela-
tion between structure and activity. The MESP has
been also employed as an informative tool of chemis-
try to describe different physical and chemical fea-
tures, including non-covalent interactions in complex
biological system. The molecular electrostatic poten-
tial maps of ESC are shown in Figs. 5a—5c [54].
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5. CONCLUSION

FT-IR, FT-Raman and FT-NMR spectra of the
4-methylesculetin molecule have been recorded and
analyzed. Density functional theory (DFT) calcula-
tions at the B3LYP/cc-pVDZ level has been used to
compute energies of different conformers of 4MESC,
to find out their stability, the optimized geometry of
the most stable conformer and its vibrational spec-
trum. The observed spectral parameters were seen to
be in good agreement with the theoretical data. A
complete vibrational analysis has been attempted on
the basis of experimental infrared and Raman spectra
and calculated frequency and intensity of the vibra-
tional bands and potential energy distribution over the
internal coordinates.
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