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ARTICLE INFO ABSTRACT

Understanding the photochemical behavior of structural isomers of hydroxycoumarin (HC) having different
properties of consequence in biological activities demand spectroscopic information of this class of compounds,
Barring 6-hydroxycoumarin (6-HC), other isomers of HC's are well studied spectroscopically. To understand and
compare the photochemical activity of 6-HC with other isomers, a detailed study of this molecule has been taken
up. For this purpose, electronic, vibrational and structural properties of 6-HC have been studied using ultraviolet
absorption and Infrared spectroscopy techniques. Quantum chemical calculations have been performed at DFT/
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gfﬂ;g{g;mumn (6HC) B3LYP level of theory to get the optimized geometry and vibrational frequencies of normal modes to support
TD-DFT and analyze experimental data, The detailed vibrational assignments were made on the basis of potential energy
MESP distributions. Chemical activity, molecular orbital energies, band gap and hyper-polarizability information have
FI-IR been computed from quantum chemical simulations. NBO analysis helped in understanding the stability of the
UV-Vis spectra ' molecule arising from hyper-conjugative interaction and charge delocalization, UV-Visible spectrum of the com-
pound was recorded in the region 300-600 nm helped in obtaining band gap data of the compound. Molecular
Electrostatic Potentials (MESP) were plotted and the respective centers of electrophilic and nucleophilic attacks
were predicted with the help of Fukui functions calculations. Further, it was observed that the negative electro-
static potential regions are mainly localized over the oxygen atoms and the positive regions are localized over the
benzene ring. Details of the results and analysis of experimental and theoretical spectroscopy studies are pre-

sented in this paper.
© 2019 Elsevier BV. All rights reserved.
1. Introduction structural isomers of HC's is available in literature [13-17], surprisingly

Coumarins, otherwise called as benzopyrones, because of their
chemical activity can interact with enzymes over a wide range of biolog-
ical activities such as anticoagulant, anticancer, antioxidant, antiviral,
anti-diabetics, anti-inflammatory, antibacterial, anti-fungal and anti-
neurodegenerative agents apart from fluorescent sensors [1]. Hydroxyl
coumarins (HC) are found to be having biologically different importance
[2] depending on the position of OH group substitution on the coumarin
ring. For example 4-hydroxycoumarin is a carcinogen, 7-
hydroxycoumarin has great significance as natural fragrances, whereas
6-hydroxycoumarin (6-HC) is found to be used as an anticancer agent
[3-5]. 6-HC have number of applications in medical, dyes, cosmetics,
food additive applications apart from solid state lightning applications
[6-10]. Most of the organic synthesis use 6-hydroxycoumarin as key
material as it is shows unique photochemical and photo physical prop-
erties [11,12]. Though a detailed spectroscopic information on other
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the spectroscopic data of 6-Hydroxycoumarin is very scarce. In this
work, 6-HC has been studied experimentally using UV-Vis and Infrared
techniques. Theoretical information obtained by simulations using den-
sity functional level of theory with hyper correlation function B3LYP at
standard basis set 6-311+--G (d, p)helped to consolidate structural ge-
ometry, vibrational frequencies, optical properties, HOMO-LUMO, NBO
and Molecular Electrostatic Potentials (MESP), In this paper, UV-Vis
and FT-IR data of 6-HC are reported for the first time, Details of the ex-
perimental and theoretical results and analysis of the results obtained
are presented in this paper,

2. Computational details

In these, quantum chemical calculations using hybrid function
Becke's parameter nonlocal hybrid exchange potential and the nonlocal
correlation functional of Lee, Yang and Paar (B3LYP) with higher basis
set 6-311++G(d, p) are performed using Gaussian09W package
installed in PC series i3-4170 CPU @ 3.70 GHz processor system
[18,19] and the optimized structure is visualized by GaussView 5.0.9
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Fig. 3. Visualization of the molecular orbital of 6-hydroxycoumarin [HOMO-MO:42 and
LUMO-MO:43].

over the and scan range 4000 cm™" to 400 cm ™" with 64 number of

scans at resolution 4 cm™".

4. Result and discussion
4.1, Molecular geometry

6-Hydroxycoumarin was optimized, the respective bond length,
bond angles and dihedral angles were compared with experimental

the titled compound hasn't been reported so far [24]. The molecular ge-
ometry of 6-HC was optimized using Gaussian0SW, visualized by
GaussView 5.0.9 and it is presented Fig. 1. Bond length, bond angles
and dihedral angles of theoretical data along with experimental values
were reported in Table 1. From Table 1, it can be observed that the aro-
matic ring C—C bond lengths and C-C-C bond angles are closer to the
experimental bond lengths. Potential energy surface scan is the exact
method to find transition states as it helps to find exact stationary points
[25]. The PES was performed by changing dihedral angle C1-C6-018-
H15 from 0° to 360° with an interval of 10°. The potential energy
curve shows broad peak at stable energy (E= —572.3963Hartrees) cor-
responding to a dihedral angle of 180°. The potential energy surface
curve is presented in Fig. 2. Fig. 3, it shows the optimized geometry of
molecule in equilibrium state.

4.2, Vibrational analysis

The titled compound 6-HC is considered under C; symmetry, cOn-
tains 18 atoms. As a nonlinear molecule executes 3N-6 number of po-
tentially observable active fundamental frequencies, 6-HC has 48
fundamental modes of vibrations. The internal coordinates as listed in
Supplementary material 1 were used to define local symmetry coordi-
nates. The local-symmetry coordinates were defined by following the
recommendations of Pulay et al. [26,27], values of corresponding scale
factors used to correct the B3LYP/6-311G++ (d, p) force field calcula-
tions are presented in Table 2. The in-plane and out-of-plane symmetry
vibrations are found by the formula,

XRD data of a similar compound since the experimental XRD dataof  [3N—6 = 35A/(in-plane) + 13A"(out-of -plane) (1)
Table 2
Definition of local-symmetry coordinates and the values of corresponding scale factors used to correct the BILYP/6-311G-++ (d, p) force field calculations of 6-hydroxycoumarin.
No. (i) Symbol® Definition® Scale factors
Stretching
1-6 v(C—C)(Ring1) R1, R2, R3, R4, R5, R6 0.992
7-11 V(C—C)(Ring2) R7, R8, R9, R10,R11 0.702
12-13 p(C—0)sub R12,R13 0.778
14-16 w(C—H)(Ring1) R14,R15,R16 0.749
17-18 v(C—H)(Ring2) R17,R18 0.994
19 v(0O—H)(sub) R19 0.800
In-plane bending
20-21 PREri (Y20 — v21 + 22 — ¥23 + y24 — ¥25) [ V6, 0.998, 0.958
(y26 — 27 + y28 — y29 + ¥30 — ¥31) / V6
22-23 PRasy (2720 — y21 — y22 + 2y23 — ¥24 — ¥25) / V12, 0.998, 0.958
(2y26 — 27 — ¥28 + 2v29 — ¥30 — 31}/ Vvi2
24-25 BRsym (y21 — Y22 + Y24 — ¥25) [ 2, 0.998, 0.958
(y27 — 28 + 30 — y31) /2
26-30 A{C—H) (¥32 — ¥33) / V2, (Y34 — ¥35) / V2, (Y36 — ¥37) / V2, (738 — 39) / V2, (40 — y41) / V2 0979
3 B(C—0) (y42 — y43) / V2 0.783
32 [(C-OH) v 44 0.948
33 p(C-C-0) (y45 — y46) / V2 0.995
Out of plane bending
34-38 o (C—H) pd7, p48, pdg, ps0, p51 0.950
39-40 o (C—0) p52, 53 0912
Torsion
41-42 T RING tri (154 — 755 + 756 — 757 + 738 — 759) / V6, 0.884,0.921
(160 — 761 + 762 — 763 + 764 — T65) /6
43-44 T RING asy (154 — 756 + 157 — T59) / 2, 0.884,0.921
(T60 — 762 + T63 — 765) /2
45-46 T RING sym (—754 — 2155 — 756 + 757 + 2758 — 159) V 12, 0.884,0.921
(—T60 — 2761 — 762 + T63 + 2764 — T65) vV 12
47 TBUIT (166 — 767) /2 0992
48 T CCOH (168 — 769) /2 0913

Where a = cos144% b = cos72°.

Abbreviations: v, stretching;f3, in plane bending; ©, out of plane bending; 7,

sub, substitution,
a These symbols are used for description
b The internal coordinates used here are

of the normal modes by PED.
defined in the table given in Supplementary material 1.

torsion, tri, trigonal deformation, sym, symmetrical deformation, asy,

asymmetric deformation, butt, butterfly,
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Table 3 (continued)
Mode no. FT-IR experimental frequencies (em™) Theoretical frequencies B[R intensity ‘Raman activity dassignments (PED)
(em™)
Scaled Unscaled

37

- 483 506 7.684 2,641 BCO (29)
38

- 431 454 10405 0331 TR1asy (42), TBUTT (28)
39

= 423 438 10.660 10,997 BCCO (25), BR2asy (23), BCO (18)
40

- 365 385 1.206 2911 TR2asy (25), TR1asy (20), wCH (17)
41

& 361 381 4548 14273 BCCO (22), v CCR2 (20), PR1sym (19)
42

= 340 356 4003 0311 CH (27), TR2tri (21), TR2asy (17)
43

- 274 . 274 108.187 1.596 TCCOH (86)
44

= 243 255 1.773 0.346 v CCR2 (22), BCCO (20), BR2sym (15)
45

2 172 180 0.657 0.153 TR2tri(30), T R1sym (19), T R2asy (16)
46

= 148 155 1.788 0.717 TR2sym (33), TBUTT (20)
47

o 75 78 1.741 0.149 TR2asy (32),7R2sym (24),TR2tri (21)
48

Abbreviations: v, stretching: 3, in plane bending; ®, out of planebending; T, torsion, ss, symmetrical stretching, as, asymmetrical stretching, sc, scissoring, wa, wagging, twi, twisting, ro,
rocking, ipb, in-planebending, opb, out-of -planebending; tri, trigonal deformation, sym, symmetrical deformation, asy, asymmetric deformation, butter, butterfly, ar, aromatic, sub, sub-

stitution, vs, very strong; s, strong; ms, medium strong; w, weak; vw, very weak.

2 Scaling factor: 0.74 above 3000 em=" and 0,743 below 3000 cm ™" for B3LYP/6-311+-+G(d.p).

b Relative absorption intensities normalized with highest peak absorption equal to 100.
© Relative Raman intensities normalized to 100.
4 Only PED contributions 210% are listed.

The titled compound, 6-HC has ¢—C, =0 and O—H type of bonds,
These bonds are involved in various stretching, bending and torsional
vibrations. The calculated frequencies are scaled to achieve better
match with the observed values. These vibrations along with the respec-
tive potential energy distribution percentages are tabulated in Table 3.
The vibrational analysis of the respective modes is as follows.

4.2.1, C—C vibrations

In aromatic organic compounds, singlet and doublet of C—C ring vi-
brational frequencies are observed in the region 1400 cm ™ 1.1650cm™!
[28). In the present work, the scaled vibration at 1627 em~! was
assigned to C—C stretching vibrations. This mode shows an excellent
agreement with the observed value at 1621 cm~!, C-C-C in plane and
out-of-plane deformation is observed between 766 and 542 cm ™', The
scaled value at 731 cm ™ is assigned to C-C-Cring asymmetric deforma-
tion and the corresponding band is observed at 729 cm~ ', Thisis in syn-
chronous with the scaled value.

4,2,2. Carbonyl! functional group vibrations

Mostly, the dominant C=0 in-plane stretching mode of vibration is
located in the region 1600-1660 cm ™' [29]. In the present study, the
band observed at 1585 cm ™! is assigned to C=0 stretching vibration
and the corresponding scaled value 1652 cm ! shows a good agree-
ment with the observed value as listed in the Table 3. Further, the
C—0 mode of vibrations is observed in the region 1000-1300 cm™ ", Ac-
cording to scaled quantum mechanical (sQM) force field calculation, we
found C—O modes of vibrations around 1094 and 1285 cm~ L COH in-
plane bending is observed at 1198 em~! and its scaled value is
1161 cm™",

4.2.3, 0—H vibrations

in general, the O—H functional group vibrations are present in the
region 2500-4000 cm ™' [30]. The experimental FT-IR spectra of 6-HC
compound having O—H vibrations around 3434 cm 'and

corresponding theoretical peak was observed around 3438 cm™! as re-
ported in Table 3.

4.3, NBO (natural bond orbital) analysis

Natural bond orbital analysis is used for molecular atomic charge
and orbital population [31,32]. Most of NBO analysis is reported up to
second order interactions, In the present work, the NBO calculations
were performed on optimized structure of 6HC using NBO 6.0 which
is embedded Gaussian09W program package. Here we observed second
order perturbations and most of the bond interactions are occurring at
lower population, Lone pair (LP) electrons are observed for 016, 017
and 018. The second order perturbations were studied to predict the
donor-acceptor interaction in the natural bond orbital [33].

(0]Flo)? e fi
Y AE

E? = —n
% &0' —£0

()

The interactions of donor (i) -acceptor (j) were observed and the re-
spective interactions of the titled compound were tabulated in Table 4.
From the table, largest stabilization energy is observed for C9-C11 (m) -
C12-017 (m*) at 20.97 kJ/mol and lowest stabilization is occurred at
0.69 kj/mol for C2-C3 (o) - C3-016 (a*).

44. Frontier molecular orbitals

Highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) study is related to the ionization potential
and chemical reactivity of the molecule [34]. The total energy, HOMO,
LUMO, difference between HOMO and LUMO, lonization potential (1),
Electron Affinity (A), Chemical potential (), Electronegativity (),
Chemical hardness(m), Electrofilicity index (), Global Softness (0),
Total energy change(AEr), Dipole moment(D) for the investigated com-
pound 6HC is studied by DFT method with higher basis set B3LYP/6-311
++G(d,p) basis set and the values are tabulated in Table 5. From the
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Table 6
The electric dipole moment (D), average polarizability, first hyperpolarizability, etc, of 6-
HC by quantum calculation.

pand o components  B3LYP/6-311++G** 3 components B3LYP/6-311+4+G**

P 1.6626 PBrocx —344.4361
Iy 1.4450 B 112.4676
I 0.0009 Py —51.3494
(D) 4.8524 By 494611
Ox 181.9068 Bz 0.0444
Cyy —4.2111 Py 0.0114

Gy 1153935 Byyz —0.0245
gz 0.0015 Bz 22,7462
oy, 0.0026 Byaz 14,9624
O 58.3966 Baz —0.0133
A 4772213318 x 107 esu

o(esu) 1757119 x 1072*  ptotal (esu)  3.566699 x 107°

Softness(s) = % (7)

4.5. UV-Vis spectrum

UV-Vis spectrums are recorded in the region 300-600 nm at
Photophysics beamlinelndus-1, Indus-1, a 450 MeV synchrotron radia-
tion source. Calibration of absorbance spectrum is presented with the
help of a-coefficient formula given in Eq. (2). The resultant spectrum
is shown in Fig. 5. From UV-Vis spectrum, where UV light start absorp-
tion from 334 nm and there is a strong absorption peak observed at
374 nm. Predicted TD-DFT spectra were given same absorption. In addi-
tion to that the calculated direct energy band gap was found at 3.9 eV. (

e i,
lo

4.6. NLO properties

Theoretical non liner optical (NLO) calculations gives information
about the molecular electronic dipole moment (j), the polarizability
(at), and the first hyperpolarizability (3) which are difficult to calculate
directly. Therefore, these three properties of the titled compound 6HC
are calculated by using DFT method with higher basis set B3LYP/6-311
++G(d, p) for the first time [35]. Polarizability and first order
hyperpolarizability of the investigated compound using X, Y, Z elements

can be calculated by using the following relations

A R ®)
= CL’“*_O‘B«‘*T""& 9)
Ao =272 (am—ay)” + (cty—0t)” + 6] i (10)
B (Bt By + ) (1)
and

By = B + By + Bz (12)
-G’y = ﬁ'yyy + B.xxy + ﬁyzz (13)
.ﬁz =Bz + szz 35 .Byyz (]4)

The calculated values which are in atomic units (a.u.) of the com-
pound under investigation can be converted into electrostatic units
(esu) and tabulated in Table 6. From the table calculated values of elec-
tronic dipole moment p(D) is found to be 4.85246587, average polariz-
ability (o) Tau = 47.72213318 x 107%* esu, first hyperpolarizability
(B): 1 a.u = 3.566699 x 10~ esu,

4.7. Molecular electrostatic potential (MESP)

Molecular electrostatic potential is used to determine the intermo-
lecular interactions, nucleophilic and electrophilic attacks of the titled
compound 6HC [36]. Most of recent studies on MESP analysis reported
electronic distributions of molecule and visualizing electrophilic and
nucleophilic attacks [37]. The calculated 3D electrostatic potential con-
tour map is shown in Fig. 6. The figure shows that oxygen atoms are
negatively charged and that is localized at red region. Positive charge lo-
calized at benzene ring is shown as blue region,

4.8, Mullikan atomic charge population analysis

Mulliken atomic charge population is extracted from the optimized
Gaussian output file, The titled compound has 18 atoms and their corre-
sponding Mulliken charges along with ATP charges are tabulate in
Table 7. From atomic charge population, oxygen atoms 016, 017 and

Esp-mapped density [6-Hydroxycoumarin Esp 0-6-Hydroxycoumarin EleDen: 0]

0.0500-> 00409
0.0409-> 0.0318
0.0318-> 00227
0.0227-> 00136
| 00136-> 0.0045
0.0045-> -0.0045
-0.0045 > 0,013
0.0136 > -0,0221
-0.0227 > -0,0318
-0.0318 > +0,0409
+0,0408-> +0,0500

Fig. 6. B3LYP/6-311+4G(d,p) calculated 3D molecular electrostatic potential maps of 6-hydroxycoumarin.
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