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Abstract:

The various properties of the ground and excited electronic states of coumarins
102 using density functional theory (DFT) and time-dependent density functional
theory (TDDFT) was calculated by the B3LYP density functional model with 6-
31G(d,p) basis set by Gaussian 09 W program. Spectral characteristics of
coumarin102 have been probed into by methods of experimental UV-visible, and
guantum chemistry. The UV spectrum was measured in methanol. The optimized
structures, total energies, electronic states (HOMO- LUMO), energy gap, ionization
potentials, electron affinities, chemical potential, global hardness, softness, global
electrophilictity, and dipole moment were measured. We find good agreement
between experimental data of UV spectrum and TDDFT excitationenergies.

Key words: DFT, TDDFT, lonization potential, electron affinity, energy gap, and UV
spectra.

Introduction

Coumarins are widely occurring in fluorescence  observed for many
including polarity and viscosity nature, derivatives with appropriate substitution
with coumarin itself first isolated in [2]. These derivatives are important
1820 from a specific variety of bean, components of fluorescence probes,
and many other coumarin derivatives sensors and switches. coumarins exhibit
found in a wide range of plants [1]. interesting  fluorescence  properties,
Many natural and synthetic derivatives which include a high degree of
of coumarin (2H-chromen-2-one) are sensitivity to their
used in different applications in local environment[3]. Coumarin
chemistry, biology, medicine and derivatives are huge and very important
physics. The reasons for their wide group of chemical compounds. They are
range of applications are their spectral characterized by low toxicity, therefore
properties, mainly  the intense can be used in biology, medicine,
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perfumery and cosmetic industry [4].
Theoretical  investigations of  the
physical and chemical properties of dye
sensitizers are very important in order to
disclose the relationship between the
structure, properties and performance,
and to help in the design and synthesis
of new dye sensitizers [5]. Coumarin
102 (C102) has been known as a
solvatochromic dye and the fluorescence
minimum wavelength (Amax) Of C102
depends on the microenvironment
surrounding the dye [6]. The structure of
C102 (C16 H17 NO,) is shown in Figure
1.
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Fig. 1 The optimized structures of
C102 obtained by B3LYP/6-31G (d, p)

Many studies have shown that
the molecular structures and vibration
frequencies calculated by Density
functional theory DFT  methods
[7].Density functional theory (DFT) is
nowadays one of the most popular
methods for ground state electronic
structure calculations in  quantum
chemistry and solid state physics.
Compared to traditional ab initio,
contemporary density functional
methods show a favorable balance
between accuracy and computational
efficiency [8].

The present work represents an
experimental and theoretical approach to
study the structure, electronic properties
and electronic spectra of Coumarin 102
in Methanol solvents by using the
TDDFT method.
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Materials and Methods:-

Coumarine dye laser (C-102)
supplied from Lambda physics has a
molecular mass (255.31 gm/mole),
molecular formula ( C16 H17 NO2 ) and
it can be dissolved in polar and nonpolar
solvent Ethanol, Methanol, Benzene,
Acetone, etc. The solvent used in this
search was Methanol from (American
Thomas baker com.) with purity
(99.9%), molecular formula (CH3;OH)
molecular mass (32 gm/mole), Polarity
(0.68). The materials are used in this
search without further purification.

The coumarin-102 dye dissolved in
Methanol at three concentration (10*4,
10°& 10°® mole /L ) . For preparing
lasing dye solutions, dye powder solved
in methanol in a specific concentration
according to the relation:
Wt=(CxV xyNw)/1000 (1)
Where, Wt is the weight of the dye
(gm).

C: is concentration needed in Molars.

V: is volume of the solvent in cm®.

Nw: is a molecular weight of the
substance(dye) in gm/mole.

The spectrum of absorbance was
taken by Shimadzu spectrometer (UV-
Visible, UV-160). This
spectrophotometer covers a wide range
in EM spectrum from UV to near IR.
The absorption spectra of Coumarine
102 have been investigated by using
Methanol solvent in various
concentrations.

Absorption spectra can give much
information related to the molecule
under investigation. Absorption
spectrum was measured by (UV-VIS
spectrophotometer sp—3000 plus), this
device operates within the range (200-
1100 nm) of the visible and ultraviolet
region. Polymer films thickness was
measured by using a Japanese aperture.
(MITUToyo) which measured the
thickness of the films ranging between
(0-25 mm).

Computational methods:-
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In the present study, we focus on
considerable attention on the application
of DFT and TDDFT to the C102. All
the computational studies were carried
out by using (DFT & TDDFT) method
at B3LYP/6-31G(d,p) levels of theory.
This study of C102 has been carried out
by using the Gaussian 09 code and
Gauss-View molecular visualization
program package on the personal
computer [9].

The gradient-corrected B3LYP
functional form (i.e. Becke’s 3-
parameter hybrid exchange functional
[10] and Lee, Yang, and Parr correlation
functional [11]) was employed in the
calculations. DFT is the best method to
calculate ground state structures and the
electronic variables, and time-dependent
density functional theory (TD-DFT)
methods at B3LYP/6-31G(d,p) level
were used for the calculation of
electronic  excitations and UV-Vis
spectra for any molecules. The polarized
continuum model (PCM) was used to
model the effects of methanol salvation.
The energy and oscillator strength
calculated by (TD-DFT)  result
complements with the experimental
findings. The geometry optimized
structures are obtained by restricted
closed-shell formalism and without any
symmetry restriction, In this
investigation, the more relevant
ionization potential  (IP), electron
affinities (EA), chemical potential (K)
(it is the negative of electronegativity
(%)), hardness (1), softness (S),
electrophilic index () and the dipole
moment (u) were calculated. These are
confirming the charge transfer within
the molecule and also the molecular
electrostatic potential (MESP) contour
map shows the various electrophilic
region of the title molecule [12]. The
HOMO and LUMO energy was used to
estimate the IP and EA in the frame
work of Koopmans® theorem: IP =
—&egomo ANd EA = —gym0 [11, 13].
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All parameters are calculated as follows
[14,15]:

Electronegativity (y):

K~—y=—(P+EA)/2 2)
Hardness
n = (IP—EA)/2 3)
Softness

1

S=o, 4)
Electrophilic index
w="5 5)

Density functional theory has also
been used to calculate the dipole
moment p, the total dipole moment in a
Cartesian frame is defined by [16]:
=+’ )" (6)

The dipole moment in a molecule
is an important property that is mainly
used to study the intermolecular
interactions involving the nonbonded
type dipole—dipole interactions, because
the higher the dipole moment, the
stronger will be the intermolecular
interactions [17].

Results and Discussion:

Molecular geometry

The calculated geometrical parameters
(bond lengths and bond angles) were
compared with another study [5]. The
optimized structural parameters of C102
from B3LYP/6-31G(d,p) calculations and
also another study values are listed in
Table 1, in accordance with the atom
numbering scheme given in Figure 1. The
B3LYP method leads to geometry
parameters, which are close to another
study data [5], and we find that most of
the optimized parameters are in
agreements with another study.

Electronic properties

The highest occupied molecular orbital
(HOMO) is the orbital that primarily
acts as an electron donor and the lowest
unoccupied molecular orbital (LUMO)
is the orbital that largely acts as the
electron acceptor [18]. The eigenvalues
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of LUMO and HOMO and their energy
gap reflect the chemical activity of
themolecule. LUMO as an electron
acceptor represents the ability to obtain
an electron, while HOMO as an electron
donor represents the ability to donate an
electron [19]. The smaller energy gaps
of the LUMO-HOMO, the easier
HOMO electrons to be excited; the
higher the HOMO energies, the easier to
donate electrons; to be donated so the
lower LUMO

energies, easier to accept electrons [20].
Table (2) shows the values of the total
energy and electronic states forthe
analyzed structure and the energy gap
(ELumo — €nomo), and dipole moment
(n) of the C102. for the Coumarin-102
molecule. The experimental ground-
state dipole moment, measured in the
presence ofchloroform is 6.98 Debye
[5]. Thus, there is a slight disagreement
betweenour result and the experimental
one that could be caused by solvent
effects.

B3LYP functional used in this study
has a high efficiency to calculate the
electronic properties for the organic
studied molecules, such as ionization
potentials (IP), electron affinities (EA),
chemical potential (K), absolute
hardness (), absolute softness (S),
electrophilic index (®). The results from
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Crespo-Hernandez et al. [21] for IP and
EA are not directly comparable because
they have been calculated in the
presence of C102 instead of ethanol, and
different calculated way (adiabatic,
vertical). Thus, there is a slight
disagreement between our result and the
another study that could be caused by
solvent effects and different calculated
way (adiabatic, vertical)

Frontier molecular orbital

analysis

The three-dimensional plot of the
molecule HOMO and LUMO orbital of
C102 are shown in figure (2). The
electronic cloud of the frontier orbitals
of C102 spread over the whole n-
conjugated backbone, although C102
dense electronic cloud distributes on the
different parts of C102, both shows =-
character. LUMO is localized on C2,
C3, C6, C7, C8, C9, C10, C11, N27,
022 and 023 whereas HOMO is
localized on C1, C2, C3, C6, C6, C7,
C8, C10,C11,C25, N27,and 022. The
HOMO,of = nature, is located over C —
C bond and ¢ nature, over C — H and N
bond, this shows antibonding character,
while the LUMO is delocalized over the
whole C — C and C — H bond, shows a
bonding character.
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Table 1 Optimized geometrical parameters of C102 obtained by B3LYP/6-31G
(d,p) density functional calculations.

Bond lenath Current Previous Bond anales Current Previous
9 Study (A% Study [5] 9 Study (%) Study([5]
R(C.—Cs) 1.524 1.531 A(Cs — C; — Hu) 110.019 110.1
R(C; — Hi3) 1.096 1.094 A(Cs—Ci—Ny) 112558 113.3
R(C— Ny) 1.465 1.472 A(Cs— Ci- Hzp) 110.054 109.6
R(C; — Hzs) 1.100 1.091 A(Hi3 - Ci — Ny) 107.711 107.8
R(C,—Cy) 1.432 1.418 A(Hys — C1 — Hz) 106.793 108.9
R(C,— Cy) 1.437 1.406 A(N27 —Ci— Hag) 109.515 107.8
R(C,— Ny) 1.465 1.472 A(C;~C, Cy) 119.468 120.1
R(C;—C,) 1511 1.512 A(Cs — Co— Nz) 120.086 120.6
R(C;—Cy) 1.380 1.377 A(Cs—Co—Ny) 120.445 -
R(C,—Cs) 1.530 1.537 A(C,—C3-Cy) 119.121 118.1
R(Cs— Cia) 1.099 1.095 A(C,- C5-Cy) 119.524 120.1
R(C4— Ha) 1.094 1.091 A(C4—C3—-Cy) 121.352 121.7
R(Cs— His) 1.096 1.091 A(C3—C,—Cs) 109.923 108.9
R(Cs — Hz) 1.094 1.091 A(C3—Cs—Hi) 110.175 109.3
R(Cs— Co) 1.393 1.386 A(Cs— Cs—Ha) 110.012 109.3
R(Cs — Cp) 1511 1.509 A(Cs — C4—Hua) 108.918 108.9
R(C; — Cg) 1.411 1.403 A(Cs — C4— Ha1) 111.181 -
R(C7— Hig) 1.085 1.081 A(H1s —Cs— Hay) 106.572 -
R(Cs— Co) 1.411 1.399 A(C1—Cs5-Cy) 109.556 -
R(Cs—Cy) 1.440 1.446 A(Cy— Cs—His) 109.717 -
R(Cy— O2) 1.374 1.382 A(C1 - Cs—Hg) 109.035 -
R(Cy— Cyy) 1.440 1.450 A(Cs—Cs—His) 109.724 -
R(C1-03) 1.221 1.217 A(Cs— Cs—Hg) 111.284 110.9
R(Cio— O33) 1.391 1.418 A(His — Cs— Hy) 107.491 108.9
R(C11 -C12) 1.367 1.351 A(C,— Cs—Cy) 118.430 118.7
R(C1— Hi3) 1.084 1.094 A(Cs — Co— Op3) 116.178 116.7
R(C12— Cig) 1.505 1.509 A(Cs— Cy— Oz) 120.448 120.9
R(C1s— Hz) 1.095 1.088 A(C11— Cio— O2) 126.863 127.4
R(Cz4— Cz) 1.530 1.531 A(Cy— Cyo— O23) 116.533 115.0
R(Czs — Hag) 1.093 1.091 A(Oz— Cio— Op) 116.604 117.6
R(Cas —Hsg) 1.099 1.094 A(Cz— Cys— Ni) 112.101 111.1
R(C3 — Cy) 1.524 1.531 A(Czs— Cos — Ha) 110.173 109.3
R (Czs— Nz) 1.463 1.472 A(Nz7 — Czs — Ha) 109.728 110.1
R(C3s — Hao) 1.101 1.096 A(Nz7 — Cos — Hag) 107.701 107.8
R(Czs - H34) 1096 1094 A(C1 — N27 *Cz) 122878 1228
R(Czs —H20) 1.094 1.090 A(C— N7 — Cps) 114.843 117.6
R(Cys —Has) 1.093 1.091 A(C2— Na7 — Czs) 122.878 122.0
Table 2 Electronic properties of C102 in Methanol.
Property TD-DFT B3LYP/6-31G (d,p) Previous Study
Ewt(a.u.) -825.21223 -
E€HoOMO (eV) -5.098 -
SLUMo(eV) -1.355 -
Ecap(eV) 3.207 -
P (eV) 5.008 6.7
6.8
EA (eV) 1.355 0.42°
% (eV) 3.2070
n (ev) 1.8515
S (1/eV) 0.2700 -
o (eV) 2.777 -
6.7°
n (Debye) 9.144 8.053¢

3 adiabatic[22], Pvertical[22], °Exp.[5],%from Ref.[5]
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Fig. (2): Frontier molecular orbital’s
0fC102 in Methanol.

Molecular electrostatic potential
(MEP)

Molecular Electrostatic Potential
(ESP) at a point in the space around a
molecule gives an indication of the net
electrostatic effect produced at that point
by the total charge distribution (electron
+ nuclei) of the molecule and correlates
with dipole moments, electronegativity,
partial charges and chemical reactivity
of the molecules [22-24].

Knowledge of  the charge
distributions can be used to determine
how molecules interact with one
another. One of the purposes of finding
the electrostatic potential is to find the
reactive site of a molecule. The three-
dimensional electrostatic potential maps
of the C102 are shown in Figure (3). A
portion of the molecule that has a
negative  electrostatic  potential s
susceptible to electrophilic attack. The
red and blue regions in the EPS map
refer to the regions of negative and
positive potentials and correspond to the
electron-rich  and electron-deficient
regions respectively whereas the green

color signifies the neutral electrostatic
potential [25].

As can be seen from the figure, the
positive charge is located on the C8 and
N27 atoms (blue colors). It is clear from
Figure (3) the electrostatic surface
potential indicates that electron density
increased in the center and Oxygen
atoms. The hydrogen atom attached to
Carbons bears the maximum brunt of
zero potential (green colors).

-7.555e-3

7.555e-3

148

Fig. (3): Molecular Electrostatic
potential surface (EPS) mappedonto a
surface of total electron density for
C102 dissolved in Methanol (value in
a.u.)

5. Absorption spectra

Figure (4) show the experimental
electronic absorption spectra of C102 in
the solvent Methanol in different
concentration. The (0-0) bands of the
absorption spectra are shifted to shorter
wavelengths.

Time-dependent density functional
theory(TD-DFT) calculation has been
performed for C102 on the basis of
fully optimized ground state structure
to investigate the electronic absorption

properties for the  singlet-singlet
transition.  The max values are
obtained from the UV-Vis spectra

analyzed theoretically with B3LYP/6-
31G(d,p) basis set for 10 excited states.

The calculated UV-visible
absorption maxima which are a
function of  electron availability
theoretical electronic excitation

energies are all tabulated in Table(3).
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As illustrated in table (3), we can find
the values of calculate absorption Amax
(nm) and oscillator strength (# along
with main excitation configuration of
the studied compound. As shown in Fig.
5 and Table 4, all compounds exhibit a
strong absorption band in the UV
region. It can be seen from the Table (3)
and figure (5) , the calculated absorption
values for C102 have been found to
be 208 nm (band B) which corresponds

to the experimental value of 208 nm
(band A) for 10° M concentration, This
peak mainly represents excitation from
HOMO-1 —LUMO+1 ,HOMO-1 —
LUMO+2. The maximum for band A,
was calculated and found to be 367 nm,
and it corresponds to the experimental
value of 389 nm for 10° M. This
essentially refers to a HOMO—LUMO
transition, involving excitation from 7 to
k.

Table (3): The values of Anyexcitation energy, oscillator strength and Exp. Amax
of C102 in Methanol .

. Wavelength excitation oscillator strength Exp.
Case Assignments A (nm) energy AE (eV) f (au) Amax(NmM)
391*
A (Excited State 1) HOMO—LUMO 367 3.382 0.4346 390°
389°
B (Excited State 7) | 1OMO-1->LUMO*1 208 5.958 0.796 gigb
HOMO-1—-LUMO+2 ' ' 208°
Z.4a
55 | ©102 - Methanol - ;‘g::&"
’ 5 Z10°m
=0 i
1.8 ol
1.6 II | {f\"ﬁ
= 1.2 T b 1
2 0 | 1' L’g / !
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Fig.4 Absorption spectra for C102 in Methanol at different concentrations.

20— |- 0.80
- 208 B I
— |
8 o070
1.6 - “—
- - 0.60
1.4 - = 2
- ‘ 0.
12] 367 =
= 7 r =1
S 1.0 o040 =
= 0.8 " A r =
. - |
S 0.6 B =
| - Fo20 =
S 04 |
g °7 |
< p2- ‘ l oo
oob —— ,7|- || | | TS, (11 O OO e | L7 4
e e e e e e
50 100 150 200 250 300 350 400 450 500

Wavelength (nm)

Fig. (5): Theoretical absorption spectra for C102 in Methanol.
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Conclusions:

In this work, the structures and

electronic spectra of Coumarin 102
dissolved in Methanol are investigated
by using the DFT/TDDFT methods and
the solvent effect has been taken into
account using the PCM model. Our
results indicate that TDDFT is a
powerful  tool for treating the
spectroscopy and properties of the
Excitation state of the C102.
The energies of important MOs,
absorption wavelength (Amax),
oscillator  strength, and excitation
energies of the compound were also
determined from TD-DFT methods and
were compared with other experimental
method values.
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