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The combined experimental and computational spectroscopic calculations were performed to analyze the
nonlinear optical property of 7-diethylamino-4-methylcoumarin. The band gap was measured in ten different
solvents and found very favorable in dimethyl formamide. The molecular electrostatic potential surface and
Hirshfeld’s surfaces were used to determine the reactive sites of the title molecule. Intramolecular interactions
were accounted by Mulliken and natural charge distribution, Fukui functions, and fingerprint plots. The elec-
tronic transitions were studied by experimental and computed absorption and photoluminescence spectra.
Infrared spectroscopy combined with DFT calculation was used to confirm the molecular vibrations related to the
chemically active functional groups. The high value of hyperpolarizability showed the enhanced nonlinear op-
tical behavior of the molecule. The Z-Scan plots gave a valley-like shape showing the occurrence of the reverse
saturable absorption and the theoretical fit revealed the occurrence of two-photon absorption and the potential

application of the molecule to be used for optical limiting applications.

1. Introduction

When we talk about the phenomenon and experiments of intense
field, lasers are the most common and significant devices that come into
the discussion. The invention of lasers has led to tremendous develop-
ment in the field of high-intensity fields. Non-linear Optics (NLO) is a
major subject that deals with the high-intensity field [1-3]. NLO mate-
rials have gained popularity due to their potential applications like
telecommunications, optical limiting, data storage, optical sensing, im-
aging and holography, and many more [4-6]. In the past few decades,
researchers have designed and introduced numerous crystalline struc-
tures with the help of organic systems, hybrid systems, dyes, polymers,
hydrocarbons, quantum dots, aromatic compounds, fatty alcohols,
conjugated systems, plant phytochemicals, and many more [7-10]. One
of these systems is dyes that have grown a keen interest in researchers.
The specific functional groups present in organic dyes majorly impart in
inducing the stability and high chemical reactivity of the dyes [11,12].
The production of free charge clouds from electron-excess parts and the
involvement of the cloud by the electron-deficient parts of the dyes make
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them significantly high in chemical reactivity giving rise to the large
induced dipole moment of the systems [13]. Moreover, the thorough
charge interactions are optimally supported by the conjugation of the
dyes. Therefore, dyes have attained special importance in the field of
NLO materials.

Coumarin is one such dye that has numerous derivatives and con-
jugated structures employed as NLO materials [14]. Coumarin dyes have
broad absorption around 400-450 nm with good inter and intra-
molecular interactions [15]. Many derivatives of coumarin were used
for the formation of the Donor-n-Acceptor bridge molecule for the for-
mation of the path for charge cloud to induce intramolecular charge
transfer (ICT) [16]. Nitesh N. Ayare and the team worked on the
thiophene-based azo-linked D-n-A coumarin dyes and designed four
different isomers with the resonating structures of the dye [17]. In their
study, all four structures gave a band gap between 2.5 and 2.9 eV with
the property of saturable absorption and good thermal stability. The
NLO responses of carbazole-coumarin-based chalcones and D-n-A-n-D
type structures with carbazole as donor substituted with N-alky chain
with carboxylic acid end group as acceptors were studied in detail in a
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study by M. Rajeshirke and the team [18]. These carbazole-coumarin-
based chalcones gave a promising band gap between 2.5 and 3.3 eV
with an excellent two-photon absorption phenomenon. Sharafudeen and
the team worked on NLO characteristics of coumarin derivatives [3-
[(2E)-3- phenylprop-2-enoyl]-2H-chromen-2-one and 3-{(2E)-3-[4-
(dimethylamino)phenyl]prop-2-enoyl}-2H-chromen-2-one doped in a
polymer matrix of polymethylmethacrylate using Z-scan and hyper-
polarizability analysis [19]. The results of the Z-scan established reverse
saturable absorption due to excited state absorption in the samples. This
article also reports the enhancement of third-order nonlinearity due to
the suitable band gap and electronic nature of nonlinearity. The iden-
tification of NLO activity of novel coumarin-benzene sulfonyl hydrazide
hybrids was done by K.N. Chethan Prathap and N.K. Lokanath [20].
These hybrid structures have a band gap around 4.2 eV and the ab-
sorption peak lies in the UV region of 250-350 nm wavelength. Ther-
mogravimetric analysis showed that the compounds are thermally stable
up to a temperature of 190 °C. M. Raikwar and the team worked on four
new D-n-A-n-D hybrid dyes containing coumarin as a major donor
together with carbazole and triphenylamine as an auxiliary donor hav-
ing dicyanovinylene as a common acceptor [21]. These hybrids show
reverse saturable kind of behavior and hence give optical limiting
values.

Thus, from the studies reported in the literature, coumarin dyes can
be considered promising candidates for NLO application in material
science. Herein, taking into consideration all the above-mentioned
studies the present study reports the NLO activity and the optical
limiting applications of the coumarin 7-diethylamino-4-methylcou-
marin (7DMC) by computational and theoretical approaches. As the
occurrence of the ICT suggests the NLO activity of the compound and the
compounds having some donor-acceptor moieties in their structures
have a probability of having NLO responses. The title compound 7DMC
also has nitrogen and oxygen atoms. The oxygen atoms act as perfect
electron-withdrawing and the nitrogen acts as electron-donating moi-
eties. These atoms play a vital role in increasing the intramolecular in-
teractions leading to high chemical reactivity of 7DMC. In this context,
the availability of electron-deficient and electron-excessive moieties
makes 7DMC a potential candidate for studying its NLO applications.
Another reason for the consideration of the 7DMC for this study is the
location of the donor or acceptor groups that fall near enough to give the
large possibility of the charge transfer. Recently, a study was reported in
which Nadia Arif and the team proposed two coumarin-based pyrano-
chromene derivatives namely 2-amino-8-methyl-5-oxo-4-[2-(2-0x0-2H-
chromen-3-ylmethoxy)-phenyl]- 4H,5H-pyrano[3,2-c]chromene-3-car-
bonitrile and 2-amino-8-methyl-5-0x0-4-[2-(2-0x0-2Hchromen-3-ylme-
thoxy)-phenyl]-4H,5H-pyrano[3,2-c]chromene-3-carboxylic acid
methyl ester which were employed for the NLO applications [22]. These
structures were theoretically shown to have distinguished values of NLO
parameters but because of having large aromatic clusters in the struc-
tures, the donor-acceptor moieties were situated at a significant dis-
tance from each other. Similarly, four 3-(p-nitrophenyl) Coumarin
derivatives namely 3-(p-nitrophenyl) iminocoumarin, 3-(p-nitrophenyl)
coumarin, 8-Methoxy-3-(p-nitrophenyl)iminocoumarin, and 8-
Methoxy-3-(p-nitrophenyl)coumarin were studied by N. B. Azaza and
the team [23]. The donor-acceptor groups in these derivatives were also
observed to be bonded to the opposite positions of a benzene ring and
these derivatives were used for second harmonics generation [23]. The
Density functional theory was used for the computational calculations.
The UV-Vis, FT-IR, and Z-scan experiments were performed for the
validation of the NLO behavior of 7DMC.

2. Materials and methods
2.1. Computational details

The PDB structure of 7DMC was taken from PubChem (CID:7050)
(https://pubchem.ncbi.nlm.nih.gov/). Gaussian tools (https://gaussian.
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com) were used for all the quantum chemical calculations and the vi-
sualizations were done using the Gauss view program (https://gaussian.
com/gaussview6/) [24]. The geometry of 7DMC was optimized using a
B3LYP basis set with 6-311++G(d,p) set of functions where (d,p) are the
polarization functions and ++ denotes the addition of a set of diffused s-
functions and diffused p-functions to all the heavy atoms (say carbon,
nitrogen, and oxygen in title molecule) [25]. Solvents like acetonitrile,
dimethyl sulfoxide (DMSO), methanol, acetone, dichloromethane,
dichloroethane, tetrahydrofuran (THF), aniline and dimethylformamide
(DMF) were used for reporting the solvent effect. The B3LYP/
6-311++4G(d,p) set of hybrid functions were used for calculating the
ground state geometry optimization. In DFT, the integral equation
formalism-polarizable continuum model (IEFPCM) is suitable for solvent
effect and thus it was used to create the solute cavity with the self-
consistent reaction field (SCRF) method. The structure optimization
was done in 10 different solvents to select the best solvent that can be
further used for experiments. The optimized geometry was further
employed for the comparison between the Mulliken charges and natural
charges. The density of states (DOS) spectra was obtained by Gauss Sum
software [26]. The settlement of the highest occupied and lowest un-
occupied molecular orbitals (HOMO-LUMO) was reported by DOS
spectra. Further, the energies corresponding to the HOMO-LUMO were
employed for the calculations of the reactivity parameters using Koop-
man’s equations [27,28]. The time-dependent self-consistency field (TD-
SCF) was used to calculate the absorption and emission spectra of 7DMC.
The polar calculations were performed to obtain the vibrational spectra.
The vibrations of the reactive bonds were studied and reported by the
simulated FT-IR spectra. All the spectroscopic characterizations were
done experimentally as well as computationally and were compared.
Crystal explorer packages (https://crystalexplorer.net/) were used for
the analysis of Hirshfeld’s surfaces and 2-D fingerprint plots were
visualized to study the interactions between the reactive moieties [29].
Additionally, the enrichment ratios of the intramolecular contacts were
also calculated to estimate the propensity of two chemical species to be
in contact. The hyperpolarizability parameters for 7DMC were calcu-
lated to account for the quantitative nature of NLO activity.

2.2. Experimental details

7DMC (C14H17NO3) (D5730;>99.5 %) and dimethyl formamide
(DMF) were purchased from TCI chemicals (https://www.tcichemicals.
com/IN/en/search/?text=7-Diethylamino-4-methylcoumarin) and was
used as it is. The spectroscopic characterization absorption and emission
were performed for 7DMC in the selected solvent. The 7DMC solution of
concentration 5 x 10" M was prepared and used for the spectral char-
acterizations of absorption, photoluminescence, and Fourier-transform
infrared spectroscopy (FT-IR). The same UV, PL, and FT-IR spectro-
scopes that were used in the previously done study were used for the
present study [30]. The band gap (Eg) was calculated using the experi-
mentally obtained absorption data. Tauc’s plot was drawn with the help
of Mott and Davis’s relationship given below [31].

(ahv)’ = A(hv — E, ) @

The NLO behavior of the 7DMC and third-order absorption coeffi-
cient was predicted by performing the Z-scan spectroscopy. The
intensity-dependent open aperture Z-scan was performed using a 532
nm nano-pulsed Nd: YAG laser beam of 17 pm waist and 10 Hz fre-
quency focused by the lens of 15 cm focal length. The solution of con-
centration 2 mg/cm® was prepared using DMF as solvent. The data
obtained were fitted theoretically and the normalized transmittance was
computed by Sheik-Bahae formalism mentioned below:

da | a
dz |1 +4
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where q is unsaturated linear absorption at the excitation, I is input
intensity laser, I; is saturation intensity, pf is the effective coefficient of
two-photon absorption (nonlinear absorption coefficient), and Z is the
sample propagation distance.

In the Z-scan setup, P and P, were the values of the output and input
power. These values were used to calculate the value of linear trans-
mittance (L7):

P

Ly =— 3
"= h 3
Further, the Lt and the sample thickness (L = 1 mm) were used to
calculate the linear absorption coefficient (ap) was computed using Lt

and sample thickness (1 mm) by equation

a5 = — (%) In (%) @

3. Results and discussion
3.1. Solvent effect

The present study targets the establishment of the NLO activity of
7DMC. Coumarin derivative 7DMC is experimentally soluble in aceto-
nitrile, DMSOmethanol, acetone, dichloromethane, dichloroethane,
THF, aniline, and DMF. To see the best solvent for the experimental
purpose, the structure optimizations of 7DMC were carried out in all the
mentioned solvents. The energies corresponding to HOMO, and LUMO
in all the ten solvents were listed in SD 1. The band gap was calculated
by the difference between LUMO and HOMO energy [32]. For the
validation of the solvent selection, the dipole moment and band gap of
7DMC in all the selected solvents were compared (Fig. 1). The band gap
and dipole moment analysis done in different solvents suggests that DMF
(band gap 3.691 eV and dipole moment 11.12 Debye) and DMSO (band
gap 3.689 eV and dipole moment 11.16 Debye) are the better solvents
for experimental usage. However, DMF has a lower boiling point
(153 °C) as compared to DMSO (189 °C) and thus has higher chances of
being evaporated easily as compared to DMSO during the crystallizing
process. As the study targets the NLO responses of 7DMC and its appli-
cations, it can be further used as a basis for crystal growth of 7DMC and
in further NLO applications like second harmonic generation. Thus,
keeping in mind, the futuristic applications of the reported work DMF is
taken as solvent for spectroscopic studies mentioned in the article.

3.2. Structural and charge analysis

The optimized geometry of 7DMC has C1 point group geometry with
no imaginary frequencies (Fig. 2). The non-centrosymmetric geometry
of 7DMC gave the dipole moment of 11.25 Debye. The bond lengths of
the optimized geometry of 7DMC were analyzed and listed in SD 2. The
7DMC has one carbonyl group 20—=17C one oxygen 10 attached to one
benzene and two ethyl groups attached to the 3N atom. The carbonyl
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Fig. 1. Comparison of the band gap and dipole moment of 7DMC in different
solvents (band gap is in eV and dipole moment is in Debye).
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Fig. 2. (a) Optimized structure of 7DMC in DMF from the front side, (b) side
view of 7DMC showing non-planer geometry of 7DMC.

being highly electronegative makes the low lengths bond with the
benzene ring. On the other hand, nitrogen being highly electropositive
makes bonds with high bond lengths with the benzene as well as the
ethyl groups. The bond length of 20—17C was observed as 1.22 A which
was the minimum among the other bonds. The nitrogen atom was
attached to benzene and ethyl groups with 3N-4C, 3N-6C, and 3N-5C
with bond lengths of 1.38 A, 1.47 A, and 1.47 A respectively. The
bond lengths of these bonds were observed to be higher than the bonds
associated with the carbonyl. Additionally, the bonds between the car-
bon atoms of the ethyl chains 6C-14C and 5C-13C were observed to have
the highest bond length of 1.53 A each. The higher bond lengths were
supposed to be easily dissociated and generate the charge cloud that
would create the probability of intramolecular interactions. These
intramolecular interactions were demonstrated by the Mulliken and
natural charge distribution (Fig. 3). The natural charges are more ac-
curate, reliable, electron density-dependent, and is helpful in describing
the electron density. Mulliken charge distribution, on the other hand, is
the fastest way to compute charge distribution and is basis set depen-
dent. The natural and mulliken charges were compared to validate the
selection of the considered basis set as well as all the parameters derived
using the basis set. Oxygen atoms have a negative charge contribution
towards the total charge of 7DMC whereas the 4C atom that bounds the
nitrogen atom to the benzene ring imparts positively to the total charge
contribution of the molecule (SD 3). Also, the 17C atom of the carbonyl
group acts as a highly positive charge contributor to 7DMC. This vari-
ation in the charge distribution supports the generation of the charge
cloud from the 3N and accepting nature of the carbonyl group and re-
flects the possibility of the occurrence of the charge cloud in 7DMC.

3.3. Potential Surfaces, hirshfeld’s and fingerprint plots analysis

The MEP surface illustrated in Fig. 4 (a) was used to locate the
nucleophilic and electrophilic moieties within 7DMC. The lightly visible
blue color over the 3 N atom represents the electron-donating part and
the red color area over the 20—17C bond and O atom represents the
electron-withdrawing part of 7DMC. The location of the nucleophilic
and electrophilic part in the MEP surface reveals the dislocation of the
charge cloud from 3 N atoms towards the O atoms. The counter plots
shown in Fig. 4(b) also support the interpretation of the MEP surface.
The highly accumulated field lines near the C=0 bond and O atom show
the accumulation of the charge cloud. The intermolecular interactions
were predicted using Hirshfeld surfaces. The d; and d. represents the
distance between the surface and the nearest atom outside and inside
respectively (Fig. 4(c) and 4(d)). The red spots over the alkyl fragments
connected to the N atom reveal that the alkyl parts are the farthest from
the Hirshfeld and hardly contribute to the intermolecular interactions.
On the other hand, the d. surface indicates the 20—17C bond and 3 N
atoms as the nearest part to the surface. The dyorm is the normalized
contact distance of the molecule from the surface (Fig. 4 (e)). The red
spots in the dporm were located over the O atoms of the 20—17C bond
and N atoms. This shows that the O and N atoms are the nearest ones to
the Hirshfeld surface and are the active regions for inducing the charge
interactions. The shape index (Fig. 4(f)), curvedness (Fig. 4(g)), and
fragment path (Fig. 4(h)) were depicted in ranges + 1.00 A, +0.400 A,
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Fig. 3. Comparison of the Mulliken charges and the natural charges of the atoms of 7DMC in DMF.

and 0.00-13.00 A respectively. These surfaces were in better agreement
with the dporm surface. The curvedness mapping was observed over the
20=17C and 3 N atoms. The internal curves and the external curves
over 3 N and 20—17C bonds show the convex-concave intermolecular
interactions between both atoms. The inflection over the 3 N and
20=17C bonds reveals the face-to-face n-stack contacts between both
moieties. The fragment patches mapping colors help in the identification
of the closest neighbor coordination environment of a molecule for both
compounds [33]. All the surfaces support the donor and acceptor parts
of 7DMC and confirm the intramolecular interactions within 7DMC.

The 2-D fingerprint plots traced for the interatomic interactions of
7DMC are illustrated in Fig. 5. The fingerprint plots gave the percentage
of interatomic interactions of 7DMC. Fingerprint plots of 7DMC have
five main peaks representing the interatomic interactions among all the
atoms and the total molecular surface. The highest interatomic in-
teractions of 49.6 % were obtained for H...H interactions. The overall
Hirshfeld’s surface has 76.9 % interactions with H and H atoms have
72.3 % interactions with the overall Hirshfeld’s surface. These in-
teractions gave the central and the most-broad peak in the fingerprint.
The hydrogen bond interactions were found to have major interatomic
interactions. After hydrogen bond interactions, the H...C and C...H in-
teractions impart 12.4 % and 14.1 % respectively. The H...C interactions
were mainly responsible for the uppermost peak of the fingerprint. The
oxygen atoms of the carbonyl group interact with hydrogen atoms with
H...0/0...H of 9.9 and 12.8 %. These interactions reflected the second
uppermost peak of the fingerprint. The fingerprint plots and the Hirsh-
feld surfaces confirm the occurrence of the intramolecular interactions
within the 7DMC.

3.4. Local reactivity descriptors: Fukui functions analysis

Fukui functions are the local reactivity descriptors that help in the
identification of the chemical moieties with excess and deficient charge
density after the mog;fication of the electrons [34,35]. The Fukui func-
tions are represented by N+1 and N-1 electronic states and are expressed
as [36]:

f" = qn-qny1; favourable for nucleophilic attack
f = gn.1-qn; favourable for electrophilic attack

The condensed dual Fukui descriptor is defined as Af = f'-f
(Table 1). The positive value of Af (Af > 0) is favored for nucleophilic
attack and the negative value of Af (Af < 0) is favored for the electro-
philic attack [37]. The MEP surface validated the charge transfer from
nitrogen toward oxygen atoms. Following this pattern, the Fukui func-
tions were calculated for 10, 20, 17C, 3N, 4C, 5C, and 6C. The Fukui
function Af is calculated using plus-one and minus-one charge values
obtained in the calculations. From the Fukui function values, negative
values of Af for 10, 20, and 17C were calculated showing their elec-
trophilic nature, and the positive values for 3N, 4C, and 5C showed their
nucleophilic nature. Thus, the Fukui functions gave better support for
the prediction of the electron-donating and electron-withdrawing parts
of the 7DMC molecule.

3.5. Global reactivity descriptors: Reactivity parameters

The molecular mechanism of the reactivity of the 7DMC was
explained by the global reactivity parameters. These parameters were
calculated using Koopman’s set of equations [38,39] The energies of the
frontier molecular orbitals HOMO and LUMO were used for calculating
the parameters (Table 2) [40]. The AE was calculated as 3.691 eV. This
value was smaller than the AE of reference material Urea (7.43 eV) [41].
IP is the property of the molecule to donate the electron charge cloud
and the high value of IP (5.557 eV) shows the easy charge release from
7DMC for the bond formation. The charge-withdrawing activity of the
molecule is measured by EA. The low value of EA (1.881 eV) shows that
low energy is required for withdrawing the charge cloud from the
donating moiety. CP is the energy that is released during the dissociation
of the charge cloud from the donating to withdrawing atoms of the
molecule [42]. The more the CP is negative, the less energy is required
by the molecule to be chemically reactive [43]. The CP is the property
that accounts for the chemical activity of the material toward the
intramolecular interactions and its high value i.e., —3.729 eV justifies



S. Lakhera et al.

Journal of Photochemistry & Photobiology, A: Chemistry 447 (2024) 115216

N\

(a) MEP surface (b) Coﬁnter plot

o

(c) di (d) de

=

(e) dnorm (f) Shape index

%5 3

(g) Curvedness (h) Fragment patch

Fig. 4. Molecular electrostatic potential surface and Hirshfeld surfaces of 7DMC in DMF.
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Table 1 Table 2
Calculated Fukui functions for the reactive atoms of 7DMC in DMF. Values of global reactivity parameters of 7DMC in DMF.
Fukui Plus-one charge Minus-one charge S No. Molecular property 7DMC
functi
unctions 1. Enomo —5.577
Atoms fr f Af fr f Af 2. Erumo —1.881
10 0 0.0021 00021 0 0.0001  —0.0001 3 Energy gap (AE) 3691
20 0 0.9666 09666 0 0 0 4. Ionization potential (IP) 5.577
17c o 0’0118 70'0118 o 0 o 5. Electron affinity (EA) 1.881
3N 0.0076 0 0.0076  0.0073 0 0.0073 & Chemical potential (CP) —3729
7. Electronegativity (y) 3.729
4C 0.5502 0.0001 0.5501 0.4761 0 0.4761
8. Hardness (1) 1.848
5C 0.0002 0 0.0002 0.0001 0 0.0001 0 Softness (S) 0.541
6¢ 0.0002 0 0.0002 0.0002 0 0.0002 10. Electrophilicity index (o) 3.508
11. Electron accepting power (o) 2.128
12. Electron donating power (©) 5.857

7DMC as the chemically reactive agent. Chemical hardness is the extent
to which the molecule resists deformation during chemical reactions.
Due to the high value of 1) (1.848 eV) and low value of S (0.541 eV™1), quantitative parameter that measures the ability of the molecule to take
7DMC can be considered a chemically stable molecule that stiffly un- up electrons and is dependent on the IP and 1 of the molecule [44]. The
dergoes chemical reactions. The electrophilicity index (w) is the higher value of IP and lower value of 1 result in the high value of ®. The
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o was found higher than the o'. This ultimately draws the electron-
donating activity of the 7DMC molecule. The values of all the global
reactivity parameters show that 7DMC is an immense chemically hard
and stable molecule.

3.6. Electronic transitions analysis

The UV-Vis spectrum of 7DMC in DMF was measured experimentally
as well as computationally (Fig. 6 (a) and (b)). The details of all the
absorptive and emissive transitions have been mentioned in SD 4. The
broad experimental absorption band between 300 and 450 nm with a
peak at 370 nm was observed. The Tauc plot was also plotted for 7DMC
to depict the band gap of the title molecule (Fig. 6 (c)). The graph plotted
between (ahv)? and energy gave an experimental band gap of 3.68 eV.
The experimentally obtained band gap was nearly equal to the band gap
obtained by the frontier molecular orbitals (3.691 eV). The comparison
was enough to justify the computational results. Similar to the experi-
mental band, a broad absorption band was computationally obtained
between 250 and 450 nm. The Sy to S; transition with wavelength 341
nm and excitation energy 3.6 eV was obtained. A shoulder peak was also
observed near 340 nm in experimental absorption spectra. Some elec-
tronic transitions were expected near the shoulder. This was confirmed
by the computed spectra where Sy to Sy and Sy to S3 transitions with 285
nm and 280 nm wavelengths were observed. Therefore, the n-n* tran-
sitions are seen as most likely to be responsible for the electronic ab-
sorption spectra of 7DMC in this range. The emission spectra were also
obtained computationally and experimentally. The broad experimental
emission was obtained between 350 and 500 nm with a peak at 436 nm.
A similar kind of broad emission spectra was obtained computationally
between 300 and 400 nm. The emissive transition Sp to S; with an
excitation energy of 3.3 eV and oscillator strength of 0.366 was
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responsible for the peak of the computed emission spectra. The emission
spectra in both experimental and computational fall at the higher
wavelengths as compared to the wavelength of absorption spectra and
are thus found shifted. This validated the computational results gener-
ated by DFT. The UV-Vis spectra verified the occurrence of the elec-
tronic transitions. Thus, the molecular orbital surfaces were also plotted
to support the electronic transitions. For this, the HOMO-LUMO surfaces
were located and illustrated in Fig. 6 (d). The plotted HOMO-LUMO
surfaces were shown in red and green surfaces. The negative charge
contributory atoms were covered by red surfaces and the positive charge
contributory atoms were surrounded by green surfaces [45]. The major
and large orbital surfaces were seen to cover the nitrogen atom and
nearby alkyl chains. The red color surface over the nitrogen in HOMO is
shifted to the green color surface over the nitrogen in LUMO. That red
color surface was observed over the oxygen atoms with enhanced size.
This shifting of the molecular surface from nitrogen towards the oxygen
atoms might be due to the electronegativity of the nitrogen and the high
electronegativity of the oxygen atoms. The delocalization of these
orbital surfaces shows the occurrence of ICT between the nitrogen and
oxygen atoms.

3.7. Vibrational analysis

The vibrational modes were obtained experimentally as well as
theoretically to get an understanding of the vibrating bonds of 7DMC
(Fig. 7). In the range 500 to 1000 cm’l, the bending of C-H bonds was
observed, and the symmetric (v) and asymmetric stretching («) of C-H
bonds were observed between 2000 and 4000 cm™'. The major vibra-
tional peaks were observed between 1000 and 2000 cm ! and details of
the vibrational modes are listed in SD 5. The torsional bending (8) of the
C-N bonds and the vc.y modes peaks were observed at 1101, and 1177
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Fig. 6. (a) Experimental and (b) computed absorption and emission spectra of 7DMC in DMF, (c) Tauc plot for depicting the band gap of the 7DMC. (d) Location of

the molecular orbitals surfaces over the 7DMC in DMF.
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Fig. 7. Experimental and computed FT-IR spectra of 7DMC in DMF (Symmetric stretching-v, asymmetric stretching-a, torsional bending in the plane (scissoring)-5,
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em ™! respectively. Corresponding to the peak at 1101 cm™., an exper-
imental peak at 1100 cm ™! was observed for the bending of the N-C
vibration. The ac.y was observed at 1234 cm ™. The 8¢y bonds corre-
sponding to the alkyl chains attached to the nitrogen atom gave two
major peaks at 1308, 1409, and 1445 cm™!. Corresponding to these
peaks, the 8¢y modes were experimentally obtained at 1392 and 1412
em™ L. The most-strong peak was observed for stretching of both the
conjugated C=C bonds of the benzene ring at 1651 cm ™. This mode has
the highest IR intensity of 938 cm™!. A similar vc_c mode with a
prominent IR peak was experimentally observed at 1652 cm™'. The
carbonyl bond 17C=20 was found to give a sharp stretching peak at
1725 cm L. Parallel to the vc_g experimental mode, a small hump of
Vc—o mode in the vc—c mode in experimental spectra was observed.
Corresponding to two separate peaks of vc_¢ and vc—o in computational
spectra, a broad peak of vc_¢ with a slight hump of vc_¢ in experimental
spectra was observed. These modes were the ones among all the other
FT-IR modes with the highest IR intensity. The experimental and
computed FT-IR spectra were found to give similar kind of behavior.
Computationally, the observed modes give peaks in IR spectra having
high values of Raman intensity. Thus, high Raman and FT-IR intensity
corresponds to the high polarizability of the 7DMC molecule [46].
Therefore, the title molecule is expected to have high polarizability and
FT-IR spectra reflect the engagement of nitrogen and oxygen atoms in
the ICT as the bonds related to these atoms gave peaks in FT-IR.

3.8. Hyperpolarizability analysis

Dipole polarizabilities are the quantitative parameters that explain
the excellent NLO activity of the materials. NLO responses can be
calculated in terms of their first and second-order hyperpolarizability
values. The delocalization of the m-electrons and intramolecular in-
teractions are the basis of the NLO responses of materials. The materials
undergoing these properties have high values of first and second-order
hyperpolarizabilities. Following equations (5) to (8), the total

isotropic polarizability (otota), anisotropic polarizability (Aa), first-
order hyperpolarizability (Bota1), and second-order hyperpolarizability
(Ytota) Values along X, y and z-direction tensors [47,48].

—

Qrotal = 5 (au + QAyy + azz) (5)
1
Aa = %[(axx - ay}')z + (ayy - azz)2 + (a:z - axx)z + 6(1)2(2 + 6(1,%,\‘ + 6{1,\2‘1 ] -

©

B = [ (B B+ B+ (B + B+ B) + (B + B +5,)’ |
)

1
Viotal = 5 [Y oo Y vy Y 2z + 2 (Y xxyy +v z +v m:) } (8)

The values of all the tensor components of polarizability parameters
were listed in SD 6. In NLO, polarization is not superimposed and splits
into different orders of susceptibility. These parameters are the co-
efficients of the energy in the expansion of the polarization. The oyota]
and Aa are lower-order terms and reveal the optical linearity of the
molecule and the higher-order coefficients (Bota; and Yiotal) are known to
express the optical nonlinearity of the molecules. The value of o and
Ao of 7DMC was calculated as 27.22 x 102* and 75.92 x 102 esu.
These values were found to be four and twelve times higher than a1
(5.664 x 1024 esu) and Aa (6.304 x 1024 esu) of reference compound
Urea [38]. These parameters reveal the optical linearity of 7DMC. The
value of Pioral of 7DMC was calculated as 18.46 x 1030 esu which is
twenty-three times higher than Urea (0.781 x 10" esu). Additionally,
the FT-IR spectra the gave possibility of having a high polarizability of
7DMC, and this statement was well supported by the polarizability pa-
rameters. The high value of Biota) of 7DMC reveals the potential char-
acteristics of 7DMC as first-order NLO material. The second-order
nonlinear susceptibility is defined as y¢ota1 and accounts for the second-
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order nonlinear optical activity of 7DMC. The value of yoq for 7DMC
was calculated as —1197 x 103 esu. The negative value of yota is due
to the non-centrosymmetric structure 7DMC. The non-centrosymmetric
structures allow 7DMC to behave as both second and third-order NLO
materials. Therefore, the values of polarizability parameters established
the second and third harmonic properties of the 7DMC molecule.

3.9. Z-scan and optical limiting (OL) analysis

The solution of 7DMC was prepared in the DMF with the linear ab-
sorption coefficient calculated as 2.876 cm ™! for executing the Z-scan
experiment. The NLO activity and OL behavior of the 7DMC were
experimentally studied by performing an open-aperture Z-scan experi-
ment for three different intensities of 2.46 x 10'2 W/m?, 3.69 x 102 W/
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m?, and 4.92 x 10'2 W/m?. Values of the nonlinear absorption coeffi-
cient and optical limiting threshold for 7DMC are listed in SD 7 and the
Z-scan patterns obtained are illustrated in Fig. 8. The valley-like struc-
ture symmetric to the focal axis (Z = 0) of the Z-scan pattern represents
the occurrence of reverse saturable absorption (RSA). RSA is the process
in which the transmittance of the sample decreases with the increase in
the excitation laser power. Here the experimental data was fitted theo-
retically to identify the involved nonlinear absorption mechanism. As
seen in Fig. 8, the best fit (solid line) obtained for the experimental data
(scattered circles) arises for the two-photon absorption (2PA) equation.
When the sample comes in contact with the green laser, there is the
possibility of the occurrence of two different kinds of 2PA (genuine or
sequential) [49]. The nature of 2PA cannot be predicted directly from
the simple Z-Scan experiment. So, the intensity-dependent Z-scan
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Fig. 8. Intensity-dependent Open-aperture Z-scan pattern of 7DMC in DMF using Nd-YAG nano pulsed laser (532 nm) for intensity (a) 2.46 x 10** W/m?, (b) 3.69 x
102 W/m?, and (c) 4.92 x 102 W/m?. Optical limiting graph of 7DMC for intensity (a) 2.46 x 1012 W/m?, (b) 3.69 x 102 W/m?, and (c) 4.92 x 10 W/m?.
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experiment was performed for varying intensities in order to analyze the
dependence of the nonlinear absorption coefficient on the intensity of
the laser beam. Materials with genuine 2PA possess nonlinear absorp-
tion coefficients independent of on-axis intensities, while materials with
sequential 2PA demonstrate variation in nonlinear absorption coeffi-
cient with on-axis intensities. For analyzing this, the value of the
nonlinear absorption coefficient () was extracted from the best theo-
retical fit obtained for experimental data obtained at different laser
pulse energies. The value of # must be positive for the compounds to
possess 2PA. For different pulse energies of 100, 150, and 200 uJ, the
two-photon absorption coefficient of 7DMC was found as 0.65, 0.71, and
0.8 x 1019 m/W respectively. So, the positive value of # shows the
occurrence of 2PA in 7DMC. The value of g was observed to increase
with the increase in the laser intensity and it represents that the 7DMC
exhibits sequential two-photon absorption (one-photon absorption fol-
lowed by excited state absorption). The simulated and experimental
absorption pattern of 7DMC reveals the existence of n—n* transition with
absorption maxima at 370 nm. This n-n* transition provides the possi-
bility for the occurrence of two-photon absorption (2PA) [50].
Furthermore, efforts were made to employ the 7DMC as a utility mate-
rial for laser safety devices. The OL behavior of 7DMC was estimated by
plotting the OL graph (Fig. 8). The OL graph was also plotted for the
same three intensities as taken for Z-Scan. The observed nonlinear
pattern extracted from open aperture data symbolizes the occurrence of
OL activity in the 7DMC sample. Here the normalized transmittance
undergoes a gradual decrement with the increasing value of input laser
fluence. From the OL graph, the OL threshold was also found to be
decreased to 2.67, 2.41, and 2.04 x 10'® W/m? for a pulse energy of
100, 150, and 200 wJ respectively (Fig. 9). The decrement in the OL
threshold with increasing pulse energy validates the reinforcement of
the OL behavior of 7DMC. Thus, the Z-Scan and OL analysis reveals the
potential characteristics of 7DMC to be used as NLO and OL material. To
make it a fair comparison and to support the present study, the optical
limiting threshold of 7DMC was compared with some reference com-
pounds like para-aminobenzoic acid (2.24 x 1013 W/mz) [51], L-phe-
nylalanine-benzoic acid (6.5 x 103 W/mz) [52], Benzothiazole
pyrazole (8.5982 x 10 W/m?) [53], gold nanoparticles (1.2 x 1023wy
m?) [54], Cro, Cz6, Cg, and Cgy fullerene (2 x 10'® W/m?) [55,56], etc.

4. Conclusion

The quantum chemical calculations using DFT were performed for a
coumarin derivative 7DMC. The band gap, spectroscopic calculations,
and DFT equations were used to bring the reactivity of the 7DMC. As per
the computational results, the experiments were further performed with
the solution of the coumarin derivative 7DMC in DMF. The band gap
obtained by simulation (3.691 eV) was found nearly close to the
experimentally obtained band gap (3.68 eV). The other global and local
reactivity descriptors were found to give promising values showing
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intramolecular interactions. The charge distribution variation was found
between the 10, 20, and 3N atoms and was validated by the potential
and Hirshfeld’s surfaces. The experimental UV-Vis and FT-IR spectra
also coincided with the simulation results. Moreover, the UV-Vis spectra
gave evidence of the transitions occurring mainly due to the n-n* tran-
sitions. The vibrational peaks were found with high IR intensity for the
nitrogen and oxygen atoms. These high-intensity modes give chances of
high polarizability of 7DMC. This was also verified by the NLO param-
eters. Finally, the experimental Z-Scan results were favorable enough to
verify the NLO responses of 7DMC. The positive and increasing value of
B with increasing intensity reveals the occurrence of sequential 2PA in
7DMC during the Z-scan experiment. Therefore, according to all the
above-explained responses, it can be concluded that 7DMC has strong
NLO characteristics and is a strong candidate for different NLO
applications.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.jphotochem.2023.115216.
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