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Abstract

Comparative study of nonlinear optical properties of red fluorescent coumarins was carried out with density functional theory based
ab initio method using the popular global hybrid (GH) and range separated hybrid (RSH) functionals and correlated with the
spectroscopic values. The GHs - M06 L, PBE1PBE, M06, BHHLYP, M062X and MO6HF and RSHs - HISSbPBE, wB97,
wB97X, HSEH1PBE, CAM-B3LYP and wB97XD in combination with the double zeta basis function 6-311 + G(d,p) were used.
The computed polarizability (), hyperpolarizability of the first order ((3¢) and second order (y) computed by the RSHs are closer
to the spectroscopic values compared to GHs. Polarizabilities computed with the functionals BHHLYP and M06-2X are closer with
the spectroscopic values. Incorporation of additional cyano group enhances the NLO response. An increase in electrophilic nature
contributed from the reduced orbital band gap culminating an increase in o, (39, and 'y in all the cases. The NLO response was
found to be highly solvent dependent that is the polarity of the micro environment created by the solvents. To understand the
agreement and accuracy among the NLO parameters obtained from the selected DFT functionals and the spectroscopic values, the
mean absolute error (MAE) and vibrational contribution parameters are presented. Two photon absorption (TPA) cross section

depends upon the molecular structure where 7t-framework is an important factor rather than number of acceptors.

Keywords Red fluorescent coumarins - DFT - Nonlinear optical properties - GHs and RSHs

Introduction

Organic compounds having reasonably high nonlinear optical
(NLO) properties are mostly desirable as against those of
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inorganic origin [1-3]. NLOphoric organic molecules with
push-pull or Donor-7t-Acceptor (D-7-A) configurations studied
are mainly from porphyrins [4, 5], phthalocyanines [6-8], azo
dyes [9, 10], coumarins [11, 12], styryl dyes [13] and in recent
years BODIPY dyes [14—17]. Computing NLO properties using
DFT and comparing with spectroscopically derived parameters
is an active subject of investigation [18-20]. Though the popular
density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) based ab initio methods are useful
tools in computing the molecular properties of organic mole-
cules, the charge transfer (CT) aspects of the molecules are not
reliably computationally assessed using the standard functionals
and they give considerable errors [21-23]. The errors originate
from the incorrect long-range form of the exchange potential
associated with density functionals. There are attempts to cir-
cumvent the errors using hybrid functionals [24] as they com-
prise of some exact exchange modifying the long-range form of
the functional [25-27]. The most commonly used GGA and
traditional hybrid functionals higher than the expected values
of the properties associated with the excited states needed par-
ticularly in evaluating the NLO properties [28—32] of molecules
associated with an asymmetric, low-lying, and long-range CT
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resonance state, and such molecules invariably possesses large
bulk NLO properties [33—-35]. On considering the computation-
al cost and accuracy, it is demonstrated that long-range corrected
(LC) DFT could be reliable for computing the
hyperpolarizabilities [36—42]. The success of LC-DFT in de-
scribing acceptable excited state phenomena is attributed to the
required fraction of Hartree-Fock exchange incorporated with
increasing inter-electronic distance [43—53]. The range separat-
ed hybrid (RSH) functionals used in LC-DFT are constructed by
separating the exchange energy, Ex in short and long-range (SR
and LR) contributions,

E)L(C*DFT _ E}S‘(RfDFT + E)L(R*HF' (1)

which is achieved by bifurcating the interelectronic Coulomb
operator 7}

1 1-erf(wryy) erf(wryy)

+
T12 1:2'3 7:13 (2)
SR LR

with erf defined as the inaccuracy function and w as the
parameter describing the range separation.

Molecular materials undergoing facile singlet fission (SF)
have enhanced NLO properties [54]. The most important re-
quirement for an effective SF is based on the energy criterion
in organic molecules, given by Eq. (3) [55],

Esr = Eg1=2 x E11=0 (3)

where Er is the difference in energy between the ground and
first triplet excited state which is approximately half the energy
needed for excitation to the first singlet excited state, Eg;. Thus
singlet-triplet distribution in the virtual orbitals of a molecule
helps in understanding the NLO properties of organic molecules.

In view of the above and importance of NLOphoric mole-
cules, this paper focuses on the evaluation of the suitability of
GH functionals with that of RSH functionals for the computa-
tion of total polarizability (), the static first and second order
hyperpolarizabilities 3¢ and v, of red fluorescent coumarins.
TD-DFT based triplet state population is also studied. The GHs
and RSHs utilized as a part of the investigation with their con-
stituent percentage of HF composition are provided in Table 1.

The present investigation should encourage the proposal of
different molecules with large desired degree of linear and
NLO reaction in functional organic materials. The molecules
considered in this study are given in Fig. 1.

Materials and Methods

All the calculations were performed with Gaussian 09 suit
program [56] with the of the computational resources made
available by GridChem Science Gateway [57-59] The GH
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Table 1 GHs and RSHs functionals with their percent HF exchange
composition

Global hybrids (GHs) Range separated hybrids (RSHs)
Functional HF % Functional HF %
MO6 L 0 HISSbPBE -
PBEO 25 wB97 15
MO6 27 wB97X 25
BHHLYP 50 HSEHI1PBE 19-65
MO06-2X 54 CAM-B3LYP 22-100
MO6-HF 100 wB97X-D

functional B3LYP which employs Becke’s three parameter
(local, non-local) hybrid exchange functional with Lee—
Yang—Parr correlation functional [60] inflated with triple zeta
basis set 6311 + G(d,p) [61, 62] was used in the optimization
of the ground state geometry. Time-dependent density func-
tional theory (TD-DFT) [63] at the same level of theory was
employed for obtaining vertical excitations. DFT and TD-
DFT calculations in solvent environments were performed
with the PCM model as implemented in Gaussian 09 [64].
The consolidated polarizability and the values of static first
and second order hyperpolarizabilities were calculated using
finite field approach [65] as implemented in Gaussian 09
using both GHs and RSHs. The detailed description is given
in the eq. S1.

The GHs used for polar computations are M06 L,
PBE1PBE, M06, BHHLYP, M062X, and MO6HF while the
RSHs used are, HISSbPBE, wB97, wB97X, HSEH1PBE,
CAM-B3LYP and wB97XD. The quantum mechanical mo-
lecular descriptors - chemical hardness (1)), softness (S) and
electrophilicity index (w) were accessed from HOMO and
LUMO energies.

The values of total static dipole moment (), the mean
polarizability (o), the anisotropy of the polarizability (Ac),
the mean first hyperpolarizability ([3) and static second
hyperpolarizability (y), of the C1-C4 dyes in different solvent
environments were calculated using the GHs and RSHs and
the Pople’s basis set 6-311 + G(d,p) inflated with two polari-
zation functions and one diffuse function using the equations
provided in SI.

Result and Discussion
Static Dipole Moment

Ground state static dipole moment () of C1-C4 were calcu-
lated in different solvents at the same level of theory. The
static dipole moment increases as the polarity of solvent in-
creases, and this trend was observed with all the functionals.
The static dipole moment values with all the functionals are in
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Fig. 1 Structures of C1 to C4
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dipole moment. GHs and RSHs give similar values of static
dipole moment for the four dyes Table SO. That is the dipole
moment values are independent of the functional being used.

We focused on the energies of HOMO and LUMO in
order to estimate the molecular properties to ascertain
whether correlations exist with chemical stabilities exist.
According to Koopmans’ theorem, the energy HOMO
(Exomo) is related to the ionization potential (IP) and
the energy LUMO (Epymo) is used to estimate the elec-
tron affinity (EA). The chemical stability of a compound
relies upon hardness and softness values. We can classify
as to whether the chemical nature of the molecule is soft
or hard [63, 66] from the HOMO-LUMO energy gap. The
molecules with the lower energy band gap lead to more
softness and vice versa. The electrophilicity index (w)
which defines electrophilic power - the energy lowering
accompanied by the facile flow of electrons between do-
nor and acceptor orbitals - of a molecule is inversely
proportional the hardness. From Table 2, Table S1 and
Fig.S1, it is observed that the energy band gaps (E;-Ey)
of the molecules are in respectable agreement with w and
the trend is C1>C2 and C3>C4. The hardness of a
molecule can be determined using Eq. (4),

the ) = hardness of molecule,
Enomo and Ep ymo indicate respectively the energies associ-
ated with the HOMO and LUMO.

Quantum yield values were taken from our earlier work [11].

Singlet-Triplet Distribution

The TD-DFT computations indicate that C1-C4 have the same
disposition of singlets and triplets in their excited states. All
the dyes have two triplet states occurring between the ground
state S and the first excited singlet state S;. Usually the triplet
state is more stable and lies at a lower energy level in com-
parison with the singlet state. The energies of the ground state
(GS) singlet (Sy), excited state (ES) singlet (S;) and ES triplet
(T;) are computed with TD-DFT calculations, and the corre-
sponding Eg; (the difference energy in energy between S, and
So). Ery (the difference energy between T, and Sy) and E;sc
(intersystem crossing energy, the difference in energy between
S; and T states) values were calculated for the dyes and they
are recorded in Table 2. The triplet state is closer to S; For all
the dyes, 2Et; > Eg;, and therefore there are increasing pros-
pects of ISC which is further supported by low Ejsc Fig. 2.

Table2  Energy of HOMO, LUMO, chemical hardness (1), Global softness (S), Electrophilicity index (w), energy of intercrossing system (E;jgc) and

fluorescent quantum yield (¢) of the dyes C1 to C4 in methanol

Dye ErLumo (€V) Exowmo (eV) EL-Eq (eV) n (eV) S (eV) w (eV) Ersc (V) Esr P

Cl -2.96 —5.80 2.84 1.4 0.704 6.75 0.0996 —2.383 0.0157
C2 —3.58 —5.98 2.40 1.2 0.835 9.53 0.0418 -2.132 0.0121
C3 -2.95 —=5.77 2.82 14 0.708 6.74 0.0896 —2.378 0.0061
C4 —3.56 —5.95 2.39 1.2 0.837 9.46 0.0289 —2.147 0.0157

Quantum yield values are taken from reference [11]
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The energy of intersystem crossing Ejsc was evaluated in
each case and are given in Table 2 together with the magni-
tudes of their quantum yield values. The value of quantum
efficiency of C3 is lower as compared to C1, C2 and C4.
Quantum yield is larger in the case where the energy intersys-
tem crossing, Ejgc gap is larger [67]. From the distribution
pattern of singlet and triplet states, it can be concluded that
the dyes with higher quantum yield show better NLO
properties.

Polarizability, Hyperpolarizability and Second Order
Hyperpolarizability

Polarizability

A knowledge of the NLO behaviors is important in the
design of newer molecules for optical memory devices
communication technology and optical switches. The
strength of optical response depends on the electrical
properties of the material that is the polarizability (e,
linear response) of compounds.

We estimated the polarizability (Fig. 3, Table S2) of
C1-C4 by the solvatochromic method and compared
with those calculated. Polarizability increases as the sol-
vent polarity increases, and this trend is seen with all
the 12 functionals. The polarizability values obtained
from each functional are almost in the order: C4>
C2>C3>Cl indicating that additional cyano group in-
creases the polarizability. Polarizabilities computed with
the functionals BHHLYP and M06-2X are closer with
the spectroscopic values. The computed values of «
obtained from the functionals M06, MOG6HF,
PBEIPBE, and MO06-L are nearly same. The values

Fig. 2 Singlet-triplet distribution in C1 to C4 dyes
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computed with both the functionals, wB97 and wB97X
are closer to experimental values. Among the RSHs, the
values computed from CAM-B3LYP, wB97XD,
HISSbPBE and HSEHI1PBE functionals are comparable
with each other. The computed values from RSHs are
lower than those from GHs. Fig 3 and Table S2.

Hyperpolarizability

Hyperpolarzability of the first order (3) is a measure of
the NLO response of materials, and 3 is associated with
the ICT, resulting from the movement of electrons in
push-pull systems. Cooperative communication between
the electron density with an external electric field
influencing the magnitude and direction of the dipole
moment as well as second order NLO response. By
knowing hyperpolarizabilities of coumarin dyes, it
would be interesting and useful to find out the influence
of cyano substitution on NLO responses.

We estimated first hyperpolarizability (Fig. 4 and
Table S3) of C1-C4 by the solvatochromic method and
compared them with the calculated values obtained from
(GH) and (RSH) functional. We noticed in all 12 differ-
ent functionals, hyperpolarizability values increase as
the polarity of solvent increases. The polarizabilities in
each functional are in the order: C4>C2>C3>Cl.
This indicates that additional cyano group increases the
hyperpolarizability value. Among the GHs, MO06,
MO6HF and BHHLYP functionals show closer values
with those obtained experimentally. The values of (3¢
computed with the GHs M06, MO6HF, and M06-L,
PBEIPBE, and M062X are seen to be more or less
similar each other in their magnitudes. The values ob-
tained with the HISSbPBE and HSEH1PBE functionals
are closer to spectroscopic values. Among the RSHs,
the values computed by CAM-B3LYP, wB97XD,
wB97and wB97X functionals are comparable with each
other. The values obtained with RSHs are larger than
those obtained with GHs (Fig. 4 and Table S3).

The product of static dipole moment with mean first
hyperpolarizability (u3y) are summarized in Fig. 5 and
Table S4. The p3y values are in the order: C4>C2>C3>
C1 with almost all the functionals.

First hyperpolarizability of all the four dyes lie in the ob-
served intrinsic range (0.020-0.058); (Fig. 6, Table S5). The
general trend of intrinsic hyperpolarizability is C4>C2 >
C3>C1. This suggests that additional cyano group affects
C4 and C2 compared to C1 and C3. C1 and C2 have lower
values than C3 and C4.

We estimated the second hyperpolarizability (Fig. 7 and
Table S6) of C1-C4 by the solvatochromic method and com-
pared them with the calculated values. The
hyperpolarizabilities also maintain the same trend as it was
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Fig. 3 The linear polarizability (co x 10™>* esu) values with various functionals in ethanol

observed in polarizability and first hyperpolarizability with
respect to solvent polarity. The polarizability values in each
functional is in the order C4 > C2>C3 > C1. This indicates
that additional cyano group increases the second
hyperpolarizability values. Among the GHs, BHHLYP shows
closer values with those obtained experimentally and the over-
all order of the functionals is BHHLYP > M062X > MO6HF =
MO06 > PBE1PBE > M06-L. Among the RSHs, the overall or-
der of functionals is wB97 >wB97X >wB97XD > CAM-
B3LYP > HISSbPBE > HSEH1PBE. RSHs values are smaller
than GHs, Fig. 7 and Table S6.

The comparative outcomes of MAE with respect to
all the functionals are provided in Figs. 8, 9 and 10, S2,
S3, S4 and Table S7. It is observed that the C2 and C4
show greater «g, (39, and yo with the substitution of
cyano group and reduce the HOMO-LUMO energy gap.

The hyperpolarizabilities of first and second order
have significance in molecular systems and they depend
on the proficiency of cooperative electronic interaction
between donor and acceptor groups. Several researchers
have examined the regularity between the spectral shift

and computational methods to characterize and design
the most competent NLO materials [68—70].

The total polarizability and hyperpolarizabilities com-
puted by GH functionals are comparatively larger than
those from RSH functionals. This is anticipated since
computations using traditional hybrid functionals are
known to result in increased hyperpolarizabilities
[71-73]. A number of conceptual [74] and experimental
[75] investigations have established this correlation
amongst the total hyperpolarizabilities and HOMO -
LUMO energy gap (AE). The connectivity between
these two aspects can be understood in the light of
the perseverance of CT interactions, resulting in an in-
creased hyperpolarizabilities, being preferred in molecu-
lar structures having lower HOMO-LUMO energy gap
(AE). C2 and C4 have larger polarizability and
hyperpolarizability values than C1 and C3.

The dyes C2 and C4 containing two cyano groups
exhibit the maximum hyperpolarizability values comput-
ed using the entire rage of functionals used in this
study. This concludes that the substitution pattern of

g
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Fig. 4 The first hyperpolarizability (8o x 10> esu) values with various functionals in ethanol
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electron acceptor groups directly affects the extent of
polarizability and hyperpolarizability values.

The GH and RSH functionals give some inaccuracies
in calculating the polarizability (&) and
hyperpolarizability values (3¢, Yo) of the coumarin chro-
mophores under examination. The positive values of MAE
signify that they tend to compute higher magnitude for
and (o, yo values. The trends observed in MAE in differ-
ent functionals are provided in Figs. 8, 9 and 10, Fig. S2,
S3 S4 and Table S7. The MAE values of &g, ¢ and yo
obtained using from the GH functionals are in the range
of 3.2-5.6 and 2.3-5.5, 12-54 and 9-58, 95-293 and 90—
276 respectively, and that of RSH functionals are towards
reasonably lower side. These suggest that the GH func-
tionals might be computing higher the polarizability and

hyperpolarizability values. The magnitudes of polarizability
and hyperpolarizability are lower in the non-polar solvent
environment. The solvatochromic values of &g, 3o and o
of C1 to C4 were taken from reference [76]. The com-
puted values of o 3o, and vy, of the C1-C4 examined
here are several times higher in magnitude than those of
urea [77].

Vibrational Involvement in the Linear and NLO
Response

In push-pull systems, vibrational modes are usually in-
tensely coupled with resonating 7t-electrons in the com-
pound. Hence in determining the NLO properties along
with the electronic transitions, the vibrational transitions
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mC2  0.020 0.038 0.035 0.042  0.052 0.035 0.034 0.052 0.051 0.033  0.049 0.049
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Fig. 6 The intrinsic first hyperpolarizability values for all dyes in ethanol
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Fig. 7 The second hyperpolarizability (v) (yo * 10> esu) values for all dyes in ethanol

need to be considered. The cooperative interaction be-
tween the electronic polarization arising from delocali-
zation and vibrational transitions result in a large vibra-
tional influence to the total NLO response [78]. In such
an instance, DFT is a preferred calculation means to
investigate the vibrational impact on the polarizability
and hyperpolarizabilities of NLOphoric molecules [79,
80]. We evaluated the vibrational influences to static
electronic polarizabilities and hyperpolarizabilities using
the method B3LYP/6-311+ G(d,p) in two solvents.
Table 3 and S8, S9, S10, S11 present the outcomes of
the diagonal electronic and vibrational influences to the
linear polarizability («) and hyperpolarizability of the
first order (f3). Table 3 shows that in addition to the

electronic measure there is the sizeable involvement of
the vibrational measure to the polarizability and
hyperpolarizability. The ratios of vibrational to electron-
ic contribution in polarizability («'/«®) are 0.226 to
0.296 for C1, 0.293 to 0.368 for C2, 0.224 t00.290
for C3, and 0.296 to 0.373 for C4 in toluene (non-
polar) and methanol (polar with hydrogen bonding ca-
pabilities) respectively. In case of hyperpolarizabilities
of the first order, the ratios of vibrational to electronic
contribution (B¥/ B¢ for C1-0.887 to —0.822, C2-0.794
to —0.685,C3-0.709 to —0.710 and C4-0.610 to-0.595
Table 3 are in toluene and methanol respectively. This
endorses the fact that the vibrational motions have an
important role to play in contributing to the NLO
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W HSEH1PBE 3.6 4.5 4.3 3.6 5.5
B CAM-B3LYP 3.9 1.7 4.5 3.8 5.0
B wB97XD 3.8 4.7 4.5 3.7 5.0

6 -
5
4
2
1 -

EtOH  MeOH DMF  DMSO
4.9 5.0 5.0 5.0 5.0
4.9 5.0 5.0 5.0 5.0
5.0 5.0 5.0 5.0 5.0
a8 4.9 3.1 4.9 49
5.0 5.1 5.1 5.1 5.1
5.0 5.0 5.0 5.1 5.1

Fig. 8 Polarizability (v, x1072* esu) MAE from RSHs
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Fig. 9 The first hyperpolarizability (B¢ x 10>° esu) MAE from RSHs

properties of C1-C4, especially in polar surroundings
wherein solvation has a decisive influence in vibrations.

Limits for the First and Second Order
Hyperpolarizability Values

For C1 to C4 push-pull chromophores the fundamental
limits of NLO descriptors can be estimated using the lim-
iting theory proposed by Kuzyk [81, 82]. It is the sum-
rule-restricted (SR) three-level model which produces a

two-level-limit (2 L) for 3 (ﬁ;fR or Bmax) which is en-
tirely dependent on the 7t electrons (N) in conjugation
from double or triple bond and the transition energy E
between the ground and first excited states, deduced from
steady state absorption spectra. The limit is calculated
using Eq. (5) in different solvents with the help of their
respective refractive indices (n) of the solvent.

ren(t2) ()

(5)

2
10

325 T+
275 A
= 225 1
w
<
= 175
125
75 -
Toluene DCM EtOAc  Dioxane Acetone
m HISSbPBE 130 219 273 136 240
wB97 90 193 165 84 236
mwB97X 96 201 173 90 243
W HSEH1PBE 122 220 198 116 243
u CAM-B3LYP 112 212 187 106 247
® wB97XD 108 215 187 102 255

EtOH MeOH ACN DMF DMSO
244 248 249 249 252
242 250 252 253 257
250 257 260 261 265
247 252 202 254 257
252 258 260 261 265
261 268 271 271 276

Fig. 10 The second hyperpolarizability (yo x 107 esu) MAE from RSHs
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Table 3  Diagonal electronic and vibrational contributions to dipole polarizabilities and first hyperpolarizabilities of dyes C1 to C4 obtained from of
B3LYP/6-311 + G(d,p) level in toluene and ethanol medium

Dye Cl C2 (OX] C4

Property Toluene EtOH Toluene EtOH Toluene EtOH Toluene EtOH
Olxx” 942 1120.7 1040 1287.7 972 1159.8 1066 1328.1
Otyy” 38 55.1 —41 —62.1 34 53.2 —38 —65.7
[ 354 429.8 387 474.3 390 479.2 420 5242
Oxx” 180 300.7 178 320.6 186 312.8 186 3364
Oty 50 74.4 68 90.6 50 77.9 73 105.8
o, 71 100.6 161 214.5 77 1134 171 2255
o’ 445 5352 462 566.633 465 564.067 483 595.533
o’ 101 158.567 136 208.567 104 168.033 143 222.567
o+ 545 693.767 598 775.2 569 732.1 626 818.1
o/’ 0.2262 0.29628 0.2934 0.36808 0.2245 0.2979 0.2963 0.37373
Brxx” 17831 34026.9 12736 30866.3 22724 41898.5 18,713 —40312
Byyy —608 —1994.9 2594 5936.9 —-162 —-1018 1462 —3673.6
Bz —857 —1468.8 —1304 —2594.4 —868 —1546.4 —1388 2878.6
Brax” —13179 —22884 —12427 —25076 —13543 —24681.6 —12797 26460.2
Byyy —1111 —1642.2 974 1332.1 —1319 —2109.1 1454 —2407.1
Bz’ —231 —602.7 307 310.2 —538 —1153.3 —-135 443.4
B° 5455 10187.7 4675 11402.9 7231 13111.4 6262 —13702
[ —4840 —8376.3 —3715 —7811.3 —5133 —9314.67 —3826 8165.5
B+ Y 615 1811.47 960 3591.63 2098 3796.7 2436 —5536.7
BY/ B¢ —0.8872 —0.8222 —0.7946 —0.685 —0.7098 —0.71043 —0.6109 —0.5959

(All values are in a.u)

e and m are the charge and mass of the electron, and  computational approaches for C1 to C4 in Table 4 and
h=~h/2r. Table S12.
Likewise, the limit for the second order hyperpolarizability
() can be estimated by eq. (6) [83, 84]. The values of v have
usually two conceivable essential limits for the i.e. negative Two-Photon Absorption Cross Section
limit which is for a centro symmetric molecule and positive

limit for a non-centrosymmetric molecule. Two-photon absorption (TPA) is a distinctive nonlinear op-
tical attribute of a largely 7-delocalized system with an

oy N el ¢*ht N (6) impending CT features [85]. On the basis of linear spectro-
m> \E}, == E3, scopic measurements, the variation in dipole moment, the

molar absorptivity and the frequency of the absorption max-

The limiting values for § and vy calculated with the  jmum of the one-photon absorption band, the TPA cross

help of Egs. (5) and (6) are compared with the corre-  sections are described within the ambit of a two-level ap-
sponding values obtained by spectroscopic and  proximation [86, 87] by using Eq. (7).

Table 4 Comparison of solvatochromic and theoretical values with the limiting values of hyperpolarizability for Clto C4

f

Dye E’maxé1 E’CTb 600 Ymind ymaxd 'VSDe Y
x(1073° esu) x (107 esu) x (107 esu) x (1073 esu) x (1073 esu) x (1073 esu) x (1073 esu)
Cl 6151 38 255 —18309 32237 32 813
Cc2 10,860 22 259 —41244 164977 26 1286
C3 5879 45 306 —17439 69757 48 917
C4 10,551 38 316 —39573 158293 38 1412

@ Springer



250

J Fluoresc (2019) 29:241-253

Table 5 Two-photon absorption cross-section of C1 to C4

Solvent Cl C2 C3 C4
Toluene 115 15 106 54
DCM 158 38 133 39
EtOAc 91 36 91 26
Dioxane 73 22 144 30
EtOH 81 16 85 71
MeOH 50 9 155 65
ACN 121 15 72 60
DMF 157 - 170 -
DMSO 172 - 146 -

*The two-photon absorption cross section o(v) in GM units where 1
GM =10 photons cm * s~

12 In10 710°L* [ €100
o2(v) =3 TNahEnE ( — Alﬁo (7)
v10

where L is the Lorentzian local field factor L = (2”23—“),

€100 1s molar extrinction coefficient, v,o is emission fre-
quency in wavenumber (cm '), Ao is transition dipole
moment obtained from spectral shift measurements, h is
the Planck’s constant, c is the speed of light, n is the refrac-
tive index, and N, is Avogadro’s number.

Dyes C2 and C4 show the lowest TPA cross-section below
100 GM, while Cland C3 dyes show above 100 GM Table 5.

Conclusion

In this paper, we present a critical evaluation of the
diverse computational approaches based on DFT and
TD-DFT methods using various GH and RSH func-
tionals and the basis function 6311+ G(d, for evaluat-
ing NLO parameters. The GHs overestimate o and f3
values. The RSHs functionals wB97, wB97-X and
HISSbPBE, HSEHIPBE give comparable 3o and 7y,
values respectively and the parameters are in good
agreement with each other. An intensification in the ac-
ceptor strength in coumarin augments charge transfer
features and escalates NLO response. It is clear that
parameters are linked to electron delocalization ensuing
from electron accepting strength of the cyano group.
Furthermore, this relation can be also seen in results
obtained with computations using different hybrid DFT
functionals. In MAE calculations of GH and RSH func-
tionals, large significant differences in values are not
observed. Coumarin dyes display significant molecular
second and third non linearity than urea and can pro-
vide the basis for future design of effective NLO
materials.
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