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Abstract. In this work, we report a theoretical study on molecular structure, electrostatic potential and non-
linear optical properties of Zwitterionic 6-methyl-2-oxo-3-[1-(ureidoiminio)ethyl]-2H-pyran-4-olate monohy-
drate molecule (monomer and dimer ). The molecular geometry in the ground state was investigated by ab initio
and density functional method (B3LYP) with 6-31G(d) and 6-31+G(d,p) basis sets. The results show that the
computed geometrical parameters are in good agreement with experimental values. The molecular electrostat-
ic potential and HOMO-LUMO of the title molecule have been also calculated using the theoretical methods.
The calculated HOMO and LUMO energies show that charge transfer occurs within the molecule. In order to
investigate the nonlinear optical behavior, the electric dipole moment i, the polarizability o and the hyperpo-
larizability 8 were computed. All 3 values that we report here are the magnitude of static hyperpolarizability.
Theoretically predicted /3 values exhibit the higher nonlinear optical activity.

Keywords: theoretical calculation, charge transfer, atomic charges, molecular electrostatic potential, HOMO-
LUMO

1 Introduction

Nonlinear optical (NLO) materials have been extensively studied for many years'?!. Materials with high
NLO response are of great technological interest because of their potential applications in data storage, signal-
processing, and telecommunication technologies!?®). In particular, organic molecules have received large at-
tention due to the combination of molecular design flexibility, chemical tenability and choice of synthetic
strategies!”).

In the last two decades, organic molecules have been synthesized, some of them showing impressively
high hyperpolarizabilities!!®!. Theoretical investigations have been of great help in the achievement of these
results; they gave the first hints about the possible high NLO responses of organic molecules with extended
conjugated 7 systems?!, and provided the guidelines for a rational design of such molecules!?®). The recent
syntheses of zwitterionic molecules, some of them exhibiting extremely high NLO activity, have also been
inspired by theoretical investigations!®. Organic molecules with -electron delocalization are currently of wide
interest as NLO materials with potential applications in optical switches and other NLO devices!??!. Large
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optical non-linearity could be seen in organic conjugated molecules incorporating an electron acceptor group
at one moiety and a donor group at the opposite onel?’). For the prototypical push-pull molecule, the latter
would exhibit an asymmetric polarization response to a symmetric electric field at intense field strengths since
electron intensity is more easily displaced toward an acceptor substituent than toward a substituent donor!!3.
Consequently, dipolar aromatic molecules possessing an electron donor group and an electron acceptor group
contribute to large optical non-linearity arising from the intramolecular charge transfer between the two groups
of opposite nature. It is also well known that the first and second hyperpolarizabilities in 7-electron systems
with donor-acceptor groups increase with increasing donor and acceptor strengths.

Despite the relevant role played by theory in the development of the field of NLO organic molecules, there
are so far only few papers reported comparison between experimental and computed hyperpolarizability for
large size NLO chromophores!'!!. Zwitterionic compounds have received the interest of chemists and physicists
due to their applications as nonlinear optical materials!'8!. There are some reports concerning the formation of
zwitterionic form in the crystal structure of ortho-hydroxy Schiff bases!?8.

The present work was assessed to the determination of the molecular structure, electrostatic potential and
nonlinear optical properties of Zwitterionic 6-methyl-2-oxo0-3-[1-(ureidoiminio)ethyl]-2H-pyran-4-olate mono-
hydrate compound. A combined experimental and theoretical study was carried out and a detailed description
of structural features of the studied molecule is reported. The ground state molecular structure was optimized
and compared with experimental data obtained by X-ray analysis. In addition, various nonlinear optical prop-
erties such as electric dipole moment, molecular electrostatic potential, polarizability and hyperpolarizability
were also addressed theoretically. The HOMO-LUMO energy gap has been computed and the NLO activity of
the molecule was analyzed.

2 Computational details

The molecular geometries of the title compound were fully optimized at various theory levels using Gaus-
sian 03 program!!”! and Gauss-View molecular visualization program!!. From X-ray crystal structure datal'>!,
Zwitterionic 6-methyl-2-ox0-3-[1-(ureidoiminio)ethyl]-2H-pyran-4-olate monohydrate compound crystallizes
in the monoclinic space group P21/c with four molecules per unit cell (Z = 4) and the following cell dimension-
sta="7.1731(4)A°, b = 12.6590(10) A°, ¢ = 12.3698(3) A°. 5 = 104.603(6)°. The data were collected at low
temperature (173 K). The spatial coordinate positions of the title compound, as obtained from X-ray structural
analysis, were used as initial coordinates for the theoretical calculations. For the title molecule, full geometry
optimizations have been carried out at the Hartree-Fock (HF)!'% Jevel using 6 — 31G(d) and 6-31+G(d,p) ba-
sis sets, by the Berny method® 161, The effects of electron correlation on the geometry optimization are taken
into account by Becke’s three parameter hybrid exchange functions and Lee- Young-Parr correlation functional
(B3LYP)!7-39 Jevel in the DFT method. The ab initio and DFT optimized geometries of the crystal structure
of the investigated compound correspond to slightly non-planar conformation having 105° dihedral angle. The
optimized structures were then used to calculate the electric dipole moments and hyperpolarizabilities of the
title compound. Nonlinear optical calculations were performed at the both Hartree-Fock (HF) ab initio and DFT
levels with 6 — 31G(d) and 6 — 31 + G(d, p) basis sets. The 6 — 31G/(d) basis set has been found to be more
adequate for obtaining reliable trends in 3 values!!* 33,

3 Results and discussion

3.1 Optimized geometry

The optimized bond lengths, bond and dihedral angles of the title compound calculated by B3LYP and HF
methods using different basis sets are listed in Tab. 1, in accordance with atom numbering shown in Fig. 1. Our
optimized structural parameters are now compared with the exact experimental X-ray datal'>!. Tab. 1 shows
that the most of bond lengths are found to be greater than experimental ones. For example, the calculated bond
lengths (C1 N1, C1 N2, C2 N3, C4 C8, C4 C5, N2 N3) at B3LYP level are slightly larger than the corresponding
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experimental values. This overestimation can be explained by the fact that the theoretical calculations belong to
isolated molecule in gaseous phase and the experimental results belong to similar molecules in solid state. The
C = O bond length namely C1 04 (1.222)A°, C5 O1 (1.215A4°) and C8 O3 (1.258 A°) calculated by means
of B3LYP/6-31+G(d,p) method are most close to the measured ones. These values agree well with the data
reported in the literature! 3.

On the other hand, some computed bond angles deviate about 1 — 2° from the experimental data. The bond
angles of O4 C1 N2, C2 N3 N2 and N3 C2 C3 were measured to be 121.02(17), 124.75(15) and 119.87(17)°.
The calculated values using B3LYP/6-31G(d) are of the order of 123.52, 122.92 and 117.94°, respectively.

According to the above comparisons, the biggest differences of bond lengths and bond angles mainly occur
in the groups involved in the hydrogen bonding [i.e., C1 O4, C8 O3 and N1 C1 N2], which can also easily be
understood taking into account the intermolecular hydrogen bond interactions occurring in the crystal.

When the X-ray structure of the title compound is compared with its optimized counterparts (see Fig. 2),
slight conformational discrepancies are observed between them. The calculated value of dihedral angle (C1
N2 N3 C2) using both the B3LYP/6-31G(d) (108.4°) and HF/6-31G(d) (105.8°) methods is slightly different
from the experimental one (0.00°). In the case of calculated dihedral angle, there is a good agreement between
the B3LYP and HF methods. In spite of the differences observed, the calculated geometric parameters are in
general in good agreement with the X-ray structure.

Fig. 1: Optimized structure with B3LYP/6-31G (d) level of the title molecule

3.2 Mulliken charge analysis

It is clear that the Mulliken!>*! populations provide the simplest picture of the charge distribution. Knowl-
edge of the charge density function can lead to some important properties of the molecule such as the charges
on the different atoms, the molecular dipole moment and the electrostatic potential around the molecule. The
Mulliken charges for the non-H atoms of the title compound were calculated at HF and B3LYP level with 6-
31G(d) basis set in gas-phase. The atomic charges show that the N1, N2, N3 and O1, Olw, 02, O3, O4 atoms
have bigger negative atomic charges in gas phase compared to carbon atoms. This behavior can be the result
of intramolecular N — HO hydrogen bond and C8 = O3 double bond features. The obtained results by both
methods are summarized in Tab. 2.

3.3 Molecular electrostatic potential

Molecular electrostatic potential (MEP) is associated to the electronic density and has been used primarily
for predicting sites and relative reactivities toward electrophilic attack in studies of biological recognition and

WJIMS email for subscription: info@wjms.org.uk



6 N. Benhalima & A. Djedouani & R. Rahmani et al: Title Suppressed Due to Excessive Length

Table 1: Calculated geometrical parameters for the title molecule (Distance, A; Angle, ©)

Geometrical X — ray® HF DFT

parameters 6-31G(d) 6-31+G(d,p) 6-31G(d) 6-31+G(d,p)
C1-04 1.227(2) 1.194 1.196 1.219 1.222
C1-N1 1.342(2) 1.36 1.358 1.374 1.37
C1-N2 1.375(2) 1.394 1.392 1.415 1.411
C2-N3 1.304(2) 1.325 1.324 1.341 1.34
C2-C4 1.452(2) 1.408 1.411 1.417 1.421
C2-C3 1.489(2) 1.506 1.504 1.502 1.5
C4-C8 1.423(2) 1.459 1.458 1.465 1.463
C4-C5 1.434(2) 1.457 1.457 1.457 1.457
C5-01 1.217(2) 1.19 1.192 1.213 1.215
C5-02 1.394(2) 1.365 1.364 1.408 1.406
Co6-C7 1.325(2) 1.326 1.328 1.347 1.349
C6-02 1.368(2) 1.343 1.343 1.357 1.359
C6-C9 1.490(3) 1.493 1.493 1.495 1.494
C7-C8 1.438(2) 1.459 1.458 1.452 1.45
C8-03 1.282(2) 1.22 1.223 1.252 1.258
N2-N3 1.375(2) 1.374 1.374 1.391 1.39
04-C1-N1 124.65(17) 124.12 123.88 124.31 124.05
04-C1-N2 121.02(17) 123.31 123.09 123.52 123.06
N1-C1-N2 114.33(16) 112.56 113.02 112.16 112.89
N3-C2-C4 115.73(15) 119.51 119.14 118.93 118.06
N3-C2-C3 119.87(17) 117.66 117.91 117.94 118.45
C4-C2-C3 124.41(16) 122.82 122.94 123.13 123.49
C8-C4-Cs 119.53(16) 119.18 119.04 119.8 119.64
C8-C4-C2 120.58(15) 121.67 121.74 121.53 121.43
C5-C4-C2 119.87(15) 119.13 119.22 118.66 118.92
01-C5-02 113.83(16) 1153 115.38 114.6 114.79
0O1-C5-C4 128.74(18) 127.54 127.39 128.4 128.2
02-C5-C4 117.43(15) 117.16 117.22 117 117
C7-C6-02 121.43(17) 122.33 122.19 122.15 121.93
C7-C6-C9 126.81(18) 126.39 126.46 126.2 126.35
02-C6-C9 112.36(16) 111.28 111.35 111.65 111.72
C6-C7-C8 120.93(17)  120.77 120.65 121.27 121.13
03-C8-C4 122.81(16) 124.17 123.93 123.53 123.11
03-C8-C7 119.05(15) 119.44 119.46 119.76 119.83
C4-C8-C7 118.13(15) 116.38 116.61 116.71 117.06
C1-N2-N3 115.93(15) 116.13 116.45 115.6 116.26
C2-N3-N2 124.75(15)  123.57 123.64 122.92 123.15
C6-02-C5 122.49(14) 124.17 124.29 123.07 123.23
C1-N2-N3-C2  0.00 105.8 104.55 108.41 105.62

hydrogen bonding interactions!>> 32/, Molecular electrostatic potential, V(r), at a point r(x,y,z) is described as

following:
B Za p(r)dr’
V(r)_Z|RA—r| /r’—r

ZA 1is the charge on nucleus A located at RA and p(r) is the electron density. The electrostatic potential
plots are shown in Fig. 2 ((a) monomer and (b) dimer). MEP was calculated at the B3LYP/6-31G(d) optimized
geometry. The negative regions of MEP surface correspond to an attraction and are colored in red. While,
the positive regions correspond to a repulsion and are colored in blue. The negative regions are related to
electrophilic sites and the positive ones to nucleophilic sites. The MEP maps of the title molecule show that
the negative regions were found around the oxygen atoms and that the positive potential sites are around the
hydrogen atoms.
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Table 2: Mulliken Charges (q) in the non-hydrogen atoms of the title molecule calculated with 6-31G(d) basis
set

q
Atoms HE DET
Cl -0.25 -0.223
C2 -0.243  -0.207
C3 -0.026 -0.035
C4 -0.038 -0.166
C5 -0.079 -0.077
Co6 0.025 -0.146
C7 -0.098 0.102
C8 -0.026 -0.212
C9 -0.037 -0.078
N1 -0.037 -0.078
N2 -0.053 0.077

N3 0.134  -0.036
01 0.207  0.221
Olw 0213  0.243
02 0.07 0.135
03 0.06 0.133
04 0.076  0.163

a ‘90 ¥ LY
’: ‘ ‘\' ' J*GJ ) )
‘
J’% ', k J ‘ 29
(@) Monomer (b) Dimer

Fig. 2: Molecular electrostatic potential maps (a) and (b) calculated at B3LYP/6-31G(d) level

3.4 Homo-lumo calculation

The highest occupied molecular orbitals (HOMOs) and Lowest-lying unoccupied molecular orbitals (LU-
MO) are very useful for physicists and chemists because the energy difference between these orbitals (en-
ergy gap) represents the minimum energy required to promote an electron, and is therefore often the most-
frequent and important energy transfer mechanism within a system. Further, the charge transport properties
of the molecule!'?! are determined by the difference of energy between HOMO and LUMO. The orbitals also
provide important electron density information which can help determine which part of the molecule is most
actively participating in an energy transfer event. The HOMO-LUMO energy gap of the molecule was calcu-
lated using HF/(6 — 31G(d) and 6 — 31 + G(d,p)) and B3LY P/(6 — 31G(d) and 6 — 31 + G(d, p)) level
as presented in Tab. 3. The energy gap between HOMO and LUMO indicates molecular chemical stability. In
addition, a lower HOMO-LUMO energy gap explains the fact that eventual charge transfer interaction is taking
place within the molecule. The HOMO-LUMO plots are given in Fig. 3.

3.5 Hydrogen bonding and non linear optical properties

Hydrogen bonds are very important dipole interactions in stabilizing the structures. In amino acids having
zwitterionic form, the NH2 moiety is a good donor and the carboxylate or nitrate group is an excellent acceptor.
In NLO crystals, hydrogen bonds linked with the adjacent molecules, where O-H- - - O hydrogen bonds are
relatively stronger than N-H-O bonds!?%!.

Fig. 4 shows the molecular packing diagram of the molecule where the hydrogen bond interactions N-
H---0O and O-H- - - O were observed. These interactions are responsible for the NLO effect in Zwitterionic
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Fig. 3: The HOMO and LUMO plot of the title molecule

6-methyl-2-0x0-3-[1-(ureidoiminio)ethyl]-2H-pyran-4-olate monohydrate compound. The NLO effect may al-
so be associated to the “ push-pull” type structure. As expected, the best donors interact with the best accep-
tors leading to strong mentioned hydrogen bonds. These rigid hydrogen bonds link the symmetry-independent
molecules into a dimer, which can be considered as the building block of the structure.

It is evident that the crystal structures are generated and stabilized by hydrogen bonds but more evidently
that they also participate considerably to the increase of hyperpolarizability of hydrogen bonded molecular
systems. For organic NLO materials, theoretical and experimental studies are performed in order to understand
the microscopic origin of nonlinear behavior!?: 311,

In this context, this study is extended to the determination of the electric dipole moment p, the isotropic
polarizability « and the first hyperpolarizability 3;,; of the title compound (monomer and dimer). The dipole
moment (u), isotropic polarizability [3;,, first-order hyperpolarizability («) tensor, can be obtained using the
following equations:

po = (U2 + p2 + )2
1

Brot = (B2 + B2 + B2)"/2.

The whole equation for computing the magnitude of the first hyeprpolarizability (/) from Gaussian 03
output is given below:

Btot = [(ﬁmmm + Byyy + Bzzz)g + (ﬁyyy + Byzz + Byx:p)Q] + (Bzzz + Bzmm + Bzyy)Q

The first hyperpolarizability is a third rank tensor that can be depicted by a 3 x 3 x 3 matrices. The 27
components of the 3D matrix can be reduced to 10 components because of the Kleinman symmetry>!. The
Gaussian 03 output provides 10 components of this matrix as Sxxz, Sxxy, Sxyy, Byyy, Bxxz, Bryz, Byyz,
Bxzz, Pyzz, fzzz respectively.

The first hyperpolarizability tensors provided by Gaussian 03 are given in atomic units (a.u.), the computed
values were converted into electrostatic units. (« : la.u. = 0.1482 x 10 — 24esu; B : la.u. = 8.6393 x 10 —
33esu).

The dipole moment (1:0), mean polarizability («) and first hyperpolarizability (3) for monomer and dimer
are calculated at 6 — 31G(d) and 6 — 31 + G(d, p) basis sets. Tab. 3 gives the HF and B3LYP results of
the electronic dipole moment p;(i = z,y, z), polarizability aij and the first hyperpolarizability Sijk for
Zwitterionic 6-methyl-2-o0x0-3-[1-(ureidoiminio)ethyl]-2H-pyran-4-olate monohydrate compound (monomer
and dimer ). Theoretical calculation plays a significant role in understanding the structure-property relationship
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which is able to help in designing novel NLO materials. It is well established that the higher values of dipole
moment, molecular polarizability, and hyperpolarizability are very important for active NLO properties. The
highest value of dipole moment obtained with B3LYP /Lanl2dz is equal to 3.68 D for monomer and 12.32 D for
dimer. The highest value of dipole moment is observed for component ;. In this direction, this value is equal
to 2.67 and 12.20 D for monomer and dimer respectively. The calculated polarizability («), is equal to 23.89 x
10 — 24 esu and 50.93 x 10 — 24 esu for monomer and dimer respectively obtained with 6-31G+(d,p). As it
can be seen in Tab. 3, the calculated polarizability asj have non zero values and was dominated by the diagonal
components. The first hyperpolarizability values (3;, of the title molecule obtained with B3LYP/Lanl2dz are
equal to 3.553 x 10 — 30 esu for monomer and 14.568 x 10 — 30 esu for dimer. The calculated results show that
the title molecule might have microscopic nonlinear (NLO) behavior with non-zero values. The calculated first
order hyperpolarizability of the title molecule has a low value of 1.612 x 10 — 30 esu obtained with HF method
using 6 — 31 + G(d, p) basis set and a high value of 3.343 x 10 — 30 esu obtained with DFT method using the
same basis set. Thus, calculated low (3 total value for the title molecule (1.612 x 10 — 30 esu) is found to be 8
times greater than the S total value of urea (0.1947 x 10 — 30 esu), therefore, predicting that our molecule is a
powerful candidate for NLO material.

From the cited above results, the molecule having the greatest 5, value, corresponds to the low HOMO-
LUMO energy gap. These results show that HOMO-LUMO gap have a substantial influence on the first hyper-
polarizability. The high 5 value and low HOMO-LUMO energy gap show that the title molecule is highly NLO
active material and it might be efficient for optoelectronic applications.

Consequently, we can finally infer from the above discussion of the contents of Tab. 3 that the introduction
of electron correlation in the method applied for the analysis of the hyperpolarizability, such as DFT method,
will probably predict more reasonable values as opposed to those converged upon use of the HF method.

Fig. 4: N-H O and O-H O interactions calculated at B3LYP/6-31G (d) level

4 Conclusion

In this work we have calculated the geometric parameters and the nonlinear optical properties of the
Zwitterionic 6-methyl-2-oxo-3-[1-(ureidoiminio)ethyl]-2H-pyran-4-olate monohydrate molecule by using HF
and B3LYP methods with 6-31G(d) and 6-31+G(d,p) basis sets. The optimized bond lengths and bond an-
gles obtained with B3LYP level of calculation show the excellent agreement with the experimental values.
The energy gap between HOMO and LUMO calculated using B3LYP is lower than the value calculated using
HF level. The energy gap values indicate molecular chemical stability. Results show that the first hyperpolar-
izability 8 of Zwitterionic 6-methyl-2-0x0-3-[1-(ureidoiminio)ethyl]-2H-pyran-4-olate monohydrate molecule
is directly related to the HOMO-LUMO energy gap. Molecular electrostatic potential (MEP) was calculated
at the B3LYP/6-31G (d) optimized geometry. The MEP map shows that the negative potential sites are on
electronegative atoms as well as the positive potential sites are around the hydrogen atoms. These sites give

WJIMS email for subscription: info@wjms.org.uk



10 N. Benhalima & A. Djedouani & R. Rahmani et al: Title Suppressed Due to Excessive Length

Table 3: The electric dipole moment y (D), the average polarizability a(x10 — 24esu) and the first hyperpo-
larizability 5(x10 — 30esu) of the title molecule

HF DFT
Parameters 6 —31G* 6 —31+G** 6 — 31G* 6—31+G*

Monomer Dimer Monomer Dimer Monomer Dimer Monomer Dimer
Lo -2.43 10.7 -2.49 10.23 2.43 7.52 2.2 -9.54
Iy -1.01 1.16 -0.85 1.52 1.49 3.92 -1.75 -0.89
Lz -1.46 2.88 -1.76 1.31 -1.12 -0.02 -1.68 1.41
w 3.01 11.14 3.16 10.43 3.06 8.48 3.28 9.68
Qg 117.91 340.7 133.68 372.29 137.27 406.38 158.59 450.83
gy 7.59 24.42 5.71 22.45 13.2 42.35 11.7 39.31
Qlyy 84.7 294.76 102.7 324.47 90.71 340.37 113.99 382.3
Qs -10.03 4.7 -7.72 3.38 -18.2 3.19 -15.3 1.92
Oty -30.44 -19.92 -28.71 -18.25 -38.04 -20.45 -37.12 -20.12
Qs 158.67 143.03 174.42 182.59 188.35 150.33 211.03 197.92
a(a.u) 120.43 259.5 136.93 293.12 138.78 299.03 161.2 343.68
a(esu) 17.85 38.46 20.29 43.44 20.57 44.32 23.89 50.93
Jo - -185.58 -328.15 -227.43 -380.87 -243.11 -971.9 -305.38 -1017.81
Bray 8.23 348.55 9.21 409.36 1.26 21.76 1.99 125.01
Bayy 74.72 76.27 40.78 96.08 76.95 -295.54  43.75 -252.36
Byyy 11.22 -362.16  18.73 -402.67 27.48 -782.81 43.7 -812.12
Bra= -5.92 -129.39  -16.07 -91.6 2.41 -111.63  -19.18 -74.57
Bayz -87.03 -19.42 -108.2 -26.28 -87.27 -82.28 -120.81 -75.47
Byy= -16.29 39.5 -18.41 64.5 -33.89 -67.97 -48.9 -12.34
B2z 262.48 -3.82 279.76 -2.33 277.38 -71.4 323.42 -55.41
Byz= 28.38 -16.31 33.64 -13.91 59.7 -67.12 76.06 -51.41
Bzzz -113.47 22.96 -115.11 32.39 -260.4 29.08 -294.05 47.83
5(a.u) 209.01 266 186.65 287.26 324.63 1581.46 387.01 1517.93
B(esu) 1.806 2.298 1.612 2.482 2.804 13.663 3.343 13.114
HOMO -0.3331 -0.326 -0.3392 -0.331 -0.2328 -0.2043  -0.2475 -0.2239
LUMO 0.0922 0.0826 0.0532 0.0438 -0.0589 -0.0749  -0.075 -0.0819
Gap (Hartrees) 0.4253 0.4086 0.3924 0.3748 0.1739 0.1294 0.1725 0.142
Gap (ev) 11.5731 11.1187 10.6778 10.1989 4.7321 3.5212 4.694 3.864

information about the region from where the compound can have intramolecular interactions. This study re-
veals that Zwitterionic 6-methyl-2-oxo-3-[1-(ureidoiminio)ethyl]-2H-pyran-4-olate monohydrate molecule has
a large first static hyperpolarizabilities and may have potential applications in the development of NLO materi-
als.
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