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Abstract
In this work, we present the theoretical quantum chemical calculation of UV–Vis spectros-
copy and electronic effect delocalization of π-conjugated molecular system variation based 
of benzodifuran (BDF) derivatives with 6-substituted by furan, thiophene or pentafluor-
ophenyl cycles by azomethine bonds. For the geometrical optimization, dipole moments 
and frontier molecular orbital HOMO and LUMO energies we use the Becke’s functional 
B3LYP with a polarized and diffused 6-31+G(d,p) basis set. For the first (β) and second (γ) 
hyperpolarizabilities calculation we use the time-dependent Hartree–Fock (TDHF) method 
with 6-31+G(d,p) basis set. In particular, we discuss correlation between the chemical 
structures of benzodifuran based derivatives and their NLO properties.

Keywords First order hyperpolarizability · Second order hyperpolarizability · 
Benzodifuran · Azomethine bond · Second harmonic generation · Third harmonic 
generation · DFT method · TDHF method

1 Introduction

Conjugated and functionalized organic materials have attract scientific consideration in 
recent years thanks to their potential applications as organic semiconducting materials in 
electronic and optoelectronics devices such as field effect transistors, photovoltaic cells, 
electroluminescent diodes (Sahraoui et  al. 2009; Pron et  al. 2010; Klauk 2010; Cheng 
et  al. 2009; Mishra and Bauerle 2012). The π-conjugation trough the tetrathiafulvalene 
(TTF) core with highly delocalized pi-electron and their theoretical calculations establish 
an important contribution and ply crucial role for NLO applications (Terkia-Derdra et al. 
2000; Sahraoui et  al. 1995). The investigation of the benzodifuran derivatives building 
block in the π-conjugated side chains has been continued with the study of benzodifuran 
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in the polymer backbone. It is a promising strategy to adjust the HOMO/LUMO levels and 
control the nonlinear optical properties by putting furan, thiophene or pentafluorophenyl 
cycles by azomethine bonds in different positions. Zhang et al. (2014) and coworkers has 
been prepared benzodifuran-dione as an newly electron accepting material in D-A copoly-
mers. Moussalem et al. (2014) published a molecules based on benzodifuran substituted by 
bithiophene electron donating group and an electron deficient pentafluorobenzene group 
attached on the same furan fused ring with a deep HOMO level as an attractive for organic 
photovoltaics (OPV) application. Kulyk et al. (2016) propose benzodifuran-based deriva-
tives incorporated into PMMA for nonlinear study where the NLO response of polymer 
guest–host systems come from the hyperpolarizability of chromophores incorporated into 
them.

Chromophores with delocalized π-electron systems capable of exhibiting a charge trans-
fer usually show large molecular hyperpolarizability. When chromophores in a polymer are 
aligned in a noncentrosymmetric system after poling, this increases the NLO properties of 
the polymer system (Lee 2003; Yesodha et al. 2004; El et al. 2011). This study is devoted 
to the understanding of the relationship between chemical structure of benzodifuran-based 
derivatives and their nonlinear optical properties in molecular scale for application in pho-
tonics. To expose the structural and electronic features as well as nonlinear optical prop-
erties the theoretical calculations have been performed using B3LYP density functional 
theory and the time-dependent Hartree–Fock method. The second important purpose of 
this work was to compare the obtained theoretical results (evaluated for gas-phase) with 
experimental measurements and finding the explanation of origin of NLO phenomena in 
the investigate systems. The theoretical calculations of electronic structure and second and 
third-order NLO properties of S1–S6 (Fig. 1) provide useful information for the design of 
novel efficient systems. In this work the effect of charge transfer caused by attaching the 
pentafluorobenzene group in different way to the benzodifuan core on the NLO properties 
will be discussed.

2  Theoretical simulations

In this work, GAUSSIAN 09 program package (Frisch et al. 2009) was used to perform 
the energy levels HOMO and LUMO calculations for S1–S6 by density functional theory 
DFT/B3LYP, which is called the hybrid method based on three Becke parameters (Becke 
1993) using the base assembly 6-31+G(d,p) level of theory. A lot of research work indi-
cates the effectiveness of the DFT method in geometry optimization and electric property 
calculations. Full optimization in the gas phase the molecular geometry of all the six mole-
cules have been made starting from the structural parameters obtained from the XRD anal-
ysis deposited with the Cambridge Crystallographic Data under reference CCDC: 858095 
(Moussallem et al. 2012). Then the structure was expanded with subsequent elements and 
optimized using the method given above. The optimized structures of these three com-
pounds are shown in Fig. 1. Our calculation results are presented in Table 1.

The frequency-dependent first and second hyperpolarizabilities were calculated 
using ab initio method implemented at the self-consistent field level of theory known as 
TDHF/6-31+G(d,p) methodology. Both the addition of d polarization functions on the 
carbon and nitrogen atoms and the addition of p functions on hydrogen atoms and diffuse 
functions are critical in order to have a precise estimation of the hyperpolarizabilities. 
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The frequency-dependent β(− 2ω,ω,ω) and γ(− 3ω,ω,ω,ω) computations at considered 
ω = 0.04282  a.u. (λ = 1064  nm wavelength) were calculated using GAMESS (Gordon 
and Schmidt 2005) program within the previously mentioned computational method for 
isolated molecules placed in vacuum environment. The first and second order hyperpo-
larizabilities calculated for S1–S6 are presented in Tables 2 and 3.

S1 
S2 

S3 S4 

S5 S6 

Fig. 1  Optimized chemical structure of S1–S6 (DFT/B3LYP/6-31+G(d,p))

Table 1  Position of maximum absorption peak (λmax) for S1–S6 compounds dissolved in DCM, HOMO 
and LUMO energy levels and theoretical bandgap  (Eg)HOMO–LUMO (B3LYP/6-31G+(d,p)

Sample λmax (nm)
(Kulyk et al. 
2016) exp. 
DCM

λmax (nm)
Th.

Dipole moment (D) HOMO (eV) LUMO (eV) (Eg)HOMO–LUMO 
(eV)

S1 314 300 0.0001 − 7.41 − 4.19 3.21
S2 448 478 5.6500 − 5.68 − 3.01 2.67
S3 465 470 0.0001 − 5.73 − 3.55 2.19
S4 501 480 0.0001 − 5.43 − 2.74 2.67
S5 508 494 0.0001 − 5.59 − 2.58 3.01
S6 494 478 0.0001 − 5.56 − 2.87 2.69
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3  Results and discussion

The knowledge of the linear optical properties is very important for the characterization 
of materials in many optical and nonlinear optical application. The UV–visible absorp-
tion spectra of S1–S6 molecules were calculated using DFT/B3LYP functional and 
6-31+G(d,p) basis set. Positions of the experimental and theoretical first absorption peaks 
(λmax) are collected in Table 1. The spectra calculated for isolated molecules are presented 
in Fig. 2. The theoretical spectrum was made in the gas phase. As we can see experimental 
peak position (λmax) are shifted toward longer wavelengths in respect to theoretical spec-
tral peak position about 5–20 nm. This is connected to the solvatochromic solvent effect. 
The investigated molecular structure exhibit electronic transitions in the UV and UV–Vis 
regions. The UV–Vis absorption bands are attributed to the charge transfer from the elec-
tron-donor and acceptor groups. The computed position of absorption peaks are in good 
agreement with the experimental results noted for S1–S6 and therefore the DFT/B3LYP 
functional is convenient for molecules with separated electron-donor and acceptor groups.

Interpretations of orbital energies give useful predictions. In general the HOMO and 
LUMO energy level depend on electron donating strength of donor and electron—with-
drawing strength of acceptor, accordingly (Leclerc et al. 2006). The HOMO and LUMO 
are most likely place where reaction will occur. The reaction is likely to occur there 
because the electrons in the HOMO have the highest energy and therefore the electrons 
are most willing to react. LUMO is probably the site of binding because any invasive elec-
trons for other molecules will fill into the LUMO. Comparing the energies of these orbitals 

Table 2  Some selected components of the frequency-dependent β(− 2ω;ω,ω) values at ω = 0.042827 
a.u. = 1064 nm for compounds S1–S6

Sample βxxx
× 10−30 esu

βyyy
× 10−30 esu

βzzz
× 10−30 esu

βx
× 10−30 esu

βy
× 10−30 esu

βz
× 10−30 esu

βtot
× 10−30 esu

S1 0.0001 − 0.0034 0.0001 0.0114 − 0.0067 − 0.0161 0.0208
S2 − 0.6285 2.7096 − 121.1460 − 67.4168 117.3020 − 402.6840 424.8040
S3 0.0006 0.0000 0.0044 0.0093 0.0015 0.0171 0.0195
S4 0.0004 − 0.0001 0.0000 0.0012 − 0.0006 − 0.0003 0.0014
S5 0.0048 − 0.0200 4.3793 3.2929 − 2.7751 14.2438 14.8805
S6 − 0.0004 0.0001 0.0000 − 0.0011 − 0.0003 0.0016 0.0019

Table 3  Some selected components of the frequency-dependent γ (− 3ω;ω,ω,ω) values at ω = 0.042827 
a.u. = 1064 nm for compounds S1–S6

Sample γxxxx
× 10−36 esu

γyyyy
× 10−36 esu

γzzzz
× 10−36 esu

γxxyy
× 10−36 esu

γxxzz
× 10−36 esu

γyyzz
× 10−36 esu

γtot
× 10−36esu

S1 83.828 0.1268 0.741 9.6143 1.944 0.158 21.626
S2 2.347 16.768 1718.370 5.056 56.666 79.060 403.810
S3 179.633 30.262 3302.760 9.991 805.204 63.765 1054.114
S4 5329.830 87.922 4.407 563.689 41.885 3.538 1328.076
S5 117.443 42.967 5962.120 5.078 837.638 − 5.842 1559.255
S6 5319.610 84.039 6.209 561.054 43.256 4.877 1325.646
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create an idea of how reactive a molecule is what is important parametric properties of the 
molecules. The HOMO, LUMO energies and HOMO–LUMO energy gaps for S1–S6 has 
been given in Table 1.

At the DFT/B3LYP level the HOMO energy of S1 (− 7.40619  eV) is more negative 
than the HOMO for the remaining molecules see Table  1 and the LUMO energy of S1 
is − 4.19277  eV. Therefore The HOMO–LUMO gap S1 is relatively higher than energy 
gap value for the remaining molecules. High energy gap and the data here suggested that 
S1 is relatively less reactive and more stable than molecule S2–S6. The smaller value of 
the energy gap explains eventually charge transfer interaction takes place inside molecules. 
Hard particles have large energy gaps and the soft particles have small HOMO–LUMO 
energy gaps.

Figure 3 shows the visualized structures of studied complexes and show the population 
of electrons on their orbitals. The HOMO–LUMO map of these molecule indicate the pres-
ence of inter molecular charge transfer in molecules. The HOMO for S1 is mainly located 
on the benzodifuran and carboxyl polar functional grup. LUMO is localized on the benzo-
difuran acceptor group. The introduction of one pentafluorophenyl attached to the benzo-
difuran core in S2 making the benzodifuran stem as an electron donating material as the 
charge is shifted in the LUMO on the pentafluorophenyl attached by azomethine bond.

For the remaining four investigated molecules (S3–S6) the HOMO is also located on the 
benzodifuran and pentafluorophenyl and other ligads. LUMO for S3–S6 is located mainly 
on benzodifuran and two ligands attached by azometine bond.

The introduction of two pentafluorophenyl attached to the benzodifuran core in S3–S6 
changes the character of the charge transfer in the molecule, the center of the molecule—
benzodifuran becomes an accepting group which can be clearly seen in the Fig. 3. This 
electron delocalization (see Fig.  3) can be attributed to the strong electron withdrawing 
nature of these groups having a major impact on the NLO effect and is defined as intramo-
lecular charge transfer (Abbas 2012).

Non linear optics deals with the interaction of applied electromagnetic fields in vari-
ous materials to generate a new electromagnetic field, altered in frequency, phase, or other 
physical properties. When a molecule is subjected to an external electric field  Eloc, it causes 
the charges of the atoms to oscillate. This effect can distort the molecular electron density 
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Fig. 2  Theoretical UV–Vis absorption spectra of S1–S6 molecules calculated by DFT//B3LYP/6-
31+G(d,p) methodology in vacuum
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Fig. 3  Frontiers molecular orbitals HOMO and LUMO of S1–S6 compounds
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distribution, an effect that can be described in terms of change in dipole moment μ, which 
can be expressed by a power series in the field strength as in Eq. (1):

The tensors α, β and γ defined by the above equation are linear polarizability, the sec-
ond-order or quadratic hyperpolarizability (the first hyperpolarizability) and the third order 
or cubic polarizability (the second hyperpolarizability) respectively. However, when a mol-
ecule is subjected to an intense electric field the second and third terms in Eq. (1) become 
important, such that nonlinear optical behaviour can be observed. For a medium to exhibit 
second-order nonlinear susceptibility it should not possess a center of symmetry, i.e. it 
should be noncentrosymmetric. All media and molecules exhibit third-order response. 
Basically all forms of matter exhibit nonlinear optical phenomena. But to be useful in a 
device, the material must exhibit a high degree of nonlinearity at a reasonable power level. 
Second-order NLO studies focussed on unsymmetrical derivatives; the basic requirements 
for large second-order hyperpolarizability values being an asymmetric charge distribution, 
with high donor and acceptor substituents at positions para to each other and an optimized 
π-electron conjugation pathway. To find a correlation between structure property and NLO 
phenomena, we have extended our study for the computing the first and second order 
hyperpolarizabilities.

The βtot value has been calculated using the following expression (Thanthiriwatte and 
Nalin de Silva 2002).

The obtained results are collected in Table 2. As described above the β values should 
not be observed in centrosymmetric materials. Only in S2 as an uncentrosymmetric mol-
ecule the value of the odd hyperpolarizability tensor should be non-zero. However, these 
molecules have been synthesized for the study of third-order non-linear optical properties, 
despite the centrosymmetric structure, they also exhibit second-order non-linear properties 
evaluated experimentally (see Table 4).

So we decided to calculate the first order hyperpolarizabilities for these molecules that 
also turned out to be non-zero values of β (Table 2). Generally, an increase in the β value 
occurs together with bathochromic effect (see Tables 1 and 2) due to a larger π-conjugated 
length and/or stronger donor and acceptor ability what is clearly seen for compounds S1, 
S3–S6.

(1)μ = μ0 + αEloc + βElocEloc + γElocElocEloc

(2)βtot =
√

β2
x
+ β2

y
+ β2

z

Table 4  Comparison of calculated and measured nonlinear optical coefficients

Compounds χ(2) pm/V for polariza-
tion p–p (Kulyk et al. 
2016)

βtot × 10−30esu 
calculated at 
λ = 1064 nm

χ(3)  (m2/V2) for polari-
zation p–p (Kulyk 
et al. 2016)

γtot × 10−36esu 
Calculated at 
λ = 1064 nm

S1 0.12 0.0208 5.9 × 10−22 21.626
S2 0.37 424.8040 9.6 × 10−22 403.810
S3 0.14 0.0195 6.4 × 10−22 1054.114
S4 0.31 0.0014 13.4 × 10−22 1328.076
S5 0.19 14.8805 9.2 × 10−22 1559.255
S6 0.19 0.0019 9.2 × 10−22 1325.646
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Received theoretical results suggest that better second order nonlinear optical prop-
erties possess the noncentrosymmetric compound S2 (βtot = 424.804 × 10−30 esu) with 
added strong electron-acceptor pentafluophenyl group. The calculated first hyperpo-
larizability of this molecule was compared with first order hyperpolarizabilities of 
organometallic compounds which are known with very high βtotal values within lim-
its 10–1300 × 10−30 esu (Migalska-Zalas 2016; Hurst et al. 2001) and with first-order 
hyperpolarizability (βtotal) of Urea Sulphamic acid which is a reference material in 
SHG amounting to 1.023 × 10−30 esu (Senthilvelan et al. 2017). The calculated hyper-
polarizability of S2 is many times greater than that of urea Sulphamic acid and also 
urea (0.1947 × 10−30 esu) and comparable with the beta value obtained for organome-
tallic materials. The calculated first hyperpolarizabilities for the remaining molecules 
are very small but not equal zero.

The molecule S5 containing the tiophene ring occurring in the radical substituted by 
azomethine bond is characterized by a fairly large beta value (βtot = 14.8805 × 10−30 esu) 
which is bigger than value obtained for urea. This study reveals that the investigated 
compounds have β values what is connected with the noncetrosymmetry in the charge 
density distribution in the ground and excited states presented in Fig. 2.

The tortuosity of the phentafluorophenyl ring in the molecules S3–S6 also brought 
about inferior planarity in whole molecule, then these molecules can organize through 
intermolecular interactions along different dimensions and resulted in spherical nano-
structures which may affect the increase of NLO property of macroscopic material as 
seen in Table 4.

The average third-order hyperpolarizability γtot values have been computed using 
the Eq. (3) (Bogaard and Orr 1975):

The theoretical second order hyperpolarizability tensor components are presented 
in Table  3. The calculated hyperpolarizabilities of S3–S6 (γtot = 1054.114 − 1559.25
5 × 10−36 esu) are about three times larger than for the molecule with the formula S2 
(γtot = 403.807 × 10−36 esu) and two orders of magnitude bigger than for compound S1. 
Leupacher and Penzkofer (1985) reported the second hyperpolarizabilities of meth-
ylene blue (γ = 32.00 × 10−36  esu) and the value of γtot obtained for S3–S6 are two 
order higher (see Table  3.). Received theoretical results are in good agreement with 
the experimental data which show that better third order nonlinear optical properties 
have been obtained for compounds with long π-conjugated chains. The only devia-
tion was obtained for the S3 molecule for which the third order hyperpolarizability 
is higher than for the non-centrosymmetric S2 molecule. The carried out studies also 
indicate that the third-order nonlinear response increases thanks to the multiple conju-
gate bonds present in S4 and S5 molecule. The further adding of n-butyl groups causes 
saturation of second order hyperpolarizability values in S6 molecule. In these materi-
als as in other compounds recently published the big optical nonlinearity is caused by 
strong intramolecular charge transfer between donors and acceptors though a conju-
gated transmitter.

The molecules with long π-conjugated chains are characterized with comparatively 
higher values of χ(3) due to delocalized π-electrons, which traveling freely along the 
conjugated structure of molecules and are the key factor to high nonlinearities in 
organic materials.

(3)γtot =
(

1

5

)

[

γxxxx + γyyyy + γzzzz + 2
(

γxxyy + γxxzz + γyyzz
)]
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4  Conclusions

Theoretical studies on these molecules showed that the strong second order hyperpolariza-
bility characterizing the nonlinear optical efficiency of the molecule depends on the length 
of the π-conjugated way and the force on the donor and acceptor substituents. A source of 
second order non-linear-optical properties of these materials is connected with the noncet-
rosymmetry in the charge density distribution in the ground and excited states. The tortuos-
ity of the phentafluorophenyl ring can affect the intermolecular interactions along different 
dimensions resulted in spherical nanostructures and increase the second order NLO prop-
erty of the material. Within this framework it was observed that the nonlinear response 
of the third-order increases thanks to the multiple conjugate bonds present in S4 and S5 
molecule further addition of n-butyl groups causes saturation in S6 molecule. Good com-
patibility has been achieved between the theoretical and experimental results. Studied ben-
zodifuran derivatives showed the contrast in NLO response for various substituents making 
them interesting for using in photonics devices.
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