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a  b  s  t  r  a  c  t

Condensation  reaction  of  6-formylvisnagin  (1)  with  o-phenylenediamine  afforded
the  novel  4-methoxyfuro[3‘,2‘:6,7]chromeno[2,3-e]benzo[b][1,4]diazepin-5(12H)-one
(MFCBD). Hypothetical  examination  for the harmony  geometries  of the  recently  synthe-
sized  MFCBD  has  been  done  by  Density  Functional  Theory  (DFT)  at the  B3LYP/6-311G  (d,p).
The TD-DFT  computations  were  explored  for the  electronic  absorption  spectra  which  the
measured  in  polar  and  nonpolar  solvents.  The  spectrophotometer  measurements  of  both
transmittance  and  reflectance  in  the  range  of  200–2500  nm  were used  for obtaining  the
significant  optical  constants.  The  optical  absorption  coefficient  was  analyzed  to obtain  the
type of transition  and  found  to be directly  allowed  with  energy  gaps  of 1.1 and  2.93  eV.
The  dispersion  parameters  were  extracted  on  the basis  of  the  single  oscillator  mode
using  Wemple-DiDomenico  and  Selemier  relationships.  The  dark and  illuminated  current
density-voltage  characteristics  of the  MFCBD-based  heterojunction  showed  rectifying
property  which  may  be  due to  the formation  of  the  organic/inorganic  interface.  The
obtained  phototransient  current  confirms  the  sensibility  of the prepared  heterojunction
to  the  light  illumination  of 100  mW/cm2.  The  results  support  the  applicability  for  the
heterojunction  in the  field photodiode  application.

© 2018  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Khellin(4,9-dimethoxy-7-methyl-5H-furo[3,2-g]chromen-5-one) is considered to be the major noteworthy constituent

of the plant Ammi visnaga [1,2], and has the variable biological activity such as antiatherosclerotic and lipid-altering activity
[3], treating psoriasis and vitiligo [4–6]. Generally, furochromones have anti-inflammatory and analgesic [7–9], antitumor
[10], antimicrobial [11], anticancer activities [12].
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DFT-theoretical calculation can be investigating the optimized geometries of the synthesized compound; 4-
ethoxyfuro[3‘,2‘:6,7]chromeno[2,3-e]benzo[b][1,4]diazepin-5(12H)-one (MFCBD). Also, study the dipole moment, atomic

harge FT-IR, equilibrium geometries, harmonic vibrational frequencies, thermo-chemical parameters, and energetic of the
olecule. Some of the main important parameters like the linear polarizability 〈�˛〉, and first order hyperpolarizability 〈ˇ〉

re required for the rational design of optimized materials for several applications [13,14].
The TD-DFT is a quantum mechanical hypothesis utilized as a part of material science and science to research the prop-

rties and elements of many-body frameworks within the sight of time-subordinate possibilities, for example, electric or
ttractive fields. The effect of such fields on molecules can be mulled over with TD-DFT to extricate highlights like exci-
ation energies and frequency-dependent response properties [15]. This computation was used to examine the extremity
f solvent on the observed spectra and hence explain the observed electronic transitions bands. Furochromone derivatives
ike MFCBD behaves as semiconductor materials and showed a remarkable optical sensitivity to light and applicability for
he optoelectronic application. Accordingly, these types of materials-based devices are specifically designed to improve the
ight absorption and emission, resulting in a high conversion efficiency [16,17].

In continuation to our previous study for the synthesis and characterizations of furochromone [arag, the present work
s devoted to investigating the reactivity of 6-formylvisnagin towards o-phenylenediamine hoping to prepare of a new
erivative of annulated visnagin MFCBD [16–18].

The morphological attributes of the examples are researched by utilizing checking by scanning electron microscopy.
urthermore, the optical characteristics are resolved by applying the single-oscillator model to extract the significant dis-
ersion parameters. The type and the value of optical energy gap are also estimated Also, photoluminescence and optical
lm absorption are interested to examine the applicability of the device based MFCBD–heterojunction for optoelectronic
pplications.

. Experimental

.1. Preparation and molecular structural characterizations of MFCBD

A mixture of carboxaldehyde 1 (1.08 g, 4 mmol) and o-phenylenediamine (0.42 g, 4 mmol), in ethanol (20 mL)  was  re
eflux for 30 min. The obtained orange-red crystals were filtered and recrystallized from DMF/MeOH to produce compound

 as orange crystals. Yield (0.47 g, 71%), m.p. 281–282 ◦C. IR (KBr, cm−1): 3429 (NH), 3120 (CHfuran), 3040 (CHarom), 2938,
875 (CHaliph), 1665 (C O�-pyrone), 1588 (C N and C C). 1H-NMR (400 MHz, DMSO-d6): 3.95 (s, 3 H, OCH3), 6.76 (s, 1 H,
-14), 7.10–7.18 (m,  4 H, Ar-H), 7.24 (d, 1 H, H-3furan, J = 2.0 Hz), 7.78 (d, 1 H, H-2furan, J = 2.0 Hz), 8.53 (s, 1 H, CH N), 9.83

bs, 1 H, NH). Mass spectrum, m/z  (Ir %): 332 (M+, 39), 319 (14), 303 (27), 275 (11), 246 (5), 190 (18), 176 (14), 147 (45), 132
23), 119 (43), 108 (74), 91 (32), 77 (40), 64 (100). Anal. Calcd for C19H12N2O4 (332.32): C, 68.67; H, 3.64; N, 8.43%. Found:
, 68.50; H, 3.45; N, 8.25%.

A digital Stuart SMP3 apparatus (Büchi, Flawil, Switzerland) was used to determine the melting point of MFCBD. FTIR
icolet IS10 spectrophotometer (cm−1) (Thermo Fisher Scientific, USA) was used to measure infrared spectra, using KBr disks.
H NMR  spectra (400 MHz) and 13C NMR  (100 MHz), were measured on Mercury-400BB(Bruker, Rheinstetten, Germany),
sing DMSO-d6 as a solvent and TMS  (�) as the internal standard. Mass spectrum was  obtained using GC-2010 Shimadzu
as chromatography instrument mass spectrometer (70 eV) (Manchester, England). Elemental microanalyses were per-

ormed on a Perkin-Elmer CHN-2400 analyzer (Leco, St. Joseph, USA) at the Chemical War  Department, Ministry of Defense,
gypt. The chemical reagents used were purchased from E. Merck (Darmstadt, Germany) and 4-methoxy-5-oxo-5H-furo[3,2-
]chromene-6- carboxaldehyde (1) was prepared according to the literature [19].

.2. Computational method

DFT Khon-Sham’s method calculations were done at B3LYP method [15,20,21]. The Gaussian 09 package was selected for
ptimizing the geometry [22] and GaussView 5.0.9 [23] or Chemcraft 1.6 [24] software packages by this function [20] at the
-311G (p,d) bases set [21]. FT-IR vibrational spectra of (MFCBD) based on the computationally predicted assignments. The
otal static dipole moment values were also considered [25–27].

.3. Thin film preparation and physical characterizations of MFCBD

Successful layers of MFCBD were fabricated on various types of substrates with high quality by utilizing a type 306
uto. The thickness of the prepared films was controlled through measurement from the condition of the preparation

ith the average value of ∼300 nm.  After the preparation procedures, the microstructural characteristics of the films were

xamined by applying the scanning electron microscope (SEM). Optical measurements were achieved by using JASCO–670
pectrophotometers in the range of 200–2500 nm.  Measurements of electrical characteristics of the heterojunction were
mployed by an electrometer type Keithly 2635 A in dark and under illumination.
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Fig. 1. Formation of the novel MFCBD.
Fig. 2. (a) Experimental IR spectrum and (b) theoretical IR spectrum at B3LYP/6-311G (d,p). of MFCBD.

3. Results and discussion

3.1. Molecular structure and reaction confirmation

Herein, the condensation of carboxaldehyde 1 with 1,2-phenylenediamine in ethanol afforded 4-
methoxyfuro[3‘,2‘:6,7]chromeno[2,3-e] benzo[b][1,4]diazepin-5(12H)-one (MFCBD) in 71% yield. The reaction may
proceed through the formation of the corresponding Schiff base intermediate A (nonisolable) followed by an intramolecular
nucleophilic addition at the C-7 position leading to intermediate B which underwent self-oxidation under the reaction
condition producing the final product 2 as depicted in Fig. 1. IR spectrum (Fig. 2(a)) showed the characteristic absorption
bands at 3429 (NH), 3120 (CHfuran), 3040 (CHarom), 2938, 2875 (C Haliph), 1665 (C O�-pyrone), 1588 cm−1 (C N and C C). The
1HNMR spectrum of the compound showed the characteristic singlet signals assigned to OCH3, H-14, and CH N at ı 3.95,
6.76 and 8.53, respectively. In addition to D2O-exchangeable signal at ı 9.83 which refers to NH proton. The mass spectrum
of MFCBD showed the parent ion peak at m/z 332 corresponding to the suggested molecular formula (C19H12N2O4) and
supports the structure.
The comparison of the computational vibrational frequencies at B3LYP/6-311G (d,p) with those for experimental one
are listed in (Table 1) and (Fig. 2(b)). Another attempt to follow up the changes of the studied compound MFCBD is car-
ried out by studying vibrational spectra. The Assignment could be achieved extensively as in the following: The aromatic
C H stretching vibrations [28,29] is in general observed in the region 3000–3100 cm−1. The computed vibration is assigned
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Table  1
The Optimized calculations of total energies (a.u.), Zero point vibrational energies (kcal·mol−1), Rotational constants (GHz), Entropies (cal·k−1), energy of
HOMO  and LUMO (eV), energy gap (eV) and total dipole moment (Debye) for (MFCBD) at the B3LYP/6-311 G(d,p).

Parameters MFCBD

Total Energy,(ET) −1141.87994647
Zero Point Vibrational Energy 171.58158

0.56273
Rotational constant 0.11980

0.10276
Total Entropy 142.823
Translational 43.296
Rotational 35.094
Vibrational 64.433
Energy of highest occupied molecular orbital (EHOMO) 5.786528
Energy of lowest unoccupied molecular orbital (ELUMO) 1.80064
Energy Gap,(Eg) 3.985888
Dipole moment, (�) 5.3085

Fig. 3. (a) Optimized geometry, numbering system, net charge, vector of dipole moment and bond length, (b) Bond angle and dihedral angle, and (c) HOMO
a
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nd  LUMO for 4-methoxyfuro[3‘,2‘:6,7]chromeno[2,3-e] benzo[b][1,4]diazepin-5(12 H)-one (MFCBD).

o asymmetric C H aromatic stretching vibrations at 3127 cm−1 for compound MFCBD which is comparable with those
or the experimental. The computed vibration is assigned to symmetric C H aliphatic stretching vibration in CH3 at 3152
nd 3023 cm−1 respectively for MFCBD has shown a comparable agreement with the experimental one. The computed
ibration is assigned to twisting C H furan stretching vibration at 3261 cm−1 for compound MFCBD which has shown a
omparable agreement with the experimental result. The computed vibration is assigned to N H asymmetric vibration
t 3592 cm−1 for compound MFCBD which has shown a comparable agreement with experimental results at 3429 cm−1.
enerally, the C O vibrations [30] is observed in the region 1790–1810 cm−1. Vibrations are assigned to asymmetric C O
tretching at 1694 cm−1 for compound MFCBD which is comparable agreement with experimental results at 1665 cm−1.
he band of C C vibrations is detected in the 1480–1630 cm−1 region [29]. The computed vibration is assigned to C C
nd C N stretching vibrations at 1598 cm−1 for compound MFCBD which is comparable with experimental results at
588 cm−1.

.2. Molecular orbital calculations of the ground state energy

The optimized geometries, the vector of the dipole moment and the net charges of MFCBD obtained using the B3LYB/6-
11G (p,d) level are given in (Fig. 3(a–c)). The ground state energies are listed in Table 2. The analysis of (Table 2) and
Fig. 3(a–c)) show that: The optimized bond length of C C in phenyl ring falls in the range from 1.350 to 1.489 A◦ which
re in great matching with that experimental one [29] for C O bonds the optimized length obtained by B3LYB/6-311G (p,d)
s slightly shorter than the experimental data 1.229A◦ [29] The computed bond angles are largely affected by the presence
f C O group in C7, especially < N36C9O12, <C19N25C30 and <C4C7O11 are respectively at 110.40◦, 124.52◦ and 120.89◦. The
ost stable geometry of the studied compound MFCBD is the planar structure, except methoxy moiety and diazepin moiety
where the dihedral angle is between 0.00◦ and 180◦). The active centers O and N of MFCBD show a significant change in
he Mullikan net charge so; indicating that the interaction between different moieties of MFCBD. The ionization energy (I.E.)
f MFCBD is 5.78 eV (Table 2). Also, the electron affinity (E.A.) of MFCBD is 1.80 eV. So the calculated energy gaps, (Eg), is



298 M.A. Ibrahim et al. / Optik 166 (2018) 294–306

Table 2
Experimental and computational calculated vibrational wave-numbers (harmonic frequency (cm−1)), IR intensities and assignments for compound MFCBD
at  the B3LYP/6-311 G (d,p).

No. Exp. Wave number IR Intensity Assigments References

unscaled scaled Rel. Abs.

1 3429 3592 3485 40.53 51.09 � N-H
2  3120 3261 3189 2.11 4.23 � C-H furan [28]
3  3040 3127 3110 4.66 8.25 � C-H aromatic
4  2938, 2875 3152 3023 4.76 72.18 � C-H aliphatic
5  1665 1694 1676 546.96 320.35 � C=O �-pyrone [29]
6  1588 1598 1579 167.43 97.35 � C=N Asym and C=C (in ring)

� (Stretching); �2(Symmetric stretching); �3(Asymmetric stretching); � (In plane bending).

Table 3
Total static dipol moment (�), the mean polarizability (<��), the anisotropy of the polarizability (��), and the mean first-order hyperpolarizability (<��),
for  MFCBD by B3LYP/6-311 G (d,p).

Property PNA B3LYP/6-311G(d,P)

�x −1.0738677Debye
�y −1.1583947Debye
�z −1.3663625Debye

� 2.44 Debye a 2.088544134Debye

�XX 385.570768a.u.
�XY −35.9991135a.u.
�YY 231.681579a.u.
�ZZ −25.3751693a.u.
�YZ 54.6931218a.u.
�XZ 137.3093511a.u.

<�> 22 × 10−24 cm3b 37.27 × 10−24 esu

�� 36.87 × 10−24 esu

�xxx 105.5726 a.u.
�xxy −31.9382 a.u.
�xyy 1.7219 a.u.
�yyy −30.1167 a.u.
�xxz 60.1331 a.u.
�xyz  11.5320a.u.
�yyz 15.9420 a.u.
�xzz  16.4360 a.u.
�yzz 6.4622 a.u.
�zzz −2.3533 a.u.

−30 c −30
<�> 15.5 × 10 esu 94.87 × 10 esu

a, b, c PNA results are taken from references [34–40].

3.98 eV (≈92 kcal). Finally, the theoretically computed dipole moment (�) is 5.31 D, the value of ZPVE is 171.581 kcal mol−1

and total entropy is 142.823 cal k−1 (Table 1).

3.3. Polarizability and hyperpolarizability

Polarizabilities and hyperpolarizabilities characterizing the reaction of the system under influence of electric field [31].
They locate not only the quality of atomic associations and additionally the cross-areas of various diffusing and crash forms
yet, in addition, the non-linear optical (NLO) properties [32,33]. the connections of photocurrent time, atomic structures, and
NLO explored the polarizabilities and hyperpolarizabilities of the title compound were computed utilizing B3LYP technique,
6–311 G (d,p) premise set, in view of the limited field approach. The mean hyperpolarizability 〈�〉, the static dipole minute (�),
the mean polarizability (<��), and the anisotropy of the polarizability (��), of title atom, are displayed in Table 3. The figured
estimation of dipole minute was observed to be 2.08854 D at B3LYP/6-311G (d,p). The computed mean polarizability (<��)
is 37.27 × 10−24 esu i.e. two times higher than PNA particle. Moreover, the figured mean initially arrange hyperpolarizability
〈  ̌ 〉, of the structure and found to be 94.87 × 10−30 esu (c.f. Table 3). This outcome demonstrates the linearity of the title
particle and promising the title atom to be utilized as NLO materials. In this examination, the run of the mill NLO material,

P-nitroaniline (PNA) is one of the prototypical particles was picked as a source of perspective atom; in light of the fact
that there were no trial esteems about the title compound in the writing. In this manner, it was utilized every now and
again as a limit an incentive for relative purposes and still keeps on being a perceived model of natural NLO chromophores.
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Fig. 4. Electronic absorption spectra of MFCBD.
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Fig. 5. (a) The charge density maps of the occupied MO’s, (b) The charge density maps of the unoccupied MO’s of compound (MFCBD).

ts hyperpolarizability was considered both tentatively and hypothetically in different solvents and at various frequencies
34–40].

.4. Electronic absorption spectra of MFCBD

Assignment of the electronic spectra of MFCBD in ethanol and benzene are given in Fig. 4 and Table 3. The charge
hickness maps of the involved and empty MO,s considered in the advances are introduced in Fig. 4(a). The spectrum in
enzene is composed of six bands centered at 315.37 nm,  288.82 nm,  257.79 nm 242.96 nm, 240.83 and 238.46. Increasing
olvent polarity ongoing from benzene to ethanol causes small changes in band positions indicating that the polarity of
he excited and ground state are of the same values, that is, solvent independent. The intensity is lowered in the case of
thanol as compared to other solvents. All the bands are assigned to (�-�*) transitions as reflected from their intensities
200–1300). The excited configurations considered in MFCBD are those which results from an electron excitation of eight
ighest occupied molecular orbital’s �79

−1�86 and the lowest five vacant molecular orbital’s �87
−1�91. The correspondence

etween the hypothetically figured and the experimentally observed transitions are satisfactory.
The first (�-�*)1 state is centered at 315.37 nm in benzene. This band is predicted theoretically at 307.76 nm,  which is in

ood agreement with the experimental one. and has configurations namely, �84
−1�87, �85

−1�87, and �86
−1�88. This band

s characterized by a delocalizing band and charge transfer from furo-chromone moiety to the benzodiazepine moiety. The
econd (�-�*)1 state is observed at 288.82 nm in benzene and is predicted theoretically at 265.61 nm which is considered
o be collected from a mixture of eight configurations, (Table 3) (i.e. CT, localized and delocalized configurations may  be
xpected). The main contribution of this band is coming from the two  configurations �-1

82 �87 and �−1
84 �88, which is of CT

haracter from furo-chromone moiety to the benzodiazepine moiety and delocalized. The third (�-�*)1 state is observed in
enzene at 257.79 nm and is predicted theoretically at 249.33 nm.  This band is composed of a mixture of ten configurations
nd assigned as a delocalized and CT character from furochromone moiety to the benzodiazepine moiety and localized
ransition (Table 3). The fourth (�-�*)1 state is theoretically computed at 236.71 nm and observed in benzene at 242.96 nm.
his band is composed of six configurations, namely, �−1

79 �88, �−1
80 �87, �−1

81 �88, �−1
81 �90, �−1

84 �90 and �−1
85

90. This band is CT character from furo-chromone moiety to the benzodiazepine moiety, delocalized and localized bands
Fig. 5(a) and (b)). The fifth (�, �*)1 state computed at 240.83 nm in benzene, 235.19 nm in ethanol and is theoretically

omputed at 233.75 nm as listed in Table 4. This state has high polarity in comparison with those for the ground state
nd consequently, then the solvent dependence on the band position is predictable. This state is composed of a mixture of
ight configurations, that is also assigned as a delocalized and a charge transfer band (CT) from furo-chromone moiety to
he benzodiazepine moiety. The last one state computed theoretically, appears at 229.98 nm. This state is composed of a
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Table 4
Calculated band maxima and intensities of compound MFCBD by TD method.

State Theoretical Experimental

Configuration Coefficient 	, nm f Type Polar Non polar
	,  nm 	, nm

I 84–87 −0.26443 307.76 0.2838 �–�* 310.02 315.37
85–87  0.59995 �–�*
86–88 0.20466 �–�*

II  81–88 0.19355 265.61 0.1701 �–�* 276.04 288.82
82–87 0.43626 �–�*
83–87 0.23224 �–�*
83–88 0.32617 �–�*
84–87 −0.11062 �–�*
84–88 −0.18160 �–�*
85–88 −0.12272 �–�*
86–90 0.15526 �–�*

III  81–87 0.38118 249.33 0.2847 �–�* 251.94 257.79
81–88  0.11223 �–�*
82–87 0.14804 �–�*
82–88 −0.24397 �–�*
83–87 −0.21906 �–�*
83–88 −0.10482 �–�*
84–89 0.15463 �–�*
85–89 0.10361 �–�*
86–90 −0.30603 �–�*
86–91 −0.13867 �–�*

IV  79–88 −0.11303 236.71 0.1148 �–�* 238.73 242.96
80–87  −0.12342 �–�*
81–88 0.20335 �–�*
81–90 −0.11536 �–�*
84–90 0.45085 �–�*
85–90 0.40791 �–�*

V  79–87 0.11380 233.75 0.1704 �–�* 235.19 240.83
79–88  0.40961 �–�*
80–87 0.12684 �–�*
81–87 −0.11333 �–�*
82–88 −0.29515 �–�*
84–89 −0.10923 �–�*
85–89 0.32535 �–�*
85–90 0.11285 �–�*

VI  79–87 0.11179 229.98 0.1245 �–�* 232.53 238.46
79–88  0.14140 �–�*
80–88 0.14586 �–�*

82–88 0.19459 �–�*
84–90 −0.37442 �–�*
85–90 0.46394 �–�*

mixture of six configurations, both states are �-�* and assigned as a delocalized, CT character from furo-chromone moiety
to the benzodiazepine moiety and localized transition.

3.5. SEM characterizations

Morphological representation of our samples by Images from Scanning electron microscopy (SEM) is observed in Fig. 6(a)
and (b). The observed images show the morphology of the MFCBD samples, elucidating the infrequently crystallite size
allocation and highly accumulated grains. Furthermore, the basic structure shows microrodes-like morphology and there
are some very fine-grained (nanoparticles) grown over the micro-rodes have most probably the same structure of MFCBD.
The average particle size by using the particle size analyzer is found to be about 600 nm(Fig. 6(c)). Higher grain size is
appropriate for photovoltaic applications due to the lower grain boundaries [41].

3.6. Optical characterizations of MFCBD thin films
Fig. 7(a) depicts the behavior of both transmittance (T) and reflectance (R) of the films as a function of wavelength.
The presence non-shrinking interference fringes confirm the homogeneity and smooth properties of MFCBD films [42].
Furthermore, the films are characterized by a highly transparent in the visible range and the transmission reaches up to 90%
at 2500 nm.  Moreover, the edge of absorption in the UV region can firstly be calculated by taking the derivative of T with
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Fig. 6. SEM of different magnifications (a) 1000×, (b) 5,000, (c) and (d) particle size analysis.
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Fig. 7. (a) Spectral dependence of T and R characteristics, (b) Plot of dT/dE vs. E of MFCBD thin films.

espect to the photon energy (E) (i.e. dT
dE ), as discussed by Al-Kuhaili et al.[43] and shown in Fig. 7(b). the obtained energy

ap value of MFCBD films is found to be 2.85 eV.
The expression of the absorption coefficient(�) as a function of photon energy for obtaining the energy gap, Eg according

o the direct transition is as follows [42]:

(  ̨ h�)2 = K
(

h� − Eg

)
(1)

here the parameter K is a constant. The value of Eg of the MFCBD films is calculated from the optical absorption mea-
urements by fitting the absorption coefficient data to the above equation. Fig. 8(a) and (b) shows the best fit of (�h�)2 vs.
h�) in the ultraviolet and visible regions. The value of Eg can be obtained from the intercept of the fitting linear part to
�h
)2 = 0. The results show that the values of Eg are found to be 1.1 and 2.93 eV for the visible and visible regions, respec-
ively. The latter value of energy gap is in agreement with those obtained from the photon energy dependence of dT

dE . The
and edges position of the junction structure were theoretically predicted using the empirical equation of atom’s mullikan
lectronegativity [44–46]. Accordingly, the calculated CB (ECB) and VB (EVB) edge position for the heterojunction could easily
e and compared with those obtained experimentally. The discrepancy between the values of the process and calculated

heoretically in the presence of interactions between molecules due to the fact that the accounts actually conducted in one
art a single molecule in the gaseous state.
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Fig. 8. Plot of (�h
) 2 vs. h
 of (a) region I and (b) region II for MFCBD thin films.

Fig. 9. (a) Plot of n vs. 	, (b) Plot of n vs. 	−2, (c) Plot of (n2-1)−1 vs. 	−2 and (d) Plot of (n2-1)−1 vs. E2 for MFCBD thin films.
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The results of refractive index can be fitted according to the single oscillator model in the region of non-absorbing, where
he refractive file diminishes with expanding wavelength as appeared in Fig. 9(a). The dispersion of the refractive index, n
an obey the well-known Cauchy dispersion equation as follows [47]:

n (�) = A + B

�2
(2)

here A and B are the characteristic Cauchy parameters of the material. The Cauchy parameters A and B are estimated
rom the graphical reorientation of n versus 	2 as shown in Fig. 9(b) and found to be 2.047 and 1.4 × 105 nm2, respec-
ively. The obtained values of Cauchy parameters are in agreement with those published for most semiconductors [48,49].
kuban et al. [47] announced that the parameter A indicates n∞. They also reported that the Cauchy equation is lim-
ted for obtaining an obvious physical meaning for the parameters but it is only used for describing the refractive index
ispersion.

The Sellmeier model is proposed for obtaining a well-known described parameters in the non-absorbing region as follows
50]:

(n2 − 1)
−1 =

1 −
(

�0/�
)2

S0�2
o

(3)

here S0 is the average oscillator strength, and 	0 is the wavelength oscillation. Fig. 9(c) illustrates the graphical representa-
ion of (n2-1)−1 versus 1/	2 for MFCBD films and fitted using the above equation and the values of S0 and 	0 are found to be
.8 × 1013 m2 and 300 nm.Another dispersion relation for the single oscillator model proposed by Wemple and DiDomenico
s follows [51]:

(n2 − 1)
−1 = E0

Ed
−

(
1

E0Ed

)
E2 (4)

here E is the phonon energy and E0 is the oscillator strength (i. e. parameter related to the electric dipole oscillator strength),
d is the dispersion energy (i.e. related to the effective dispersion [52]. The values of E0 and Ed are obtained from the slope and
ntercept of the linear fit of the above equation using the results of Fig. 9(d) and found to be 15.3 and 4.44 eV, respectively.
he latter parameter is also related to the average energy gap of the material and comparable with those obtained from the
bove theoretical calculations.

.7. Current density-voltage characteristics

The J–V measurements of MFCBD/p-Si heterojunctions, measured at 300 K is represented in Fig. 10(a). The outcomes
ffirm that the heterojunction acts a diode-like because of the arrangement of the boundary at the interface. Thus, the
igher value of the forward current as compared to the reverse one which provides the rectification characteristics with a
ectification ratio of 5.4 at ± 1.75 V as represented in Fig. 10(b). The essential parameters of the heterojunctions are the series
esistance (Rs) and shunt resistance (R sh). Firstly the value of Rs can be determined from the part of the J–V characteristics
t which the current deviates from linearity due to the effect of Rs. Fig. 11(a) shows the dependence of the current versus
he voltage drop at the terminal of the J–V characteristics and then the Rs can easily be determined using the inverse of the
lope of this curve. The determined Rs is found to be 2.8 k�. Fig. 11(b) shows the variation of junction resistance versus bias
oltage (Rj) (i.e. ∂V/∂J) as discussed by Sharma et al. [53]. The series resistance (Rs) and R sh can be obtained at sufficient high
orward and reverse voltages, respectively. The obtained values of Rs and Rsh are found to be 2.47 and 13.7 k�, respectively.

Furthermore, the MFCBD/p-Si heterojunction (HJ) shows good rectifying characteristics under illumination of
00 mW/cm2 as shown in Fig. 12(a). It is well known that the forward biased current under illumination and increases
ith increasing the intensity of the incident light intensity. Continuously, the reverse biased current also increases with

llumination which is the requirement for the production of exciton followed by the generation of the charge carriers at the
J interface [53].

To realize the conduction mechanism of the studied heterojunction, the transient photocurrent study is considered.
ig. 12(b), shows that the photocurrent of the heterojunction increases under the effect of illumination of 100 mW/cm2 the
evice and return to its initial value after the illumination is turning off the. This confirms the sensitivity of the presented
eterojunction to the effect of the illumination and then a candidate for photodiode application. Moreover, the mechanism of

ncreasing the current due to the effect of illumination can be attributed to the photo-carrier that contributing to the current.
hen the light is turning off, a decrease in the generation of carriers and then the current decreases. The obtained results

re compared with those obtained by Farag et al. [18] for BFCMT/ p-Si. They found that these type of structure suggests a
igh absi\orption coefficient and considerable sensitivity for the effect of illumination wich supports the studied structure

or most organic-based photovoltaic applications
. Conclusion

In conclusion, condensation of 6-formylvisnagin (1) with 1,2-phenylenediamine in ethanol afforded the novel 4-
ethoxyfuro[3‘,2‘:6,7]chromeno[2,3-e]benzo[b][1,4] diazepin-5(12H)-one (MFCBD). The electronic absorption spectra
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Fig. 10. (a) Plot of J vs. V and (b) Plot of semilogarithmic J vs. V for MFCBD /p-Si heterojunction.

Fig. 11. (a) Plot of J vs. �V and (b) Plot of RJ vs. V for MFCBD/p-Si heterojunction.
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Fig. 12. (a) Plot of J vs. V in dark and under illumination of 100 mW/cm2 and (b) Plot of J vs. t for MFCBD/p-Si heterojunction.

arried out by TD-DFT calculation. All the observed bands can be assigned to (�-�*) transitions as reflected from their
ntensities. The results of the theoretically computed and the experimentally observed transitions are good. The dipole

oments of ground and excited states are the solvent dependence of the observed bands. The FT-IR spectrum of MFCBD is
ecorded in the solid phase. The calculated dipole moment, polarizability, and first-order hyperpolarizability results indicate
hat the structure has a reasonable good non-linear optical behavior. Two  direct permitted optical band gaps were acquired
nd observed to be 1.1 and 2.93 eV. The electrical characteristics showed rectification characteristics. Moreover, the main
xtracted electrical parameters are found to be respectively 2.47 and 13.7 k� for Rs and Rsh. The phototransient current
roperties of the MFCBD-based heterojunction under influence of 100 mW/cm2 was recorded which give chance for the
repared heterojunction for light photodetector application.
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