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ARTICLE INFO ABSTRACT

Keywords: Condensation reaction of 6-formylvisnagin (1) with 1-amino-4,6-dimethyl-2-oxo-1,2-dihy-
Schiff base dropyridine-3-carbonitrile (2) afforded the novel 1-{[(4-methoxy-5-0x0-5H-furo[3,2-glchromen-
TD-DFT calculations 6-yl)methylidene]amino}-4,6-dimethyl-2-oxo-1,2-dihydro-pyridine-3-carbonitrile ~ (MFCMP).
Thin film

The structure of this compound was deduced on the basis of it's corrected analytical and various

Er;i;fz" fralfﬁon spectral data. The parameters of the structure were extracted by using the DFT/B3LYP/ 6-311G
Junctio (d,p) premise set. Besides, TD-DFT estimations were used for the interpretation of the electronic
Photosensitivity

absorption. The experimental optical absorption results indicated an allowed direct transition at
2.29 eV, corresponding to the optical band gap of the synthesized compound film, as well as
Urbach tail width with the energy of 0.51eV. The electrical characteristics of the heterojunction
based MFCMP were accomplished in dark and under various intensity levels of illuminations.
Both values of the photocurrent and photosensitivity were found to increase with increasing
illumination intensity which gives confirmation for the applicability of the studied heterojunc-
tion for the optoelectronic devices.

1. Introduction

The natural occurring khellin and visnagen, obtained from the fruits and seeds of Ammi visnaga L., possess a high antiathero-
sclerotic and lipid-altering activity [1,2]. Khellin has been used for the photochemotherapeutic treatment of vitiligo and psoriasis [3].
The photoreaction of khellin with DNA has been considered elsewhere [4]. Further, various authors [5-7] have explored that fur-
ochromones involve a situation of extensive significance because of their far-reaching manifestation in the plants and their potential
employ as pharmaceuticals. Generally, furochromones are known to have anti-inflammatory and analgesic [8-10], antitumor [11]
and antimicrobial activities [12]. A standout amongst the most essential classifications of visnagin is 6-formylvisnagin (4-methoxy-5-
oxo-5H-furo[3,2-g]chromene-6-carboxaldehyde) [13].
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DFT is a universally useful computational method and can be connected to various systems. Moreover, DFT methods are more
helpful for certain kinds of computations than others. Furthermore, DFT can be utilized for computations including metals. Several
DFT methods, for example, B3LYP, are specially planned for specific applications, previously definite in the literature [14]

DFT-theoretical calculation can be used for the investigation of the optimized geometries of the synthesized compound; 1-{[(4-
methoxy-5-o0xo-5H-furo[3,2-g]chromen-6-yl)methylidene]amino}-4,6-dimethyl-2-oxo-1,2-dihydropyridine-3-carbonitrile (MFCMP).
In addition, the investigation of the influence of solvent polarity on the observed spectra and other important related parameters were
facilitated by the calculation of time dependents-DFT [14-15].

In recent times, the electronic and optoelectronic of organic thin film-based devices have a lot of scientific consideration due to its
potential innovative applications, the interest of being lightweight and have conceivably minimal effort and cost for the preparation
[16,17]. Currently, the small molecular organic semiconductors are a feasible candidate for efficient organic photovoltaics, owing to
significant benefits including well-definite molecular structure, certain molecular weight and easily obtained with high purity and
controlled through preparation processes [18,19]. Based on these characteristics, earlier studies have realized an achievement of the
high efficiency of these small organic structures due to controlling its topography as a thin film, charge carrier mechanism and the
energy band gap[20,21]. Amongst numerous small molecular structure, chromone and its derivatives have become one of the greatest
broadly energetic material for various applications. The most natural products like chromones and other related structures have rich
chemical diversity and their often valuable biological activity[22-24]. Recently, other physical characteristics were checked and
proved for chromones as a thin film for optoelectronic device applications[15,25-27]. The results proved that these structures have
semiconducting property, thermal stability, sensitive for light, easy for preparation as a thin film with high quality, adherent with the
substrates, for device application with various morphological and crystalline structure. As a continuation of these studies, efforts have
been done to synthesize the two bioactive furochromone and pyridine moieties in one molecular frame and both Mulliken atomic
charges and the parameters of the structure are taken out by using the DFT at B3LYP/ 6-311 G (d,p) premise set. Therefore, part of
this work has addressed the preparation and characterization of MFCMP thin films. Also, the optical constants are separated from the
estimations of the experimental transmittance and reflectance. Finally, the current density-voltage characteristics of the MFCMP thin
film-based heterojunctions are studied under influence of dark and various illuminations. The influence of the illumination intensity
on the main heterojunction parameters are concerned to check the validity of the prepared device for photodiode application.

2. Experimental
2.1. Preparation and molecular structural characterizations

A mixture of 6-formylvisnagin (1) (0.98g, 4mmol) and 1-amino-4,6-dimethyl-2-oxo-1,2-dihydropyridine-3-carbonitrile (2)
(0.65 g, 4 mmol) in 20 ml of absolute ethanol and then heated for 2 h under reflux. The yellow crystals obtained after cooling were
filtered off and crystallized from ethanol to give MFCMP as pale yellow crystals.

Melting points were extracted by using a digital Stuart SMP3 apparatus. The infrared spectra were investigated by using spec-
trophotometer type Perkin-Elmer 293. 'H NMR and '*C NMR were measured on Mercury-300BB (300 MHz) and Mercury-400BB
(100 MHz), respectively. The instrument type GC-2010 Shimadzu Gas chromatography-mass spectrometer was considered. Perkin—
Elmer CHN-2400 was used for investigating the basic microanalyses.

2.2. Computational method

The well-known Khon-Sham’s DFT method through the B3LYP method was used for calculations [14]. The detailed about this
function and its advantage were described in the literature [14,15]. A full geometry optimization was extracted [15,28] using a
Gaussian 09 package [29]. The obtained geometries were imagined either utilizing GaussView 5.0.9 [30] or chemcraft 1.6 [31]
software bundles. The vibrational spectral assignment has been performed for FT-IR spectra of MFCMP based on the computationally
predicted.

2.3. Thin film preparation and physical characterizations of MFCMP

Thin films of MFCMP were grown on corning glasses and single crystalline Si substrates by using Polos spin coater at 600 rpm for
60 s. Prior to the preparation procedure, the substrates were ultrasonically cleaned and followed by a detailed process stated in our
previous literature [32]. The topography of the films was acquired by type JEOL-JSM-636 OLA. The size of the particles was esti-
mated by N5 submicron Particle size analyzer model Beckman.

The UV-Vis-NIR Spectrophotometer (JASCO-670) was used to record the transmission and reflection spectra of the prepared films
at 300 K. To estimate the characteristics of the MFCMP based heterojunction, current-voltage measurements were made using high
impedance Keithly 2635 A in dark and under illumination.

3. Results and Discussion
3.1. Molecular structure and reaction confirmation

In the present work, condensation reaction of 6-formylvisnagin (4-methoxy-5-oxo-5H-furo[3,2-g]chromene-6-carboxaldehyde)
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Scheme 1. Formation of the novel MFCMP.

(1) with 1-amino-4,6-dimethyl-2-oxo-1,2-dihydropyridine-3-carbonitrile (2) afforded the novel Schiff base identified as
1-{[(4-methoxy-5-ox0-5H-furo [3, 2-g] chromen-6-yl) methylidene] amino}-4, 6-dimethyl-2-oxo0-1,2-dihydropyridine-3-carboni-
trile (MFCMP) (Scheme 1).

The extracted MFCMP as pale yellow crystals were characterizes as : mp 265-266 °C, yield (1.25 g, 80 %). IR (KBr, cm ™ '): 3113
(CHgyran), 3060 (CHarom.), 2959, 2857 (CHaiipn.), 2218 (C=N), 1655 (C = Opyridine and C = O,_pyrone), 1597 (C = N), 1538 (C = C).
"H-NMR (Fig. 1(a)) (300 MHz, DMSO-¢): 2.27 (s, 3H, CHs), 2.38 (s, 3H, CHs), 3.93 (s, 3H, OCHs), 6.31 (s, 1H, H-5,yridinc), 7.04 (s, 1H,
H-9), 7.25 (d, 1H, H-3¢yan, J = 1.8 Hz), 8.04 (d, 1H, H-2gan, J = 1.8 Hz), 8.69 (s, 1H, CH = N), 8.99 (s, 1H, H-7). *C-NMR
(100 MHz, DMSO-de): 20.0 (CH3), 20.9 (CH3), 58.5 (OCH3), 98.2 (C-9), 105.8 (C-3), 108.3 (C-4a), 113.7 (C-3a), 116.3 (C-6), 116.5
(C=N), 120.2 (C-3pyridine)s 129.8 (C-5pyridine)s 146.4 (C-4pyridine), 147.8 (C-6pyridine), 148.1 (C-2), 149.3 (C-7a), 151.2 (C-4), 157.0 (C-
9a), 157.4 (CH = N), 157.8 (C-7), 164.2 (C = Opyridine); 174.4 (C = Oy_pyrone). Mass spectrum (Fig. 1 (b)), m/z (I, %): 389 wm*, 2),
242 (100), 227 (92), 212 (76), 195 (28), 186 (73), 176 (25), 160 (24), 148 (83), 132 (17), 119 (84), 105 (21), 92 (13), 78 (25), 65
(17). Anal. Caled for C»1H;5N305 (389.36): C, 64.78; H, 3.88; N, 10.79%. Found: C, 64.55; H, 3.70; N, 10.60%.

The structure of MFCMP was deduced on the basis of its correct analytical and spectral data. The IR spectrum of MFCMP
(Fig. 2(a)) showed characteristic absorption bands at vmax 3113 (CHgyran), 3060 (CHarom.), 2959, 2857 (CHaiiph.), 2218 (C=N), 1655
(C = Opyridine and C = Oy_pyrone), 1597 cm!. Its 'H NMR spectrum revealed the presence of singlet signals at2.27 (CH3), 2.38 (CH3),
3.93 (OCH3), 6.31 (H-54ridine), 7-04 (H-9), 8.69 (CH = N), 8.99(H-7), in addition to two doublets assigned to H-3gyran and H-2¢ran
at7.25 and 8.04, respectively. The '>C-NMR of MFCMP revealed signals equal to the total numbers of carbon atoms and agrees well
with the suggested structure. The spectrum revealed characteristic signals at20.0 (CH3), 20.9 (CH3), 58.5 (OCH3), 116.5 (C=N),
164.2 (C = Opyridgine) and 174.4 (C = O, pyrone). Furthermore, structure of MFCMP was deduced from its mass spectrum which re-
vealed the molecular ion peak at 389 with low abundance (I; 2%) and the molecule splits into two part which was identified as 6-
(iminomethyl)-4-methoxy-5H-furo[3,2-glchromen-5-one (m/z 242; 100% as the base peak) and 3-cyano-4,6-dimethyl-2-oxo-1,2-di-
hydropyridinium cation (148; 83%) The splitting of MFCMP during the fragmentation pattern may attribute to the weak N-N bond
force.

Comparison of the vibrational frequencies calculated at B3LYP/6-311 G (d,p) with experimental values and corresponding as-
signment of FT-IR Spectra of the compound are listed in (Table 1) and (Fig. 2 (b)). Another attempt to follow up the changes of the
MFCMP is carried out by studying the vibrational spectra. The calculated frequencies produce a reasonable deviations from the
experimental one. This deviation can be attributed to the consideration of the intermolecular interaction for the experimental results
in contrary to the theoretical one (i.e. considering the single molecule in the gaseous nature). The scale factor of the calculated
vibrational frequencies is equal to 0.9613 at B3LYP/6-311 G(d,p) basis set. The assignment could be achieved extensively as in the
following:
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Fig. 1. (a)The 'H NMR spectrum, and (b) The mass spectrum of MFCMP.
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Fig. 2. (a) Experimental IR spectrum and (b) Calculated IR spectrum of MFCMP at B3LYP/6-311 G (d,p).

Table 1
Experimental and computational calculated vibrational wavenumbers (harmonic frequency (cm')), IR intensities and assignments for MFCMP at the
B3LYP/6-311 G (d,p).

No. Exp. Wave number IR Intensity Assigments References
unscaled scaled Rel. Abs.

1 3113 3250 3124 0.745 0.523 v C-H furan -

2 3060 3206 3082 4.322 2.251 v C-H aromatic [22]

3 2956, 2857 3025 2907 63.76 57.77 v C-H aliphatic -

4 1655 1713 1646 379.30 225.65 v C = O y-pyrone [23]

5 1597 1659 1595 31.18 22.26 vC=N -

6 1567 1626 1563 107.86 98.36 B C = C (in ring) [24]

7 2218 2308 2219 47.84 34.68 v C=N -

vy (Stretching); vy(Symmetric stretching); vs(Asymmetric stretching); B (In plane bending);

The aromatic C-H stretching vibration [33] is in general observed in the region 3000-3100 cm ™~ '.The computed vibration is
assigned to C-H aromatic stretching vibration at 3206 cm ™! (unscaled value) but (the scaled value at 3082 cm ™ ') which is com-
parable with experimental results at 3060 cm ~'. The computed vibration is assigned to symmetric C-H aliphatic stretching vibration
in CH; at 3025 and 3152 cm ™! (unscaled value), respectively but the scaled value at 2907 cm ™! for the compound has shown a
comparable agreement with experimental results at 2956 and 2857 cm ™, respectively. The computed vibration is assigned to
asymmetric C-H furan stretching vibration at 3250 cm ™! (unscaled value) but the scaled value at 3124 cm ™! has shown a com-
parable agreement with experimental results at 3113 cm ™ '. Generally, the C = O vibrations are observed in the region 1790-
1810 ¢cm ™! [34]. Vibrations are assigned to C = O stretching at 1713 cm ™ 1 (unscaled value) but the scaled value at 1646 cm ~* which
is comparable with experimental result at 1655 cm ™. The C = C vibration [33] is observed in the region 1480-1630 cm~ L. The
computed vibration is assigned to C = C stretching vibration at 1626 cm ! (unscaled value) but the scaled value at 1563 cm ~* which
is comparable with experimental result at 1567 cm~'. The computed vibration is assigned to asymmetric C = N [35] stretching
vibration at 1659 cm ™! (unscaled value) but the scaled value at 1595 cm ™! shows a comparable agreement with the experimental
result at 1597 cm ™~ *. The computed vibration is assigned to C=N stretching vibration at 2308 cm ™" (unscaled value) but the scaled

value at 2219 cm ™! has shown a comparable agreement with experimental results at 2218 cm ™ *.

3.2. Molecular orbital calculations of the ground state energy

The optimized geometries (i.e., bond lengths, bond angles and dihedral angles) as well as ground state energies; total energy (Er),
energy of highest occupied MO (Epowmo), energy of lowest unoccupied MO (E ymo), energy gap (Eg), dipole moment (u), and net
charges of 1-{[(4-methoxy-5-0x0-5H-furo[3,2-g]chromen-6-yl) methylidene]amino}-4,6-dimethyl-2-0x0-1,2-dihydropyridine-3-car-
bonitrile (MFCMP) obtained using the B3LYB/6-311 G (p,d) level are presented in Fig. 3 and Tables 2 and 3. Scale factors were
suggested for a precise forecast in deciding the zero-point vibrational energies, and the entropy. The diverse in these energies seem to
be inadequate. The analysis based on the results of Tables 2 and 3 and Fig. 3 show that: the optimized bond length of C = C in phenyl
ring falls in the range from 1.349 to 1.476A° which is in agreement with the experimental data (i.e. 1.481A°) [36] for C = C bonds.
The optimized length obtained by B3LYB/6-311 G (p,d) is slightly longer than the experimental data 1.229A° for C = O bonds [36].
The computed bond angles are largely affected by the presence of C = O group in C4, especially < H;7C14015, < N33N34Cq9 and

< C4C;0q; are, and (Table 3). The most stable geometry of MFCMP is the planar structure, except pyridine moiety (where the
dihedral angle N33N34C05035 is 9.16° and O11C4CsC; is —1.87°) are out of the molecular plane of the compound. The Mullikan net
charge observed on active centers O and N show a significant change indicating the interaction between different moieties of the
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Fig. 3. (a) Optimized geometry, numbering system, net charge, vector of dipole moment and (b) HOMO and LUMO of MFCMP using B3LYP/6-
311 G(d,p).

Table 2

The optimized calculations of total energies (a.u.), zero point vibrational energies (kcal. mol?),
rotational constants (GHz), entropies (cal.k'), energy of HOMO and LUMO (eV), energy gap (eV)
and total dipole moment (Debye) carbonitrile of MFCMP at the B3LYP/6-311 G(d,p).

Parameters B3LYP/6-311 G(d,p)

Total Energy,(Er)

Zero Point Vibrational Energy 203.02185
0.46700
Rotational constant 0.06405
0.05973
Entropy
Total 176.512
Translational 43.768
Rotational 36.441
Vibrational 96.304
Energy of highest occupied molecular orbital (Enomo) 6.14312
Energy of lowest unoccupied molecular orbital (Epymo) 2.357424
Energy Gap,(Eg) 3.785696
Dipole moment, () 7.9700

compound (Fig. 4) and (Table 3). The ionization energy, LE is calculated as 6.14 eV (Table 2). Also, the electron affinity (E.A) is
calculated and found to be 2.35 eV. So the calculated energy gap, (E;), is 3.78 eV. Finally, the computed dipole moment () is found to
be 7.97 D. In addition, the zero-point vibrational energy of the compound is 203.022 kcal mol® and total entropy is 176.51 cal.k!
(Table 2).

The distribution of Mulliken atomic charge is implemented in the atomic orbitals of carmoisine [37]. For MFCMP, the most
electronegative charges are accumulated on N and O, while the most electropositive atoms like C and H have an inclination to accept
electrons. The Mullikan's plot of MFCMP using B3LYP/ (d,p) method is illustrated in Fig. 4. It is noted from this figure that, the strong
negative and positive partial charges on the skeletal atoms of the parent increases with increasing Hammett constant of substituent
groups. These allocations of fractional charges on the skeletal atoms demonstrate that the electrostatic repulsive or attractive forces
between molecules afford a considerable commitment to the interaction types. A fraction of a particle that has a negative electrostatic
potential will be liable to electrophilic attack. It is not as straightforward to use electrostatic potentials to predict the nucleophilic
attack. Consequently, the negative district (blue) and positive locale (red) demonstrate electrophilic and nucleophilic assault in-
dications.

3.3. Electronic absorption spectra of MFCMP
The electronic spectra of MFCMP in methanol and xylene solvents and its assignment of spectra are given in Fig. 5. The charge
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Table 3
Equilibrium bond lengths, bond angles, dihedral angles and net charges of MFCMP at the B3LYP/ (p,d) level of theory.
Bond lengths &) B3LYP/6-311G (p,d) Bond angle (°) B3LYP/6-311G (p,d) Dihedral angles (°) B3LYP/6-311G (p,d)
C4—C3 1.422 < 0712C3Cq 120.110 < CgC19N33N34 174.95
C,—C, 1.381 < C¢CsCy 118.486 < H0C3C9012
Cg—Co 1.352 < C1CoHoy 123.669 < H4CiCo015
C19—Cg 1.460 < CgC13C14 105.817 < N33N34Cos O3s 9.16
Co7—Cs1 1.504 < C4C;011 124.366 < N33N34Ca9 C3o
C,—0;5 1.358 < C13C14015 112.164 < N33N34C19 Hys
C15—010 1.440 < N34 Co5036 120.710 < Cag C 2yN35 Cao 1.85
C,—013 1.224 < Njs C32 Co6 177.348 < C;C4Cs 011
Ci13—Hje 1.077 < N33 C19 Cs 120.710 < Cy7C31 Co6 Haa 67.09
Cy—Hoy 1.080 < Caug Co9C3p 122.333 Net charges _
C30—Hss 1.093 < Cy7C31 Hyo 111.194 N
C19—Ns3 1.284 < C1oN33N 34 116.130 N
C32—Nss 1.156 < Cy5N33N 34 119.422 N
Ca5—N3y4 1.444 < C31 H 42 Hyo 108.389 (6]
N33—Na34 1.401 < Cy8 O 10 Haa 105.322 o
C13—Cis 1.349 < C1Cy Hpy 123.669 O
C,—Cg 1.476 < Cy3 Cig Hyy 133.037 o)
Cys—Hao 1.088 < Cy4 O 15 Hy7 114.799 (¢}
—_—
= H41
—_— h3
=g
N3
—
B —
— 29
—
—— (25
s
: H21
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Fig. 4. Atomic charge distribution (au) of MFCMP using B3LYP/6-311 G(d,p).

density maps of the occupied and vacant MO,s considered in the transitions are presented in Fig. 6. The spectrum in xylene is
composed of six bands centered at 393.37, 350.18, 310.79, 286.96, 272.83 and 250.46 nm. Increasing solvent polarity ongoing from
xylene to methanol causes small changes in band positions indicating that the polarity of the excited and ground states are of the
same values, that is, solvent independent. The excited configurations can be attributed to the electron excitation of eight highest
occupied molecular orbital's Qo4 (101 and the lowest four vacant molecular orbital's @102 10s. The correspondence between the
results of the theoretical and the experimental transitions are satisfactory.

The first (;w-c*)! state is centered at 393.37 nm in xylene this band is predicted theoretically at 389.74 nm, in good agreement
with the experiment, and is configurations, namely, @10, (102 This band is of CT character from pyridine moiety to the chromone
moiety. The second (;t-*) state is observed at 350.18 nm in xylene and is predicted theoretically at 342.91 nm and is configurations,
namely, @go' @102 and @100' @102, This band is of CT character from pyridine moiety to the chromone moiety and delocalized. The
third (m-m*)* state is observed in xylene at 310.79 nm and predicted theoretically at 302.57 nm. This band is composed of six
configurations, namely, (Pv;7l P102, (pc;gl ®103, (p.;gl P102, (p.;gl ®103, (p.;gl @104, and (pfoll @104. This band is CT character from chromone
moiety to the pyridine moiety, delocalized and localized bands. The fourth (-m*)* state computed theoretically at 279.35 nm and
observed in xylene at 286.96 nm. This state is composed of a mixture of six configurations as listed in Table 4. Accordingly, charge
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Fig. 5. Experimental and electronic absorption spectra of MFCMP.

Fig. 6. (a) The charge density maps of the occupied, and (b) The charge density maps of the un-occupied states levels of MFCMP.

transfer, CT, localized and delocalized configurations can be anticipated. The main contribution of this band is coming from the two
configurations (p9_71 102 and cpfo%, @104, Which is of CT character from chromone moiety to the pyridine moiety and delocalized. The
fifth (7, 7*)! state computed at 272.83 nm in xylene, 267.19 nm in methanol and is computed theoretically at 262.22 nm. This state
has a high extremity when contrasted with that of the ground state and consequently dissolvable reliance on band position. This state
is composed of a mixture of eight configurations, that is also assigned as a delocalized and a charge transfer band (CT) from pyridine
moiety to the chromone moiety (Fig. 6). The last one state computed theoretically, appears at 240.66 nm. This state is composed of a
mixture of nine configurations, both states are w-t* and assigned as a delocalized, CT character from chromone moiety to the pyridine
moiety and localized transition (Table 4).

3.4. Surface morphology characterization

To obtain information about the surface morphology of MFCMP in two different scales of 5um and 1 um, scanning electron
microscopy images is illustrated in Fig. 7(a-c). The morphology is composed of many different irregular layer-like structure with the
average diameter obtained from a particle size analyzer (shown in Fig. 7 (d)) of about 2.3 pm. Some fractures of small sizes are also
observed in different orientations and have the same structure and and characterized by an aggregation on the surface of layers. The
entire measurement was repeated at various times at randomly picked out sites and the resulting data were considered to be the
average.

3.5. Optical characterizations of MFCMP thin films

The transmission, T(A) and reflection, R(\) spectra of MFCMP thin films in a wide wavelength range are shown in Fig. 8. As
observed, the films exhibit a transmission increase in the high wavelength region and reaching 92% at 2500 nm. Furthermore, the
reflectance decreases at a higher wavelength and reaches 8% at 2500 nm. The observed results for the high transparency in terms of
film transparency seem to be better than those obtained by other authors [38,39].

The optical constants, in particular, the refractive index (n) and extinction index (k) were extracted utilizing the spectro-
photometric measurements of T (A) and R (A) using the published analysis [38,39]. The optical constant k can be estimated from the
absorption coefficient as follows:
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Fig. 7. SEM of different magnifications (a) 1000 x, (b) 5,000, (c) 10,000 and (d) Particle size analysis.
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Fig. 8. Spectral dependence of R and T characteristics of MFCMP thin films.
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a= lln[(1 ~ Ry? + ((1 LI +R2)],
d 2T 4T?

(2)

While the refractive index can be extracted using the following equation

_(1+R 4R,
o= (15 ((1—R>2 ")’ @

Fig. 9 shows the spectral dependence of both refractive (n) and extinction (k) indices. As observed, the refractive index, n
illustrates, in the absorption region, a type of dispersion called anomalous dispersion, while the dispersion type is normal in the non-
absorbing region (transparent region, where A > 1300 nm). The obtained optical constants and its behavior are matched with those
published for most organic thin films [40-42].

The normal dispersion can be identified from the spectral dependence of a material's refractive index which is commonly ex-
pressed by Wemple-DiDomenico formula [43]. The normal dispersion can be explained on the basis of a single oscillator model. But
the anomalous dispersion can be caused by the effect of the absorption spectrum in the medium and followed by different modes of
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Fig. 9. Spectral dependence of extinction index (k) and refractive index (n) of MFCMP thin films.

dispersion and can be explained on the basis of the multi-oscillator model as reported by Igbal et al.[44] and El-Nahass [45]. This
extraordinary attitudes of the refractive index curve against wavelength to the probability of resonance impact of polarization of
charge carrier and the incident light spectrum in the absorption region[45].

3.6. The optical band gap of MFCMP thin films

The information about the kind of transition and determination of the optical energy band gap can be extracted from the analysis
of the optical absorption coefficient edge. The photon energy dependence of the absorption coefficient can be expressed as follows
[45]:

ahv = B (ho — Ep)’, (€]

where B is constant and s is an exponent used for transition type identification(s = Y2 or 2 for direct allowed or indirectly allowed
transition, respectively). Fig. 10 shows the relationship of (ahv)'/? against ho for the studied thin films. The obtained linear fitting
confirms that the main type of transition is direct allowed and the energy band gap is determined from the intercepts of the x-axis at
(ahv)? = 0. Consequently, the obtained value of the optical band gap is 2.29 eV. The contradiction between the theoretical HOMO-
LUMO energy difference and the experimental one can be due to some factors that affect the experimental absorption edge like the
probability of the occurrence of the imperfection of crystalline bulk, experimental errors of measuring the film thickness and/or an
optical constant [46].

The Urbach energy was estimated from the photon energy dependence of the absorption coefficient on the semilogarithmic plot as

12
1.2x10 @) b)
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Fig. 10. Plot of (chv) 2vys. hvof (a) region I and (b) region II of MFCMP thin films.
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Fig. 11. Spectral dependence of real dielectric (e;) and imaginary dielectric constant (¢2) of MFCMP thin films.

shown in Fig. 10(b) and found to be 0.51 eV.
3.7. Dielectric characterization of MFCMP thin films

The dielectric characterization is very important for describing the interaction of the electromagnetic waves through the material
molecules [47]. The real dielectric constant can be expressed as follows:

a=n*—k? (5)
and the imaginary dielectric constant, €., is given by the expression as follows:
& = 2nk (6)

The spectral dependence of both €; and ¢, is shown in Fig. 11. It can be seen that the value of €; is higher than &, at a certain
wavelength through the spectrum. The observed peaks in the spectrum give an indication of charge carrier interaction with the
material and characterizing the material.

3.8. Nonlinear optical investigations

The nonlinear optics means that the relation of incident light to a material system is no longer linear against the electric field
strength. Accordingly, the dielectric polarization, P is nonlinear with respect to the electric field as follows [48]:

p® = xPE® + xPE® + ¢ E®+ - %]

where ¥, x® and x® are the first, second and third order susceptibilities which generally give an indication for the order of
nonlinearity are considered to be promising of several applications like electro-optic devices[49].
The linear optical susceptibility is identified with the photon energy by the following expression [49]:

- 1)
@ =X 7
x (am) ®)

Third order susceptibility has been studied experimentally in a large variety of materials as homogenous bulk glasses, nano-
material, polymers, and can be determined using the following relation[49]:

(3) = M,
(4m)* 9)

where A is a frequency independent quantity and nearly the same for all materials, A = 1.7 X 107 ° esu [50]. Fig. 12 illustrates the
photon energy dependence of the third-order susceptibility. The results showed a highly broad peak in the near infrared region, in
agreement with the photon energy dependence of y™.

3.9. Current-voltage characteristics of MFCMP / p-Si heterojunction

The schematic diagram for the heterojunction of MFCMP/p-Si is shown in Fig. 13. The current density-voltage characteristics of
MFCMP/p-Si heterojunction in dark and under various illuminations in the range 20-100 mW/cm? are shown in Fig. 14(a). As
observed from the figure that the heterojunction behaves non-linear characteristics that supporting the diode-like behavior with the
remarkable rectification characteristics. In addition, the recorded current under illumination is higher than those in dark condition.
Furthermore, the reverse current is affected by the illumination intensity larger than those under dark with a remarkable shift
towards the forward bias due to the photovoltaic characteristics of the prepared heterojunctions. Such behavior is in agreement with
those published for most organic-based heterojunctions [51-53]. Gunduz et al. [54] have interpreted these characteristics by the
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Fig. 14. (a) Plot of J vs. V and (b) Plot of Jy, vs. P of MFCMP/p-Si heterojunction films.

absorption of photons by organic layer and consequently, the photogenerated carriers are adequate to overcome the barrier height
and thus increasing the photocurrent. The mechanism is abbreviated as follow: when the organic film is exposed to the photons of the
light source under a certain condition, the photon energy is higher than the energy band gap, the charge carriers are generated and
separated under effect of built-in potential and then the photocurrent is generated in the external circuit [55]. Fig. 14 (b) shows that
the logarithmic plot of photocurrent against light intensity. This figure shows that the photocurrent increases with increasing the
illumination intensity which gives support for the photosensitivity of the heterojunction and the applicability for the optical sensor.
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Fig. 15. (a) Plot of ideality factor, n vs. P and (b) barrier height,®, vs. P of MFCMP/p-Si heterojunction.

The photocurrent as a function of power intensity relationship is expressed as follows [56]:
Jon = CP™, (10)

where Jp;, is the photocurrent, C is constant, m is the exponent for identifying the mechanism and P is the intensity of light. The slope
of the curve is found to be 0.65. This value of m lies between 0.5 and 1 which confirming the occurrence of continuous trap
distribution levels [57].

The ideality factor, n and the barrier height ®;, values of the heterojunction were extracted under various illumination intensities
as shown in Fig. 15. This figure confirms that the ideality factor decreases while barrier height increases with increasing illumination
intensity. The decreasing of the ideality factor with the increasing of light intensity gives an evidence for the enhancement of the
diode characteristics under illumination [58,59].

The photocurrent and photosensitivity are measured under the effect of illumination at different applied bias as shown in
Fig. 16(a) and (b), respectively. As observed, the photocurrent increases while photosensitivity decreases with increasing applied
bias. Moreover, both photocurrent and photosensitivity increase with increasing illumination intensity which gives confirmation for
the applicability of the studied heterojunction for the optoelectronic devices [60].

The responsivity of the heterojunction as a function of illumination intensity at different applied bias is shown in Fig. 17(a). The
heterojunction shows higher responsivity which increases with increasing the illumination intensity and applied bias. Furthermore,
the detectivity of the heterojunction can be calculated from the responsivity using the well-known formula stated in the literature
[61,62]. Fig. 17(b) shows illumination intensity dependence of the detectivity at different applied bias. As observed, a significant
small increase of the detectivity with increasing illumination intensity while the detectivity decreases with increasing applied bias, in
harmony with the previously results by Afify et al. [62] for the photodetector parameters of Ag/TiOPc/p-Si/Al hybrid heterojunction.

4. Conclusions

The novel Schiff base of 1-{[(4-methoxy-5-ox0-5H-furo[3,2-g]chromen-6-yl)methylidene]amino}-4,6-dimethyl-2-oxo-1,2-di-
hydro-pyridine-3-carbonitrile (MFCMP) was obtained using the condensation reaction of 6-formylvisnagin with 1-amino-4,6-di-
methyl-2-0x0-1,2-dihydropyridine-3-carbonitrile. The optimized geometries of MFCMP obtained using the B3LYB/6-311 G (p,d)
level were calculated as 2.35 eV, 3.78 eV, 7.97 D, 203.022 kcal mol® and 176.51 cal.k! for the electron affinity, energy gaps, dipole
moment, zero-point vibrational energy, and total entropy, respectively. The experimental optical energy gap was found to be 2.29 eV.

The discrepancy between the theoretical and experimental energy gaps was attributed to the influence of the intermolecular
interaction for the experimental results contrary to the theoretical one. The presence of various peaks in the spectrum of both real and
imaginary dielectric constants of MFCMP films gives a suggestion of the charge carrier interaction with the material.

The J-V characteristics of MFCMP/p-Si heterojunction in dark and under various illuminations showed diode-like behavior with
remarkable rectification characteristics. The trap continuous trap distribution levels mechanism is predominant for the photocurrent
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Fig. 17. (a) Plot of responsivity vs. P and (b) Detectivity vs. P of MFCMP/p-Si /p-Si heterojunction.

under influence of illumination. The photosensitivity characterization of MFCMP/p-Si heterojunction under illumination confirm the

applicability of this structure for photodiode devices.
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