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ABSTRACT: With the aim to enhance the charge transport, optoelectronic and semiconducting
properties various multifunctional pyrano[3,2-cJchromene derivatives were synthesized
and characterized. To shed light on the various properties of interests, the ground state geometries
were optimized by Density Functional Theory (DFT). The effect of different substituents, e.g.,
thiophen-2-yl, 5-bromothiophen-2-yl, 1H-indol-3-yl, pyridin-3-yl, and benzo[d][1,3]dioxol-5-yl was
studied on the structural stability, electronic properties, and absorption wavelengths by DFT
and Time-Domain DFT (TDDFT). The experimental excitation energies were successfully reproduced
at TD-PBE/6-31G** level in DMSO. The electron injection barrier, ionization potential, electron
affinity, and reorganization energies for hole and electron were calculated and compared
systematically. The smaller electron reorganization energies of pyrano[3,2-c]chromene derivatives
except indole substituted one is illuminating that these materials would be efficient to be used
in n-type semiconductor devices.
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INTRODUCTION

Recent researches in the development of organic
semiconducting materials have witnessed tremendous
growth in the area of organic electronics that include
Organic Light-Emitting Diodes (OLEDSs), Organic Field-
Effect Transistors (OFETs), electrochromic and
photovoltaic devices [1-5]. Organic-based photovoltaic

materials have the advantage over inorganic based
counterpart due to their flexible shape, lightweight,
versatile technological process, economic at large-scale
industrial production, ease of modifying the chemical
structure, optimizing their structural, electrical, and optical
properties [6].
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Organic materials having N-heterocyclic moiety
are extensively used to construct optoelectronic materials
such as OLEDs, Dye-Sensitized Solar Cells (DSSCs), organic
and heterojunction solar cells [7-9]. However, among
many organic compounds, pyrazoles appended molecular
materials have received great attention for the fabrication
of photovoltaic and photorefractive materials owing
to their specific photophysical properties such as low
ground state dipole moments which favor enhancing
the photovoltaic performance [10]. The electron-rich pyrazole
unit performs well as a donor-acceptor type of functional
material due to strongly electron-donating nature, better
hole transfer and photoelectron ability [11]. Hence,
pyrazole derivatives have widely been used as hole
transport materials in DSSCs and the OLEDs. Previously,
pyrano[3,2-clchromene derivative was synthesized and
various functional properties were probed by advanced
quantum chemical techniques [12]. Pawar et al., described
synthetic microwave procedure of pyrano[3,2-c]chromene
derivative was catalyzed by Cesium Carbonate [13].

Multi-component reactions for the synthesis of
pyrano[3,2-clchromenes  from  different  aromatic
aldehydes with a mixture of malononitrile and
4-hydroxycoumarin were established. The chemistry of
chromenes has attracted the interest of many areas due to
their applications such as red fluorescent emitters [14, 15],
Pyran derivatives have been used widely in
electroluminescent devices due to their fluorescent
properties [16], Chromenopyrazoles are being used
in thermally activated delayed fluorescence OLEDs [17].

To unravel the relationship between chemical
structures and charge transport properties, we have
synthesized 2-amino-4-(heteryl)-5-oxo0-4H,5H-
pyrano[3,2-c]chromene derivatives, i.e., 2-amino-5-oxo-
4-(thiophen-2-yl)-4H,5H-pyrano[3,2-c]chromene-3-
carbonitrile (4a), 2-amino-4-(5-bromothiophen-2-yl)-5-
oxo0-4H,5H-pyrano[3,2-c]chromene-3-carbonitrile (4b), 2-
amino-4-(1H-indol-3-yl)-5-0x0-4H,5H-pyrano|[3,2-
c]chromene-3-carbonitrile (4c), 2-amino-5-0xo0-4-
(pyridin-3-yl)-4H,5H-pyrano[3,2-c]chromene-3-
carbonitrile (4d), and 2-amino-4-(benzo[d][1,3]dioxol-5-
yl)-5-0x0-4H,5H-pyrano[3,2-c]chromene-3-carbonitrile
(4e), see Scheme 1. The effect of various substituents
on the optoelectronic properties, charge transport and electron
injection was systematically studied to explore new types
of optoelectronic and semiconductor materials.
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EXPERIMENTAL SECTION
Experimental Details

All chemicals were purchased from Sigma-Aldrich
Chemical Co. Melting points were determined
with a Stuart Scientific Co. Ltd apparatus and are uncorrected.
IR spectra were determined as KBr pellets on a Jasco
FT/IR 460 plus spectrophotometer. *H NMR and *C NMR
spectra were recorded usinga BRUKER AV 500/600 MHz
spectrometer. The microwave apparatus used is Milestone
Srl, Microsynth. The MS were measured on a Shimadzu
GC/MS-QP5  spectrometer.  Elemental  analyses
were performed on a Perkin-Elmer 240 microanalyser
and all compounds are within +0.3% of theory specified.
Previously, through Knoevenagel reaction between
aldehyde and malononitrile in presence of cesium
carbonate to form adduct 1. Finally, various
dihydropyrano[3,2-c]chromenes were synthesized [13].
In present work, through Knoevenagel reaction between
aldehyde and malononitrile in presence of piperidine
we have synthesized 2-amino-4-(heteryl)-5-oxo0-4H,5H-
pyrano[3,2-c]chromene derivatives using piperidine
as catalyst under microwave irradiation conditions
to improve the yield and reduce the reaction time.

General procedure for the synthesis of 2-amino-4-
(heteryl)-5-o0x0-4H,5H-pyrano[3,2-c]chromene
derivatives

4-Hydroxycoumarin 1 (0.01 mol), hetero aromatic
aldehyde 2a-e (0.01 mol) and malononitrile 3 (0.01 mol)
in 30 mL ethanol and 0.5 ml of piperidine was exposed
to pulsed microwave irradiation for 2 min at 140°C.
After completion of the reaction as indicated by TLC,
the reaction mixture was cooled to room temperature and
the separated solid was filtered and recrystallized
from ethanol. The physical date for 4a - 4e are as follows:

2-Amino-5-oxo0-4-(thiophen-2-yl)-4H,5H-pyrano[3,2-
c]chromene-3-carbonitrile (4a)

White crystals, (ethanol), yield 78 %, mp 267-269°C,
IR (KBr, v max cmt), 3367, 3279, 3174 (NH2), 2200 (CN),
1709 (C=0), 1636 (C=C); 'H NMR (DMS0-d6, 500 MHz)
o: 7.38-7.87 (m, 4 H, aromatic), 7.44 (s, 2H, , NH>), 7.38
(d, C-5, thiophene), 7.03 (t, C-4, thiophene), 6.95 (d, C-3,
thiophene), 4.82 (s, H-4); *C NMR (DMSO-d6, 125 MHz),
159.42 (C=0), 158.39 (C-2), 152.98, 152.03,147.43,
133.05 (C-2, thiophene), 127.04 (C-4, thiopene), 125.49
(C-5, thiophene), 125.17, 124.70 (C-3 thiophene), 122.41,
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Scheme 1: Synthesis 2-amino-4-5-0x0-4H,5H-pyrano[3,2-c]Jchromene derivatives (4a-4e).

119.05, 116.56, 112.77, 104.01, 57.83 (C-3), 32.06 (C-4),
Anal. Calcd for C17H1oN20sS: C, 63.35; H, 3.13; N 8.69.
Found C, 6.13; H, 2.95; N, 8.49.

2-Amino-4-(5-bromothiophen-2-yl)-5-ox0-4H,5H-
pyrano[3,2-c]chromene-3-carbonitrile (4b)

Pale yellow crystals (ethanol), yield 89 %, mp 269-
271°C, IR (KBr, v max cm™), 3363, 3251, 3192 (NH,),
2209 (CN), 1708 (C=0), 1667 (C=C); *H NMR (DMSO-
d6, 500 MHz), 7.44-7.86 (m, 4 H, aromatic), 7.46 (s, 2H,
NH,), 7.06 IH, H-3 thiophene), 6.87 (d, H-4, thiophene),
4.78 (s, H-4); 13C NMR (d, CH, (DMSO-d6, 125 MHz),
160.06 (C=0), 159.08(C-2), 153.78, 152.69, 149.67,
133.82 (C-2, thiophene), 130.91 (C-4, thiopene), 126.81
(C-5, thiophene), 125.39, 122.98, 119.47, 117.28, 113.34,
110.76, 103.80, 57.43, 33.02 (C-4); Anal. Calcd for
C17HeBrN2OsS: C, 50.89; H, 2.26; N, 6.98. Found: C,
50.66; H, 20.05; N, 6.79.

2-Amino-4-(1H-indol-3-yl)-5-o0x0-4H,5H-pyrano| 3,2-
c]chromene-3-carbonitrile (4c)

Yellow crystals (ethanol), yield 84 %, mp 245-246°C,
IR (KBr, v max cm), 3424, 3322, 3184 (NH), 2188 (CN),
1690 (C=0), 1654 (C=C); *H NMR (DMSO0-d6, 500 MHz),
11.02 (NH, indole), 7.31-7.43 (m, 9 H, aromatic), 7.38
(s, 2H, NH2), 4.76 (s, H-4); 13C NMR (DMSO-d6,
125 MHz), 160.08 (C=0), 158.68 (C-2), 153.33, 152.57,
137.17, 133.27, 125.21, 124.70, 122.95, 121.51, 119.31,
118.44, 117.09, 116.51, 112.45, 104.73, 58.80, 29.35 (C-4);
Anal. Calcd for CxnHisN3Os: C, 70.98; H, 3.69; N,
11.83. Found: 7.77; H, 3.67; N, 11.61.
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2-Amino-5-oxo0-4-(pyridin-3-yl)-4H,5H-pyrano| 3,2-
c]chromene-3-carbonitrile (4d)

White crystals (ethanol), yield 92 %, mp 263-265°C,
IR (KBr, v max cm), 3365, 3282, 3177 (NH2), 2202 (CN),
1706 (C=0), 1637 (C=C); 'H NMR (DMSO-d6, 500 MHz),
8.46 (d, H-5, pyridine), 856 (s, H-2, pyridine),
7.34-7.90 (m, 6 H, aromatic), 7.71(2H, NHy), 4.55 (s, H-4);
13C NMR (DMSO-d6, 125 MHz), 159.53 (C=0),
158.06 (C-2), 153.78, 152.19, 149.03 (C-2, pyridine),
148.23, 147.89 (C-5, pyridine), 135.45 (C-4, pyridine),
132.96 (C-3, pyridine), 124.60, 123.78, 122.52, 119.01,
116.51, 112.90, 102.91, 57.04, 34.69 (C-4); Anal. Calcd
for C1gH11N303: C, 68.14; H, 3.49; N, 13.24. Found: C,
67.49; H, 3.26; N, 13.02.

2-Amino-4-(benzo[d][1,3]dioxol-5-yl)-5-0x0-4H,5H-
pyrano[3,2-c]chromene-3-carbonitrile (4¢)

Yellow crystals (ethanol), yield 96 %, mp 265-266°C,
IR (KBr, v max cm™), 3399, 3317, 1389 (NH>), 2190 (CN),
1702 (C=0), 1639 (C=C); 'H NMR (DMSO0-d6, 500 MHz),
7.37-7.90 (m, 7 H, aromatic), 7.42 (s, 2 H, NH2), 5.97 (dd,
CHy), 4.39 (s, H-4); 3*C NMR (DMSO-d6, 125 MHz),
159.50 (C=0),, 157.88, 153.26, 152.94, 152.09, 147.30,
146.27, 137.38, 132.78, 124.53, 122.47, 120.94, 119.19,
116.46, 113, 107.62, 103.92, 100.97, 58.15, 36.77 (C-4);
Anal. Calcd for CyH12N.Os: C, 66.76; H, 3.36; N,
7.77. Found: C, 66.52; H, 3.16; N, 7.58.

Computational Details

Previously, it has been shown that Density Functional
Theory (DFT) functionals best reproduce the geometries [18-36].
B3LYP functional [37-39] and 6-31G** basis set [40, 41]
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Fig. 1: Optimized top and bottom structures of pyrano[3,2-c]Jchromene derivatives.

were successfully used for structural, electronic,
photophysical and charge transport properties exploration.
Some other studies exposed that B3LYP/6-31G** level
is a sound method for A calculation to reproduce experimental
data [18, 42, 43]. Here, geometries for ground (So) and
excited (S;) states at B3LYP/6-31G** and TDDFT [44, 45]
B3LYP/6-31G** levels were optimized, respectively.
Moreover, B3LYP/6-31G** level was adopted for
ionization potential (IPvz), electron affinity (EAa) and
reorganization energy (A) (see supporting information
for details).

Previously, optical properties were calculated by
generalized gradient approximation (GGA) functional,
i.e., PBE [46-52] which magnificently reproduced
the experimental data [24, 25, 51, 53-56]. The time domain
DFT (TD-DFT) was used for absorption spectra
calculations [24, 25]. Heretofore, the absorption spectra
(Aabs) of pyrazole derivatives was computed by PBE,
B3LYP, PBEO, CAM-B3LYP, LCY-PBE and CAMY-
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B3LYP functionals. Among different functionals PBE
was found the best one to reproduce the experimental data [57].
In current work, TD-PBE [58] along with 6-31G** basis
set [40, 41] was adopted for the Aaps insolvent (DMSO)
using Polarizable Continuum Model (PCM) [59].
All the quantum chemical calculations were executed
by Gaussian16 software [60].

RESULTS AND DISCUSSION
Structures stability

When thiophene, bromothiophene and other
substituents were introduced at top (Fig. 1) result more
stability than those compounds in which substituents
were at bottom, see Table 1.

Electronic properties

The computed energies for highest occupied molecular
orbital (HOMO) (Enomo), lowest unoccupied molecular
orbital (LUMO) (ELumo), HOMO-LUMO energy gaps (Eg)
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Table 1: Total and energy differences for top and bottom substituted positions of various pyrano[3,2-c]chromene derivatives
computed at B3LYP/6-31G** level.

( Compounds

~

Total energy Total energy Difference
Bottom Top KJ/mol
4a -1387.1833051 -1387.1842306 243
4b -3958.2811777 -3958.2820898 2.39
4c -1198.0047983 -1198.0060051 3.17
4d -1082.4675168 -1082.4689855 3.86
k 4e -1254.9611285 -1254.9620473 241 /

Table 2: HOMO energies (Exomo), LUMO energies (ELumo), HOMO-LUMO energy gap (Egap), absorption wavelengths (Zabs),
major transition, % contribution (%Cont.) and oscillator strength (f) of pyrano[3,2-c]chromene derivatives computed
at TD-PBE/6-31G** in solvent (DMSO).

/ Compounds Enomo ELumo Egap f Aabs %Transition %Cont. Aabs® \
4a -6.11 -2.08 4.03 0.0953 307 H-4toL 64 310
4b -6.04 -2.19 3.85 0.1055 327 H-2toL 52 330
4c -5.35 -1.93 3.42 0.0812 322 H-3toL 70 325
4d -6.27 -2.15 4.12 0.0117 332 H-1toL 51 325
k 4e -5.56 -2.01 3.55 0.0262 326 H-3toL 50 325 /

@ Experimental absorption data in DMSO

in eV of parent compound (4a) and its derivatives (4b —
4e) at the Sp and Sy are tabulated in Table 2. The Exomo and
ELumo of the 4c is higher than other counterparts. The trend
in Exomo IS as 4c > 4e > 4b > 4d > 4a at the So. The trend
in ELumo owing to substituting strength is as 4c > 4d > 4e >
4a > 4b at the Sp. The trend in the energy gap was found
as 4d > 4a > 4b > 4e > 4c. The smaller Eg is approaching
that 4c would tune the optoelectronic nature successfully.
The Enomo is-6.11 eV for 4a and Aluminum (Al) work
function is —4.26 eV, the hole injection energy (HIE) is
1.85 eV (=-4.26 — (-6.11)) from 4a to Al electrode.
Hence, the Enomo level should be bigger in order to
increase hole injection aptitude. The computed HIE of are:
4b (1.78), 4c (1.09), 4d (1.81), and 4e (1.30) eV. The
ELumo level of 4a is —2.08 eV (see Table 2), the electron
injection energy (EIE) from 4a to Al electrode is 2.18 eV
(=2.08 — (—4.26)). The electron injection ability
can be increased by lowering the E,uwmo level. The computed
electron injection barrier is: 4b (2.07), 4c (2.33), 4d (2.31),
and 4e (2.25) eV. The HOMOs and LUMOs charge density
for Sp is illustrated in Figs. 2 and 3 that is revealing
comprehensible Intra-molecular Charge Transfer (ICT).

Research Article

Optical properties

Experimentally electronic absorption spectra of
all the studied compounds have been recorded in DMSO.
For better comparison purposes computationally absorption
spectra were also calculated in DMSO at PBE/6-31G**
level and tabulated in Table 2. The computed data at TD-
PBE/6-31G** level is in good agreement with available
experimental data. Red shift in the computed data for 4b,
4c, 4d and 4e has been observed 20, 15, 25, and 19 nm
as compared to the 4a. Red shift in the experimental data
for 4b, 4c, 4d and 4e has been observed 20, 15, 15, and 15 nm
as compared to the 4a. We have also studied the natural
transition orbitals (NTOs) [61] of all the derivatives which
are presented in Fig. 4 developed from TD-PBE/6-31G**
level of theory.

Charge transfer

Charge transfer performance can be predicted by IP
and EA which can be estimated by DFT to understand the
energy barriers for hole and electron injection. Previous
studies revealed that smaller IP would be good for hole
transfer [62] whereas larger EA for good electron ones.
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Fig. 2: Ground state HOMOs and LUMOs of the pyrano[3,2-c]chromene derivatives (Contour Value 0.05).
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Fig. 3: Excited state HOMOs and LUMOs of pyrano[3,2-c]Jchromene derivatives (Contour Value 0.05).
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Fig. 4: Occupied (hole, left) and unoccupied (particle, right) NTOs of pyrano[3,2-c]chromene derivatives (isosurface value=0.035).
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Table 3: The vertical and adiabatic ionization potentials (IPv/IPa), electronic affinities (EAv/EAa), hole/electron
reorganization energies (A(h) / (Ae)) (in eV) at the B3LYP/6-31G** level.

/ Compounds 1Pa EAa IPv EAv A (h) A(e) \
4a 7.353 0.763 7.676 1.016 0.634 0.451
4b 7.321 0.897 7.607 1.276 0.574 0.453
4c 6.755 0.662 6.942 1.396 0.403 0.516
4d 7.393 0.671 7.722 1.559 0.789 0.465
\ 4e 6.983 0.725 7.239 1.757 0.524 0.458 /

The calculated adiabatic IP (IPa), vertical IP (IPv),
adiabatic EA (EAa), and vertical Ea (EAV) are presented
in Table 3. The tendency in IPa is as 4d > 4b > 4a > 4e >
4c. The tendency in IPv is as 4d > 4a > 4b > 4e > 4c. The
smallest 1Pa and IPv were found for the 4c illuminating
that this compound would be better hole transfer contender
than those of other counterparts. The trend in EAa is as 4b
> 4a > 4e > 4d > 4c which is revealing that 4b and 4a
would be better electron transfer materials. By introducing
the indole as —R group elevate the IPa/IPv of 4c while
diminish the EAa value.

It is accepted that smaller electron reorganization
energy values (A(e)) than the hole ones (A(h)) would lead
to improving the electron transferability of the material
which revealed that such materials would be efficient
to be used in semiconductor devices as n-type. For 4a, 4b,
4d, and 4e, A(e) values are smaller than those of the A(h)
enlightening that prior compound might be good n-type
materials except 4c.

CONCLUSIONS

The substitution of various —R groups on top side
position is more favorable than the bottom one.
The computed and experimental absorption spectra
of pyrano[3,2-c]chromene derivatives was found in good
agreement at TD-PBE/6-31G** level. The calculated
electron injection barrier is as 4a (2.18), 4b (2.07), 4c
(2.33), 4d (2.31), and 4e (2.25) eV. Comprehensible ICT
was found from occupied to unoccupied molecular
orbitals. The indole substitution (4c) leads to higher
HOMO level, reduced energy gap, smaller IP, lesser hole
reorganization energy resulting better hole transfer
candidate to be used in p-type semiconductors. The thiophene,
bromothiophene, pyridine, and benzo[d][1,3]dioxol
reduce the electron reorganization energy resulting better
electron transfer contenders to be used in n-type
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semiconductors. These first-principles investigations
showed that pyrano[3,2-c]chromene compounds would be
efficient charge transfer materials to be applied
for versatile activities in various semiconductor devices.

Acknowledgments

The authors extend their appreciation to the Deanship
of Scientific Research at King Khalid University (KKU)
for funding this work through the research groups program
under grant number R.G.P.1/156/40.

Received : Sep. 6, 2019 ; Accepted :Dec. 23, 2019

REFERENCES

[1] Yan Q., Zhou Y., Ni B.-B., Ma Y., Wang J., Pei J.,
Cao Y., Organic Semiconducting Materials from
Sulfur-Hetero Benzo[K]Fluoranthene Derivatives:
Synthesis, Photophysical Properties, and Thin Film
Transistor Fabrication, J. Org. Chem., 73(14): 5328-
5339 (2008).

[2] Sheng W., Zheng Y.-Q., Wu Q., Wu Y., Yu C., Jiao
L., Hao E., Wang J.-Y., Pei J., Synthesis, Properties,
and Semiconducting Characteristics of BF2
Complexes of B,B-Bisphenanthrene-Fused
Azadipyrromethenes, Org. Lett., 19(11): 2893-2896
(2017).

[3] Irfan A, Chaudhry ARR., Muhammad S., Al-Sehemi A.G.,
Exploring the Potential of  Boron-Doped
Nanographene as Efficient Charge Transport and
Nonlinear Optical Material: A First-Principles Study,
J. Mol. Graphics Modell., 75(Supplement C): 209-
219 (2017).

[4] Costa J.C.S., Taveira R.J.S., Lima C.F.RA.C,
Mendes A., Santos L.M.N.B.F., Optical Band Gaps
of Organic Semiconductor Materials, Opt. Mater.,
58(Supplement C): 51-60 (2016).

Research Article


https://pubs.acs.org/doi/10.1021/jo800606b
https://pubs.acs.org/doi/10.1021/jo800606b
https://pubs.acs.org/doi/abs/10.1021/acs.orglett.7b01133
https://pubs.acs.org/doi/abs/10.1021/acs.orglett.7b01133
https://pubs.acs.org/doi/abs/10.1021/acs.orglett.7b01133
https://pubs.acs.org/doi/abs/10.1021/acs.orglett.7b01133
https://scinapse.io/papers/2619219450
https://scinapse.io/papers/2619219450
https://scinapse.io/papers/2619219450
https://moodle1617.up.pt/pluginfile.php/98348/mod_label/intro/Paper_Demo01_02.pdf
https://moodle1617.up.pt/pluginfile.php/98348/mod_label/intro/Paper_Demo01_02.pdf

Iran. J. Chem. Chem. Eng.

[5] Coropceanu V., Cornil J., da Silva Filho D.A., Olivier Y.,
Silbey R., Brédas J.-L., Charge Transport in Organic
Semiconductors, Chem. Rev., 107(4): 926-952
(2007).

[6] Lei T., Wang J.-Y., Pei J., Roles of Flexible Chains
in Organic Semiconducting Materials, Chem. Mater.,
26(1): 594-603 (2014).

[7] Taydakov 1.V., Akkuzina A.A., Avetisov R.l.,
Khomyakov A.V., Saifutyarov R.R., Avetissov I.C.,
Effective Electroluminescent Materials for Oled
Applications Based on Lanthanide 1.3-Diketonates
Bearing Pyrazole Moiety, J. Lumin., 177(Supplement
C): 31-39 (2016).

[8] Ogawa J.-i., Agrawal S., Koumura N., Mori S.,
Structural Effects of the Donor Moiety on Reduction
Kinetics of Oxidized Dye in Dye-Sensitized Solar
Cells, J. Phys. Chem. C, 120(7): 3612-3618 (2016).

[9] BellaF., Gerbaldi C., Barolo C., Gratzel M., Aqueous
Dye-Sensitized Solar Cells, Chem. Soc. Rev., 44(11):
3431-3473 (2015).

[10] Gondek E., Photovoltaic Solar Cells Based on
Pyrazole Derivative, Mater. Lett., 112: 94-96 (2013).

[11] Lanke S.K., Sekar N., Pyrazole Based Nlophores:
Synthesis, Photophysical, DFT, TDDFT Studies,
Dyes Pigm., 127: 116-127 (2016).

[12] Moghaddam F.M., Foroushani B.K., Experimental
and Theoretical Study of the Spectroscopic Properties
and the Preparation of 3-Benzyl-2h-Pyranol[3,2-
C]Chromene-2,5(6h)-Dione, J. Mol. Struct., 1065-
1066: 235-240 (2014).

[13] Rupnar B.D., Kachave T.R., Jawale P.D., Shisodia S.U.,
Pawar R.P, Microwave-Assisted,  Cesium
Carbonate Catalyzed Mild and Efficient Synthesis
of Pyranochromenes, Der Pharma Chemica, 9(11):
120-124 (2017).

[14] Lee K.H., Park M.H., Seo B.M., Seo J.H., Kim Y .K.,
Yoon S.S, Diphenylaminoarene/Chromene-
Containing Red Fluorescent Emitters for Organic
Light-Emitting Diodes, Molecular Crystals and
Liquid Crystals, 550(1): 260-269 (2011).

[15] Lee K.H., Hwang J.S., Park M.H., Kwon H.J., Kim Y .K,,
Yoon S.S., Synthesis and Electroluminescent
Properties of T-Butylated 2-(2-(4-(Diarylamino)
Styryl)-4h-Chromen-4-Ylidene)Malononitrile
Derivatives for Oled, Molecular Crystals and Liquid
Crystals, 550(1): 250-259 (2011).

Research Article

Synthesis and Characterization of Pyrano[3,2-C]Chromene ...

Vol. 40, No. 2, 2021

[16] Diac A.P., Tepes A.-M., Soran A., Grosu I., Terec A.,
Roncali J., Bogdan E., Indenopyrans - Synthesis
and Photoluminescence Properties, Beilstein J. Org.
Chem., 12: 825-834 (2016).

[17] Godumala M., Choi S., Park S.Y., Cho M.J., Kim H.J.,
Ahn D.H., Moon J.S., Kwon J.H., Choi D.H,
Chromenopyrazole-Based  Bipolar Blue  Host
Materials for Highly Efficient Thermally Activated
Delayed Fluorescence Organic  Light-Emitting
Diodes, Chem. Mater., 30(15): 5005-5012 (2018).

[18] Gruhn N.E., da Silva Filho D.A., Bill T.G., Malagoli M.,
Coropceanu V., Kahn A., Brédas J.-L., The
Vibrational Reorganization Energy in Pentacene:
Molecular Influences on Charge Transport, J. Am.
Chem. Soc., 124(27): 7918-7919 (2002).

[19] Irfan A., Chaudhry A.R., Muhammad S., Al-Sehemi A.G.,
Exploring the Effect of Halogens on Semiconducting
Nature of Boron Doped Molecular Precursor
Graphene Nanoribbons at Molecular and Bulk Level,
Optik, 179: 526-534 (2019).

[20] Wazzan N., Irfan A., Theoretical Study of
Triphenylamine-Based Organic Dyes with Mono-,
Di-, and Tri-Anchoring Groups for Dye-Sensitized
Solar Cells, Org. Electron., 63: 328-342 (2018).

[21] Irfan A., Mahmood A., Designing of Efficient
Acceptors for Organic Solar Cells: Molecular Modelling
at Dft Level, J. Clust. Sci., 29(2): 359-365 (2018).

[22] Irfan A., Chaudhary AR., Muhammad S., Al-Sehemi A.G.,
Bo H., Mumtaz M.W., Qayyum M.A., Tuning
the Optoelectronic and Charge Transport Properties
of 2,5-Di(Pyrimidin-5-Y1)Thieno[3,2-B]Thiophene
by Oligocene End Cores Substitution, Results
in Physics, 11: 599-604 (2018).

[23] Irfan A., Assiri M., Al-Sehemi A.G., Exploring
the Optoelectronic and Charge Transfer Performance
of Diaza[5]Helicenes at Molecular and Bulk Level,
Org. Electron., 57: 211-220 (2018).

[24] Irfan A., Kalam A., Chaudhry A.R., Al-Sehemi A.G.,
Muhammad S., Electro-Optical, Nonlinear and
Charge Transfer Properties of Naphthalene Based
Compounds: A Dual Approach Study, Optik - Intern.
J. Light Elect. Optics, 132: 101-110 (2017).

[25] Irfan  A., Al-Sehemi A.G., Chaudhry AR,
Muhammad S., First-Principles Study of the
N-Channel Thiophene Based Heterocyclic Chalcones,
Optik - Intern. J. Light Elect. Optics, 138: 349-358 (2017).

459


https://pubs.acs.org/doi/pdf/10.1021/cr050140x
https://pubs.acs.org/doi/pdf/10.1021/cr050140x
https://pubs.acs.org/doi/10.1021/cm4018776
https://pubs.acs.org/doi/10.1021/cm4018776
https://www.sciencedirect.com/science/article/pii/S0022231315305238
https://www.sciencedirect.com/science/article/pii/S0022231315305238
https://www.sciencedirect.com/science/article/pii/S0022231315305238
https://pubs.acs.org/doi/pdf/10.1021/acs.jpcc.5b10432
https://pubs.acs.org/doi/pdf/10.1021/acs.jpcc.5b10432
https://pubs.acs.org/doi/pdf/10.1021/acs.jpcc.5b10432
https://pubs.rsc.org/en/content/articlepdf/2015/cs/c4cs00456f
https://pubs.rsc.org/en/content/articlepdf/2015/cs/c4cs00456f
https://www.sciencedirect.com/science/article/abs/pii/S0143720815005136?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0143720815005136?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0022286013008168
https://www.sciencedirect.com/science/article/abs/pii/S0022286013008168
https://www.sciencedirect.com/science/article/abs/pii/S0022286013008168
https://www.sciencedirect.com/science/article/abs/pii/S0022286013008168
https://www.derpharmachemica.com/pharma-chemica/microwave-assisted-cesium-carbonate-catalyzed-mild-and-efficient-synthesis-of-pyranochromenes.pdf
https://www.derpharmachemica.com/pharma-chemica/microwave-assisted-cesium-carbonate-catalyzed-mild-and-efficient-synthesis-of-pyranochromenes.pdf
https://www.derpharmachemica.com/pharma-chemica/microwave-assisted-cesium-carbonate-catalyzed-mild-and-efficient-synthesis-of-pyranochromenes.pdf
https://www.tandfonline.com/doi/abs/10.1080/15421406.2011.599773
https://www.tandfonline.com/doi/abs/10.1080/15421406.2011.599773
https://www.tandfonline.com/doi/abs/10.1080/15421406.2011.599773
https://www.tandfonline.com/doi/abs/10.1080/15421406.2011.599771
https://www.tandfonline.com/doi/abs/10.1080/15421406.2011.599771
https://www.tandfonline.com/doi/abs/10.1080/15421406.2011.599771
https://www.tandfonline.com/doi/abs/10.1080/15421406.2011.599771
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4901902/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4901902/
https://pubs.acs.org/doi/10.1021/acs.chemmater.8b01207
https://pubs.acs.org/doi/10.1021/acs.chemmater.8b01207
https://pubs.acs.org/doi/10.1021/acs.chemmater.8b01207
https://pubs.acs.org/doi/10.1021/acs.chemmater.8b01207
https://pubs.acs.org/doi/10.1021/ja0175892
https://pubs.acs.org/doi/10.1021/ja0175892
https://pubs.acs.org/doi/10.1021/ja0175892
https://www.sciencedirect.com/science/article/pii/S0030402618317236
https://www.sciencedirect.com/science/article/pii/S0030402618317236
https://www.sciencedirect.com/science/article/pii/S0030402618317236
https://reader.elsevier.com/reader/sd/pii/S1566119918305044?token=C99E8E5D4B2D8E0AE19B3F29C2551B615A5E9D61F0E1312F1226342B06151F196B6B4F0FAE39D32251C690290DFC5047
https://reader.elsevier.com/reader/sd/pii/S1566119918305044?token=C99E8E5D4B2D8E0AE19B3F29C2551B615A5E9D61F0E1312F1226342B06151F196B6B4F0FAE39D32251C690290DFC5047
https://reader.elsevier.com/reader/sd/pii/S1566119918305044?token=C99E8E5D4B2D8E0AE19B3F29C2551B615A5E9D61F0E1312F1226342B06151F196B6B4F0FAE39D32251C690290DFC5047
https://reader.elsevier.com/reader/sd/pii/S1566119918305044?token=C99E8E5D4B2D8E0AE19B3F29C2551B615A5E9D61F0E1312F1226342B06151F196B6B4F0FAE39D32251C690290DFC5047
https://link.springer.com/article/10.1007/s10876-018-1338-x
https://link.springer.com/article/10.1007/s10876-018-1338-x
https://link.springer.com/article/10.1007/s10876-018-1338-x
https://reader.elsevier.com/reader/sd/pii/S2211379718317881?token=B1324C7D36C9F0AFEE077DE5D0D6CC9A41A312A766C447406DCB864DB9ABE5CF45D84B86949AAEB188AE8A05C3A8E392
https://reader.elsevier.com/reader/sd/pii/S2211379718317881?token=B1324C7D36C9F0AFEE077DE5D0D6CC9A41A312A766C447406DCB864DB9ABE5CF45D84B86949AAEB188AE8A05C3A8E392
https://reader.elsevier.com/reader/sd/pii/S2211379718317881?token=B1324C7D36C9F0AFEE077DE5D0D6CC9A41A312A766C447406DCB864DB9ABE5CF45D84B86949AAEB188AE8A05C3A8E392
https://reader.elsevier.com/reader/sd/pii/S2211379718317881?token=B1324C7D36C9F0AFEE077DE5D0D6CC9A41A312A766C447406DCB864DB9ABE5CF45D84B86949AAEB188AE8A05C3A8E392
https://reader.elsevier.com/reader/sd/pii/S1566119918301289?token=CF6FD24C0F5CC0AEC8569DC6008C68BFF52190169E537BDE084C401AC577147FD0FFE30881679D3DA793BF2AD43B5674
https://reader.elsevier.com/reader/sd/pii/S1566119918301289?token=CF6FD24C0F5CC0AEC8569DC6008C68BFF52190169E537BDE084C401AC577147FD0FFE30881679D3DA793BF2AD43B5674
https://reader.elsevier.com/reader/sd/pii/S1566119918301289?token=CF6FD24C0F5CC0AEC8569DC6008C68BFF52190169E537BDE084C401AC577147FD0FFE30881679D3DA793BF2AD43B5674
https://reader.elsevier.com/reader/sd/pii/S003040261631573X?token=ADF3306D6FA25ABA123D346BF66E6FB596E6BA9A09168A27B3492A89CE3223AF68E1CDB21A377B15A53C5C393210E078
https://reader.elsevier.com/reader/sd/pii/S003040261631573X?token=ADF3306D6FA25ABA123D346BF66E6FB596E6BA9A09168A27B3492A89CE3223AF68E1CDB21A377B15A53C5C393210E078
https://reader.elsevier.com/reader/sd/pii/S003040261631573X?token=ADF3306D6FA25ABA123D346BF66E6FB596E6BA9A09168A27B3492A89CE3223AF68E1CDB21A377B15A53C5C393210E078
https://reader.elsevier.com/reader/sd/pii/S0030402617303364?token=CDE423472A5663F4C9530A30AA9009AA9B454BD2D9FFFC28B2573A99469FBA1E4EC211FDD09C0C1E81FADA8DFB520411
https://reader.elsevier.com/reader/sd/pii/S0030402617303364?token=CDE423472A5663F4C9530A30AA9009AA9B454BD2D9FFFC28B2573A99469FBA1E4EC211FDD09C0C1E81FADA8DFB520411

Iran. J. Chem. Chem. Eng.

[26] Singh B., Singh R., Singh B., Kumar D,
Computational Investigation of Structure and
Reactivity of Methyl Hydrazinecarbodithioate,
Iranian Journal of Chemistry and Chemical
Engineering (IJCCE), 37(2): 117-131 (2018).

[27] Demirtas G., Dege N., Agar E., Sahin S., The
Crystallographic, Spectroscopic and Theoretical
Studies on (E)-2-[((4-Fluorophenyl)Imino)Methyl]-
4-Nitrophenol and (E)-2-[((3-
Fluorophenyl)Imino)Methyl]-4-Nitrophenol
Compounds, Iranian Journal of Chemistry and
Chemical Engineering (IJCCE), 37(5): 55-65 (2018).

[28] Wazzan N., Irfan A., Exploring the Optoelectronic
and Charge Transport Properties of Pechmann Dyes
as Efficient Oled Materials, Optik, 197: 163200 (2019).

[29] Shkir M., Irfan A., AlFaify S., Shankaragouda Patil P.,
Al-Sehemi A.G., Linear, Second and Third-Order
Nonlinear ~ Optical ~ Properties  of  Novel
Noncentrosymmetric  Donor-Acceptor  Configure
Chalcone Derivatives: A Dual Approach Study,
Optik, 199: 163354 (2019).

[30] Irfan A., Mahmood A., Al-Sehemi A.G., Ahmad F.,
Experimental and Theoretical Study of Planar Small
Molecule Acceptor for Organic Solar Cells, J. Mol.
Struct., 1196: 169-175 (2019).

[31] Irfan A., Chaudhry A.R., Al-Sehemi A.G., Assiri M.A.,
Ullah S., Exploration of Optoelectronic and
Photosensitization Properties of Triphenylamine-
Based Organic Dye on Tio2 Surfaces, J. Comput.
Electron.: (2019).

[32] Irfan A., Chaudhry A.R., Al-Sehemi A.G., Assiri M.A.,
Hussain A., Charge Carrier and Optoelectronic
Properties of Phenylimidazo[1,5-a]Pyridine-Containing
Small Molecules at Molecular and Solid-State Bulk
Scales, Comp. Mater. Sci., 170: 109179 (2019).

[33] Irfan A., Al-Sehemi A.G., Assiri M.A., Mumtaz M.W.,
Exploring the Electronic, Optical and Charge Transfer
Properties of Acene-Based Organic Semiconductor
Materials, Bull. Mater. Sci., 42(4): 145 (2019).

[34] Irfan A., Exploring the Effect of Oligocene Elongation
on Photovoltaic, Optoelectronic and Charge Transfer
Properties in Tpa Dyes Tethered to the Semiconductor
Surface, Results in Physics, 13: 102304 (2019).

[35] Irfan A., Comparison of Mono- and Di-Substituted
Triphenylamine and Carbazole Based Sensitizers
@(Tio2)38 Cluster for Dye-Sensitized Solar Cells
Applications, Comp. Theor. Chem., 1159: 1-6 (2019).

460

Fouda A.M. et al.

Vol. 40, No. 2, 2021

[36] Irfan A., Absorption Spectra and Electron Injection
Study of the Donor Bridge Acceptor Sensitizers
by Long-Range Corrected Functional, Iranian Journal
of Chemistry and Chemical Engineering (IJCCE),
33(2): 11-28 (2014).

[37] Becke A.D., Density-Functional Thermochemistry.
lii. The Role of Exact Exchange, J. Chem. Phys.,
98(7): 5648-5652 (1993).

[38] Miehlich B., Savin A., Stoll H., Preuss H., Results
Obtained with the Correlation Energy Density
Functionals of Becke and Lee, Yang and Parr, Chem.
Phys. Lett., 157(3): 200-206 (1989).

[39] Lee C., Yang W., Parr R.G., Development of the
Colle-Salvetti Correlation-Energy Formula into
a Functional of the Electron Density, Phys. Rev. B,
37(2): 785-789 (1988).

[40] Petersson G.A., Bennett A., Tensfeldt T.G.,
Al-Laham M.A., Shirley W.A., Mantzaris J.,
A Complete Basis Set Model Chemistry. I. The Total
Energies of Closed- Shell Atoms and Hydrides
of the First- Row Elements, J. Chem. Phys., 89(4):
2193-2218 (1988).

[41] Petersson G.A., Al- Laham M.A., A Complete Basis
Set Model Chemistry. li. Open- Shell Systems and
the Total Energies of the First- Row Atoms, J. Chem.
Phys., 94(9): 6081-6090 (1991).

[42] Chen H.-Y., Chao I., Effect of Perfluorination on the
Charge-Transport Properties of Organic
Semiconductors: Density Functional Theory Study of
Perfluorinated Pentacene and Sexithiophene, Chem.
Phys. Lett., 401(4-6): 539-545 (2005).

[43] Coropceanu V., Malagoli M., da Silva Filho D.A.,
Gruhn N.E., Bill T.G., Brédas J.L., Hole- and
Electron-Vibrational Couplings in  Oligoacene
Crystals: Intramolecular Contributions, Phys. Rev.
Lett., 89(27): 275503 (2002).

[44] Irfan A., Muhammad S., Chaudhry A.R., Al-Sehemi A.G.,
Jin R., Tuning of Optoelectronic and Charge
Transport Properties in Star Shaped
Anthracenothiophene-Pyrimidine  Derivatives as
Multifunctional Materials, Optik, 149: 321-331
(2017).

[45] Van Caillie C., Amos R.D., Geometric Derivatives of
Excitation Energies Using Scf and Dft, Chem. Phys.
Lett., 308(3): 249-255 (1999).

Research Article


file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/3b3d809fb472371e351b3fddc6836dad030d.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/3b3d809fb472371e351b3fddc6836dad030d.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/77d4da0a7451d69c2e9b2ec8a7e9cf1d37ad-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/77d4da0a7451d69c2e9b2ec8a7e9cf1d37ad-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/77d4da0a7451d69c2e9b2ec8a7e9cf1d37ad-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/77d4da0a7451d69c2e9b2ec8a7e9cf1d37ad-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/77d4da0a7451d69c2e9b2ec8a7e9cf1d37ad-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/77d4da0a7451d69c2e9b2ec8a7e9cf1d37ad-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/1-s2.0-S0030402619310903-main.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/1-s2.0-S0030402619310903-main.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/1-s2.0-S0030402619310903-main.pdf
https://reader.elsevier.com/reader/sd/pii/S0030402619312525?token=1C37A01A18F07918F1B230040AC5937D8AC2F8F3D4865DBD543E36D6EE590B324D68BB2C4A07DF2BC53C8618F6EF31BF
https://reader.elsevier.com/reader/sd/pii/S0030402619312525?token=1C37A01A18F07918F1B230040AC5937D8AC2F8F3D4865DBD543E36D6EE590B324D68BB2C4A07DF2BC53C8618F6EF31BF
https://reader.elsevier.com/reader/sd/pii/S0030402619312525?token=1C37A01A18F07918F1B230040AC5937D8AC2F8F3D4865DBD543E36D6EE590B324D68BB2C4A07DF2BC53C8618F6EF31BF
https://reader.elsevier.com/reader/sd/pii/S0030402619312525?token=1C37A01A18F07918F1B230040AC5937D8AC2F8F3D4865DBD543E36D6EE590B324D68BB2C4A07DF2BC53C8618F6EF31BF
https://reader.elsevier.com/reader/sd/pii/S0022286019307562?token=9E89B20C6F88DE593AC1AE93D92A6D5C94D33153FFA0B29F46BA8253C4AC501480A50C0C5150CB0EC8A8398B43F277BB
https://reader.elsevier.com/reader/sd/pii/S0022286019307562?token=9E89B20C6F88DE593AC1AE93D92A6D5C94D33153FFA0B29F46BA8253C4AC501480A50C0C5150CB0EC8A8398B43F277BB
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Irfan2019_Article_ExplorationOfOptoelectronicAnd.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Irfan2019_Article_ExplorationOfOptoelectronicAnd.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Irfan2019_Article_ExplorationOfOptoelectronicAnd.pdf
https://reader.elsevier.com/reader/sd/pii/S0927025619304781?token=A444EC4152832CF9AC28FC926E204D376C65135489C2C1F7A19BED71956AE5F297AEFE2874737F1597B21399C014F186
https://reader.elsevier.com/reader/sd/pii/S0927025619304781?token=A444EC4152832CF9AC28FC926E204D376C65135489C2C1F7A19BED71956AE5F297AEFE2874737F1597B21399C014F186
https://reader.elsevier.com/reader/sd/pii/S0927025619304781?token=A444EC4152832CF9AC28FC926E204D376C65135489C2C1F7A19BED71956AE5F297AEFE2874737F1597B21399C014F186
https://reader.elsevier.com/reader/sd/pii/S0927025619304781?token=A444EC4152832CF9AC28FC926E204D376C65135489C2C1F7A19BED71956AE5F297AEFE2874737F1597B21399C014F186
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Irfan2019_Article_ExploringTheElectronicOpticalA.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Irfan2019_Article_ExploringTheElectronicOpticalA.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Irfan2019_Article_ExploringTheElectronicOpticalA.pdf
https://reader.elsevier.com/reader/sd/pii/S2211379719305777?token=DBF5A3DE4EE04FE67062C3133465404EF9CC657DDEB8643A328DA05A2521EBAEFF9C6338BB5BC03907778888960AC2E9
https://reader.elsevier.com/reader/sd/pii/S2211379719305777?token=DBF5A3DE4EE04FE67062C3133465404EF9CC657DDEB8643A328DA05A2521EBAEFF9C6338BB5BC03907778888960AC2E9
https://reader.elsevier.com/reader/sd/pii/S2211379719305777?token=DBF5A3DE4EE04FE67062C3133465404EF9CC657DDEB8643A328DA05A2521EBAEFF9C6338BB5BC03907778888960AC2E9
https://reader.elsevier.com/reader/sd/pii/S2211379719305777?token=DBF5A3DE4EE04FE67062C3133465404EF9CC657DDEB8643A328DA05A2521EBAEFF9C6338BB5BC03907778888960AC2E9
https://reader.elsevier.com/reader/sd/pii/S2210271X19301367?token=07F759E73A637CE908E3D42C1557BEEEEE56C60A1AB4D19454265BC5C220DC95ED328A4E32EF64B419D80B9A53169BE7
https://reader.elsevier.com/reader/sd/pii/S2210271X19301367?token=07F759E73A637CE908E3D42C1557BEEEEE56C60A1AB4D19454265BC5C220DC95ED328A4E32EF64B419D80B9A53169BE7
https://reader.elsevier.com/reader/sd/pii/S2210271X19301367?token=07F759E73A637CE908E3D42C1557BEEEEE56C60A1AB4D19454265BC5C220DC95ED328A4E32EF64B419D80B9A53169BE7
https://reader.elsevier.com/reader/sd/pii/S2210271X19301367?token=07F759E73A637CE908E3D42C1557BEEEEE56C60A1AB4D19454265BC5C220DC95ED328A4E32EF64B419D80B9A53169BE7
http://www.ijcce.ac.ir/article_10748.html
http://www.ijcce.ac.ir/article_10748.html
http://www.ijcce.ac.ir/article_10748.html
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/ed4a3df187f422a4c0f1469791a8bfff557b-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/ed4a3df187f422a4c0f1469791a8bfff557b-1.pdf
https://www.sciencedirect.com/science/article/abs/pii/0009261489872343
https://www.sciencedirect.com/science/article/abs/pii/0009261489872343
https://www.sciencedirect.com/science/article/abs/pii/0009261489872343
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/33.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/33.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/33.pdf
https://aip.scitation.org/doi/10.1063/1.455064
https://aip.scitation.org/doi/10.1063/1.455064
https://aip.scitation.org/doi/10.1063/1.455064
https://aip.scitation.org/doi/10.1063/1.460447
https://aip.scitation.org/doi/10.1063/1.460447
https://aip.scitation.org/doi/10.1063/1.460447
https://reader.elsevier.com/reader/sd/pii/S0009261404019086?token=1BF0D221B0A06929ACA47360303E2AC794C6CC8AB8ABB15A0C376B631FE19E0BA419BBF81801FA4D70037C542E9B5303
https://reader.elsevier.com/reader/sd/pii/S0009261404019086?token=1BF0D221B0A06929ACA47360303E2AC794C6CC8AB8ABB15A0C376B631FE19E0BA419BBF81801FA4D70037C542E9B5303
https://reader.elsevier.com/reader/sd/pii/S0009261404019086?token=1BF0D221B0A06929ACA47360303E2AC794C6CC8AB8ABB15A0C376B631FE19E0BA419BBF81801FA4D70037C542E9B5303
https://reader.elsevier.com/reader/sd/pii/S0009261404019086?token=1BF0D221B0A06929ACA47360303E2AC794C6CC8AB8ABB15A0C376B631FE19E0BA419BBF81801FA4D70037C542E9B5303
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.275503
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.275503
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.275503
https://reader.elsevier.com/reader/sd/pii/S0030402617311269?token=D99B21AF7A77CDD5F962E7D008D67DAFF3DA29DA739B09A78D2FF3AA9B61BFF219A744A6605C5C99C20CBF1C6AD16E29
https://reader.elsevier.com/reader/sd/pii/S0030402617311269?token=D99B21AF7A77CDD5F962E7D008D67DAFF3DA29DA739B09A78D2FF3AA9B61BFF219A744A6605C5C99C20CBF1C6AD16E29
https://reader.elsevier.com/reader/sd/pii/S0030402617311269?token=D99B21AF7A77CDD5F962E7D008D67DAFF3DA29DA739B09A78D2FF3AA9B61BFF219A744A6605C5C99C20CBF1C6AD16E29
https://reader.elsevier.com/reader/sd/pii/S0030402617311269?token=D99B21AF7A77CDD5F962E7D008D67DAFF3DA29DA739B09A78D2FF3AA9B61BFF219A744A6605C5C99C20CBF1C6AD16E29
https://www.sciencedirect.com/science/article/abs/pii/S0009261499006466
https://www.sciencedirect.com/science/article/abs/pii/S0009261499006466

Iran. J. Chem. Chem. Eng.

[46] Irfan A., Al-Sehemi A.G., Muhammad S., Chaudhry AR.,
Al-Assiri M.S., Jin R., Kalam A., Shkir M.,
Asiri AM., In-Depth  Quantum  Chemical
Investigation of Electro-Optical and Charge-Transport
Properties of Trans-3-(3,4-Dimethoxyphenyl)-2-(4-
Nitrophenyl)Prop-2-Enenitrile, Comptes Rendus
Chimie, 18(12): 1289-1296 (2015).

[47] Chaudhry A., Ahmed R., Irfan A., Muhammad S.,
Shaari A., Al-Sehemi A., How Does the Increment of
Hetero-Cyclic Conjugated Moieties Affect Electro-
Optical and Charge Transport Properties of Novel
Naphtha-Difuran Derivatives? A Computational
Approach, J. Mol. Model., 20(12): 1-11 (2014).

[48] ZhangJ.,KanY .-H.,LiH.-B.,Geng Y.,WuY.,Duan Y -A.,
Su Z.-M., Cyano or O-Nitrophenyl? Which is
the Optimal Electron-Withdrawing Group for the Acrylic
Acid Acceptor of D-IT-a Sensitizers in Dsscs?
A Density Functional Evaluation, J. Mol. Model.,
19(4): 1597-1604 (2013).

[49] Chaudhry A.R., Ahmed R., Irfan A., Shaari A.,
Isa A.R.M., Muhammad S., Al-Sehemi A.G., Effect of
Donor Strength of Extended Alkyl Auxiliary Groups
on Optoelectronic and Charge Transport Properties of
Novel Naphtha [2, 1-B: 6, 5-B’] Difuran Derivatives:
Simple yet Effective Strategy, J. Mol. Model., 21(8):
1-16 (2015).

[50] Chaudhry A.R., Ahmed R., Irfan A., Mohamad M.,
Muhammad S., Ul Haq B., Al-Sehemi A.G., Al-Douri Y.,
Optoelectronic  Properties of Naphtho[2, 1-B:6, 5-
B'|Difuran Derivatives for Photovoltaic Application:
A Computational Study, J. Mol. Model., 22(10): 1-13 (2016).

[51] Irfan  A., Al-Sehemi A.G., Chaudhry AR,
Muhammad S., Asiri A.M., The Structural, Electro-
Optical, Charge Transport and Nonlinear Optical
Properties of 2-[(3,5-Dimethyl-1-Phenyl-1h-Pyrazol-
4-YI)Methylidene]indan-1,3-Dione, Optik, 127(21):
10148-10157 (2016).

[52] Irfan A., Highly Efficient Renewable Energy
Materials Benzo[2,3-B]Thiophene Derivatives: Electronic
and Charge Transfer Properties Study, Optik - Intern.
J. Light Elect. Optics, 125(17): 4825-4830 (2014).

[53] Irfan A., Rasool Chaudhry A., G. Al-Sehemi A,
Sultan Al-Asiri M., Muhammad S., Kalam A,
Investigating the Effect of Acene-Fusion and
Trifluoroacetyl Substitution on the Electronic
and Charge Transport Properties by Density Functional
Theory, J. Saudi. Chem. Soc., 20(3): 336-342 (2016).

Research Article

Synthesis and Characterization of Pyrano[3,2-C]Chromene ...

Vol. 40, No. 2, 2021

[54] Irfan A., Al-Sehemi A.G., Rasool Chaudhry A,
Muhammad S., The Structural, Electro-Optical,
Charge Transport and Nonlinear Optical Properties of
Oxazole  (4z)-4-Benzylidene-2-(4-Methylphenyl)-
1,3-Oxazol-5(4h)-One Derivative, J. King Saud Uni.
- Sci., 30(1): 75-82 (2018).

[55] Preat J., Jacquemin D., Perpéte E.A., Design of New
Triphenylamine-Sensitized Solar Cells: A Theoretical
Approach, Environ. Sci. Technol., 44(14): 5666-5671 (2010).

[56] Preat J., Michaux C., Jacquemin D., Perpéte E.A.,
Enhanced Efficiency of Organic Dye-Sensitized
Solar Cells: Triphenylamine Derivatives, J. Phys.
Chem. C, 113(38): 16821-16833 (2009).

[57] Irfan A., Pannipara M., Al-Sehemi A.G, Mumtaz M.W.,
Assiri M.A., Chaudhry A.R., Muhammad S.
Exploring the Effect of Electron Withdrawing Groups
on Optoelectronic Properties of Pyrazole Derivatives
as Efficient Donor and Acceptor Materials
for Photovoltaic Devices, Z. Phys. Chem., 233(11):
1625-1644 (2019).

[58] Irfan A., Cui R., Zhang J., Hao L., Push-Pull Effect
on the Charge Transfer, and Tuning of Emitting Color
for Disubstituted Derivatives of Mer-Alg3, Chem.
Phys., 364(1-3): 39-45 (2009).

[59] Cossi M., Scalmani G., Rega N., Barone V., New
Developments in the Polarizable Continuum Model for
Quantum Mechanical and Classical Calculations on
Molecules in Solution, J. Chem. Phys., 117(1): 43-54 (2002).

[60] Frisch M.J., Trucks G.W., Schlegel H.B., Scuseria G.E.,
Robb M.A., Cheeseman J.R., Scalmani G., Barone V.,
Petersson G.A., Nakatsuji H., Li X., Caricato M.,
Marenich A.V., Bloino J., Janesko B.G., Gomperts R.,
Mennucci B., Hratchian H.P., Ortiz J.V., Izmaylov A.F.,
Sonnenberg J.L., Williams, Ding F., Lipparini F., Egidi F.,
Goings J., Peng B., Petrone A. Henderson T,
Ranasinghe D., Zakrzewski V.G., Gao J., RegaN., Zheng G.,
Liang W., Hada M., Ehara M., Toyota K., Fukuda R.,
Hasegawa J., Ishida M., Nakajima T., Honda Y., Kitao O.,
Nakai H., Vreven T., Throssell K., Montgomery Jr. J.A.,
Peralta J.E., Ogliaro F., Bearpark M.J. Heyd JJ,
Brothers E.N., Kudin K.N., Staroverov V.N., Keith T.A,,
Kobayashi R., Normand J., Raghavachari K., Rendell A.P.,
Burant J.C., lyengar S.S., Tomasi J., Cossi M., Millam
J.M.,, Klene M., Adamo C., Cammi R., Ochterski J.W.,
Martin R.L., Morokuma K., Farkas O., Foresman J.B.,
Fox D.J., Gaussian 16 Rev. A.03: (2016).

461


https://reader.elsevier.com/reader/sd/pii/S1631074815001563?token=82B99471C157B88A56DDD4305EC0F1468A844C749312C1F8F9E7083394C9440AE81DE874B306F967588386FFC342B90E
https://reader.elsevier.com/reader/sd/pii/S1631074815001563?token=82B99471C157B88A56DDD4305EC0F1468A844C749312C1F8F9E7083394C9440AE81DE874B306F967588386FFC342B90E
https://reader.elsevier.com/reader/sd/pii/S1631074815001563?token=82B99471C157B88A56DDD4305EC0F1468A844C749312C1F8F9E7083394C9440AE81DE874B306F967588386FFC342B90E
https://reader.elsevier.com/reader/sd/pii/S1631074815001563?token=82B99471C157B88A56DDD4305EC0F1468A844C749312C1F8F9E7083394C9440AE81DE874B306F967588386FFC342B90E
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2014_Article_HowDoesTheIncrementOfHetero-cy.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2014_Article_HowDoesTheIncrementOfHetero-cy.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2014_Article_HowDoesTheIncrementOfHetero-cy.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2014_Article_HowDoesTheIncrementOfHetero-cy.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2014_Article_HowDoesTheIncrementOfHetero-cy.pdf
https://link.springer.com/article/10.1007/s00894-012-1719-2
https://link.springer.com/article/10.1007/s00894-012-1719-2
https://link.springer.com/article/10.1007/s00894-012-1719-2
https://link.springer.com/article/10.1007/s00894-012-1719-2
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2015_Article_EffectOfDonorStrengthOfExtende-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2015_Article_EffectOfDonorStrengthOfExtende-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2015_Article_EffectOfDonorStrengthOfExtende-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2015_Article_EffectOfDonorStrengthOfExtende-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2015_Article_EffectOfDonorStrengthOfExtende-1.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2016_Article_OptoelectronicPropertiesOfNaph.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2016_Article_OptoelectronicPropertiesOfNaph.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/Chaudhry2016_Article_OptoelectronicPropertiesOfNaph.pdf
https://reader.elsevier.com/reader/sd/pii/S0030402616308701?token=54B05EBCC72F40461CC5DE98114887425ACE6A28B30632FE6C48133B3D5CABF845E71845AFF97C3BDF48C206C51CAAF0
https://reader.elsevier.com/reader/sd/pii/S0030402616308701?token=54B05EBCC72F40461CC5DE98114887425ACE6A28B30632FE6C48133B3D5CABF845E71845AFF97C3BDF48C206C51CAAF0
https://reader.elsevier.com/reader/sd/pii/S0030402616308701?token=54B05EBCC72F40461CC5DE98114887425ACE6A28B30632FE6C48133B3D5CABF845E71845AFF97C3BDF48C206C51CAAF0
https://reader.elsevier.com/reader/sd/pii/S0030402616308701?token=54B05EBCC72F40461CC5DE98114887425ACE6A28B30632FE6C48133B3D5CABF845E71845AFF97C3BDF48C206C51CAAF0
https://reader.elsevier.com/reader/sd/pii/S0030402614005282?token=52AABA25904FC45ED55CB07281CB6EF22903B1464BA21EB77FDA4772C301B46E54DA1C68A8432486C1ED22A94CD1DC0B
https://reader.elsevier.com/reader/sd/pii/S0030402614005282?token=52AABA25904FC45ED55CB07281CB6EF22903B1464BA21EB77FDA4772C301B46E54DA1C68A8432486C1ED22A94CD1DC0B
https://reader.elsevier.com/reader/sd/pii/S0030402614005282?token=52AABA25904FC45ED55CB07281CB6EF22903B1464BA21EB77FDA4772C301B46E54DA1C68A8432486C1ED22A94CD1DC0B
https://reader.elsevier.com/reader/sd/pii/S1319610314001379?token=9C4EA57893E955D347EA156FA792146DAD8F0015CEE800DC146A5B23F7C8AD4978B368CA8379C3E1E43B9E9E91790E00
https://reader.elsevier.com/reader/sd/pii/S1319610314001379?token=9C4EA57893E955D347EA156FA792146DAD8F0015CEE800DC146A5B23F7C8AD4978B368CA8379C3E1E43B9E9E91790E00
https://reader.elsevier.com/reader/sd/pii/S1319610314001379?token=9C4EA57893E955D347EA156FA792146DAD8F0015CEE800DC146A5B23F7C8AD4978B368CA8379C3E1E43B9E9E91790E00
https://reader.elsevier.com/reader/sd/pii/S1319610314001379?token=9C4EA57893E955D347EA156FA792146DAD8F0015CEE800DC146A5B23F7C8AD4978B368CA8379C3E1E43B9E9E91790E00
https://reader.elsevier.com/reader/sd/pii/S1018364716302762?token=12C7CC56AB588808540ACA0CA1553AFA43222B9FF33E06DC7792E8B8C5FE53C68675281647D3E6861643CD39300FCF18
https://reader.elsevier.com/reader/sd/pii/S1018364716302762?token=12C7CC56AB588808540ACA0CA1553AFA43222B9FF33E06DC7792E8B8C5FE53C68675281647D3E6861643CD39300FCF18
https://reader.elsevier.com/reader/sd/pii/S1018364716302762?token=12C7CC56AB588808540ACA0CA1553AFA43222B9FF33E06DC7792E8B8C5FE53C68675281647D3E6861643CD39300FCF18
https://reader.elsevier.com/reader/sd/pii/S1018364716302762?token=12C7CC56AB588808540ACA0CA1553AFA43222B9FF33E06DC7792E8B8C5FE53C68675281647D3E6861643CD39300FCF18
https://pubs.acs.org/doi/pdf/10.1021/es100920j
https://pubs.acs.org/doi/pdf/10.1021/es100920j
https://pubs.acs.org/doi/pdf/10.1021/es100920j
https://pubs.acs.org/doi/pdf/10.1021/jp904946a
https://pubs.acs.org/doi/pdf/10.1021/jp904946a
https://www.degruyter.com/view/j/zpch.2019.233.issue-11/zpch-2018-1166/zpch-2018-1166.xml
https://www.degruyter.com/view/j/zpch.2019.233.issue-11/zpch-2018-1166/zpch-2018-1166.xml
https://www.degruyter.com/view/j/zpch.2019.233.issue-11/zpch-2018-1166/zpch-2018-1166.xml
https://www.degruyter.com/view/j/zpch.2019.233.issue-11/zpch-2018-1166/zpch-2018-1166.xml
https://reader.elsevier.com/reader/sd/pii/S0301010409002572?token=24003B78091C040F3E9D4F2C5601CDD8B9F0D6173BFABFDEAA34B1CC10F7DD88C723192FF9ABDC4F416BAB8D0EB36321
https://reader.elsevier.com/reader/sd/pii/S0301010409002572?token=24003B78091C040F3E9D4F2C5601CDD8B9F0D6173BFABFDEAA34B1CC10F7DD88C723192FF9ABDC4F416BAB8D0EB36321
https://reader.elsevier.com/reader/sd/pii/S0301010409002572?token=24003B78091C040F3E9D4F2C5601CDD8B9F0D6173BFABFDEAA34B1CC10F7DD88C723192FF9ABDC4F416BAB8D0EB36321
https://aip.scitation.org/doi/10.1063/1.1480445
https://aip.scitation.org/doi/10.1063/1.1480445
https://aip.scitation.org/doi/10.1063/1.1480445
https://aip.scitation.org/doi/10.1063/1.1480445

Iran. J. Chem. Chem. Eng. Fouda A.M. et al.

[61]Martin R.L., Natural Transition Orbitals, J. Chem.
Phys., 118(11): 4775-4777 (2003).

[62] Chan R.K., Liao S.C., Dipole Moments, Charge-
Transfer Parameters, and lonization Potentials
of the Methyl-Substituted Benzene—Tetracyanoethylene
Complexes, Can. J. Chem., 48(2): 299-305 (1970).

462

Vol. 40, No. 2, 2021

Research Article


https://aip.scitation.org/doi/10.1063/1.1558471
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/v70-045.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/v70-045.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/v70-045.pdf
file:///C:/Users/z/Documents/SID/amfodeh/AppData/Local/Temp/v70-045.pdf

