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a b s t r a c t

In the present work, three dyes of 6,7-dihydroxy-8-[(E)-(4-methoxyphenyl)diazenyl]-4-methyl-2H-
chromen-2-one, (D1) 6,7-dihydroxy-8-[(E)-(4-hydroxyphenyl) diazenyl]-4-methyl-2H-chromen-2-one
(D2), and 6,7-dihydroxy-4-methyl-8-[(E)-(4-methylphenyl) diazenyl]-2H-chromen-2-one (D3) were
experimentally tested as photosensitizer in solar cell. and a computation study was conducted to explain
the efficiency of these compounds as photo-sensitizer in a solar cell. The polarizability (<a > ), the aniso-
tropy of the polarizability (<Da > ), ground-state dipole moment (m) and the first-order hyperpolarizabil-
ity (b) of the dyes were studied at Density Functional Theory (DFT) using Gaussian 09 and Gauss View
v.6.0 based on keywords: ‘‘opt freq b3lyp/6-311G++(d,p) guess =mix pop=(nbo, savenbos) geom = connec-
tivity polar = optrot. Also, EHOMO (the highest occupied molecular orbital energy), ELUMO (the lowest unoc-
cupied molecular orbital energy), HOMO-LUMO energy gap (DE), electron affinity (A), and ionization
potential are investigated. The calculation based on the structure modification of the dyes with
electron-withdrawing groups (HO-C and CH3-O-C) and electron repelling group (H3C-C) based on a
push-pull framework of Qumarin was studied. The simulations indicate that the improvement of
Qumarin-based dyes can reduce the energy gap and produce a redshift. This structural modification also
improves the light-capturing and the electron injection capability, making it excellent in photoelectric
conversion efficiency (PCE). This structural modification also improves the light-capturing and the elec-
tron injection capability, making it excellent in photoelectric conversion efficiency (PCE).
� 2020 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research

Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

Nowadays, major concerns focus on replacing renewable energy
instead of petroleum fuels due to its expected depletion. A dye-
sensitized solar cell (DSSC) is one of the alternative energies
besides wave energy, biofuel, Geothermal power, winds, tidal
energy, and Hydrogen gas. DSSC has a great interest due to easy
to be fabricated, low cost and ecofriendly. The mechanism of the
dye-sensitized solar cell can be summarized in the following steps.
First, Absorption of the incident photons by the organic dye. Sec-
ond, excitation of the organic dye to the excited state then inject
the electron to the TiO2 electrode. Third, the injected electron
transferred to the counter electrode through the circuit. Finally,
redox reaction (I�/I3�) leads to regenerate of the ground state of
the organic dye. EHOMO and ELUMO of the organic dye and the fermi
level of the TiO2 and the redox potential of the mediator (I�/I3�) in
the electrolyte are the controlling factors on the efficiency of a
DSSC [1]. The most successful structure of organic dyes is based
on a dipolar D-p-A push-pull framework; the donor group (D) is
responsible for electron donation, linked through a p bridge
spacer to the electron-receiving group (A) [2–7]. Computational
procedures have been carried out to investigate the relevance of
quantum descriptors (Frontier molecular orbital energy and energy
gap, natural bond orbitals, dipole moments and hyperpolarizabil-
ity) to explain the effectiveness of organic dye in a solar cell
[8–11]. Fabrication of DSSCs comprises four major parts, 1-
Photo-anode made of transparent conducting glass coated with
photo-sensitive metal oxide. 2- Photo-sensitizer dye, 3- Redox
electrolyte and 4- Counter electrode (Pt) coated with conducting
substrate [12–14].

In this study, three dyes were experimentally tested as photo
sensitizers in solar cell. These dyes are 6,7-dihydroxy-8-[(E)-
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Fig. 1. HOMO and LUMO of the investigated dyes.
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Table 1
HOMOs and LUMOs levels of the investigated, redox potential (RP) of I�/I3� and the
conduction band CB energy level of TiO2.

Ref. D1 D2 D3

LUMO + 2 �1.072 �1.164 �2.002
LUMO + 1 �2.316 �2.356 �3.280
LUMO �2.919 �2.971 �3.691
HOMO �4.673 �4.735 �4.950
HOMO-1 �5.123 �5.215 �5.299
HOMO-2 �5.276 �5.315 �5.340
CB �4.000
RP �4.800
E gap 1.754 1.764 1.259
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(4-methoxyphenyl) diazenyl]-4-methyl-2H-chromen-2-one (D1),
6,7-dihydroxy-8-[(E)-(4-hydroxyphenyl) diazenyl]-4-methyl-2H-
chromen-2-one (D2) and 6,7-dihydroxy-4-methyl-8-[(E)-(4-meth
ylphenyl)diazenyl]-2H-chromen-2-one (D3).

A computation study based on DFTwas conducted to explain the
efficiency of these compounds as photo-sensitizer in a solar cell.

2. Experimental

2.1. Materials

FTO conductive glass (sheet resistance: 7 X/sq), P25 TiO2

nanopowder, dyes of 6,7-dihydroxy-8-[(E)-(4-methoxyphenyl)
diazenyl]-4-methyl-2H-chromen-2-one,6,7-dihydroxy-8-[(E)-(4-
hydroxyphenyl)diazenyl]-4-methyl-2H-chromen-2-one, and 6,7-
dihydroxy-4-methyl-8-[(E)-(4-methyl-8-[E)-(4-methylphenyldia-
zenyl]-2H-chromen-2-one were purchased from Sigma-Aldrich.

2.2. Fabrication of dye-sensitized solar cells (DSSC)

To prepare the working FTO electrodes, the FTO glass was
cleaned in a detergent solution with sonication for 20 min and then
thoroughly rinsed with deionized (DI) water and ethanol. TiO2
Fig. 2. HOMO and LUMO levels of the investigated dyes compared to redox pot
paste was prepared by mixing grounding the TiO2 powder with
distilled water, acetic acid, acetylacetone and polyethylene glycol
(PEG). The slurry was ultrasonicated for 40 min, and was placed
on a magnetic stirrer at 1100 rpm for 40 min. Ultrasonication
and stirring were repeated 5 times to get a consistent viscous
slurry of TiO2. The TiO2 films were made by spreading TiO2 paste
between two Scotch tapes on FTO by the Doctor-blade method.
When the paste becomes dry, the two tapes are removed and the
TiO2 mold is fired at 450 �C for 45 min. TheTiO2-layer with a thick-
ness of 10–12 lm is controlled by the scotch tape. The dye-
sensitized TiO2/FTO photoelectrodes were prepared through soak-
ing the TiO2/FTO films in a 0.5 mM dye solution (ethanol) for 1 day.
The counter electrode is fabricated by the drop-casting method of
platinum paste (PT1, Dyesol) onto FTO glass plates. When the plat-
inum paste becomes dry, it is fired at 400 �C for 40 min. After that,
two holes are drilled on the counter electrode to facilitate elec-
trolyte injection. The iodide/triiodide (I-/I3- ) was used as the elec-
trolyte solution. The resulting counter electrodes and the
working TiO2/FTO electrodes were sealed using a thick Surly. By
injecting iodide/triiodide (I-/I3- ) electrolyte into the cells through
one of the two small holes in the counter electrodes we could pre-
pare TiO2-based DSSCs with a 20 mm2 active area.

2.3. Characterizations

UV–Visible absorption spectra of dye solutions were recorded
after dilution in ethanol and subsequent ultrasonication using Agi-
lent Cary 60 spectrometer. The film thicknesses of photoanode
were examined by a profilometer (model Ambios Technology XP-
1). Current-voltage (I-V) characteristics DSSCs are measured under
the illumination of AM1.5 condition (100 mW/cm2) using Xenon
lamp (type Oriel 450 W) as a source of light. Collection of I–V data
is performed using LabView software. IPCE equipment (type K3100
McScience) is employed to plot the external quantum efficiency as
a function of wavelength. Finally, electrochemical measurements
were carried out on a Zahner (IM6, Germany).
ential (RP) of I�/I3� (H) and the conduction band (CB) energy levels of TiO2.



Fig. 3. Graphical representation of Fukui functions (f+, f� and f0) of the investigated dyes.

Fig. 4. Experimental Absorption spectra of the investigated dyes.
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2.4. Computational methodology

The chemical structures of investigated dyes were designed
using ACD/ChemSketch v. 14.01. DMol3 included in Materials Stu-
dio v.7.0 (using Local DFT functionals (PWC), GGA-DFT functionals
(PBE) and Numerical AO basis sets (DND)) is applied to calculate
the Frontier molecular orbitals; EHOMO and ELUMO of the investi-
gated dyes, Fukui’ functions (f+, f- and f0) and Natural bonding orbi-
tal. The location of the dyes (�8, �9, and�10) on the top of the two
layers thickness of TiO2 and their adsorption energies were deter-
mined using Adsorption Locator [15]. The linear, nonlinear optical
properties and quantum chemical parameters [16] of the investi-
gated compounds were calculated using Gaussian 09 and Gauss
View v.6.0 based on keywords: ‘‘opt freq b3lyp/6-311G++(d,p)
guess = mix pop=(nbo, savenbos) geom = connectivity polar = opt
rot” i.e., dipole moments l, Polarizability <a> anisotropy of polar-
izability <Da> and hyperpolarizability (b).
3. Results and discussion

The geometry optimized structures and Frontier molecular
orbitals for HOMO and LUMO levels of the investigated dyes are
represented in Fig. 1. The molecular structure is characterized by



Fig. 5. absorption spectra of the investigated dyes and the corresponding absorption peaks values and oscillator strength according TD-DFT.

Table 2
Dipole moments l, Polarizability <a> anisotropy of polarizability <Da> and hyperpolarizability (b).

Ref. D1 D2 D3 Ureaa THBAPb

Total dipole (Debye) l 6.0947 6.8981 7.1737 1.373 2.3835
Polarizability (esu) <a> � 10�24 17.6378 17.3382 17.1412
Anisotropy (esu) <Da> �10�24 20.5929 19.4309 19.9962
Hyperpolarizability (esu) (b) � 10�30 1.2418 1.5460 1.7400 0.37289 10.0125

a Urea[21].
b 4-(2,3,4-trihydroxybenzylideneamino) antipyrine[21].
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the pull-push framework (D-p -A). D is donating group, p is the
conjugated bi-bond and A is an accepting group. Here in the study,
the characteristics of the molecules contain carbonyl group C@O
which is withdrawing group, azo moiety –N@N– with the conju-
gated double bonds represent p, The donating groups are CH3O–,
O–, and CH3– as shown in D1, D2 and Dye10 respectively.

HOMOs are distributed over azo-group and between aromatic
moieties. However, LUMOs are distributed over all the molecules.
HOMO levels are responsible for electron donation and LUMO
levels are liable for electron acceptance. The values of EHOMO

AND ELUMO are listed in Table 1. The higher value of EHOMO of the
molecule is more susceptible to electron donation. The order of
EHOMO of given dyes are D1 (�4.673 eV) > D2 (�4.735 eV) > D3
(�4.950 eV). The Lower value of ELUMO of a molecule is responsible
for electron receiving. The order of ELUMO of studied dyes are D3
(�3.691 eV) < D2 (�2.971 < D1 (�2.919 Ev. The difference between
ELUMO and EHOMO is the energy gap (D Egap) shown in Table 1. The
lower bandgap (ELUMO-EHOMO) of D3 indicates a significant effect of
intramolecular charge transfer, which would cause an absorption
spectrum shifted to red. The reactivity of the investigated dyes
according to the values of the energy gap (Egap) is arranged in order
of D3 > D1 ffi D2.

The energy levels of the HOMO and LUMO, as well as the
HOMO-LUMO gaps, are drawn in Fig. 2, together with the energy
levels of TiO2 semiconductor conduction band (CB = � 4.00 eV)
[34] and the redox potential of I�/I3� (RP = � 4.80 eV) [1].

The HOMO of the dye must be below the redox couple (RC) of I-/
I3- electrolyte (�4.8 eV) and the LUMO of the dye must be situated
above the TiO2 conduction band (�4.0 eV) [17], it is easy to recover
electrons from electrolytes. HOMO energy (�4.95 eV) of D3 is



Fig. 6. Experimental J-V curves of the cells made from the investigated dyes and TiO2 under irradiation intensity of 100 mW/cm2.

Table 3
DSSC data of the investigated dyes.

Photoelectrode Voc(V) Jsc (mA/cm2) Fill factor Efficiency%

TiO2/D3 0.69 3.19 0.65 1.43
TiO2/D1 0.68 2.84 0.63 1.21
TiO2/D2 0.66 2.51 0.62 1.02
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lower than the RC energy of I�/I3�. However, the studied dyes-9
(�4.67) ffi D1 (�4.73) approach redox potential energy of TiO2

(�4.80 eV). It also observed that LUMO energies of these dyes are
higher than that of the conduction band (�4.0 eV) that giving
enough driving force for excited-state electron injection [18].

Condensed Fukui functions [19] shown in Fig. 3 exhibit a
demonstration of the reactive sites in each dyes molecule. The f+

Fukui function (red clouds), that reflects liability to nucleophilic
attack, f- Fukui function, (blue clouds) that reflects susceptibility
to electrophilic attack, and f0 (green clouds) is accountable for
the free radical attack. It is evident that the chemical reactivities
of all investigated dyes towards free radical attack is expected,
However, reactivities of D1 and D2 towards nucleophilic and elec-
trophilic attack are week. D3 exhibits better relative activity
towards the three types of chemical attacks. The susceptible moi-
eties to free radical attacks represent A in A-p-D framework i.e.,
(CH3-C in D3), (HO-C in D2), and (H3C-O-C in D1) as well as –
N@N– p in A-p-D framework that links the conjugation overall
molecule in all investigated dyes.

3.1. Absorption spectra

The experimental absorption spectra of the investigated dyes
(Fig. 4) in the spectral region from 300 nm to 700 nm. All the dyes
show good absorbance in the visible region in the order
D3 > D1 > D2 referring to increase the DSSc in the same order.

The absorption spectra of the investigated dyes and the corre-
sponding absorption peaks values and oscillator strength (f_osc)
as calculates are shown in Fig. 5. According to the attached data
in Fig. 5, the main characteristic UV–Vis peaks at excited state
are arranged in order D3 (493 nm, f_osc 0.649667) > D1
(397 nm, f_osc 0.584468) > D2 (388 nm, f_osc 0.597882). Thus,
the trend in the absorption spectra of the dyes complies with their
trend in D Egap
3.2. Optical properties

Linear and non-linear optical properties[16], dipole moments
l, Polarizability <a> anisotropy of polarizability <Da> and
hyperpolarizability (b) are determined using Gaussian 09 and
Gauss View v.6.0 based on DFT at the basis set b3lyp/6-311G+
+(d,p) as shown in Table 2. The dipole moment is an indicator
of the dipole-dipole intermolecular interactions. However, Non-
linear optical (NLO) properties represent the intramolecular
charge delocalization in A-p-D organic dye sensitizers [20].
Molecules of higher dipole moment have stronger intermolecular
interactions. The lower energy gap, the longer wavelength of
UV–visible absorption that leads to redshift. Hence, an increase
in molecular hyperpolarizability is observed. i.e., D3 has a lower
energy gap as compared to D2 and D1. On the contrary, D3 has
higher value of the first hyperpolarizability that indicate to a
higher rate of intermolecular charge transfer. This can be
accounted that A moiety (CH3-C) in D3 electron repelling group
via r bond. However, Oxygen in (HO-C in D2), and (H3C-O-C in
D1) plays dual function electron withdrawing via r bond due to
electronegativity and electron delocalization of lone pair via p.
So, D3 pronounced better optical properties. According to the
data of calculated hyperpolarizability of the investigated dyes,
it is observed that the obtained values are higher than the cor-
responding value of urea [21] and smaller than that of 4-(2,3,4
-trihydroxybenzylideneaino) antipyrine [22]. These data imply
that the studied dyes are good candidate of NLO materials

The experimental results (J-V plots) of the DSSCs with D1, D2,
and D3 as the active dyes are shown in Fig. 6. The DSSCs revealed
higher current density and larger area under the J-V curve in the
order D3 > D1 > D2. The photovoltaic parameters of the tandem
cells: short circuit current density (JSC), open-circuit voltage
(VOC), conversion efficiency (g) and fill factor (FF), are summa-
rized in Table 3. It shows that the highest conversion efficiency is



Fig. 7. Chemical structures and binding energies of the investigated dyes adsorbed on the top of the surface of TiO2.
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about 1.43% for tandem parallel cell containing D3 dye with JSC = 3.
19 mA/cm2, VOC = 0.69 V and FF = 0.65.

3.3. Adsorption of investigated dyes on TiO2

The importance of the adsorption of the DSSC on TiO2 could
improve the efficiency of dye-sensitized solar cells [23]. The deter-
mined adsorption energy of the studied dyes and their location on
the top of the layer of TiO2 are illustrated in Fig. 7. Graphical rep-
resentation of Fukui functions shown in Fig. 3, it is observed that
CH3-O-C, H-O-C and CH3-C for D1, D2 and D3 respectively are sus-
ceptible to the free radical attack. Thus, the optimum situation
obtained for the dyes could help in the electron transfer to the
photoanode.
4. Conclusion

In this study, the DFT and TD-DFT methods were used to calcu-
late the properties of the ground and excited states for D1, D2, and
D3. The calculated results show that D3 has the highest HOMO
energy compared to D2 and D1, resulting in the smallest energy
gap. Smaller energy gaps favor the red-shifted absorption; so, it
has the most pronounced red-shifted absorption and the highest
molar extinction coefficient, which results in more effective
absorption of sunlight. This is consistent with the experimental
results that D3 has the highest JSC and VOC. The calculated results
for the design molecules show that the overall effect is improved to
some extent. For different groups, by introducing the –CH3 group,
the LUMO energy, and energy gap can be reduced, leading to an
obvious redshifted absorption. Chemical reactivity parameters
and b were significantly improved.
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