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Abstract Dye-sensitized solar cells (DSSCs) have drawn
great attention as low cost and high performance alternatives
to conventional photovoltaic devices. The molecular design
presented in this work is based on the use of pyran type dyes
as donor based on frontier molecular orbitals (FMO) and
theoretical UV-visible spectra in combination with squaraine
type dyes as an acceptor. Density functional theory has been
used to investigate several derivatives of pyran type dyes for a
better dye design based on optimization of absorption, regen-
eration, and recombination processes in gas phase. The fron-
tier molecular orbital (FMO) of the HOMO and LUMO
energy levels plays an important role in the efficiency of
DSSCs. These energies contribute to the generation of

exciton, charge transfer, dissociation and exciton recombina-
tion. The computations of the geometries and electronic struc-
tures for the predicted dyes were performed using the B3LYP/
6–31+G** level of theory. The FMO energies (EHOMO,
ELUMO) of the studied dyes are calculated and analyzed in
the terms of the UV- visible absorption spectra, which have
been examined using time-dependent density functional the-
ory (TD-DFT) techniques. This study examined absorption
properties of pyran based on theoretical UV- visible absorp-
tion spectra, with comparisons between TD-DFT using
B3LYP, PBE, and TPSSH functionals with 6–31+G (d) and
6–311++G** basis sets. The results provide a valuable guide
for the design of donor-acceptor (D-A) dyes with high molar
absorptivity and current conversion in DSSCs. The theoretical
results indicated 4-(dicyanomethylene)-2-methyl-6-(p-
dimethylaminostyryl)-4H-pyran dye (D2-Me) can be effec-
tively used as a donor dye for DSSCs. This dye has a low
energy gap by itself and a high energy gap with squaraine
acceptor type dye, the design that reduces the recombination
and improves the photocurrent generation in solar cell.
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Introduction

The high performance and low cost of DSSCs have drawn
great interest from both academic and industrial circles. The
improvement of solar energy-to-electricity conversion effi-
ciency has continued to be an important research area of
DSSCs [1–10]. The performance of DSSCs firstly depends
on the relative HOMO–LUMO energy levels of the sensitizer.
Therefore, efficient electron injection requires the LUMO
level of the dye to be higher in energy than the TiO2 conduc-
tion band edge, whereas the HOMO of the dye level may lie
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below the energy level of the electrolyte to allow efficient
regeneration of the oxidized dye. The electronic structures,
such as FMO (EHOMO, ELUMO, and Eg = ELUMO-EHOMO) of
dye molecules in DSSC are deeply related to the electron
transfer by photoexcitation. In literature there have been many
studies to design and improve the efficiency of organic dyes
[11–18].

DFT calculations were employed to analyze the electronic
structure of organic dyes which are used in DSSC [19–28]. In
this paper, we try to design organic dyes based on pyran as
donor in their charge-transfer chromophoric system. The the-
oretical and experimental studies of pyran dyes have been
extensively investigated [29–32]. These dyes are used in
many applications such as bulk-heterojunction solar cells,

organic light emitting diode (OLED) applications, and sensors
[33–37]. The chemical structure of these dyes (Scheme 1)
consists of a donor moiety (arylamine moiety) and an acceptor
moiety (dicyanovinyl moiety) connected by a π-conjugated
structure. The band gap energy (Eg), which is the energy gap
between LUMO and HOMO in the donor itself or between the
HOMO in the donor and the LUMO in the acceptor dye, is a
key factor which determines the efficiency of donor-acceptor
system in solar cell. Thus, control of this energy gap by
structural modification is extremely important in the design
of low Eg dyes. The main aim of this work is to provide new
electronic properties for designing efficient donor dyes. We
employed TD-DFT [38–41] calculations to compute the exci-
tation spectrum.

Scheme 1 The molecular
structures of the studied organic
dyes in the present work
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Computational methods

Calculations were performed in ground state using
Gaussian09 [42]. The studied molecules were optimized using
B3LYP/6–31+G** [43–46] level of theory calculations.
Frequency calculations were carried out at the same levels of
the theory in order to characterize the stationary points as local
minima. TD-DFT theory is presently enjoying enormous pop-
ularity in quantum chemistry, as a useful tool for extracting
electronic excited state energies. Based upon the optimized
geometry, the absorption properties in gas phase were inves-
tigated using TD-DFT at the same level of the theory. The
molecular orbital structures and energies were also calculated
at the B3LYP method with 6–31+G** basis sets for both
HOMO and LUMO levels. UV-absorption and molecular
orbital energies preformed with different functionals, includ-
ing the hybrid functionals PBE [47], and TPSSH [48–50] with
high basis set 6–311++G**. The basic molecular structures of
this study are shown in Scheme 1. These dyes are designed to
investigate the effect of different donating and withdrawing
groups on geometrical and electronic properties of such donor
dyes with the objective to improve the efficiency of photocur-
rent dyes in DSSCs. Also, these pyran type dyes have been
optimized and investigated using the DFT.

Results and discussion

Geometrical and conformational analysis

The free rotation of the parent compound about single bonds
between the rings has been investigated so as to find the most
stable conformers before analyzing the substituent effect on
the geometrical parameters and electronic structure. Since the
parent compound (D) can rotate about C7-C8 and C5-C6
single bonds, therefore, we carried out conformational analy-
sis using B3LYP/6–31+G** to provide the most stable con-
formers for the studied molecules. As the rotational process of
the two single bonds are the same, we are concerned with only
one of them. The potential energy surface (PES) scan for the
parent molecule is shown in Fig. 1; all the geometrical param-
eters were simultaneously relaxed while the dihedral angles
C10-C8-C7-C6 are varied in steps of 20° ranging from 0° to
200°. For the rotation of phenyl ring (C10-C8-C7-C6), there
are two minimal energy points on PES (180° and 00° which
point to the most stable conformers. The stationary points
were confirmed by the frequency analysis as minima with all
real frequencies. The calculations indicate that the transition
states have one imaginary frequency. The transition state of
the rotation is found for a torsion angle at 100° with a barrier

D=180o

Fig. 1 Potential energy surface
(PES) scan of the calculated
energies vs C10-C8-C7-C6
dihedral angle of the parent
compound (D) using B3LYP/6–
31+G** level of theory. (Relative
energies are in kcal mol−1 relative
to the most stable conformer at
180°)
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of about 8.0 kcal mol−1, respectively. The planar conformer
that has dihedral angle 0.0° is less stable than the most stable
planar conformer that has dihedral angle 180° by 2.0 kcal
mol−1. Thus, it is evident that the planar conformer is the most
stable form. Therefore, in the present work we have focused
on this form of the parent molecule to clarify its molecular
structure, electronic properties, and UV- visible spectra.

The optimized geometries of the studied pyran dyes D1,
D2, D3, D4, D1-Me, D2-Me, D3-Me, D4-Me, A1, and A2 are
shown in Figs. 2, 1S, and 3. The selected geometrical param-
eters, which include bond lengths, and charge density distri-
bution, are summarized in Figs. 2 and 3. The calculated
geometrical data indicate that the geometrical parameters for
all donor dyes are very similar. It is observed that the mean
values of the single bonds C7-C8 and C5-C6 distance by
B3LYP/6-31+G** method are 1.460 Å and 1.450 Å, respec-
tively, and the value of the double bond C6-C7 distance is
1.351 Å. This can be understood from the localized charge
density on whole molecules. We did not observe important
changes in the internuclear distances between the studied
dyes. The central double bond and single bonds remained
constant. Figure 3 displays the optimized structure of the
two studied squaraine dyes as acceptor dyes.

Frontier molecular orbital

In the design of dye molecules, the HOMO and LUMO levels
and their Eg value are among the most important properties
dominating the dye performance in DSSCs. The Eg of donor
dyes plays a major role in broadening the range of absorption
which improves the photocurrent efficiency of the dyes. At the
same time, small Eg value in donor dyes aids in the generation
of excitons and increases the efficiency of photoexcitation. Eg

values in donor and between donor and acceptor dyes are very
important for the generation and recombination of charges.
The energies of the main molecular orbital, HOMO, and
LUMO were calculated using B3LYP/6–31+G** level of
theory in gas phase, and the other two density functional
(PBEPBE, TPSSH) with 6–311++G** basis set to validate
t h e l e v e l o f t h e o r y. E x p e r im e n t a l d a t a f o r
4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-
4H-pyran (D2-Me) are available in the literature [51]. The
theoretical Eg was estimated as Eg = ELUMO-EHOMO. Tables 1
and 2 summarize the energies of FMO for the studied dyes at
different levels of theory. In this section, the energies of
HOMO, LUMO, and gap energies for the studied dyes are
calculated. Also an interaction between HOMO present in the
donor and LUMO of squaraine acceptor is investigated, as
shown in Fig. 4. It is clear that the insertion of methyl group in
heterocyclic ring reduces the gap energies (LUMO-HOMO)
for all the studied donor dyes. The data in Tables 1 and 2 show
a small effect on the HOMO and LUMO levels upon changing
the substituent groups. The gap energies of D and D-Me are

D

D1

D2

D3

D4

Fig. 2 Optimized geometries for the studied donor dyes using B3LYP/6–
31+G** level of theory
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A1

A2

Fig. 3 Optimized geometries for
the squaraine dyes using B3LYP/
6–31+G** level of theory

Table 1 Frontier molecular orbitals energies (eV) and energy gap (eV)
for studied dyes using B3LYP/6-31+G ** level of theory

Compound HOMO LUMO LUMO-HOMO

D −6.29 −3.07 3.22

D-Me −6.18 −2.98 3.20

D1 −6.21 −2.99 3.22

D1-Me −6.11 −2.90 3.21

D2 −5.66 −2.67 2.99

D2-Me −5.61 −2.59 3.01

D3 −6.67 −3.80 2.87

D3-Me −6.51 −3.73 2.78

D4 −5.88 −2.77 3.11

D4-Me −5.81 −2.68 3.13

A1 −5.34 −3.27 2.07

A2 −5.49 −3.28 2.20

Table 2 Frontier molecular orbitals energies (eV) and energy gap (eV)
for methyl substituted pyran dyes using B3LYP and TPSSH functionals
and 6–311++G ** basis set

HOMO LUMO LUMO-HOMO

D1-Me TPSSH −5.86 −3.12 2.75

D2-Me −5.31 −2.81 2.51

D3-Me −6.29 −3.89 2.41

D4-Me −5.52 −2.89 2.63

D1-Me B3LYP −6.23 −2.97 3.26

D2-Me −5.67 −2.68 2.98

D3-Me −6.67 −3.75 2.92

D4-Me −5.89 −2.77 3.12

D1-Me PEBPEB −5.55 −3.46 2.09

D2-Me −5.03 −3.13 1.90

D3-Me −5.98 −4.23 1.75

D4-Me −5.23 −3.23 2.00
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3.322 and 3.207 eV using B3LYP/6–31+G** level of theory,
respectively. This decrease in Eg is also clear in D3 and D3-
Me which is 0.15 eV. The HOMO energy of D2-Me is
5.61 eV, which is in a good agreement with the experimental
value (5.56 eV) with error equal to 0.05 eV using B3LYP/6–
31+G**. PBEPBE/6–311++G** level of theory shows good
behavior for LUMO energy calculation. ELUMO energy is
3.13 eV compared with the experimental value 3.43 eV [51].
The high performance of DSSCs based on organic dyes is
probably due to the high open-circuit voltage (Voc) values with
large gap energies between donor (pyran) and acceptor
(squaraine) dyes (EHOMO (donor) -ELUMO (acceptor)). To
investigate this problem, two different squaraine structures
as acceptor dyes were investigated. Figure 4 presents the
recombination charges process in donor-acceptor system. As
shown in this figure, the structure A2 is better than A1 as
acceptor dye with the donor under examination. The result
suggests that charge recombination does not occur more easily
in D2-Me and D3-Me. The gap energy between D3-Me and
D2-Me with acceptor dye are 2.33 and 3.32 eVusing B3LYP/
6–31+G**. This result indicates that charge recombination
occurs more easily in D2-Me than in D3-Me. In conclusion,
D2-Me dye displays high performance as donor dye which
has low gap energies by itself (photocurrent) and with accep-
tor dye as well.

The electronic absorption spectra

Development of new sensitizers that can absorb in the visible
region with relatively large absorption coefficients is also
desired in designing organic dyes for DSSCs. TD-DFT//
B3LYP/6-31+G** calculations on electronic absorption spec-
tra in gas phase were performed to understand the electronic
transitions of the studied dyes in this work. TPSSH, PEBPEB,
and B3LYP with 6-311++G** were tested to compare maxi-
mum absorption wave lengths. The absorption spectra, exci-
tation energy, oscillator strength, and main configurations are
listed in Table 3. TD-DFT results in Tables 3 and 4 include
only the first three singlet transitions of absorption bands with

the oscillator strength larger than 0.01. Triplet transitions were
summarized in Table 4 using B3LYP/6-311++G** level of
theory. The wavelength longer than 300 nm was recorded in
Table 3 because the absorption in visible and near-UV regions
is the most important region for photo-to-current conversion.
The present results indicate that the absorption bands of the
donor dyes are red shifted under the effect of substituents. The

Fig. 4 The difference between
EHOMO and ELUMO for D3-Me
and D2-Me donor dyes and the
acceptor dyes using B3LYP/6–
31+G** level of theory (Tables 1
and 2 have all information)

Table 3 Absorption wavelength (nm), and oscillator strength (f) calcu-
lated by TD-DFT/6-31+G** method for all methyl substituted donor
(pyran) dyes

MO character MO coefficient Eexc (eV) Wavelength (nm) f

D1-Me

H- > L 0.588 3.49 354.85 0.663

H- > L + 1 0.363

H-1- > L + 1 0.682 2.94 421.22 0.459

H- > L + 2 0.167

H- > L + 2 0.562 3.99 310.71 0.204

D2-Me

H- > L 0.705 2.81 441.2 1.103

H-1- > L 0.183 3.65 339.18 0.098

H- > L + 1 0.612

H-1- > L + 1 0.602 3.19 388.77 0.070

H- > L + 1 0.329

D3-Me

H-1- > L 0.638 3.46 358.31 1.008

H-1- > L 0.190

H- > L 0.696 2.48 500.04 0.232

H- > L + 2 0.103

H- > L + 1 0.568 3.51 353.05 0.039

D4-Me

H- > L 0.696 2.91 425.68 0.842

H-1 - > L 0.595 3.27 378.95 0.265

H- > L + 1 0.351

H-1- > L + 1 0.176 3.81 325.76 0.119

H- > L + 1 0.590
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parent dye (D) has maximum absorption band at 418 nm
which is the smallest value. The absorption band that corre-
sponds to the maximum absorption of the other substituent
donor dyes is red shifted except in NH2 group (D4). The
insertion of dimethylamino (D2) causes large red shifts in
which the absorption band is 441 nm. Most of the electronic
transitions are mainly contributed by the LUMOs-HOMOs
transition. All absorption bands in the visible region are typ-
ical π–π* transitions. The maximum absorption bands for the
studied dyes resulted from the electronic transitions from the
initial states that are mainly contributed by the HOMO-1-
LUMO are shown in Tables 2. These dyes exhibit strong
charge transfer absorption bands in the visible region. The
lowest transition of D2-Me and D3-Me dyes is calculated at
2.81 and 2.48 eV (Table 3) and corresponds to the intramo-
lecular charge transfer (CT) excitation from the HOMO (lo-
calized on phenyl ring) to the LUMO, localized on hetero
pyran ring. As shown in Fig. 2S (supplementary data), the
electron distribution in the HOMO and LUMO of all studied

derivatives clearly indicates that an intramolecular charge
transfer from the donor moiety (phenyl ring) to the acceptor
moiety (pyran moiety) occurs upon photoexcitation of the dye
(Fig. 5). The results in Tables 2 and 3 were compared with the
available experimental data for D2-Me molecule [51]. λmax

values calculated from TD-B3LYP, TD-PBE, and TD-TPSSH
with 6–311++G** basis set are compared with available ex-
perimental data. As shown in Tables 3 and 4, the λmax values
calculated using B3LYP with different basis sets 6–31+G**
and 6–311++G** are 441.21 and 440.51, respectively. These
values are close to experimental value 460 nm. The results in
Table 3 indicated that, the best value of λmax for D2-Me was
predicted to be 457.92 nm using TPSSH/6–311++G** level
of theory which was the closest to experimental value
(∼460 nm).

The transfer energy between donor and acceptor dyes
during absorption and emission spectra is interesting in
DSSCs. The plots of electronic absorption spectra of donor
derivatives and squaraine acceptor dye are shown in Fig. 6.

Table 4 Absorption wavelength
(nm), and oscillator strength (f)
calculated by TPSSH and
PBEPBE functional at 6-311++
G** basis set for some selected
donor dyes

Methods D1-Me D2-Me (454 nm) 51 D3-Me D4-Me

Wavelength f Wavelength f Wavelength f Wavelength f

pbepbe 464.90 0.33 506.87 0.76 614.75 0.16 470.47 0.85

406.47 0.61 388.01 0.22 416.84 0.12 364.45 0.24

309.41 0.57 340.34 0.37 401.30 0.92 329.52 0.41

TPSSH 413.90 0.64 457.92 1.04 506.22 0.27 430.56 1.07

370.98 0.49 396.73 0.15 367.91 1.10 394.18 0.04

315.30 0.01 342.89 0.17 359.27 0.04 327.13 0.16

B3LYP/Singlet 396.42 0.91 440.51 1.19 459.61 0.4 417.10 1.18

355.02 0.32 367.61 0.09 414.06 0.73 369.72 0.05

341.32 0.09 372.71 0.12 375.39 0.07 363.05 0.08

B3LYP/Triplet 679.21 0.00 700.01 0.00 730.61 0.00 689.63 0.00

509.46 0.00 536.24 0.00 523.12 0.00 529.47 0.00

378.08 0.00 399.54 0.00 441.34 0.00 387.79 0.00

Fig. 5 Electron distribution of
frontier molecular orbitals of two
donor dyes (D3-Me and D2-Me)
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Figure 6a and b display theoretical absorption overlap be-
tween pyran donor and squaraine acceptor dyes. The amount
of spectral overlap between the studied donor dyes and ac-
ceptor is large in D3-Me and D2-Me. The above mentioned
results and the present one confirm and recommend that the
structure of D2-Me dye is the best model for DSSC system
which can enhance both the spectral breadth and absorption of
dye sensitized solar cells.

Conclusions

In summary, we performed DFT and TD-DFT calculations to
analyze and understand the electronic structure, absorption,
and electron transport properties for organic donor dyes. The
effect of substituents on donor dye is reflected on the magni-
tudes of molecular orbital energies, as it is confirmed by the
calculated UV–visible spectra and the energies of the FMO.
TD-DFT appeared to be an accurate approach. The B3LYP
functional with the 6–311++G** basis set produced the most
reliable HOMO energy. On other hand, PEBPEB/6–311++
G** level of theory is in good agreement with experimental
value of ELUMO. TPSSH/6–311++G** level of theory indi-
cated that the value of λmax is 457.92 in gas which agrees well

with the experimental value (460 nm). The results indicate that
D2-Me showed the appropriate donor dye. It also exhibited
the best absorption characteristics in maximum wavelength
and high absorption band overlaps with squaraine acceptor
dye, as well as performing a good photocurrent character. It
can be concluded that the best molecular design for donor
dyes based on pyran would be the one which contains
dimethylamino group in the para position of phenyl ring and
methyl group in pyran ring (D2-Me). A future study is under
way for the synthesis and characterization of squaraine and
pyran donor-acceptor dyes.
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