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Abstract 

 
In this study, we have designed five novel organic donor-
π-acceptor dyes (D1-D5), based on the experimentally 
synthesized C206 dye for the highly efficient dye-

sensitized solar cell. The electron acceptor (anchoring) 
group was 2-cyanoacrylic acid for all dyes whereas the 
electron donor unit varied (anthracene-1, 4-dione, 
indoline, carbazole, phenothiazine, phenoxazine) and the 
influence was investigated. These dyes, based on thieno 
[3, 2-b] thiophene as π-spacer, were studied by Density 
Functional Theory (DFT) and its extensible time 
dependent DFT (TD-DFT) to evaluate ground state and 

excited state geometries, and further calculated their 
physical and electronic properties, including geometrical 
structures, molecular orbital energy levels, absorption 
spectra, Light Harvesting Efficiency (LHE), injection 
driving force (∆Ginject.), and electron binding energy (Eb), 
were discussed. The calculated results of these dyes reveal 
that dye D3, with phenoxazine as electron donor group, 
are promising functional groups in D-π-A organic dyes, 
can be used as a potential sensitizer for TiO2 

nanocrystalline solar cells due to its best electronic and 
optical properties and good photovoltaic parameters. 
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1. Introduction 

 

Since the report by O’Regan and Gratzel in 

1991, Dye-Sensitized Solar Cells (DSSCs) 

have emerged as a low-cost alternative 

potential energy solution, related to the 

silicon-based p-n junction solar cell 

(O’Regan et.al., 1991; Hagfeldt et.al., 

2010). In the particular case, there are four 

factors that can affect the performance of 

the DSSCs; there are photosensitive dyes, 

electrodes (anode and cathode) and 

electrolyte [Liu et.al., 2007; Li et.al., 2008). 

Two general classes of dyes exist: metal-

based and metal-free. Metal-free dyes are 

advantageous because of their higher molar 

extinction coefficients, ease of modification 

and engineering, low budget and 

environmental impact, and better 

performance in DSSC [Chen et.al., 2007; 

Chen et.al., 2010). Typically, metal-free 

sensitizers belong to a class of dyes 

commonly denoted to as D- π-A dyes, and 

consist of three groups: an electron donor 

(D); an electron-rich conjugated group (π); 

and an acceptor (A), which also serves to 
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chemically bind the dye to the surface of 

the TiO2. D-π-A structure motif exhibits 

several advantages over the coordination 

complex: high molar coefficient, low-cost 

fabrication, and an extraordinary diversity. 

The metal-free organic dye sensitizers, such 

as cyanines (Ehret et.al., 2001), 

hemicyanines (Chen et.al., 2005), 

triphenylamine (Hagberg et.al., 2008), 

perylenes (Liang et.al., 2007; Koumura 

et.al., 2006), coumarins (Wang et.al., 2007; 

Hara et.al., 2003), phorphyrins (Balanay 

et.al., 2007; Lin et.al., 2009) and indoline-

based (Ito et.al., 2006; Horiuchi et.al., 

2004) dyes have been developed by good 

build for DSSC’s.  

 

In the current study, the optoelectronic 

properties of the designed dye molecules 

were studied using Density Functional 

Theory (DFT). In addition, towards, the 

effect of the donor of electron withdrawing 

groups such as (anthracene-1, 4-dione, 

indoline, carbazole, phenothiazine, 

phenoxazine) at the thieno [3, 2-b] 

thiophene ring on the spectral properties 

and the efficiency of the dye molecules has 

been studied. The efficiency of the 

designed dye molecules was studied 

through the HOMO (Highest Occupied 

Molecular Orbital) and LUMO (Lowest 

Unoccupied Molecular Orbital) energy 

levels, electronic absorption property, Light 

Harvesting Efficiency (LHE), exciton 

binding energy (Eb) and the free energy 

change for electron injection rate. It has 

been reported in the previous studies, 

(Benkova et. al., 2006; Liu et. al., 2012) 

that the organic molecules with a donor-π-

spacer–acceptor combination exhibit good 

nonlinear optical (NLO) properties. 

Furthermore, it is reported that the NLO 

property of the molecules is sensitive to the 

conjugation length, donor, and anchoring 

group substitutions and to the symmetry of 

the dye molecules (Ruiz Delgado et. al., 

2008; Nithya et. al., 2014). Hence, the NLO 

property of the designed dye molecules was 

analyzed through the dipole moment, static 

polarizability and first hyperpolarizability. 

2. Computational Details 

 

All the DFT/TDDFT calculations were 

carried out using the Gaussian 09w 

program packages (Frisch et. al., 2009). 

The ground state geometries of metal-free 

dyes were optimized by Becke’s three-

parameter functional and the Lee-Yang-

Parr functional (B3LYP) (Becke et.al., 

1993; Lee et.al., 1988) and 6-31G (d) basis 

set was employed to investigate the 

structure optimization of the ground state of 

the dyes in the gas phase. Electronic 

transitions of the HOMO and LUMO levels 

of the dyes along with the calculated 

molecular orbital energy. Exchange-

correlation (XC) functional, we used time-

dependent DFT (TD-DFT) methods with 

B3LYP hybrid functional to calculate the 

vertical excitation and oscillator strength. 

Therefore, the vertical excitation energies 

and UV-Visible were simulated using TD-

B3LYP functional with the 6-31G (d) 

method in this work. The inclusion of the 

solvent consequence in theoretical 

calculations is important when the 

experimental spectra with a reasonable 

accuracy. In this paper, the integral 

equation Conductor like polarizable 

continuum model (C-PCM) (Barone et.al., 

1998) was chosen in vertical excitation 

energy calculations. 

 

3. Results and Discussion 

 

3.1 The Ground State Geometries 

The geometric structure of the designed dye 

molecules is optimized in the ground state 

by DFT using the hybrid functional 

B3LYP/6-31G (d) level of theory and its 

constructions have shown in Figure 1. 

Some of the selected dihedral angles for 

phenoxazine were shown in Table 1. The 

calculated values  are 178.10°, -177.27°, -

177.65°, 178.73°, with bridged thieno [3,2 -

b] thiophene, respectively. Indicating that 

the donor can improve the electron 

delocalization, which is important to 

decrease the energy gap and thus induce a 

redshifted absorption (vide infra). Figure 1, 
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reveals that both sensitized and also show 

good planarity between acceptors and 

which is favorable for the intramolecular 

charge transfer (ICT). 

 

3.2 Frontier molecular orbitals 

In the structure of design dye molecules, 

the HOMO and LUMO levels and their 

energy gap value are among the most 

significant properties dominating the dye 

presentation in DSSCs. Frontier molecular 

orbitals (FMO) of organic dye molecules 

D1-D5, with respect to electron charge-

transfer states for all dyes. The effect of the 

electron donor group on highest occupied 

molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) has 

been studied. The evaluated dye molecules 

for FMO are shown in Table 2. 

 

The highest few occupied must be localized 

on the donor moiety and (LUMO) must be 

delocalized on the acceptor moiety. The 

donor unit was modified in different dye 

molecules. As can be seen from Figure 2, 

HOMO-LUMO intermolecular charge 

transfer of the electron is transferred from 

the donor to acceptor moiety. An efficient 

dye sensitizer should have a small HOMO - 

LUMO (EH-L) energy gap in D3 dye 

compared with C206 dye has been shown 

in Table 2. 

 

From Figure 3, it can be observed design 

the dye molecules, the LUMO level must 

be positive with respect to the conduction 

band of TiO2 (-4.0 eV) (Asbury et. al., 

2001) and the HOMO level must be 

negative than the reduction potential energy 

of (-4.8 eV) (Al-Sehemi et. al., 2012). As 

shown in Figure 3, the energy level 

diagram of the designed dye molecules 

should have a much smaller energy gap of 

D3 dye compared with C206 dye. 

According to the Marcus theory of electron 

injection, this states that the larger value of 

∆Ginjects then faster the rate of electron 

injection. It is worthy to mention here that 

this assumption is valid from the injection 

is restricted to the energy levels close to the 

conduction band edge, and that the density 

of the anchoring group in this energy range 

will remain constant (Marcus et.al., 1985). 

It is clearly indicated from Table 2, that the 

LUMOs of all dye molecules lies over the 

CBE of TiO2 and the HOMO are situated 

below the redox potential of electrolyte (-

4.80 eV). The values can be stated that all 

of them possess a positive response to 

electron charge transfer and regeneration 

related to photo-oxidation process. 

 

In addition to Figure 3, depicts that D3 dye 

is expected to show the fastest electron 

transfer among the dyes. Furthermore, 

these dyes are responsible for longer 

wavelength in the near-infrared region. So, 

it can increase the efficiency of the D3 dye 

molecule.  

 

3.3 Non- Linear Optical Properties 

The static polarizability (α), and first order 

hyperpolarizability (β) of the designed dye 

molecules were calculated using the 

equation (Senthilkumar et al., 2014):    

  

1

3
tot xx yy zz               (1) 

   
2 2 21

6
2

xx yy zz xx xx           
  

     (2) 

     
1

2 2 2 2

0 xxx xyy xzz xxy yyy yzz xxz zyy zzz                  
  

 (3) 
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Whereas , , , , , , , , , ,xx yy zz xxz zyy zzz xxx xyy xzz xxy yyy yzzand            tensor components.

The calculated values were summarized in 

Table 3. The D3 dye molecule has the 

maximum of static polarizability has 2.85 

x10-23 e. s. u. The static polarizability of 

C206 is 4.98 x10-23 e.s.u. The static 

polarizability is directly proportional to the 

dipole moment (Senthilkumar et. al., 2014). 

However, from Table 3, it can be seen that 

the value of D4 molecule has 2.84 x10-23 

e.s.u. The first order hyperpolarizability is 

inversely proportional to the transition 

energy (Janjua et. al., 2012). Accordingly, 

the D3 dye molecule is minimum transition 

energy (2.09 eV get from TD-DFT 

calculated) show the maximum β value of  

 

Figure 1: Optimized structure of the studied designed dye calculated by B3LYP/6-31G (d) 

level of theory. 
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Figure 2: The frontier molecular orbital’s of HOMO (left) and LUMO (right) 
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Figure 3: Schematic energy level diagrams of the dyes, CB of TiO2 and Redox electrolyte 

(I−/I3
−)

 
 

 

 

Figure 4: Computed UV-Visible spectra of the designed dyes in acetonitrile solution 
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Table 1: Geometric Parameters of Some Selected Dihedral Angles (in degree) of the Optimized 

Structures calculated 6 31G (d) level of theory 

C206 D1 D2 D3 D4 D5 

C50

-

C49

-

C42

-

H15 

178.3

7 

C9-

C10

-

C11

-

H36        

178.1

4 

S18-

C14

-

C15

-

H37        

178.2

8 

S19-

C15

-

C16

-

H38  

178.1

0 

S20-

C16

-

C17

-

H41         

178.1

9 

S15-

C11

-

C12

-

H36         

178.3

1 

C50

-

C49

-

C42

-

H16 

-

177.3

9 

C13

-C8-

C9-

H35         

-

178.7

1 

H37

-

C15

-

C16

-

C17        

-

177.8

3 

H32

-C3- 

C4- 

C5           

-

177.2

7 

C9-

C10

-

C11

-

H37         

-

177.7

4 

C2-

C11

-

S15-

C14         

-

177.5

2 

C71

-

C70

-

C11

-

H39 

-

177.9

4 

H36

-

C11

-

C12

-

C13        

-

178.4

0 

C29

-N1-

C2- 

C7           

-

178.9

1 

H38

-

C16

-

C17

-

H18        

-

177.6

5 

H41

-

C17

-

C18

-

C19       

-

177.7

9 

H26

-C1-

C6-

C5           

-

178.0

4 

C71

-

C70

-

C10

-

H38 

 

178.9

2 

S21-

C1-

C18

-

H39         

 

178.6

2 

C13

-N1-

C2- 

C3          

 

179.3

3 

C15

-C2- 

C3- 

C4            

 

178.7

3 

C16

-C2-

C3-

C4            

 

178.9

8 

C3-

C4-

C5-

H27            

178. 

96 

 

 

 

Table 2: Frontier molecular orbital energy levels and the Corresponding optical gap of the 

different dyes in B3LYP/6-31G (d) method 

Dyes 
HOMO in 

(eV) 

LUMO in 

(eV) 

Band gap 

in (eV) 

C206 -5.30 -2.88 2.42 

D1 -6.23 -3.53 2.70 

D2 -5.72 -2.92 2.80 

D3 -5.17 -2.93 2.24 

D4 -5.40 -2.99 2.41 

D5 -5.31 -2.88 2.43 
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Table 3: The Dipole Moment (µ), Static Polarizability (α), First Hyperpolarizability (β) of 

Dyes Studied at B3LYP/6-31G (d) Level of Theory. 

Dyes 
Dipole moment 

(Debye) 

Static polarizability(α) 

X10-23 e.s.u 

First hyperpolarizability(β) 

X10-30 e.s.u 

C206 4.79 4.98 12.5 

D1 2.20 1.94 2.42 

D2 4.93 2.58 2.16 

D3 7.64 2.85 4.29 

D4 5.40 2.84 2.01 

D5 5.04 2.26 1.05 

 

 

 

 

Table 4: Absorption wavelength (λmax in nm and eV), oscillator strength (f), orbital 

transitions and light harvesting efficiency (LHE) of the studied dyes calculated at the 

B3LYP/6-31G (d) level of theory in acetonitrile medium 

 

Dyes 

Wavelength Oscillator strength 

(f) 

 

LHE 

 

Major Transitions Energy 

(eV) 

λmax  

(nm) 

C206 2.44 508 0.6834 0.792 HOMO→LUMO (99%) 

D1 2.72 454 0.3681 0.571 HOMO→LUMO (96%) 

D2 2.73 453 0.4108 0.611 HOMO→LUMO (88%) 

D3 2.09 592 0.2433 0.430 HOMO→LUMO (99%) 

D4 2.31 536 0.1789 0.337 HOMO→LUMO (100%) 

D5 2.45 505 0.0133 0.030 HOMO->LUMO (100%) 

 

 

 

 

Table 5: The calculated redox potential of the ground state (Edye in eV), oxidation potential 

of the dye (Edye
*in eV), absorption energy (λ in eV), free energy change for electron injection 

(∆Ginject in eV), energy gap (EH–L in eV) and exciton binding energy (Eb in eV) of the studied 

dye molecules at the B3LYP/6-31G (d) level of theory in acetonitrile medium 

Dyes Edye/eV λmax/eV Edye
*

/eV ∆Ginject Eb eVoc 

C206 4.79 2.44 2.35 -1.65 -0.01 1.12 

D1 6.23 2.72 3.51 -0.47 -0.02 0.47 

D2 5.72 2.73 2.99 -1.08 0.07 1.08 

D3 5.17 2.09 3.08 -1.07 0.15 1.07 

D4 5.40 2.31 3.09 -1.01 0.10 1.01 

D5 5.31 2.45 2.86 -1.12 -0.02 1.12 
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Graphical Abstract 

 

 

 

4.29 x 10-30 e.s.u. A higher value of the first 

hyperpolarizability is considerable for 

active Non-Linear Optical (NLO) 

performance and the present results 

inculcate that donor molecule can be used 

in NLO applications. The dipole moment of 

the design dye molecules to calculate 

following the formula: 

 
1

2 2 2 2

tot x y z       

     

 (4) 

Where , ,x y z totand     is a tensor 

components. 

 

The dipole moment is one of the important 

parameters which make available about the 

electronic charge spreading in the molecule 

(Nithya et. al., 2014). The information 

about the dipole moment of the organic dye 

molecules is important while scheming the 

materials for optoelectronic applications. 

The dipole moment of the D3 dye molecule 

is higher than that of other dye molecules. 

The dipole moment of the D3 dye molecule 

in the excited state is 7.64 Debye. 

 

3.4 Optical Properties  

The absorption spectra of the designed dye 

molecules were calculated by using 

TDDFT-B3LYP/6-31G (d) level of theory 

in acetonitrile medium are summarized in 

Table 4. The absorption spectra of 

optimized molecule dyes are shown in 

Figure 4. Molar extinction coefficient is 

maximum in D3 dye molecule and is 

associated with HOMO-LUMO transition. 

The dominant absorption spectra of the D3 

dye molecules lies in the visible region 

have shown in Figure 4. From Table 4, we 

could find the donor group changes, the 

first vertical excitation energies (E) were 

changed in decreasing order of 

D2>D1>D5>D4>D3 showing that there is a 

red shift when passing from D2 to D3 and 

compared with C206. Comparing the 

maximum absorption of these dyes in the 

aspect of the different donor, the calculated 

results have been shown that the D3 dye 

molecule has a more broadening region. 

The dominant absorption band of the D3 

dye molecule is observed at 592 nm 

respectively, compared with C206 is 508 

nm. It was observed that the D3 dye 

molecule red-shifted with other molecules 

and compared to C206. The absorption 

spectra also belong to π-π* transitions. 

These results indicate that the D3 dye could 

more light harvest at the longer-

wavelength, which is beneficial to further 

increasing the photo-to-current conversion 

efficiency of the corresponding DSSCs.  
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3.5 Photovoltaic Properties 

The solar-to-electricity conversation 

efficiency of the DSSC is calculated from 

the following equation:  

SC OC

IN

J V FF

P
     

     (5) 

Where JSC short-circuit current density, VOC 

is the open-circuit photovoltage; FF is the 

fill factor, and PIN the intensity of the 

incident light. 

 

The open-circuit photovoltage, VOC, is 

determined by the energy difference 

between the semiconductor conduction 

band edge and the electrolyte redox 

potential. The short-circuit current density, 

JSC, is determined by the interaction 

between TiO2 and sensitizer and the 

absorption coefficient of the sensitizer. JSC 

can be expressed by Eq. 6 

( )SC INJ collJ LHE d      

     (6) 

Whereas LHE is the light harvesting 

efficiency at a given wavelength, INJ is 

the electron injection efficiency and coll  is 

the charge collection efficiency.  

 

In the same external environment of DSSCs 

systems, the similarities sensitizers with 

only difference π bridge fragment have 

same charge collection efficiency and 

electron injection efficiency was assumed 

that the similar structure in the dye-

semiconductor interface. According to Eq. 

(5), to get large JSC, the LHE of the 

sensitizer should be as high possible. If 

only one absorption occurs for electron 

injection, LHE can be presented by Eq. 7 

(Preat et. al., 2010; Preat et. al., 2009): 

1 10 fLHE      

     (7) 

Where f is the oscillator of the dye 

associated with the max . 

 

As discussed above, the light harvesting 

efficiency (LHE) and the electronic 

injection free energy ( injectG ) are the two 

main influencing factors on
SCJ . The LHE 

is a very important role of the metal-free 

dyes considering the role of dyes in the 

DSSC, i.e. absorbing photons and inserting 

photoexcited electrons to the CB of the 

semiconductor (TiO2). In order to give an 

intentional impression of the donor groups 

affects the LHE, we simulated the UV/Vis 

spectra of the five dyes. We could find the 

electron donor group changing, the 

oscillator strengths were slightly changed. 

As shown in Table 4, the LHE values for 

these dye molecules are given in a range 

(0.57, 0.61, 0.43, 0.33, and 0.03). This 

means that all the sensitizers give similar 

photocurrent. Another way for improving 

Jsc is to improve the electronic injection 

rate of free energy injectG . 

 

The free energy change (in eV) for the 

electron injection can be expressed as (De 

Angelis et. al., 2008): 
*

2TiOdye

inject OX CBG E E     

     

 (8) 

 

Here 
*dye

OXE is the oxidation potential of the 

dye in the excited state and 2TiO

CBE is the 

reduction potential energy of the TiO2 

conduction band. The Two modes can be 

used for the evaluation of
dye

OXE . The first 

implies that the electron injection rate 

follows from the unrelaxed conditions. For 

this reaction, the excited state of oxidation 

potential can be extracted from the redox 

electrolyte of the ground state, 
*dye

OXE which 

has been calculated by PCM-B3LYP/6-

31G(d) approach using formalisms and the 

vertical excitation energies corresponding 

to the photoinduced intramolecular charge 

transfer (ICT), 
*

max

dye dye ICT

OX OXE E     

     

 (9) 

Here max  is the energy of the ICT. 
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The results displayed in Table 5, reveal that 

the electron donor significantly influences 

on
*dye

OXE . We could find that for these dyes, 

they have negative injectG , implying that 

the electron injection rate process is 

spontaneous, and the calculated injectG  

decreases in the order of 

D5>D2>D3>D4>D1. 

 

To attain high energy-conversion 

efficiency, the electron and hole pairs 

should be dissociated into separate positive 

and negative charges to escape from the 

recombination of coulombic attraction. 

This process, the binding energy has to be 

overcome. That is, the dye molecules 

should possess less exciton binding energy 

for high energy conversion. Here, the 

exciton binding energy was calculated 

using the formula (Scholes et. al., 2006; Li 

et. al., 2011): 

maxb g x H LE E E E       

     (10) 

 

Where Eg is the band gap and is 

approximated as the HOMO– LUMO 

energy difference and EX is the optical gap 

and is defined as the first singlet excitation 

energy, λmax. The calculated exciton 

binding energies of the designed dye 

molecules are summarized in Table 5. The 

exciton binding energy of D2 molecule is 

1.07 eV and those of the D1, D3, D4, D5 

molecules has nearly the same value. From 

Table 5, it can be observed that the exciton 

binding energy of D1 and D5 is the same 

and is equal to -0.02 eV which is lesser 

than that of the other molecules. Note that 

the D3 dye molecule increases the exciton 

binding energy and the maximum value of 

0.15 eV. These results show that the D3 

dye molecule is more suitable for DSSC 

applications.  

 

We can take the redox electrolyte potential 

as a constant because the solution I-/I-
3

 

usually used as the electrolyte. Upon the 

photon adsorption of dyes onto the TiO2, 

the CBE can be expressed as Eq. 11 (Li et. 

al., 2014; Ruhle et. al., 2005) 

0

normalq
CBE

 

 
      

     (11) 

 

Where q is the elementary charge, γ  is the 

molecular surface concentration, 
normal  is 

the component of the dipole moment of the 

molecular perpendicular to the interface of 

the semiconductor (the -ve direction is 

defined as the dipole moment pointing 

toward the TiO2 film), 0  and   are the 

permittivity of the vacuum and the 

dielectric constant of the organic 

monolayer. Thus, giving to Eq. (11), it is 

obvious that a dye with a large normal  will 

lead to more shift of CBE of semiconductor 

film toward the vacuum energy level, 

which will result in higher VOC. The dipole 

moment calculated results are shown in 

Table 3. The results show designed dye 

own larger dipole moment than C206, and 

D3 dye molecule largest dipole moment 

7.64 Debye. From above, the D3 has a 

dipole moment, so it may be the 

performance of the best conversion 

efficiency. 

 

From equation (12) VOC and ELUMO of the 

dye may be expressed as: 

OC LUMO CBeV =E -E    

     (12) 

Where ECB is the conduction band energy 

of the semiconductor surface. It induces 

that higher than the value of ELUMO, larger 

is that for the VOC. 

 

Conclusion 
 

The role of the donor group influence in the 

D-π-A to evaluate geometries, electronic 

structures and optical properties via DFT 

and TD-DFT method has analyzed. The 

phenoxazine donor group was more 

efficient towards elevating the HOMO and 

LUMO energies were -5.17 and -2.93 eV, 

respectively. The static polarizability and 
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first order hyperpolarizability quantities of 

the C206 dye sensitized were obtained 4.95 

x10-23 e.s.u and 12.5 X10-29 e.s.u, 

respectively. The dipole moment, static 

polarizability and first hyperpolarizability 

values shows, donor based molecules 

possess good NLO properties. The 

phenoxazine (D3) based donor group was 

found to be the best photosensitizer with 

respect to the other dyes, as the calculation 

results shown its good oxidation potential 

energy and electron injection force. These 

results suggest that the D3 dye molecule 

can be the most promising candidates for 

the high-performance photosensitizers. 

Finally, the procedures of theoretical 

approach can be employed to predict the 

electronic properties of the other 

compounds, and further to design novel 

materials for organic solar cells. 

 

Highlights  

 

The results of this study demonstrated that 

the different Donors influence the factors 

affecting the Voc. 

 

The phenoxazine donor group is more 

efficient towards elevating the HOMO and 

LUMO energies are -5.17 and -2.93 eV. 

 

The phenoxazine (D3) based donor group 

was found to be the best photosensitizer 

with respect to the other dyes, as the 

calculation results shown its good oxidation 

potential energy and electron injection 

force. 

It was observed that the D3 dye molecule 

red-shifted with compared to C206. 
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