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The ground states geometries of naphtho[2,3-b]thiophene derivatives have been optimized by using 

density functional theory (DFT) at B3LYP/6-31G** level of theory. The excitation energies have been 

computed by using time dependent DFT. The investigated dyes have been investigated with respect to 

dye-sensitized solar cells (DSSCs) and hetero-junction hybrid solar cells. The electron injection 

(ΔGr
inject

), electron coupling constants (|VRP|) and light harvesting efficiencies (LHE) of studied 

compounds have been discussed with esteem to DSSCs. The ΔGr
inject

 and |VRP| of new designed 

derivatives showed that these materials would be efficient DSSC materials. The electron affinities, 

reorganization energies, diagonal band gaps, and energy level offsets have been studied to shed light 

on the electron transfer behavior of studied materials with respect to hetero-junction hybrid solar cells. 

The higher electron affinities of 2, 4 and 6 revealed that the electron transport toward cathode in 

hetero-junction solar cells would be superior ultimately improve the open circuit photovoltage (Voc). 

The higher diagonal band gap for 2, 4 and 6 compared to their counterparts (1, 3 and 5) showed that 

these dyes might have higher short-circuit current density (Jsc) and fill factor (FF). The hole and 

electron reorganization energies showed that these materials would be efficient charge transporters. 
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1. INTRODUCTION 

The organic materials, visible light sensing and absorbing sensitizers and sensors are getting 

increasing attention as possible substitutes to traditional inorganic counterparts [1-3]. The Ru 

complexes showed the efficiency up to 10% as photosensitizers but these have health and 

environmental issues [4]. The organic materials are being used in photovoltaic devices which have low 

cost, environmental friendly and easy to fabricate [5]. The dye-sensitized solar cells (DSSCs) [6, 7] 

and hetero-junction hybrid solar cells with different nanoparticles such as TiOx [8], ZnO [9], CdSe [10] 

[11], CdS [12], PbS [13], CuInS2 [14] have been investigated in recent years. The organic/inorganic 

(organic/Si) hybrid solar cells gained much attention recently [15-20]. In organic-inorganic hybrid 

solar cells generally organic and inorganic parts have been combined with the aim to gain the 

advantages coupled with both material groups [21, 22]. 

 

 
 

Figure 1. The donor-bridge-acceptor systems investigated in present study. 

 

The basic structure of organic sensitizers is made of a donor (D), a bridge (B, π spacer), and an 

acceptor (A) moieties (D-π-A) to improve the efficiency of the UV/Vis photoinduced intra-molecular 

charge transfer (ICT). Generally, the critical factors that influence the sensitization are (i) a huge light 

harvesting ability of the dye is critical to get a significant photocurrent response; (ii) the good 

conjugation across the donor and acceptor group establishes the large CT character of the electronic 

transition; (iii) the electronic coupling strength is leading property for an efficient electron injection 

from the dye onto the semiconductor surface [23]. Previously, it has been found that by sandwiching 
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the electron deficient moiety between electrons rich ones enhanced the ICT [24], charge transport
 
[25] 

and tuned the electrochemical/spectroscopic properties [26]. The oligoacenes (e.g. naphthalene to 

hexacene) are being used as molecular backbones [27] in organic semiconductors due to their 

proficient electronic properties [28]. We have designed donor-bridge-acceptor (D-π-A) naphtho[2,3-

b]thiophene derivatives by incorporating the electron-rich and electron-deficient units, Fig. 1  which 

would enhance the ICT, tune the electro-optical and charge transport properties.  

In the present study we have substituted the CH3, OH and OCH3 at one end to augment the 

electron-donor ability. The ICT process plays a vital role in achieving higher efficiency which has 

been improved by introducing strong electron deactivating anchoring groups COOH and NO2. We 

shed light on ICT and energy transfer (ET) of the newly designed derivatives. We studied the effect of 

donor groups as it is expected that strong electron donor groups at one end and acceptor moiety at 

opposite side would tune the ICT through bridge, ultimately it would enhance the electron injection 

and electron coupling constant. It is anticipated that improved ICT would also improve the harvesting 

ability of sensitizers. The ICT process also plays a crucial role in achieving higher efficiency. This 

investigation aims helping to design efficient organic dyes in future that deliver qualitatively good 

descriptions of the electron injection of D-π-A sensitizers. The aim is also to design such derivatives 

which would be good materials as hetero-junction solar cells.  

The time-dependent density functional theory (TDDFT) has been used for the excitation energy 

calculations. The quantum chemical calculations have been performed to gain insight into electronic 

and charge transfer properties. We have also discussed the structure-property relationship. On the basis 

of electron injection, electronic coupling constants, light harvesting efficiencies, reorganization 

energies, electron affinities and energy level offset the nature of materials has been explained. The 

technical finding of the manuscript is interesting, and it potentially has applications for motivating 

experimentalists in pursuing the various donor and acceptor substitutions with various molecules. The 

paper is structured as follows: Section 2 deals about the methodology adopted; Section 3 discusses the 

charge transfer properties of studied systems as sensitizers and hetero-junction solar cells; the last 

section focuses on the major conclusions. 

 

 

 

2. COMPUTATIONAL DETAILS 

The ground state geometries have been optimized at ground state by using density functional 

theory (DFT) [29-51]. The computations of the excitation energies for dye sensitizers were performed 

using TDDFT with Gaussian09 package [52]. We have applied B3LYP [53-55] with 6-31G** basis set 

[56]. The TDDFT was used to investigate the light harvesting efficiency and excitation energies of 

sensitizers which have been proved an efficient approach [57, 58].  

The description of the electron transfer from a dye to a semiconductor, the rate of the charge 

transfer process can be derived from the general classical Marcus theory [59] [60-62] [63], 

kinject. = VRP 
2
/h (π/λkBT )

1/2
 exp[−(ΔG

inject. 
+ λ)

2
/4λkBT ]     (1) 

In eq. (1), kinject. is the rate constant (in S
-1

) of the electron injection from dye to TiO2, kBT is the 

Boltzmann thermal energy, h the Planck constant, - ΔG
inject.

 the free energy of injection and λ is the 
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reorganization energy of the system, VRP is the coupling constant between the reagent and the 

product potential curves. Eq (1) revealed that larger VRP leads to higher rate constant which would 

result better sensitizer. The value of VRP defines the adiabatic or non-adiabatic character of the 

electron transfer. The use of the Generalized Mulliken-Hush formalism (GMH) allows evaluating |VRP| 

for a photoinduced charge transfer [60, 61]. The Hsu et al. explained that |VRP| can be evaluated as 

[61]. 

|VRP| = ΔERP/2         (2) 

The injection driving force can be formally expressed within Koopmans approximation as 

ΔERP = [
dye

LUMOE + 2
dye

HOMOE ] - [
dye

LUMOE + 
dye

HOMOE +
2TiO

CBE ]     (3) 

where 
2TiO

CBE is the conduction band edge. It is often difficult to accurately determine
2TiO

CBE  

because it is highly sensitive to the conditions, e.g. the pH of the solution. Thus we used experimental 

value corresponding to conditions where the semiconductor is in contact with aqueous redox 

electrolytes of fixed pH 7.0, i.e., 
2TiO

CBE  = -4.0 eV [64-66]. 

More quantitatively for a closed-shell system 
dye

LUMOE  corresponds to the reduction potential of 

the dye (
dye

REDE ), whereas the HOMO energy is related to the potential of first oxidation (i. e., - 
dye

HOMOE  

=
dye

OXE ). As a result eq. (3) becomes, 

ΔERP = [
dye

HOMOE - 
dye

OXE  ] = - [
dye

OXE +
2TiO

CBE ]     (4) 

The eq (4) can be rewritten as  

ΔERP = 
0 0

dye

E 
 - [2

dye

OXE  + 
dye

REDE +
2TiO

CBE ]      (5) 

We propose to establish a reliable theoretical scheme to evaluate the dye’s excited state 

oxidation potential and quantify the electron injection onto a titanium dioxide (TiO2) surface. The free 

energy change (in electron volts, eV) for the electron injection can be expressed as [65]. 

ΔG
inject 

= 
*dye

OXE
 
-

2TiO

CBE         (6) 

where 
*dye

OXE  is the oxidation potential of the dye in the excited state and
2TiO

CBE is the reduction 

potential of the semiconductor conduction band. Two models can be used for the evaluation of 
*dye

OXE  

[67, 68]. The first implies that the electron injection occurs from the unrelaxed excited state. For this 

reaction path, the excited state oxidation potential can be extracted from the redox potential of the 

ground state,
 dye

OXE  and the vertical transition energy corresponding to the photoinduced ICT, 

*dye

OXE = 
dye

OXE  -
max

ICT

          (7) 

where 
max

ICT

  is the energy of the ICT. Note that this relation is only valid if the entropy change 

during the light absorption process can be neglected. For the second model, one assumes that electron 

injection occurs after relaxation. Given this condition, 
*dye

OXE  is expressed as [68]: 

*dye

OXE = 
dye

OXE  - 0 0

dye

E 
            (8) 

where 
0 0

dye

E 
 is the 0-0 transition energy between the ground state and the excited state. To 

estimate the 0-0 “absorption” line, we need both the S0 (singlet ground state) and the S1 (first singlet 

excited state) equilibrium geometries, QS0 and QS1, respectively. Though electron injection from 
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unrelaxed excited states has been observed in TiO2 [69] and SnO2 [70], the relative contribution of an 

ultrafast injection path is not clear, and the most experimental groups assume that the electron injection 

dominantly occurs after relaxation. Preat et al. concluded that the absolute difference between the 

relaxed and unrelaxed ΔGinject. is constant, and is of the same order of magnitude than the 
dye

OXE  and 

*dye

OXE
 
mean average error (MAE) [71]. The ΔG

inject
 and 

*dye

OXE
 
have been evaluated using Eqs. (6) and 

(7). 

The LHE of the dye has to be as high as possible to maximize the photocurrent response. The 

LHE can be expressed as [72]: 

 

where A (ƒ) is the absorption (oscillator strength) of the dye associated to the
max

ICT

 . The 

oscillator strength is directly derived from the TDDFT calculations as follow: 

    

where  is the dipolar transition moment associated to the electronic excitation. In 

order to maximize ƒ, both 
max

ICT

  and  must be large [73, 74]. 

The efficiency (
oc sc

in

V J
FF

P
 ) of solar cells can be determined by using the following equation 

oc sc

in

V J
FF

P
   

where Jsc is the short-circuit current density, Voc is the opencircuit photovoltage, FF is the fill 

factor, and Pinc. is the intensity of the incident light. The Jsc can be evaluated as 

( )sc injection collectionJ LHE d


      

where collection  is the charge collection efficiency which is constant. From above equation, we 

can find that Jsc is directly linked with the LHE and injection  is electron injection efficiency which is 

related to ΔG
inject

. It is revealing that higher LHE and ΔG
inject 

would lead efficient devices [75].  

( )sc injection collectionJ LHE d


      

In addition, based on the Marcus electron transfer theory [76, 77], the total reorganization 

energy could also affect the kinetics of electron injection, which can be approximately described as 

[78]: 

exp( )
4 b

K A
K T


   

where A is a prefactor,   is the total reorganization energies, kb is the Boltzmann constant and 

T is the temperature. As a result, the enhancement of Jsc should focus on improving the . 

 

 

 

 

(9) 

(10) 
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3. RESULTS AND DISCUSSION 

3.1. Electron injection investigation as sensitizers 

We have tabulated the ΔG
inject

, 
dye

OXE , 
*dye

OXE ,  
max

ICT

 , LHE, |VRP| and ΔGr
inject

 in Table 1. 

Recently we have synthesized 2-{4-[2-(4-nitrobenzylidene)hydrazino)]phenyl}ethylene 1,1,2-

tricarbonitrile (NBHPET) sensitizer [79]. The electron injection was calculated -0.39 and the electron 

coupling strength 0.195 [80]. In investigated derivatives, the |VRP| and ΔGr
inject

 of naphtho[2,3-

b]thiophene derivatives are superior as compared to the NBHPET. The basic structure of organic 

sensitizers is made of a donor (D), a bridge (B, π spacer), and an acceptor (A) moieties (D-π-A) to 

improve the efficiency. The donor moieties have been substituted at one end while acceptor units at 

opposite side which improved the ICT in newly designed sensitizers. Whilst in “NBHPET” the bridge 

is small as well as polarization increased from neutral to cation or anion species. Thus it is expected 

that naphtho[2,3-b]thiophene derivatives the electron injection is superior than "NBHPET".   

 

Table 1. The ΔG
inject

, oxidation potential, light harvesting efficiency (LHE), |VRP| of investigated dyes 

at TD-B3LYP/6-31G**//B3LYP/6-31G** level of theory. 

 
System ΔG

inject
 dye

OXE  
*dye

OXE  
max

ICT

  
ƒ LHE ΔG

inject
 |VRP| 

a
 NBHPET -0.39 5.96 3.61 2.35 1.3189 0.9520 1.00 0.195 

1 -2.05 

-1.36 

-1.00 

5.47 

5.47 

5.47 

1.95 

2.64 

3.00 

3.52 

2.83 

2.47 

0.3550 

0.2259 

0.1450 

0.5584 

0.4056 

0.2838 

5.26 

3.49 

2.56 

1.025 

0.680 

0.500 

2 -1.81 

-1.02 

-0.37 

5.63 

5.63 

5.63 

2.19 

2.98 

3.63 

3.44 

2.65 

2.00 

0.4480 

0.2269 

0.0592 

0.6435 

0.4069 

0.1274 

4.64 

2.62 

0.95 

0.905 

0.510 

0.185 

3 -2.25 

-1.17 

-1.07 

5.25 

5.25 

5.25 

1.75 

2.42 

2.93 

3.50 

2.83 

2.32 

0.5214 

0.2796 

0.1630 

0.6990 

0.4747 

0.3129 

5.77 

3.00 

2.74 

1.125 

0.585 

0.535 

4 -2.02 

-1.26 

-0.44 

5.38 

5.38 

5.38 

1.98 

2.74 

3.56 

3.40 

2.64 

1.82 

0.5290 

0.2507 

0.0678 

0.7042 

0.4386 

0.1445 

5.18 

3.23 

1.13 

1.010 

1.130 

0.220 

5 

 

 

6 

-2.21 

-1.52 

-1.04 

-2.00 

-1.20 

-0.42 

5.31 

5.31 

5.31 

5.45 

5.45 

5.45 

1.79 

2.48 

2.96 

2.00 

2.80 

3.58 

3.52 

2.83 

2.35 

3.45 

2.65 

1.87 

0.4464 

0.2474 

0.1598 

0.7033 

0.2202 

0.0664 

0.6422 

0.4343 

0.3078 

0.8020 

0.3977 

0.1418 

5.67 

3.90 

2.67 

5.13 

3.08 

1.08 

1.105 

0.760 

1.020 

1.000 

1.100 

0.210 

ΔGr
inject

= relative electron injection ΔG
inject

(dye)/ ΔG
inject

(NBHPET) 

a
Detail can be found in reference [80] 

 

Three important excitations have been observed. The ΔGr
inject 

for first, second and third 

transitions have been observed -1.00, -1.36 and -2.05, respectively for 1. The |VRP| for first, second and 

third transitions have been observed 0.500, 0.680 and 1.025, respectively. In 2, the ΔGr
inject 

for first, 

second and third transitions have been observed -0.37, -1.02, and -1.81, respectively. The |VRP| for 

first, second and third transitions have been observed 0.185, 0.510, and 0.905, respectively. In 3, the 
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ΔGr
inject 

for first, second and third transitions have been observed -1.07, -1.17, and -2.25, respectively. 

The |VRP| for first, second and third transitions have been observed 0.535, 0.585, and 1.125, 

respectively. In 4, the ΔGr
inject 

for first, second and third transitions have been observed -0.44 -1.26, 

and -2.02, respectively. The |VRP| for first, second and third transitions have been observed 0.220, 

0.630 and 1.010, respectively. In 5, the ΔGr
inject 

for first, second and third transitions have been 

observed -1.04 -1.52, and -2.21, respectively. The |VRP| for first, second and third transitions have been 

observed 0.520, 0.760 and 1.105, respectively. In 6, the ΔGr
inject 

for first, second and third transitions 

have been observed -0.42, -1.20, and -2.00, respectively. The |VRP| for first, second and third 

transitions have been observed 0.210, 0.600 and 1.000, respectively. The derivatives having COOH as 

substituent have higher ΔGr
inject

 and |VRP| as compared to the derivatives containing NO2. The strong 

electron activating group enhances ΔGr
inject

 and |VRP|. The azo dye based triaminopyrazolo[1,5-

a]pyrimidine derivative (4b) showed ΔGr
inject

 and |VRP| -1.19 and 0.53 at TD-B3LYP/6-

31G*//B3LYP/6-31G* level of theory, respectively [81]. The ΔGr
inject

 and |VRP| of hydrazone based 

sensitizer (system5) were found -0.61 and 0.305 at TD-B3LYP/6-31G*//B3LYP/6-31G* level of 

theory, respectively [80]. The ΔGr
inject 

of 2TPA-R derivative of triphenylamine derivative for first and 

second excited states were observed -1.16 and -2.46 [82]. In present study, the ΔGr
inject

 and |VRP| of 

new designed derivatives are revealing that these materials would be efficient visible light 

sensing/absorbing solar cell materials. The derivatives containing –NO2 have superior LHE as 

compared to those systems which have –COOH. On the basis of electron activating groups the trend to 

enhance the LHE has been observed as OCH3 > OH > CH3. 

 

3.2. Electronic properties investigation as hetero-junction solar cell materials 

 
Figure 2. The HOMOs and LUMOs energies of donors and acceptors. 
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The HOMO and LUMO energies of Si are –5.43 and -3.92 eV, respectively [83]. The HOMO 

and LUMO energies of TiO2 are –7.40 and -4.20 eV, respectively [84]. We have observed the Nested 

band alignment in the donor and acceptor frontier molecular orbitals by considering the Si as acceptor 

only. The successful operation of a photovoltaic device requires a staggered band alignment 

heterojunction which allocate electrons to transport to the cathode and holes to the anode. By 

considering the average values both for Si and TiO2, the valance band energy has been found -6.41 eV 

while the conduction band energy -4.06 eV (Si/TiO2). It is expected that Si/TiO2 as acceptor changed 

the alignment to staggered band alignment heterojunction, see Fig. 2. 

In hybrid solar cells, excitons formed in the donor material are dissociated at the D–A interface. 

The force required to overcome the exciton binding energy is provided by the energy level offset of the 

LUMO of the donor and the conduction band edge of the acceptor material [15]. We found energy 

level offset 1.42, 0.75, 1.48, 0.80, 1.46 and 0.79 eV for 1-6, respectively to overcome the exciton 

binding energy. The nitro containing derivatives compared to –COOH bearing counterparts would be 

good materials for hetero-junction solar cells.  For dissociation of excitons formed in the acceptor 

material, the energy offset of the HOMO of the donor and the valence band edge of the acceptor 

material is required. We found energy level offset 0.99, 0.84, 1.22, 1.09, 1.16 and 1.02 eV for 1-6, 

respectively which showed that less energy would be required for nitro containing derivatives 

compared to –COOH bearing counterparts to dissociate of excitons. Scharber and coworkers 

concluded that Voc is directly proportional to the diagonal band gap of the heterojunction [85]. 

The short circuit current density (Jsc) is directly related to the external quantum efficiency 

(EQE). 

abs diff diss tr ccEQE           

The Jsc is directly linked with the absorption yield ( abs ). In this case, not only the inorganic 

part is improving the absorption yield but the organic materials are also covering most of the 

absorption spectra revealing it can absorb more solar spectrum region. The next important parameter is 

diff describes the ability of an exciton to diffuse to a D–A interface. This factor is inversely related to 

the rate of recombination within the photoactive material. The third parameter is the exciton 

dissociation yield ( diss ). As the electron is still bound within the exciton, the energy offset formed at 

the D–A interfaces is required to provide a driving force which releases the electron and allows 

conduction to occur [15]. This energy offset must be larger than the excitonic binding energy in the 

material to facilitate charge transfer. This energy is typically in the range of 0.1–0.5eV [86, 87]. In our 

case energy offset is larger than the excitonic binding energy revealing materials would be good charge 

transfer, see Fig. 2.  

The fourth parameter describes the efficiency of charge carrier transport throughout the device 

( tr ). In organic materials, charge transport occurs via a process of hopping between energy states and 

is affected by traps and recombination sites in the photoactive film [15]. The success of this transport 

depends greatly on the mobility of the associated semiconductors [88]. Moreover, the 2, 4 and 6 have 

the high electron affinity which would improve the electron transport toward cathode.  

The last important parameter describes the efficiency of charge collection at the electrodes 

( cc ). The success of this step is greatly dependent on the electronic composition of the device. For 
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successful injection of electrons into the cathode, the magnitude of the conduction band edge energy 

level of the acceptor material, with respect to the vacuum level, must be lower than the work function 

of the metal. For successful injection of holes into the anode, the magnitude of the HOMO level of 

donor material must be higher than the work function of the transparent anode [15]. In our case 

HOMO energy levels of all studied sensitizers are higher than the anode [89]. 

Brabec et al. proposed an effective band gap model for bulk heterojunction cells; they 

correlated the maximum value of Voc and the energy difference between the HOMO level of the donor 

and the LUMO level of the acceptor [90]. It is revealing that in our designed derivatives improved 

electron affinities of the donor materials would increase the Voc ultimately efficiency. In the present 

study we observed the diagonal band gap of 1-6, 1.36, 1.51, 1.13, 1.26, 1.19 and 1.33 eV, respectively. 

Moreover, these studies revealed that 2, 4 and 6 would have superior Voc. Previously it was pointed out 

that if the LUMO energy level of donor material would be less than -3.92 eV, it can improve the 

efficiency of organic solar cell devices [85]. In the present case the LUMO energies of 2, 4 and 6 are 

smaller than other counterparts revealing these would be the efficient donors.  

The poly (3-hexylthiophene) is being used as efficient donor material in solar cell devices due 

to the enhanced absorption, environmental stability and higher hole mobility [91]. The hole 

reorganization energies of naphthalene, anthracene, tetracene and pentacene at B3LYP/6-31G** level 

of theory are 0.186, 0.138, 0.114, 0.098 eV, respectively [89]. The hole reorganization energies of all 

studied derivatives except 4 are smaller than naphthalene. The smaller hole reorganization energies are 

revealing that these materials would be efficient hole transporters. The mer-Alq3 is efficient electron 

transfer material which has the electron reorganization energy 0.276 eV, the smaller or comparable 

electron reorganization energies of 1-3 and 5 are revealing that these materials would be efficient as 

electron transporters, see Table 2. 

 

Table 2. The hole, electron reorganization energies and adiabatic electron affinities of studied systems 

at B3LYP/6-31G** level of theory. 

 

Complexes λ (h) λ (e) EA
a
 

1 0.098 0.259 1.66 

2 0.140 0.299 2.24 

3 0.178 0.283 1.59 

4 0.229 0.313 2.19 

5 0.146 0.278 1.61 

6 0.183 0.309 2.21 
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4. CONCLUSIONS 

The electron injection and electron coupling constants of studied derivatives are superior as 

compared to the NBHPET. The derivatives having -COOH as substituent have higher electron 

injection and electron coupling constants than those derivatives having NO2. The light harvesting 

efficiencies of 2, 4 and 6 are higher than 1, 3 and 5. The higher electron injection and electron coupling 

constants revealed that all the studied dyes would be efficient dye-sensitized solar cell materials. The 

combination of Si/TiO2 as acceptor materials might change the alignment to staggered band alignment 

heterojunction which is best for charge transfer from donors to acceptors. To overcome the exciton 

binding energy and dissociate of excitons less energy is required for 2, 4 and 6 illuminating these 

would be efficient as hetero-junction hybrid solar cell materials. The higher electron affinities of 2, 4 

and 6 are enlightening that these would improve the electron transport toward cathode ultimately 

increase Voc. The higher HOMO energy levels of all studied dyes than the anode resulting efficient 

hole transporters. The smaller or comparable hole and electron reorganization energies of 1-3 and 5 

with referenced compounds enlightened that these would be efficient materials. The higher diagonal 

band gap for 2, 4 and 6 showed that these dyes might have higher short-circuit current density (Jsc) and 

fill factor (FF) resulting improved solar cell efficiency. 
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