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ABSTRACT

The optoelectronic and charge transfer properties of dyes containing N,N-diphenylthiophen-2-amine (NBBT) or N-phenyl-
N-(thiophen-2-yl)-1H-pyrrol-2-amine (NTPA) as donor were computationally studied using density functional theory (DFT) 
and time dependent - density functional theory (TD-DFT) methods. Thiophene, fused thiophene and bridged thiophene 
derivatives were incorporated to extend the hexatriyne (LCC) π-linker (hexatriyne-thiophene π-linker) to examine the 
effect thiophene derivatives on the photovoltaic and optoelectronic properties of the designed dyes. The w and w+ values 
show that insertion of boron into hexatriyne-bridged thiophenes π-linker in NTPA-6 and NBBT-6 dyes trap some of the 
electrons to be transmitted to the acceptor moiety, which may account for low oscillation strengths observed for the dyes. 
This subsequently affects the light harvesting efficiency (LHE) and open current circuit (VOC), although, the fractions of 
electrons transmitted could probably take shorter time (τ,ns) getting into the conduction band (CB) of semiconductor. The 
coupling constant (/VRP/) reveals influence on the rate of regeneration of the dyes. Also, slight lowering of EHOMO-ELUMO 
(ΔEg, eV) in respective NTPA dyes than NBBT dyes indicate more electrons are pushed by N-phenyl-N-(thiophen-2-yl)-
1H-pyrrol-2-amine into the π-linker than N,N-diphenylthiophen-2-amine, and incorporation of fused thiophene and bridged 
thiophenes (except NTPA-6 and NBBT-6) improve the LHE dyes’s ability than PY-3N; thus hexatriyne-thiophene containing 
dyes exhibit favorable optoelectronic properties, making them good candidates for light absorption in dye sensitized solar 
cells (DSSCs).
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INTRODUCTION 
Dye sensitized solar cell have being one of the reliable, 
portable and stable sources of electricity energy, 
in which electricity can be generated through light 
absorption by a sensitizer. A DSSC contains four main 
components which are; (i) photoanode through which 
current enter into the cell by the absorption of light, and it 
is made up of a non-crystalline metal oxide like titanium 
oxide, zinc oxide [1], (ii) the photosensitizer which 
controls light absorption and electron transfer in the 
DSSC devices. These photosensitizers can be natural 
and synthetic sensitizers such organic dyes, which 
have been incorporated as sensitizers over the years, 

(iii) the electrolyte which consists of redox coupled 
with I-/I3

- [2, 3], and (iv) the cathode through which 
current leaves the cell [4]. However, dye sensitized 
solar cells have attracted attention due to low cost of 
fabrication, large charge separation, separation of the 
absorption of photons from the energy generation, less 
contamination and suitable for processing at ambient 
temperature and good plasticity [5]. 
This unique mechanism of utilizing a dye to absorb 
light and facilitate electron transfer makes DSSCs an 
innovative and promising technology for converting 
sunlight into electrical energy. There are various 
aspects of DSSCs that can be extensively explored to 
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improve the performance of the DSSCs such as the 
design of efficient dyes, optimization of semiconductor 
materials, and improvements in overall cell performance 
[6]. Efforts have been made to improve the efficiency of 
dye sensitizers for solar energy conversation which is 
generally determined by the light harvesting efficiency, 
electron injection efficiency and undesirable charge 
recombination degree. Low efficiency of dye-sensitizer 
is due to high level of recombination of free electrons in 
the oxidized dye molecules which result into limitation of 
electrons transfer in TiO2 [7]. However, this is minimized 
by counter electrode in DSSC by acting as a positive 
electrode for collecting electrons and providing catalyst 
for enhancing charge transfer rate as a reflector for 
unabsorbed light [8]. 
In order to overcome high charge recombination in 
oxidized dye, as well as improving light harvesting 
efficiency of dye-sensitizers, different types of dyes 
have been used in Dye sensitized solar cells which 
include metal-organic dyes such as inorganic ruthenium 
[9] and other metal (Zn, Co, Ni, Cd, Cu and Fe) 
based dyes [10, 11]. The power conversion efficiency 
(PCE) of metal based dye-sensitizers for DSSCs has 
reached about 14-15%, which is now exceeded that of 
amorphous silicon-based solar cells, though it is not yet 
efficient as common silicon based solar cells [12]. Also, 
metal-free organic dyes which have an advantage due 
to their structural flexibility, low processing cost, ease of 
purification, readily accessible, tunable electronic and 
optical properties, higher extinction coefficients and 
environmental friendliness [13, 14]. The main setback
in the use of metal-free organic dye-sensitizers is 
the low photo-electric conversion efficiency and dye 
stability [15]. To overcome these shortcomings, several  
dyes such as D-A, D–π–A, D–A–π–A, D–π–D–π–A, 
(D–π–A)2, D–D–π–A, D–π–A–A and A–π–D–π–A have 
been designed to improve charge separation and 
stability [16]. 
To enhance the electron density of dye-sensitizers, 
a diverse array of natural dyes such as carotenoids, 
chlorophylls, beta-carotene, and anthocyanins [17,18] 
and synthetic organic dyes-including quinoxaline, 
indoloquinoxaline, coumarin, triphenylamine 
derivatives, benzothieno-pyrrole, indoline, 
benzothiadiazole, carbazole, diketopyrrolopyrrole, 
phenoxazine, phenothiazine, and phthalocyanine 
have been employed as donor moieties in DSSC 
designs [19-21]. For anchoring to metal oxides like 
TiO2, acceptors such as rhodamine-3-acetic acid, 
cyano-2-pyran-4-ylidene-acetic acid [20, 22, 23], 
acetylacetonate [24], and bipolar diketopyrrolopyrrole 
[25] have been explored, though cyanoprop-2-enoic 
acid remains the most widely used anchoring group 
due to its electron-withdrawing enhancements [26]. 
To optimize charge separation, π-linkers such as 
silole, selenophene [14], thiophene [27], thiophene-
fused bridges [28], furan [29, 30], and carbon-bridged 
bithiophene [29-32], have been tailored to relay 

electrons between donor and acceptor units. Notably, 
linear carbon chain (LCC) linkers, computationally 
have been studied for their high conductivity and 
unique optoelectronic behavior [33], have been 
integrated into dyes featuring pyrrole/thiophene donors 
and cyanoacrylic acid acceptors, with findings showing 
that LCCs significantly influence photo-absorption and 
electrochemical properties [34]. However, extending 
LCC lengths beyond hexatriyne minimally impacts band 
gaps while increasing structural distortion, potentially 
hindering electron transfer rates from donor to acceptor 
and thus affecting photovoltaic performance [35].
Therefore, in this work, (2E)-2- cyano-3-(5-{6-[5-(1H-
pyrrol-2-ylamino)thiophen-2-yl]hexa-1,3,5-triyn-1-yl}
thiophen-3-yl)prop-2-enoic acid (Py-3N) dye-sensitizer 
was used as reference dye, in which N-(thiophen-2-yl)-
1H-pyrrol-2-amine donor group [35] was replaced with 
N,N-diphenylthiophen-2-amine (NBBT) or N-phenyl-
N-(thiophen-2-yl)-1H-pyrrol-2-amine (NTPA) donor 
group. Also, fused thiophene and bridged thiophene 
derivatives are incorporated to extend the LCC 
π-linker as shown in Fig. 1, in order to understand the 
effect thiophene derivatives on the photovoltaic and 
optoelectronic properties of the designed dyes. 

Architectural design of the proposed dye sensitizers 
containing N-phenyl-N-(thiophen-2-yl)-1H-pyrrol-
2-amine NTPA)/N,N-diphenylthio-phen-2-amine 
(NBBT) donor with hexatriyne-thiophene linkers

Fig.1.

COMPUTATIONAL AND THEORETICAL METHODS
All molecular calculations in this study were refined 
and executed using the Spartan’14 quantum chemistry 
software suite for molecular modeling, structural 
visualizations and graphical analysis of molecular 
properties [36]. The geometrical optimization of 
the developed D-π-A dyes included the Lee, Yang, 
and Parr correlation functional along with Becke’s 
gradient exchange correction, employing the 6-31G** 
basis set at the DFT level of three-parameter density 
functional (B3LYP). Frequency computations on the 
geometry were performed at the same theoretical 
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level to ascertain the local minimum on the potential 
energy surface. To determine the ultraviolet-visible 
(UV-vis) absorption spectra of the dyes, the DT-DFT 
approach was also utilized. This technique has been 
sufficiently demonstrated to be effective and productive 
for assessing the excitation properties of organic 
dyes. The optimized geometries were used to analyze 
the electrostatic interactions between molecules by 
computing the molecular electrostatic potential (MEP), 
the lowest unoccupied molecular orbital (LUMO), 
and the highest occupied molecular orbital (HOMO) 
[27, 28, 30].  
The energies of the related frontier orbitals at the 
DFT/6-31G** theoretical level were employed to 
calculate chemical reactivity parameters such as 
chemical hardness (η), chemical potential (μ), global 
electrophilicity (ω), electron-donating ability (ω-), and 
electron-accepting ability (ω+). Additionally, TD-DFT 
with the B3LYP functional and the 6-31G** basis set 
was utilized to obtain the absorption wavelength, 
oscillator strength, excitation energy, and electronic 
transitions of all systems without the inclusion of any 
solvent. It was suggested that this method would suffice 
for determining the optical and electrical properties of 
metal-free organic dyes. By evaluating light harvesting 
efficiency (LHE), open circuit voltage (VOC), electron 
injection, electron regeneration, and excited state 
lifetime from the optimized dyes, the photovoltaic 
characteristics of these molecules were explored. The 
maximum oscillator strength, f, was applied to calculate 
LHE [26,37]. All the dyes were designed and optimized 
on a system with an Intel(R) Core (TM) i7-8565U CPU 
operating at 1.80GHz and 1.99 GHz.

where ionization potential (I) and electron affinity 
(A) are approximated to be negative of the HOMO 
(I = -EHOMO) and LUMO (A = -ELUMO), respectively
Furthermore, absorption wavelength, oscillator 
strength, excitation energy, electronic transitions and 
light harvesting efficiency (LHE) were calculated using 
TD-DFT with B3LYP/6-31G** basis set. The LHE of the 
dyes is determined from the absorption coefficient (A), 
relates to the oscillator strength (f) of the excited state 
of the maximum wavelength (max) as follows:

	 LHE= 1-10-A ≈ 1-10-f	         	  	 (6)

(1)Chemical hardness (η) =

(2)Chemical potential (µ) =

(3)Global electrophilicity (ω) =

(4)Electron donating power (ω-) = 

(5)Electron accepting power (ω+) =

For the majority of photons to absorb in the UV-Visible 
region by a dye-sensitizer, and then inject photo 
excited electrons, the LHE value must be near to 
unity. The open circuit current (VOC) estimated from 
the ELUMO of the dye and the conduction band (ECB) of 
the semiconductor (TiO2) is given in equation 7, and is 
related to ability of a dye to inject electrons from the 
excited dye to the conduction band semiconductor. It is 
taken to be -4.0 eV at pH of 7.0 [26].

The free energy change electron injection (ΔGinject) 
for a dye-sensitizer is calculated using the oxidation 
potential of an excited Eox

dye* dyeand the conduction 
band semiconductor, equation 8.	

 (7)

where Eox
dye* is the difference between the oxidation 

potential of the dye in its ground state (Eox
dye*) and the 

electronic vertical transition energy corresponding to 
λmax  (λmax

ICT).

 (8)

The ΔGinject tells about the dye’s sensitivity to sunlight 
absorption which leads to the dye’s excitation and 
subsequent transfer of electrons to the semiconductor 
TiO2’s conduction band. The regeneration drive force or 
energy (ΔGregen), which is calculated using equation 10, 
is one of the parameters that can affect the performance 
of DSSCs and its provides information on how charge 
is recovered in a solar cell system. For fast transfer 
of electrons, ΔGregen must be very low, but should be 
around 0.20 eV [26, 38].

 (9)

The excited-state lifetime (relays information about 
the  charge transfer characteristics of a material, and 
it is an appraisal for how fast electrons can get to the 
semiconductor substrate from the dye or period a 
photosensitizer stays in excited state before going back 
to its ground state, therefore, this process must be fast 
to avert charge recombination [39].

(10)

Another factor that can influence the rate of electron 
injection into the semiconductor substrate from the dye, 
is coupling constant, which is estimated using equation 
12 [40].

(11)

(12)

9
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RESULTS AND DISCUSSION
The frontier orbital properties: The optimized 
structures of the designed dyes at B3LYP/6-31G** 
level, showing clearly the donor, π-linker and acceptor 
units are shown in Fig. 2. The frontier orbital energies 
(EHOMO, ELUMO and EHOMO-ELUMO, (Eg)) have great effect 
on photo-electronic characteristics of dye-sensitizers 
for dye-sensitized solar cells (DSSCs). 

The HOMO of these dyes is principally localized on 
the donor unit and spread over the hexatriyne π-linker, 
whereas the LUMO is spread over the acceptor unit, as 
well as on the thiophene derivatives used as extended 
π-inker, indicating possibility of electrons transfer from 
the donor unit through the π-inker to the acceptor unit in 
a push-pull manner [30] as shown in Fig. 3. 

Fig. 2. Frontier orbitals diagram for the studied D- π-A dyes of NTPA and NBBT

10
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Fig. 3. Frontier orbitals (HOMO and LUMO) overlay

11
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Molecular electrostatic potential: The molecular 
electrostatic potential (MEP) properties of the dye-
sensitizers simulated at B3LYP/6-31G** are displayed in 
Fig. 5. MEP provides information about the distribution 
of electron density on the molecular surface, and 
also gives information on charge forms, densities, 
delocalization and transfer processes in molecules. It is 
also provide essential information on the reactive sites 
and centre for hydrogen bonding [23]. The MEP map 
exhibits range of colours from red (negative charge/
potential) → orange (less negative charge/potential) 
→ green (less positive charge/potential) → blue 
(positive charge/potential). The red region represents 
the high electron density area or negative electrostatic 
potential region and the blue region is a low electron 
density area or positive electrostatic potential region. 
The green region is an intermediate region [22, 40]. 
The prominent blue colour (acidic arena) is on hydroxyl 
hydrogen atom of carboxylic acid signifying electrophilic 
centre, i.e. the hydroxyl hydrogen can be easily given 
away to pave way for effective coupling/anchoring with 
TiO2 [42]. The red colour is prominently on carbonyl 
oxygen of carboxylic group and cyano group, signifying 
nucleophilic centre high profitable sites for the 
electrolyte [40]. Thus all designed dyes can anchoring 
with TiO2 and also interact with electrolyte effectively.
Reactivity indicators: The reactivity indices calculated 
for the dyes are ionization potential (IP = -EHOMO), 
electron affinity (EA = -ELUMO), chemical hardness (η), 
electrophilicity index (ω), electron-donating power 
(ω-) and electron-accepting power (ω+) as listed in 
Table 1. The IP and EA are linked to energies change 
in molecule when holes are created or electrons are 
extracted and when electrons are absorbed or holes 
are extracted, respectively. The ability to create holes 
by injecting excited electron into TiO2 go gaining 
electrons from the electrolyte (I-/I-

3) to fill the holes are 
essential qualities a dye must possess to function as 
dye-sensitizer in DSSCs [30]. The IP for NTPA (1-7) 
are well favoured that the respective NBBT (1-7), but 
EA values favour NTPA-6 and NBBT-6 (Table 1). The 
chemical hardness, η (inverse of Eg) is related to the 
ease of charge transfer within a molecule/dye. 

The higher HOMO energy is associated to higher 
oxidation potential and subsequently higher driving 
force [40].
The HOMO energy of a dye-sensitizer must be less 
than that of the electrolyte (I-/I-

3) redox potential (-4.70 
eV) for possible regeneration the oxidized sensitizer. 
The LUMO energy must be higher than the conduction 
band (CB, -4.0 eV) of TiO2 for the electronic injection to 
be made possible [40]. The calculated frontier energies 
(HOMO, LUMO, Eg) for NTPA (1-7) dyes are (-5.15, 
-3.02, 2.13 eV), (-5.13, -3.03, 2.10 eV), (-5.08, -2.99, 
2.09 eV), (-5.13, -3.08, 2.05 eV), -5.12, -3.06, 2.06 eV), 
(-5.12, -3.44, 1.68 eV), and (-5.08, -3.05, 2.03 eV), 
respectively. For NBBT (1-7) dyes, the (HOMO, LUMO 
and Eg) energies are (-5.17, -3.00, 2.17 eV), (-5.19, 
-3.04, 2.15 eV), (-5.11, -2.98, 2.13 eV), (-5.18, -3.07, 
2.11 eV), (-5.15. -3.06, 2.09 eV), (-5.15, -3.44, 1.71 
eV) and (-5.14, -3.05, 2.09 eV), respectively (Fig. 4). 
The HOMO energies of the dyes are less than that of 
(I-/I-

3), indicating ease of regeneration of the dyes, and 
also, the LUMO energies of all the dyes are well above 
the CB (-4.0 eV) of TiO2, which indicate that electrons 
can be quickly injected into the semiconductor during 
excitation [17]. However, NBBT dyes have lower 
HOMO energies than respective NTPA dyes, which 
mean NBBT dyes could have higher regeneration force 
than NTPA dyes. Also, N-phenyl-N-(thiophen-2-yl)-
1H-pyrrol-2-amine donor in NTPA dyes stabilizes the 
HOMO energy then N,N-diphenylthiophen-2-amine 
in NBBT dyes which results in slightly lower of Eg in 
NTPA dyes (Fig. 4). The HOMO, LUMO and Eg values 
for PY-3N are -5.23, -2.99 and 2.44 eV, respectively, 
indicating that replacement of N-(thiophen-2-yl)-1H-
pyrrol-2-amine with N-phenyl-N-(thiophen-2-yl)-1H-
pyrrol-2-amine (NTPA) and N,N-diphenylthiophen-2-
amine (NBBT) destabilized both the HOMO and LUMO 
leading lower Eg; this may lead to shift in absorption 
to longer wavelengths [41]. The effects of extension 
of π-linker with thiophene derivatives reveal that when 
thiophene (NTPA-1 and NBBT-1), is replaced with 
thieno[3,2-b]thiophene (NTPA-2 and NBBT-2), the 
HOMO is stabilized by 0.2 eV in both NTPA and NBBT 
dyes resulting to lowering of Eg by 0.30 and 0.20 eV in 
NTPA and NBBT dyes, respectively. 

Fig. 4. The Frontier orbital energies of NTPA and NBBT                 
           dyes

Also, replacing thiophene with 4H-cyclopenta[1,2-
b:5,4-b’]bisthiophene (X = CH2)  as represented 
by NTPA-3 and NBBT-3) shows that the HOMO is 
stabilized by 0.70 eV and subsequent reduction of Eg 
by 0.40 eV in both NTPA-3 and NBBT-3 dyes. 
Furthermore, exchanging X = CH2 with S, O, B and Se 
leads to destabilization of both the HOMO and LUMO 
energies in both NTPA (4-7) and NBBT (4-7), which 
result in lowering of Eg compare to NTPA-3. This effect 
is much noticeable in NTPA-6 and NBBT-6 dyes where 
the LUMO energies is strongly destabilized and results 
in additional reduction of Eg (1.68 and 1.71 eV for 
NTPA-6 and NBBT-6, respectively).

12
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The lower value of η enhances intramolecular charge 
transfer and separation [28]; thus the η values of the 
dyes can be ordered as: NTPA-6 < NTPA-7 < NTPA-
4, NTPA-5, NTPA-3 < NTPA-2 < NTPA-1, and NBBT-6 
< NBBT-5, NBBT-7 < NBBT-4 < NBBT-3 < NBBT-2 < 
NBBT-1 < PY-3N. 
This shows that NTPA and NBBT dyes should be 
favoured for intramolecular charge transfer and 
separation and thus may enhance light to energy 
conversion efficiency in DSSC than PY-3N. 

Fig. 5. Molecular Electrostatic Potential of NTPA and NBBT

Among the NTPA and NBBT dyes, NTPA-6 and NBBT-
6 will be most favoured for enhance intramolecular 
charge transfer and separation [27]. The stabilization 
energy and electron-accepting ability of a dye are 
messured by ω and ω+ , respectively, the higher values 
of ω  and ω+  are desirable for a dye to be used as 
a sensitizer [27]. The ω and ω+ can be arranged as 
NTPA-6/NBBT-6 > NTPA-4/NBBT-4 > NTPA-5/NBBT-
5 > NTPA-7/NBBT-7 > NPTA-2/NNBT-2 > NTPA-1/
NBBT-1 > NTPA-3/NBBT-3, indicating that NTPA-6 

13
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and NBBT-6 are most probable for electron-accepting 
power and stabilization abilities, as well as electrophilic 
and electron accepting power (Table 1), thus trap some 
of the electrons which may lead to lower probability 
electron transmitting (lower oscillation strength) to the 
acceptor moiety.
The electronic absorption of the dyes: The essential 
information on the electronic transitions of a molecule 
can be obtained by probing the molecular orbitals 
accompanying each electronic transition. Tables 2 and 
3 contain absorption peaks, oscillation strength and 
molecular orbitals involved in transitions as calculated 
at B3LYP/6-31G** for NTPA and NBBT dyes. Since 
photo-current conversion relies primarily on absorption 
in the visible and near-ultra violet (UV) regions of the 
spectrum, the absorption wavelengths longer than 300 
nm for singlet-singlet transitions, transition oscillation 
intensity (f > 0.2) and molecular orbitals involve in 
the transitions of the dyes are listed in Table 2. The 
absorption λmax and longest wavelength in nm are 
438.88 and 640.03 for NTPA-1, 460.05 and 621.11 
for NTPA-2, 477.56 and 667.69 for NTPA-3,  471.50 
and 691.37 for NTPA-4, 431.96 and 649.82 for NTPA-
5, 538.88 and 861.46 for NTPA-6, 471.99 and  630.85 
for NTPA-7 (Table 2). For NBBT dyes, the λmax and 
longest wavelength in nm is 595.65 for NBBT-1, 450.9 
and 637.52 for NBBT-2, 474.59 and 640.41 for NBBT-
3, 468.79 and 673.74 for NBBT-4, 471.55 and 637.45 
for NBBT-5, 530.12 and 841.66 for NBBT-6, 630.85 
and 630.85 for NBBT-7 (Table 3). However, PY-3N dye 
presents two absorption peaks at 432.91 and 577.39 
nm indicating that NTPA and NBBT dyes experience 
bathochromic or red shift which may lead to increase 
in charge transfer to TiO2 and photo-excitation [27].
The longest wavelength of all the dyes arises from 
HOMO→LUMO orbital contributions indicating π → π* 
transitions. 

Dye IP (eV) EA (eV) η (eV) µ (eV) ω (eV) ω- (eV) ω+ (eV)

PY-3N 5.23 2.99 1.12 -4.11 7.541 4.500 6.166

NTPA-1 5.15 3.02 1.06 -4.09 7.834 4.534 6.189

NTPA-2 5.13 3.03 1.05 -4.08 7.927 4.547 6.201

NTPA-3 5.08 2.99 1.04 -4.04 7.790 4.488 6.123

NTPA-4 5.13 3.08 1.03 -4.11 8.222 4.620 6.288

NTPA-5 5.12 3.06 1.03 -4.09 8.120 4.590 6.251

NTPA-6 5.12 3.44 0.84 -4.28 10.903 5.286 7.116

NTPA-7 5.08 3.05 1.01 -4.07 8.140 4.575 6.226

NBBT-1 5.17 3.00 1.09 -4.09 7.690 4.507 6.163

NBBT-2 5.19 3.04 1.08 -4.12 7.876 4.564 6.232

NBBT-3 5.11 2.98 1.07 -4.05 7.682 4.475 6.115

NBBT-4 5.18 3.07 1.06 -4.13 8.064 4.606 6.279

NBBT-5 5.15 3.06 1.05 -4.11 8.062 4.591 6.256

NBBT-6 5.15 3.44 0.86 -4.30 10.788 5.272 7.100

NBBT-7 5.14 3.05 1.05 -4.10 8.034 4.576 6.237

Table 1. Reactivity properties of the designed dyes (NTPA and NBBT)

The NTPA-6 and NBBT-6 display highest λmax and 
longest wavelength with lowest oscillation strengths of 
0.4870 and 0.3531 for NTPA-6, and 0.7318 and 0.4553 
for NBBT-6, respectively. The lower electron transition 
probability in both NTPA-6 and NBBT-6 as reflected by 
oscillation strengths may lead to low light harvesting 
efficiency (LHE) and open current circuit (VOC); 
however, the mobility of fractions of transited electrons 
in both NTPA-6 and NBBT-6 are higher than the other 
dyes resulting into longer wavelengths.   
Dipole moment, polarizability and 
hyperpolarizability: The static polarizability (α), 
hyperpolarizability (β) and electric dipole moment (µ) 
based on the finite field method were calculated for the 
dyes at DFT B3LYP/6- 31G**. The total static dipole 
moment (µ), mean polarizability (α) and mean first 
hyperpolarizability (β) are defined by using the x,y,z 
component, as shown in equations (17) to (22):

	 µTotal= (µ2
x+ µ2

y +µ2
z)

1/2		              (17)

	 α0 =1/3 (αxx+ αyy+ αzz)		               (18)

βo= βTotal= (β2
x+ β2

y+ β2
z)

1/2	                          (19)

β2
x= (βxxx+ βxyy+ βxzz)

2		               (20)

β2
y=(βyyy+ βyzz+ βyxx)

2		               (21)

β2
z= (βzzz+ βzxx+ βzyy)

2		               (22)

Non-linear optical (NLO) properties is also a useful 
parameter to evaluate sensitivity of a molecule to photon 
absorption and harmonic production, as well as charge 
delocalization and intramolecular charge transfer; this 
has connection with dipole moment, polarizability and 
hyperpolarizability values of a molecule [43]. 
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Dye λ nm E eV    f     MO interactions

PY-3N

352.30 3.52 0.2756 H-1 →L+1(0.73)

423.91 2.93 1.2254 H-1 →L(0.42), H →L+1(0.11), H →L+2  (0.30),

435.70 2.85 0.1733 H-2 →L(0.84)

490.90 2.53 0.1086 H →L+1(0.67), H →L+2(0.25)

577.39 2.15 1.2078 H →L(0.91)

NTPA-1

376.78 3.29 0.3856 H-1 →L+1(0.78)

402.86 3.07 0.0250 H →L+2(0.37), H →L+1(0.20), H-3 →L  (0.18), H-1 →L  (0.14)

438.88 2.82 1.2279 H-2 →L  (0.32), H-1 →L  (0.28), H-3 →L (0.12)

451.41 2.74 0.3007 H-2 →L  (0.38), H-1 →L  (0.36), H →L+1(0.11)

475.83 2.60 0.1888 H →L+2 (0.42), H   →L+1(0.40)

640.03 1.93 0.7746 H →L  (0.92)

NTPA-2

381.80 3.24 0.0168 H-1 →L+1(0.45), H-1 →L+2(0.43)

419.21 2.95 0.0423 H →L+1 (0.35), H-2 →L  (0.24), H-1 →L  (0.19), H →L+2 (0.15)

426.35 2.91 0.0015 H-3 →L  (0.86)

460.05 2.69 1.3858 H-1 →L  (0.61), H →L+1(0.19) H →L+2 (0.11)

511.39 2.42 0.0328 H →L+2 (0.61), H →L+1(0.30),

621.11 1.99 1.3755 H →L  (0.96)

NTPA-3

399.74 3.10 0.3335 H-1 →L+2(0.44), H-1 →L+1(0.38)

438.25 2.83 0.2722 H-2 →L  (0.62), H-3 →L  (0.18)

443.38 2.79 0.0038 H→  L+1(0.50), H-1 →L  (0.28)

477.56 2.59 2.2877 H-1 →L  (0.52), H →L+1(0.31)

667.69 1.85 0.7591 H → L  (0.95)

NTPA-4

414.13 3.03 0.3085 H-1→L+1 (0.53), H-1 → L+2 (0.27) 

443.71 2.84 0.0355 H → L+1 (0.5), H-2 → L (0.21), H-1 → L (0.16) 

446.51 2.80 0.0675 H-2 → L (0.54), H → L+2 (0.13)

471.50 2.59 2.7305 H-1 → L (0.47), H → L+2 (0.32) 

484.33 2.57 0.3259 H → L+2 (0.39), H-1 → L (0.20), H → L+1 (0.18), H-2 → L (0.11) 

691.37 1.87 0.2865 H → L (0.95)

NTPA-5

395.22 3.13 0.3936 H-1 →L+2(0.59), H-1 →L+1(0.23)

431.96 2.87 0.2175 H-3 →L  (0.45), H-2 →L  (0.30)

437.28 2.83 0.0021 H →L+1(0.40), H-2 →L  (0.32), H-1 →L  (0.22)

476.93 2.60 2.0829 H-1 →L  (0.54), H   →L+1 (0.38)

503.94 2.46 0.0697 H →L+2(0.87)

649.82 1.90 1.1298 H →L  (0.94)

NTPA-6

462.20 2.68 0.0587 H-3 →L  (0.71)

478.74 2.59 0.4108 H →L+3(0.71)

510.34 2.43 0.0588 H-2 →L  (0.84)

538.88 2.30 0.4870 H →L+1(0.76)

677.80 1.83 0.1454 H-1 →L  (0.83)

861.46 1.44 0.3531 H →L  (0.97)

NTPA-7

398.13 3.11 0.0494 H-3 →L  (0.95)

442.19 2.80 0.0080 H →L+1(0.45), H-1 →L  (0.30), H-2 →L  (0.19)

480.50 2.58 1.7739 H-1 →L  (0.55), H   →L+1(0.36)

516.42 2.40 0.0323 H →L+2(0.87)

646.68 1.91 1.3426 H →L  (0.97)

Table 2. Calculated absorption peaks, oscillation strength and molecular orbitals involved in transition calculated  
             for NTPA (1-7) dyes at TD-DFT B3LYP/6-31G**
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Dye λ nm E eV    f     MO interactions

NBBT-1

359.92 3.44 0.0045 H-1 → L+1 (0.49), H-1 → L+2 (0.42)

385.16 3.22 0.0275 H-1 → L (0.25), H → L+1 (0.24), H-3 → L (0.24), H → L+2 (0.21)

437.55 2.83 0.8294 H-1 → L (0.44), H → L+2 (0.19), H-2 →L (0.14), H → L+1 (0.14) 

438.27 2.83 0.1828 H-2 → L (0.80)

595.65 2.08 1.5267 H → L (0.95)

NBBT- 2

384.74 3.22 0.6984 H-1 → L+1 (0.67) , H-1 → L+2 (0.15) 

404.83 3.06 0.0423 H-1 → L (0.25) , H → L+1 (0.24), H-2 → L (0.19), H→ L+2 (0.18) 

430.94 2.88 0.0772 H-2 → L (0.66)

450.90 2.75 1.7878 H-1 → L (0.53), H→ L+1 (0.27)

478.79 2.59 0.3280 H → L+2 (0.63), H → L+1 (0.23)

637.52  1.94 0.8605 H → L (0.93)

NBBT- 3

398.89 3.11 0.6914 H-1 → L+1 (0.39), H-1 → L+2 (0.34) 

419.43  2.96 0.0072 H-2 → L (0.59)

436.88 2.84 0.0835 H → L+1 (0.35), H-3 → L (0.28), H-1 → L (0.13), 

474.59 2.61 1.8437 H-1 → L (0.58), H → L+1 (0.23), H → L+2 (0.11) 

485.69 2.55 0.7018 H → L+2 (0.73)

640.41 1.94 0.9913 H → L (0. 92)

NBBT- 4

409.77 3.03 0.5666 H-1 → L+1 (0.48), H-1 → L+2 (0.18), H → L+1 (0.13) 

421.82 2.94 0.0034 H-2 → L (0.68)

442.36 2.80 0.0236 H→ L+1 (0.45), H-1 → L (0.12) 

468.79 2.64 2.2357 H → L+2 (0.43), H-1 → L (0.39) 

473.36 2.62 0.8968 H → L+2 (0.33), H-1 → L (0.33), H → L+1 (0.22) 

673.74 1.84 0.3112 H → L (0.94) 

NBBT- 5

388.25 3.19 0.5824 H-1 → L+2 (0.59), H-1 → L+1 (0.21) 

417.92 2.97 0.0049 H-2 → L (0.54), H → L+1 (0.16) , H-1 → L (0.15)

432.65 2.87 0.1286 H-3 → L (0.36), H→ L+1 (0.23), H-1 → L (0.19) 

471.55 2.63 2.0660 H-1 → L (0.49), H → L+1 (0.44)

498.94 2.48 0.1262 H → L+2 (0.89)

637.45 1.94 1.2569 H → L (0.94)

NBBT-6

459.67 2.70 0.0559 H-3 → L (0.60), H-2 → L (0.15), H-1 → L+1 (0.12) 

478.74 2.59 0.1480 H-2 → L (0.48), H→ L+3 (0.25) 

483.47 2.56 0.3669 H → L+3 (0.46), H-2 → L (0.25) 

530.12 2.34 0.7318 H → L+1 (0.79) 

664.28 1.87 0.0773 H-1 → L (0.83)

841.66 1.47 0.4553 H → L (0.95)

NBBT-7

397.80 3.12 0.0681 H-2 → L (0.46), H-3 → L (0.40) 

423.73 2.93 0.0122 H-4 → L (0.45), H-1 → L (0.17), H → L+1 (0.16), H-3 → L (0.12)

426.09 2.91 0.0114 H-3 → L (0.23), H-1 → L (0.23), H→ L+1 (0.21), H-2 → L (0.15) 

471.99 2.63 1.7116 H→ L+1 (0.45), H-1 → L (0.44) 

508.96 2.44 0.0330 H → L+2 (0.88) 

 630.85 1.97 1.5107 H → L (0.97)

Table 3. Calculated absorption peaks, oscillation strength and molecular orbitals involved in transition calculated 
              for NBBT (1-7) dyes at TD-DFT B3LYP/6-31G**
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The dipole moments (Debye) of the designed dyes 
are NTPA-5 (14.4784) > NTPA-3 (14.0778) > NTPA-
2 (13.9592) > NPTA-7 (13.9203) > NPTA-6 (13.8082) 
> NTPA-4 (13.7892) > PY-3N (11.7918) > NTPA-1 
(11.0587) for NTPA dyes (Table 4a), and NBBT-5 
(14.4079) > NBBT-7 (14.1271) > NBBT-6 (13.9045) 
> NBBT-3 (13.7400) > NBBT-1 (10.5897) > NBBT-4 
(9.8038) > NBBT-2 (8.8636) for NBBT dyes (Table 4b). 
This shows that all the dyes (except NTPA-1, NBBT-1, 
NBBT-2, and NBBT-4) have very high dipole moment 
than PY-3N, and thus should be able to inject electrons 
into conduction band (CB) of a semiconductor (TiO2) 
in DSSCs than PY-3N. Also, NTPA dyes have higher 
dipole moments than the respective NBBT dyes, 
indicating that NTPA dyes should have higher charge 
injection into the CB of TiO2 [43]. 

The polarizability, α (x 10-23 esu) calculated for the dyes 
are all negative in values, indicating that their excess 
electron clouds can be easily polarized, which is 
suitable for electrons injection. The hyperpolarizability, 
β (x  10-30 esu) values are arranged as 14.6477, 28.9679, 
34.3485, 31.6914, 34.1275, 33.833 and 28.1309 for 
NTPA (1-7) dyes, and 15.3444, 21.4863, 21.4863, 
36.4248, 36.3239, 35.8485 and 30.3885 for NBBT (1-7) 
dyes, respectively (Tables 4a and 4b). The polarizability 
and hyperpolarizability for PY-3N are -2.64 and 14.63, 
respectively, indicating that both NTPA and NBBT dyes 
are suitable for ICT and electron injection abilities than 
PY-3N (except NTPA-1) [44], however, NTPA-3, NTPA-
4, NTPA-6, NTPA-7 and NBBT-(4-7) have outstanding 
polarizability and hyperpolarizability properties other 
studied dyes (Tables 4a and 4b).

Parameter PY-3N NTPA-1 NTPA-2 NTPA-3 NTPA-4 NTPA-5 NTPA-6 NTPA-7
Dipole moment
µx

µy

µz

Total

 11.6752
-1.4033
 0.8766
 11.7918

 10.5361
-1.2382
 3.1231
 11.0587

 13.9227
-0.1595
 0.9958
 13.9592

 12.9259
-1.8104
 5.2752
 14.0778

 12.9595
-1.4911    
 4.4687     
 13.7892 

 14.1556
-1.4711
 2.6604
 14.4784

 13.0967
-0.4799
 4.3488
 13.8082

 13.1965
-3.9372
 2.0313
 13.9203

Polarizability/a.u
αxx

αxy

αyy

αxz

αyz

αzz

αtotal

α x (10-23)

-180.6957
 41.4711
-169.2794
-3.313
 3.3092
-185.3804
-178.45183
-2.64

-247.3459
 28.3429
-198.3167
-19.4660
 4.9109
-205.4578
-217.0401
-3.22

-354.3533
 1.4209
-212.8263
 16.4690
 2.6299
-228.0718
-265.0838
-3.928

-373.2709
 27.6461
-238.0607
-36.0655
-0.6250
-237.9752
-283.1023
-4.19

-355.3051
 26.9061
-246.1665
-30.0433
 1.0256 
-248.0283
-283.1666
-4.19

-371.3299
 25.9077
-234.3627
-5.0698
 0.3090
 0.3090
-201.7945
-2.99

-363.6722
 18.3524
-239.0214
-34.4674
 2.6293
-241.5376
-281.4104
-4.17

-346.0301
 61.7340
-249.8260
 1.2387
 3.4157
-258.1851
-284.6804
-4.23

Hyperpolarizability
βxxx

βxxy

βxyy

βyyy

βxxz

βxyz

βyyz

βxzz

βyzz

βzzz

βtotal x  (10-30)

 1614.9671
-351.9128
 88.0624
-22.2406
 185.527
 16.5627
-1.1304
-28.4773
-11.5651
 1.2865
 14.93

 1403.1924
-336.7916
 85.7665
-32.5791
 507.8358
 18.9830
 10.2951
 69.5315
-6.3274
 33.9533
 14.6477

 3273.5456
 58.8733
 22.7515
-70.8856
 31.0776
 42.5517
 4.6117
 56.1510
-6.7203
 30.3780
 28.9679

 3776.208
-260.6649
 70.1581
-36.0352
 743.9160
 68.9239
 13.4559
 30.8509
-18.0751
 65.1257
 34.3485

 3426.283  
-280.6100  
 82.1226
-25.6369           
 720.0516 
 59.5994
 8.4580 
 65.2456       
 16.1847
 47.4634
 31.6914

 3823.008
-288.0669
 50.8835
-55.9411
 375.2337
 71.3078
 15.4237
 36.5384
-10.6029
 43.4633
 34.1275

 3652.372
-154.5772
  99.5680
-14.7235
 786.5392
 41.3621
 3.6413
 67.5079
-4.4820 
 57.8349
 33.8330

 3009.435
-743.3114
 102.4621
-148.4282
 292.2991
 50.7702
 23.8292
-5.7115
-19.5649
 36.5736
 28.1309

Table 4a. Dipole moment, polarizability and hyperpolarizability of NTPA (1-7) dyes

Photovoltaic properties:The photovoltaic properties 
are vital indicators of the performance of dye-sensitizer 
in DSSCs and they are peculiar characteristics of a dye. 
These essential properties are electron injection drive 
force (ΔGinject), open-circuit voltage (VOC), electron 
regeneration drive force (ΔGregen), light-harvesting 
efficiency (LHE), ground state oxidation energy of dye 
(Edye), excited state oxidation energy of dye (Edye*) 
and the excitation lifetime () as listed in Tables 5 and 
6. VOC relates to the ability of the LUMO of a dye to 

release electrons into the CB of semiconductor (TiO2); 
thus, higher LUMO energy will lead to higher VOC and 
subsequently higher power conversion efficiency (PCE) 
of a dye-sensitizer in DSSCs. The calculated VOC 
values for both NTPA and NBBT dyes are between 0.92 
and 1.02 eV, except NTPA-6 and NBBT-6 dyes with 
0.56 eV value. The low VOC value for both NTPA-6 and 
NBBT-6 dyes can be attributed to the low oscillation 
strengths (Table 5). 
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Parameter NBBT-1 NBBT-2 NBBT-3 NBBT-4 NBBT-5 NBBT-6 NBBT-7
Dipole moment
µx

µy

µz

Total

  10.2558 
 -2.0799 
  1.6229
  10.5897

 8.6624
 1.6788
 0.8317
 8.8636

 12.9671
-2.3287
 3.9010
 13.7400

 9.7231
 0.1925
-1.2406
 9.8038

 14.2096
-2.0193
 1.2633
 14.4079

 13.1259
-1.1328
 2.9664
 13.9045

13.3067
-4.6908
0.7094
14.1271

Polarizability/a.u
αxx

αxy

αyy

αxz

αyz

αzz

αtotal

α x (10-23)

-247.4056                   
 21.7015
-200.1883
-28.3916  
 1.1991 
-219.4136
-222.3358
-3.29

-289.6085
-24.1172
-226.1014
-15.6466
-4.5210
-234.2524
-249.9874
-3.70

-371.5906
 21.2225
-239.7521
-48.2485
-3.3563
-251.7634
-287.7020
-4.26

-328.6790
-0.3998
-249.2652
15.4984
-3.6131
-255.4179
-277.7874
-4.11

-369.2030
 20.3751
-235.9048
-15.9952
-2.5076
-254.3105
-286.4728
-4.24

-362.0603
 11.6933
-240.9837
-45.7122
-0.6018
-255.1754
-286.0731
-4.23

-341.5061
55.4849
-252.6576
-8.9723
-0.7069
-271.4198
-288.5278
-4.27

Hyperpolarizability
βxxx

βxxy

βxyy

βyyy

βxxz

βxyz

βyyz

βxzz

βyzz

βzzz

βtotal x  (10-30)

 1535.2935
-429.8458
 110.1539
-24.0848  
 479.2115 
-11.6156
-0.8742
-7.4856 
-26.6876
 12.4645
 15.3444

 2399.1179
 332.8385
 87.2063
-21.5128
 160.9916
 18.8049
 1.3849
-23.8232
 15.6026
-39.7870
 21.4863

 4092.0137
-359.9608
 103.8885
-24.6319
 703.4199
 1.0512
 6.5837
-68.6457
-36.0682
 42.4496
 21.4863

 3084.8341
 57.8961
 77.6528
-5.5193
-219.2834
 31.6357
-17.6623
-30.5244
 11.5735
-23.5680
 36.4248

 4139.2500
-391.3726
 85.4086
-44.2086
 328.4454
 47.6486
 10.4776
-60.8829
-29.1644
 16.0968
 36.3239

 3964.3809
-258.8486
 127.3472
-4.8886
 745.2589
 7.8291
-5.5427
-25.8201
-23.7273
 37.0780
 35.8468

 3309.4380
-876.4440   
 130.0785
-140.9592  
 244.3339 
 12.6683
 12.5951 
-95.7293
-40.3691
 14.1904
 30.3883

Table 4b. Dipole moment, polarizability and hyperpolarizability of NBBT (1-7) dyes

(α): 1 a.u = 0.148 10-24 esu  and for (β): 1 a.u. = 8.63910-33esu.

Dyes λmax (nm) f Eox
dye λmax

ICT  eV Eox
dye* VOC LHE ΔGinject ΔGregen

PY-3N 423.91 1.2251 5.23 2.93 2.30 1.01 0.9410 -1.69 0.53

NTPA-1 438.88 1.2279 5.15 2.82 2.33 0.98 0.9401 -1.67 0.45

NTPA-2 460.05 1.3858 5.13 2.69 2.44 0.97 0.9589 -1.56 0.43

NTPA-3 477.56 2.2877 5.08 2.59 2.49 1.01 0.9948 -1.51 0.38

NTPA-4 471.50 2.7305 5.13 2.59 2.54 0.92 0.9981 -1.46 0.38

NTPA-5 476.93 2.0829 5.12 2.60 2.52 0.94 0.9917 -1.48 0.42

NTPA-6 538.88 0.4870 5.12 2.30 2.82 0.56 0.6742 -1.18 0.42

NTPA-7 480.50 1.7739 5.08 2.58 2.50 0.95 0.9837 -1.50 0.38

NBBT-1 595.65 1.5267 5.17 2.08 3.09 1.00 0.9702 -0.91 0.47

NBBT-2 450.90 1.7878 5.19 2.75 2.44 0.96 0.9837 -1.56 0.49

NBBT-3 474.59 1.8437 5.11 2.61 2.50 1.02 0.9857 -1.50 0.41

NBBT-4 468.79 2.2357 5.18 2.64 2.54 0.93 0.9942 -1.46 0.48

NBBT-5 471.55 2.0660 5.15 2.63 2.52 0.94 0.9914 -1.48 0.45

NBBT-6 530.12 0.7318 5.15 2.34 2.81 0.56 0.8146 -1.19 0.45

NBBT-7 471.99 1.7116 5.14 2.63 2.51 0.95 0.9857 -1.49 0.44

Table 5. Photovoltaic properties of NTPA and NBBT dyes
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This means all the dyes (except NTPA-6 and NBBT-6) 
will have ease of electrons transfer the exited dyes to 
the CB of TiO2, which will lead to increase in PCE.  
The responsiveness or ability of a dye to adsorb 
sunlight energy which results into dye’s excitation is 
measured by ΔGinject. The ΔGinject values for the dyes are 
all negative, which make the dyes suitable for electrons 
injection into the CB of TiO2 [14,45]. The regeneration of 
the dye after photoexcitation and subsequent electrons 
injection into the CB of TiO2 by receiving electrons from 
the electrolyte ( is very important for the dye continual 
usage [17]. The regeneration drive force (ΔGregen) of a 
good dye-sensitizer must be > 0.20 eV, and that the 
dyes including PY-3N dye present ΔGregen values higher 
than 0.2 eV, indicating that the dyes will have good 
regenerating ability.
The light harvesting efficiency (LHE) measures the 
amount of light intensity a dye can absorb, therefore it 
is related to photocurrent reaction in the dye-sensitizer. 
Higher LHE will lead to higher photocurrent reaction 
and higher light collecting efficiency [42]. The LHE 
values for NTPA (1-7) dyes are 0.9401, 0.9589, 0.9948, 
0.9981, 0.9917, 0.6742 and 0.9837, respectively, and 
are 0.9702, 0.9837, 0.9857, 0.9942, 0.9914, 0.8146 
and 0.9857 for NBBT (1-7) dyes, respectively (Table 
5), revealing that all dyes may have very strong light 
harvesting efficiency (except NTPA-6 and NBBT-6), 
although NTPA-3, NTPA-4, NTPA-5, NBBT-4 and 
NBBT-5 show outstanding LHE values than PY-3N 
dye (0.9401). Also, incorporation of fused thiophene 
and bridged thiophenes (except NTPA-6 and NBBT-6) 
improve the LHE dyes’s ability. The excitation lifetime 
(measures time taken for dye’s excited electrons to get 
into the CB of semiconductor, and it is also a measure 
of time require for a dye-sensitizer to stay excited 
before going back to its ground state; thus, it affects 
both intra- and inter-charge transfer rate of a dye [17, 
39, 40]. The calculated τ (ns) values for NTPA dyes are 
arranged as NTPA-6 (8.94) > NTPA-1 (2.35) > NTPA-
2 (2.29) > NTPA-7 (1.95) > NTPA-5 (1.64) > NTPA-3 
(1.50) > NTPA-4 (1.22), and NBBT-6 (5.76) > NBBT-
1 (3.48) > NBBT-7 (1.95) > NBBT-3 (1.83)  > NBBT-2 
(1.71) > NBBT-5 (1.61) > NBBT-4 (1.47), which mean 
NTPA-6 and NBBT-6 present highest τ values (Table 
6), and are likely to have larger charge separation, 
superior optical stability and charge recombination 
process delay which are good for better performance 
DSSCs [27]. The coupling constant (/VRP/) relates 
to the value of rate constant of transfer of electrons, 
higher VRP values favour electrons injection into CB of 
TiO2 and thus better sensitizers [45,46]. However, Fig.6 
shows a strong direct relationship between /VRP/ and 
ΔGregen which suggests that dye’s regeneration drive 
force/energy is favoured by higher coupling constant 
value. Therefore, it is suggested that /VRP/ may actually 
influence the rate at which a dye is regenerated rather 
than for electron injection processes, this observation 
agrees with the work reported by Semire et al., [27].

Dyes  (ns) ǀVRPǀ LHE FF
PY-3N 1.37 0.615 0.9410  0.8831

NTPA-1 2.35 0.575 0.9401 0.7343

NTPA-2 2.29 0.565 0.9589 0.7319

NTPA-3 1.50 0.540 0.9948 0.7412

NTPA-4 1.22 0.565 0.9981 0.7191

NTPA-5 1.64 0.560 0.9917 0.7244

NTPA-6 8.94 0.560 0.6742 0.5685

NTPA-7 1.95 0.540 0.9837 0.7269

NBBT-1 3.48 0.585 0.9702 0.7389

NBBT-2 1.71 0.595 0.9837 0.7294

NBBT-3 1.83 0.555 0.9857 0.7435

NBBT-4 1.47 0.590 0.9942 0.7218

NBBT-5 1.61 0.575 0.9914 0.7244

NBBT-6 5.76 0.575 0.8146 0.5685

NBBT-7 1.95 0.570 0.9857 0.7269

Fig. 6. Influence of coupling constant (ǀVRPǀ) on regeneration 
          energy (ΔGregen) of the dyes

Table 6. Photo excitation response parameters of NTPA     
             and NBBT dyes

(23)

LHE = light-harvesting efficiency, τ,ns excitation lifetime, ǀVRPǀ = 
coupling constant and FF Fill factor

where the Boltzmann constant is 8.61733034×10−5 
electron volts/K, T is temperature set at 300 K and VOC 
is open circuit current. NTPA-3 and NBBT-3 have the 
greatest computed FF values of 0.7412 and 0.7435, 
respectively, but less than that of PY-3N (0.8831), 
while both NTPA-6 and NBBT-6 have the least value of 
0.5685. This shows that using N-phenyl-N-(thiophen-
2-yl)-1H-pyrrol-2-amine and N,N-diphenylthiophen-
2-amine as donor units couple with extension of 
LCC π-spacers with thiophene derivatives resulting 
in a notable modification of the dyes, which is more 
pronounced in NTPA-6 and NBBT-6 (when X = CH2 in 
4H-cyclopenta[1,2-b:5,4-b’]bisthiophene is changed to 
BH2).

The fill factor (FF), is one of the parameters that FF 
determine power conversion efficiency (PCE) of a 
DSSC device, and is strongly affected by VOC of a dye-
sensitizer as shown in equation 23 [47,48].
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CONCLUSION 
In this work, two set of dyes containing N,N-
diphenylthiophen-2-amine (NBBT) and N-phenyl-N-
(thiophen-2-yl)-1H-pyrrol-2-amine (NTPA) as donors 
were computationally designed to replace N-(thiophen-
2-yl)-1H-pyrrol-2-amine donor group in PY-3N and 
optimized using DFT method. Thiophene, fused 
thiophene and bridged thiophene derivatives were 
incorporated to extend the hexatriyne (LCC) π-linker 
in order to examine the effect thiophene derivatives 
on the photovoltaic and optoelectronic properties of 
the designed dyes. The results show /VRP/ values may 
influence the rate of regeneration of the dyes more than 
that of electron injection processes. The w and w+ show 
that NTPA-6 and NBBT-6  are more electron accepting 
abilities than other dyes, thus insertion of boron atom 
into bridged thiophene  trap some of the electrons to 
be transmitted to the acceptor moiety which leads to 
lower oscillation strength. Subsequently, it affects 
light harvesting efficiency (LHE) and open current 
circuit (VOC), although, the fractions of electrons 
transmitted could probably take shorter time (τ,ns) 
get into the CB of semiconductor. The polarizability 
and hyperpolarizability values show that both NTPA 
and NBBT dyes are suitable for ICT and electron 
injection abilities, however, NTPA-3, NTPA-4, NTPA-6, 
NTPA-7, NBBT-4, NBBT-5, NBBT-6 and NBBT-7 have 
outstanding non-linear properties than PY-3N dye. In 
general all the designed dyes are capable to transmit 
electrons through push-pull mechanism to the acceptor 
unit, thus can serve as dye-sensitizers in DSSCs, and 
extension of hexatriyne (LCC) π-linker with thiophene 
derivatives actually modified the dyes. 
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