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use. In DSSC, a sensitizer is a key element which harvests 
the photons of sunlight to pump the electrons from lower to 
higher energy states before dumping into the inorganic semi-
conductors [1–4]. Currently, immense attention is paid for 
molecular engineering of sensitizers to enhance their light 
harvesting ability in the red and near-IR region of sunlight 
and better conversion of photons into electricity [5–7]. Con-
tinuous efforts have led to progress to the extent of realizing 
metal-containing dyes such as ruthenium–polypyridyl [8] 
complexes with 11.5% power conversion efficiency (PCE), 
and zinc-porphyrin [9] dyes achieving PCE as high as13.0%. 
But, low abundance and high cost of ruthenium metal, and 
complicated synthesis and purification of zinc porphyrin 
dyes limit their widespread application. On the other hand, 
metal free organic dyes displayed huge potential due to their 
easy and low cost synthesis from wide range of raw materi-
als [2–7]. Moreover, recently organic dyes have been dem-
onstrated to give PCE surpassing 12.5% without the use of 
any additive [10].

Organic dyes usually feature a D–π–A molecular configu-
ration which contains an electron-rich donor (D), electron-
deficient acceptor (A) and a π-conjugation linker (π) [11–13]. 
Many attempts have been made to modify the structural 
elements of organic dyes in an effort to optimize the light-
harvesting properties. Zhu et al. incorporated an auxiliary 
acceptor (A1) and extended the configuration as, D–A1–π–A 
[14]. The incorporation of auxiliary acceptors is found to be 
favorable for improving the photophysical, electrochemical 
and photovoltaic properties along with photo and thermal 
stabilities of the dyes [15, 16]. Commonly, auxiliary accep-
tors such as benzothiadiazole (BTD) [17–19], benzotriazole 
(BTZ) [20–22] quinoxaline (Qx) [23, 24], diketopyrrolopyr-
role (DPP) [25, 26], benzoxadiazole [27, 28], etc. have been 
extensively used in D–A1–π–A configuration of the dyes. 
Moreover, record efficiency >12.0% was achieved from 

Abstract  Organic sensitizers containing dithienopyrrole 
donor, benzotriazole or quinoxaline in the conjugation path-
way, and cyanoacrylic acid acceptor featured in a donor–
acceptor-π–acceptor configuration are reported. The effect of 
the nature of different conjugating bridges on photophysical, 
electrochemical and photovoltaic properties was systemati-
cally evaluated. The incorporation auxiliary acceptors broad-
ened the absorption spectra and modulated the excited state 
energy levels. The DFT calculation unraveled a significant 
overlap of HOMO and LUMO orbitals in benzotriazole-con-
taining dyes and the charge transfer character for the longer 
wavelength absorption. Among the dyes, a dye containing 
benzotriazole and thiophene in the conjugation pathway 
exhibited highest power conversion efficiency attributable 
to efficient electron injection and pronounced inhibition of 
electron recombination.

1  Introduction

Dye sensitized solar cell [1] (DSSC) is one of promising 
technology for tapping solar energy as it enjoys benefits such 
as low cost, facile fabrication procedure and ready avail-
ability of materials in a relatively pure form required for 

Electronic supplementary material  The online version 
of this article (doi:10.1007/s10854-017-7787-4) contains 
supplementary material, which is available to authorized users.

 *	 K. R. Justin Thomas 
	 krjt8fcy@iitr.ac.in

1	 Organic Materials Laboratory, Department of Chemistry, 
Indian Institute of Technology Roorkee, Roorkee, India

2	 Department of Chemical Engineering, National Taiwan 
University, Taipei 10617, Taiwan, ROC

http://orcid.org/0000-0003-2424-5953
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-017-7787-4&domain=pdf
https://doi.org/10.1007/s10854-017-7787-4


18405J Mater Sci: Mater Electron (2017) 28:18404–18417	

1 3

the D–A1–π–A motif dyes by utilizing benzothiadiazole as 
auxiliary acceptor and N-annulated indenoperylene [10] or 
N-annulated thienocyclopentaperylene [19] as donor.

Several heterocyclic donors such as carbazole deriva-
tives [29–32], phenothiazine [33–36], phenoxazine [37, 38], 
benzo[1,2-b:4,5-b’]-dithiophene [39] have been exploited for 
organic dye assembly owing to their exceptional electron-
donating ability augmented by little reorganization energy. 
Recently, dithienopyrrole [40] (DTP) has been suggested 
as a linker due to its electronic richness and the presence of 
pyrrolic nitrogen which provides an alternative way for pre-
cisely tuning the photophysical properties [41]. To date, DTP 
have been widely employed as a π-spacer in D–π–A config-
ured dyes [42–48]. However, organic dyes utilizing DTP as 
an independent donor are limited. Lin and coworkers uti-
lized DTP donor in dianchoring A–D–A motif and reported 
decent efficiency (3.7%) [49]. Recently, Liang and coworkers 
used DTP as a terminal donor in two different fashions via 
C-thiophene or N-pyrrolic linkage in a D–D–π–A configura-
tion and analyzed the differences in optical and photovoltaic 
properties. C-linkage proved to be beneficial for extending 
the absorption edge and molar extinction coefficients than 
N-linkage [50]. However, the N-linked dye yielded a high 
efficiency of 9.02% when cobalt–phenanthroline complex 
system was used as electrolyte. In this paper, we explore the 
hitherto unknown D–A1–π–A dyes where DTP is used as an 
independent donor via C-linkage. Auxiliary acceptors such 
as BTZ and Qx were used along with thiophene or phenyl 
unit to compose the conjugation bridge. The use of axillary 
acceptors in combination with thienyl linker proved to be 
beneficial for broadening the absorption spectra. A dye con-
taining BTZ and thiophene in the conjugation led to highest 
efficiency in the series owing to the favorable thermody-
namic driving force for electron injection and structural ele-
ments helpful to retard electron recombination.

2 � Experimental

2.1 � Materials and methods

All the chemicals and reagents were received from commer-
cial sources and used without further purification. Organic 
solvents were purified by following the standard distillation 
techniques prior to use. Column chromatography purifica-
tion of synthesized compounds was carried out by using 
silica gel (100–200 mesh) or neutral alumina as stationary 
phase in a column of 40 cm length and 3.0 cm diameter. 
NEXUS FT-IR spectrometer (Thermonicolet) was used to 
collect IR spectra for the compounds as KBr pellets. The 
1H and 13C NMR spectra were recorded on JEOL 400 MHz 
spectrometer and deuterated chloroform (CDCl3) and dime-
thyl sulfoxide (DMSO-d6) were used as solvents. The mass 

spectra were obtained in a positive ion mode on a Bruker 
micrOTOF-QII ESI mass spectrometer. UV–visible absorp-
tion spectra were obtained by using a Cary 100 spectropho-
tometer using spectroscopic grade solvents at room tempera-
ture in quartz cuvettes. Emission spectra were obtained by 
using Shimadzu RF5301 spectrofluorimeter. Cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV) stud-
ies were conducted by using BASi Epsilon electrochemical 
analyzer with a conventional three-electrode configuration 
consisting of a glassy carbon working electrode, a platinum 
wire auxiliary electrode, and a non-aqueous Ag/AgNO3 ref-
erence electrode. The experiments were performed in dichlo-
romethane at room temperature under nitrogen atmosphere 
with Bu4NClO4 (0.1 M) as supporting electrolyte and the 
potentials are quoted against the ferrocene which was used 
as an internal standard.

2.1.1 � Synthesis of 4‑(2‑butyl‑7‑(4‑(9,9‑dibutyl‑9H‑
fluoren‑2‑yl)‑4H‑dithieno[3,2‑b:2′,3′‑d]pyr‑
rol‑2‑yl)‑2H‑benzo[d][1,2,3] triazol‑4‑yl)benzalde‑
hyde (2)

A mixture 4-(7-bromo-2-butyl-2H-benzo[d][1,2,3] tri-
azol-4-yl)benzaldehyde (S1) (0.140  g, 0.40  mmol), 1 
(0.80 mmol), Pd(PPh3)2Cl2 (0.003 g, 0.04 mmol), and dry 
DMF (3 mL) was heated at 85 °C under nitrogen atmosphere 
for 24 h. On the completion of reaction, the reaction mixture 
was poured into water and organic compound extracted with 
chloroform. The organic layer was washed with brine solu-
tion followed by water and dried over anhydrous Na2SO4. 
The combined organic extracts were concentrated and fur-
ther purified by column chromatography using alumina as 
stationary phase and hexanes:chloroform mixture (1:1) as 
eluent. Red solid; yield 0.205 g (70%).

2.1.2 � Synthesis of 5‑(2‑butyl‑7‑(4‑(9,9‑dibutyl‑9H‑
fluoren‑2‑yl)‑4H‑dithieno[3,2‑b:2′,3′‑d]pyr‑
rol‑2‑yl)‑2H‑benzo[d][1,2,3] triazol‑4‑yl)thio‑
phene‑2‑carbaldehyde (3)

It was obtained from 5-(7-bromo-2-butyl-2H-benzo[d]
[1,2,3] triazol-4-yl)thiophene-2-carbaldehyde (S2) (0.300 g, 
0.82 mmol) and 1 (1.64 mmol) by following a procedure 
similar to that described above for the synthesis of 2. Red 
solid; yield 0.351 g (61%).

2.1.3 � Synthesis of 4‑(2,3‑bis(4‑(tert‑butyl)phenyl)‑8‑(4‑(9
,9‑dibutyl‑9H‑fluoren‑2‑yl)‑4H‑dithieno[3,2‑b:2′,3
′‑d]pyrrol‑2‑yl)quinoxalin‑5‑yl)benzaldehyde (4)

It was obtained from 4-(8-bromo-2,3-bis(4-(tert-butyl)phe-
nyl)quinoxalin-5-yl)benzaldehyde (S3) (0.160 g, 0.28 mmol) 
and 1 (0.56  mmol) by following a procedure same as 



18406	 J Mater Sci: Mater Electron (2017) 28:18404–18417

1 3

described above for the synthesis of 2. Orange solid; yield 
0.133 g (50%).

2.1.4 � Synthesis of 5‑(2,3‑bis(4‑(tert‑butyl)phenyl)‑8‑(4‑(
9,9‑dibutyl‑9H‑fluoren‑2‑yl)‑4H‑dithieno[3,2‑b:2′
,3′‑d]pyrrol‑2‑yl)quinoxalin‑5‑yl)thiophene‑2‑car‑
baldehyde (5)

It was obtained from 5-(8-bromo-2,3-bis(4-(tert-butyl)phe-
nyl)quinoxalin-5-yl)thiophene-2-carbaldehyde (S4) (0.140 g, 
0.24 mmol) and 1 (0.48 mmol) by following a procedure 
same as described above for the synthesis of 2. Dark red 
solid; yield 0.167 g (73%).

2.1.5 � Synthesis (E)‑3‑(4‑(2‑butyl‑7‑(4‑(9,9‑dibu‑
tyl‑9H‑fluoren‑2‑yl)‑4H‑dithieno[3,2‑b:2′,3′‑d]
pyrrol‑2‑yl)‑2H‑benzo[d][1,2,3] triazol‑4‑yl)
phenyl)‑2‑cyanoacrylic acid (DTP–TP)

A mixture of 2 (0.140 g, 0.20 mmol), cyanoacetic acid 
(0.024 g, 0.2 mmol), acetic acid (5 mL) and ammonium 
acetate (10 mg) was heated at 125 °C for 12 h. The result-
ing solution was poured into ice-cold water. The precipitate 
was filtered, washed thoroughly with water and dried. The 
solid was further crystallized from hot chloroform to get 
pure compound. Red solid; yield 0.096 g (60%).

2.1.6 � Synthesis of (E)‑3‑(5‑(2‑butyl‑7‑(4‑(9,9‑dibu‑
tyl‑9H‑fluoren‑2‑yl)‑4H‑dithieno[3,2‑b:2′,3′‑d]
pyrrol‑2‑yl)‑2H‑benzo[d][1,2,3] triazol‑4‑yl)
thiophen‑2‑yl)‑2‑cyanoacrylic acid (DTP–TS)

It was prepared from 3 (0.150 g, 0.20 mmol) by following a 
procedure similar to that described above for the synthesis 
of DTP–TP. Black solid; yield 0.103 (72%).

2.1.7 � Synthesis of (E)‑3‑(4‑(2,3‑bis(4‑(tert‑butyl)phenyl)‑
8‑(4‑(9,9‑dibutyl‑9H‑fluoren‑2‑yl)‑4H‑dithieno[3,2
‑b:2′,3′‑d]pyrrol‑2‑yl)quinoxalin‑5‑yl)phenyl)‑2‑cy‑
anoacrylic acid (DTP–QP)

It was prepared from 4 (0.120 g, 0.13 mmol) by following a 
procedure similar to that described above for the synthesis 
of DTP–TP. Brown solid; 0.095 (64%).

2.1.8 � Synthesis of (E)‑3‑(5‑(2,3‑bis(4‑(tert‑butyl)pheny
l)‑8‑(4‑(9,9‑dibutyl‑9H‑fluoren‑2‑yl)‑4H‑dithien
o[3,2‑b:2′,3′‑d]pyrrol‑2‑yl)quinoxalin‑5‑yl)thio‑
phen‑2‑yl)‑2‑cyanoacrylic acid (DTP–QS)

It was prepared from 5 (0.140 g, 0.15 mmol) by following a 
procedure similar to that described above for the synthesis 
of DTP–TP. Black solid; 0.102 (66%).

2.2 � Computational methods

All the computational calculations were performed using 
Gaussian 09 program package. The ground-state geometries 
of the dyes were optimized without any symmetry constraints 
by employing a Becke’s hybrid correlation functional B3LYP 
and 6–31 G(D,P) basis set for all atoms. The vertical excita-
tion energies and oscillator strengths for the lowest 10 sin-
glet–singlet transitions for the optimized geometry in the 
ground state were obtained by TD-DFT calculations using 
the DGDZVP basis set and BMK hybrid functional.

2.3 � Device fabrication and photovoltaic properties 
measurements

The dye sensitized TiO2 photoanodes were prepared by fol-
lowing the procedures present in the literature. A transparent 
and scattering layers of TiO2 with different sizes (20 nm and 
300 nm, respectively) were coated on a pretreated fluorine-
doped SnO2 conducting glass (FTO, 7 Ω sq.−1, transmittance 
~80%, NSG America, Inc., New Jersey, USA) by doctor 
blade technique. During the coating process the dried TiO2 
films firstly was heated at 450 °C in an air flow and then sin-
tered at same temperature for 30 min. The scanning electron 
microscopic images were used to judge the thickness of TiO2 
layers. The TiO2 photoanodes of the DSSCs were composed 
of a 12 μm thick transparent layer and a 4 μm thick scattering 
layer. After sintering at 450 °C and cooled to 80 °C, The dyes 
were adsorbed on the TiO2 film by immersing it in a 3 × 10−4 
M dye solution for 24 h, at room temperature. A solvent mix-
ture containing acetonitrile (ACN), tert-butyl alcohol and 
dimethyl sulfoxide (DMSO) (volume ratio of 3.5:3.5:3) was 
used to prepare the dye bath. The absorption spectra of the 
dye coated on ~4 μm TiO2 (20) nm were recorded by using 
a JASCO UV–visible spectrophotometer (V-570) equipped 
with an integrating sphere. After that, the TiO2/dye photoan-
ode was placed over a platinum-sputtered ITO coated glass 
(7 U Ω sq.−1, Ritek Corporation, Hsinchu, Taiwan) and then 
two electrodes were sandwiched with a 25 mm-thick Surlyn® 
(SX1170-25, Solaronix S.A., Aubonne, Switzerland) at the 
edges and sealed by heating. A mixture of 1.2 M 1-propyl-
2,3-dimethylimidazolium iodide (DMPII), 0.035 M I2, 0.5 M 
tert-butylpyridine (TBP) and 0.1 M guanidine thiocyanate 
dissolved in acetonitrile/3-methoxypropionitrile mixture 
(8:2) were used as electrolyte. The electrolyte was injected in 
the gap between the two electrodes through hole which was 
already made on the counter electrode by drilling machine. 
After injection of electrolyte the hole was sealed with hot 
melt-glue to obtain the working DSSC.

The active surface area of the DSSC was restricted to 
0.16 cm2 by using a mask. The DSSC was illuminated by 
a class-A solar simulator (XES-301S, AM 1.5 G, San-Ei 
Electric Co., Ltd.). A standard silicon cell (PECSI01, Peccell 
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Technologies, Inc.) was used to calibrate the incident light 
intensity of simulator and maintained at 100 mW cm−2. A 
potentiostat/galvanostat (PGSTAT30, Autolab, Eco-Chemie, 
Netherlands) was used to characterize the Photocurrent-volt-
age curves of the DSSC. A potentiostat/galvanostat equipped 
with an FRA2 module was employed to analyze electro-
chemical impedance spectral (EIS) analysis of the DSSCs. 
The applied bias voltage was set at the open-circuit voltage 
between the working photoanode and Pt-counter electrode 
of the DSSC under a constant light illumination 100 mW 
cm−2. Incident photocurrent conversion efficiency (IPCE) 
spectrum was obtained using a monochromated light (Oriel 
Instrument, model 74100) at short-circuit condition. The 
IPCE (λ) is defined by IPCE (λ) = 1240 (JSC/λφ), where λ 
is the wavelength, JSC is short-circuit photocurrent density 
(mA cm−2) recorded with a potentiostat/galvanostat, and φ is 
the incident radiative flux (Wm−2) measured with an optical 
detector (Oriel Instrument, model 71580) and a power meter 
(Oriel Instrument, model 70310).

3 � Results and discussion

3.1 � Molecular design and synthesis

The structures of the newly synthesized organic dyes con-
taining dithienopyrrole donor and different π-conjugation 

bridges and cyanoacrylic acid acceptor are displayed in 
Fig. 1. The methodology used to obtain the target dyes is 
outlined in the Scheme 1. All the target dyes were obtained 
by multi-step sequence involving conventional reactions 
such as Vilsmeier–Haack formylation, Suzuki–Miyaura 
[51]/Stille [52] cross-coupling and Knoevenegal [53] con-
densation. The key precursor 4-(9,9-dibutyl-9H-fluoren-
2-yl)-2-(tributylstannyl)-4H-dithieno[3,2-b:2′,3′-d]pyrrole 
(1) was synthesized from 4-(9,9-dibutyl-9H-fluoren-2-yl)-
4H-dithieno[3,2-b:2′,3′-d]pyrrole [47] by a known proce-
dure [54]. The aldehyde precursors 2–5 were synthesized 
by following Stille coupling protocol involving 1 and dif-
ferent bromo-arene/heteroarene–aldehydes S1-S4. Finally, 
the aldehydes, 2–5 were converted into the target dyes 
DTP–TP, DTP–TS, DTP–QP and DTP–QS, on reaction 
with cyanoacetic acid in the presence of catalytic amount 
of ammonium acetate. All the newly synthesized dyes were 
thoroughly characterized by 1H, 13C NMR spectroscopy, 
FT-IR, and HR mass spectra. The analytical data (Table 1) 
observed are consistent with the proposed structures of the 
compounds.

3.2 � Optical properties

To investigate the light harvesting efficiency of the synthe-
sized dyes, the absorption spectra of the dyes were recorded 
in dichloromethane (DCM) and displayed in Fig. 2. The 

Fig. 1   Structures of dyes 
featuring DTP donor in a 
D–A–π–A configuration
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pertinent optical data were compiled in Table 2. Generally, 
the absorption of the dyes spread over region, 285–620 nm. 
At least two prominent absorptions were observed. The 
absorption peak appearing at shorter wavelength region 
(<400 nm) can be assigned to π–π* electronic transition 
arising from different aromatic segments present in the dyes 
while the absorption in the longer wavelength region (above 
403 nm) is ascribed to the intramolecular charge transfer 
(CT) from DTP donor to the cyanoacrylic acid acceptor 
[13]. The dyes DTP–TS and DTP–QS containing thienyl 
π-linker exhibited intense and broader absorption profile as 
compared to phenyl-linked dyes (DTP–TP and DTP–QP) 
[55]. This is because of the presence of electron-rich thie-
nyl π-linker which facilitates electronic communication 
between DTP donor and cyanoacrylic acceptor due to its 
planar arrangement. On the other hand in the phenyl-linked 
dyes (DTP–TP and DTP–QP), the twisted arrangement of 
phenyl unit reduces the donor–acceptor interactions and shift 
the ICT absorption band to the shorter wavelength region. 
The BTZ dyes (DTP–TS and DTP–TP) displayed relatively 
high molar extinction coefficients for the ICT band when 
compared to the similar Qx-dyes (DTP–QS and DTP–QP). 
It is probable that the Qx unit is not suitable to render an 
effective pathway for electronic communication between the 
donor and acceptor.

The charge-transfer character of the longer wavelength 
absorption was confirmed by comparing the absorption 
spectra of their respective aldehyde precursors. Pronounced 

bathochromic shifts for the absorption were noticed on 
converting the aldehyde to stronger electron-withdrawing 
cyanoacrylic acid group. This cannot arise only due to 
the extension in conjugation. Further, the acid-base equi-
librium analyses carried out by recording the absorption 
spectra of the dyes in the presence of TFA/TEA (Fig. 3). 
All the dyes displayed pronounced blue-shift on addition of 
TEA and a slight red-shift with TFA for the CT absorption. 
These are attributed to decrement/increment in the accep-
tor strength originating from the deprotonation/protonation 
on addition of TEA/TFA. Also, the dyes exhibited negative 
solvatochromism (Fig. 4) in the ground state attributable to 
the effective solvation of the dyes in ground state by more 
polar solvents [56]. However, the dyes showed distinctively 
blue-shifted absorption in MeOH and DMF arising from the 
hydrogen-bonding and basic nature of the solvent, respec-
tively. Additionally, the most red-shifted absorption was 
observed in chlorinated solvent (DCM) owing to the fast 
reorganization of polarized electrons in the excited state of 
the dyes [57].

The absorption spectra of the dyes recorded on 
mesoporous thin film of nanocrystalline TiO2 are displayed 
in Fig. 5. The absorption maxima for the dye on TiO2 were 
red-shifted and broadened when compared to the absorption 
in solution. This can be attributed to the J-aggregation of the 
dyes on TiO2 surfaces [58]. All the dyes are weakly emis-
sive in the solution and the trend in emission peak is similar 
to that observed for absorption. Since the dyes feature ICT 

Scheme 1   Synthetic scheme of the dyes
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excited state which is prone of dipole–dipole relaxation with 
the solvent dipoles [59].

3.3 � Electrochemical properties

The molecular orbital energies give insightful information 
about the propensity of electron injection from the excited 
dyes into the conduction band (CB) of TiO2 and regen-
eration of oxidized dyes by electrolyte. These parameters 
can be calculated from the oxidation and reduction poten-
tials which corresponds to highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO), respectively. Therefore, we carried out the cyclic 
voltammetry (CV) and differential pulse voltammetry (DPV) 

measurements on the dyes in DCM solutions. The relevant 
parameters and the derived orbital energies are presented 
in Table  2. BTZ-based dyes showed a quasi-reversible 
oxidation while the Qx-containing dyes exhibited an irre-
versible oxidation attributable to the removal of an elec-
tron from dithienopyrrole donor (Fig. 6). Irreversibility of 
the oxidation in Qx-based dyes indicates that they undergo 
severe reorganization upon oxidation. However, the oxida-
tion potentials do not show variations attributable to the 
nature of electron-withdrawing linker. It apparently points 
that the electron-accepting ability of BTZ and Qx units are 
almost same [60]. But the additional linker such as phenyl 
and thiophene units marked their presence in the oxidation 
potentials of the dyes. A slightly lower oxidation potentials 
observed for the dyes containing phenyl linker is attributed 
to the poor electronic communication between the donor 
and acceptor because of the tilting in the phenyl ring. Lack 
of strong interaction between the donor and acceptor makes 
the donor comparatively electron-rich and so oxidized easily.

The excited state oxidation potentials (E∗

OX
) obtained by 

the equation E∗

OX
 = EOX ‒ E0–0, where E0–0 was calculated 

from intersection of normalized absorption and emission 
spectra of the dyes. It is interesting to note that the thienyl-
linked dyes (DTP–TS and DTP–QS) exhibited lower E∗

OX
 

values than the corresponding phenyl analogues due to the 
better donor–acceptor interactions induced by the planner 
thienyl linker. The lowering of the E∗

OX
 values resulted in 

decrease in the energy band gap for these dyes which is con-
sistent with absorption of these dyes. The ground state oxi-
dation potentials for the dyes are sufficiently more positive 
(~1.20 V vs. NHE) than the redox potential of I−/I3

− electro-
lyte (0.4 V vs. NHE) [61] which attests the thermodynamic 

Table 2   Optical and electrochemical data of the dyes

a Oxidation potentials are reported with reference to the ferrocene internal standard
b Peak-to-peak separation
c Deduced from the oxidation potential using the formula HOMO = 4.8 + EOX
d Deduced using the formula LUMO = HOMO − E0–0
e Calculated from intersection of absorption and emission spectra
f Calculated by the addition of solvent correction (0.77 for DCM) to EOX
g Calculated from E∗

OX
 = EOX − E0–0

h Free energy change for the electron injection process, ∆Ginj = ECB − E∗

OX
 where ECB is the conduction band edge of TiO2 and we used the value 

of ‒0.5 V.

Dyes �
abs

 [nm, εmax (×103 
M−1 cm−1)]

�
TiO

2

max  (nm) EOX
a [mV, 

ΔEp
b 

(mV)]

HOMOc (eV) LUMOd (eV) E0−0
e (eV) EOX

f 
[V, (Vs 
NHE)]

E
∗

OX

g 
[V, (Vs 
NHE)]

∆Ginj
h (V)

DTP–TP 298 (24.6), 321 (25.7), 465 
(27.5)

520 425 (136) 5.225 2.720 2.505 1.195 −1.231 0.731

DTP–TS 301 (25.0), 318 (25.5), 403 
(12.8), 516 (27.2)

545 434 (135) 5.234 2.975 2.259 1.204 −1.055 0.555

DTP–QP 325 (54.9), 485 (22.1) 515 428 (086) 5.228 2.816 2.412 1.198 −1.214 0.714
DTP–QS 324 (28.8), 516 (16.3) 535 431 (083) 5.231 3.122 2.109 1.201 −0.908 0.408
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Fig. 2   Absorption spectra of the dyes recorded in dichloromethane
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feasibility for the regeneration of the oxidized dye by the 
electrolyte (Fig. 7). The excited state oxidation potentials 
of the sensitizers are more negative (−0.91 to −1.23 V vs. 
NHE) than the conduction band edge (−0.5 V vs. NHE) [62] 
of TiO2, which energetically permits the injection of electron 
from the excited state of the sensitizers into the conduction 
band of the TiO2.

3.4 � Theoretical calculations

To elucidate the nature of oxidation and absorption in 
the dyes, the electronic structure calculations were per-
formed at the density functional theory [63, 64] level using 

B3LYP/6–31 g(d,p) hybrid functional. The HOMO and 
LUMO electronic distributions for the dyes containing dif-
ferent π-conjugation are depicted in Fig. 8. The HOMO of 
the dyes are mainly contributed by the DTP unit and spread 
over the benzene ring of the BTZ or Qx segments. The 
LUMO of the dyes are mainly concentrated on cyanoacrylic 
acid and spread up to the auxiliary acceptor via the phenyl 
or thiophene linker. The significant overlap of HOMO and 
LUMO over the auxiliary acceptor ensure the migration of 
charge from the DTP donor to the cyanoacrylic acid acceptor 
via the linker. However, the twisting of phenyl π-linkers in 
the dyes (DTP–TP, and DTP–QP) may reduce the transi-
tion probability of CT. The blue shifted absorption observed 
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Fig. 3   Absorption spectra of the dye DTP–TP recorded in DCM 
before and after the addition of TEA/TFA
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for the phenyl-linked dyes (DTP–TP, and DTP–QP) attests 
this hypothesis.

To predict the absorption wavelengths and estimate 
the trend among the compounds the electronic excitation 
parameters were computed using the time-dependent density 
functional theory (TD-DFT) employing BMK functional and 
DGDZVP basis set. The computed excitation energies, their 

oscillator strength (f) and molecular orbital contributions 
are listed in Table 3. The calculated maximum wavelength 
absorption follows the trend DTP–QS > DTP–TS > DTP–
TP > DTP–QP which is similar to the observed values in 
THF. Also, the charge transfer nature of the longer wave-
length absorption is confirmed from the orbital contributions 
to this transition.

3.5 � Photovoltaic properties

To investigate the photovoltaic properties of the dyes, we 
fabricated the DSSCs by employing the dyes as sensitizers 
and the performance parameters summarized in Table 4. The 
incident photon-to-current conversion efficiencies (IPCE) of 
the DSSCs as function of different irradiation wavelengths 
is plotted in Fig. 9. The IPCE spectrum of a particular dye 
depends on the light harvesting efficacy of the dye, thus the 
obtained superior spectral response of BTZ-based dyes is 
attributed to the comparatively high molar extinction coef-
ficients observed when compared to the Qx-based dyes. 
Also, the thiophene-linked dyes (DTP–TS and DTP–QS) 
exhibited longer wavelength onset for IPCE which is in 
accordance with low energy tailing of their absorption. The 

Fig. 8   Electronic distribution 
in the frontier molecular orbitals 
of the dyes

Table 3   Computed vertical 
transition energies and their 
oscillator strengths and 
configurations for the dyes

Dye �
abs

max (nm) f Configuration HOMO (eV) LUMO (eV) Band gap (eV)

DTP–TP 482 1.73 HOMO→LUMO (89%) −5.93 −2.37 3.57
DTP–TS 536 1.74 HOMO→LUMO (93%) −5.93 −2.59 3.34
DTP–QP 481 1.18 HOMO→LUMO (83%), 

HOMO→LUMO + 1 
(13%)

−5.91 −2.32 3.59

DTP–QS 539 1.29 HOMO→LUMO (92%) −5.93 −2.37 3.57

Fig. 7   Energy level diagram for the dyes
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current–voltage (I–V) characteristics were measured under 
simulated solar light conditions and presented in Fig. 10. 
The photocurrent density of the dyes assume the order, DT
P–TS > DTP–TP > DTP–QS > DTP–QP. The better JSC 
observed for the dyes DTP–TP and DTP–TS is attributed 
to their broad and intense absorption. On the other hand, 
inferior molar extinction coefficients and poor electronic 
coupling with the TiO2 nanoparticles may be responsible 
for low photocurrent density observed of the dyes, DTP–QS 
and DTP–QP [65]. The presence n-butyl group BTZ unit 
and bulky tert-butylphenyl group on Qx respectively are 
expected to retard the approach of electrolyte and dye aggre-
gation on the TiO2 surface and improve the open circuit volt-
age. The trend for the open circuit voltage of the dyes is, DT
P–TS > DTP–QP > DTP–TP = DTP–QS. It is interesting to 
note that the DTP–TS exhibited the highest VOC among the 
series. Since all the dyes possesses similar HOMO energy 
levels, the dye regeneration cannot be a deciding factor for 
the observed trend of VOC but can be explained on the basis 
of electron life time and charge collection efficiency (vide 
infra).

3.6 � Electrochemical impedance spectroscopy

To further understand the structural effect of different 
π-linkers on the fate of electrons at the interfaces of the 
DSSCs, we carried out the electrochemical impedance 

spectroscopy (EIS) measurements under dark and one sun 
illumination conditions. The Nyquist plots obtained in dark 
and illumination conditions are displayed in Figs. 11 and 
12, respectively. The electron recombination resistances 
(Rrec) at the interfaces of TiO2/dye/electrolyte correspond 
to the second semicircle in Fig. 11. The diameter of this 
semicircle is the measure of recombination resistance. The 
order of Rrec is DTP–TS > DTP–QP > DTP–TS = DTP–Q
S, which is consistent with the VOC trend. The largest Rrec 
value obtained for the dye DTP–TS suggests that BTZ unit 
in conjunction with thienyl linker effectively suppresses the 
recombination of electrons with the oxidized electrolyte. 
Also, the superior harvesting ability of DTP–TS may also 
increase the electron density in the TiO2 conduction band 
and upwardly shift the fermi energy. If this is true this dye 
should display better charge collection efficiency and longer 
electron life time [66, 67]. Charge-transport resistance (Rct2) 
for the DSSCs are estimated from the large semicircle of 
the Nyquist plots constructed from the data collected under 
the one sun illumination conditions (Fig. 12). The Rct2 of 
the dyes followed the order, DTP–QP > DTP–QS > DTP–
TP > DTP–TS. The comparatively smaller Rct2 values for 
the BTZ dyes suggest efficient charge collection in those 
devices. On comparing the linkers, the phenyl containing 
dyes (DTP–QP and DTP–TP) possessed larger Rct2 values 
when compared to their thiophene counter parts (DTP–QS 

Table 4   Performance 
parameters of the DSSCs 
fabricated with synthesized dye

Dye JSC (mA cm−2) VOC (mV) FF η (%) Rct2 (Ω) τe (ms) Rrec (Ω)

DTP–TP 6.07 598.6 0.64 2.33 29.63 3.34 37.76
DTP–TS 7.13 618.1 0.59 2.61 28.25 4.39 45.79
DTP–QP 4.62 605.9 0.65 1.83 42.11 3.34 39.75
DTP–QS 4.98 598.6 0.66 1.97 39.52 3.34 37.76
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and DTP–TS). This originates from the unfavorable thermo-
dynamic condition due to the relatively high-lying LUMO 
of them [68, 69]. The electron life time (τe) in the device can 
be measured by the mid-frequency peaks of the Bode phase 
plot (Fig. 13) from the equation τe = 1/ωmin, where ωmin is 
the angular frequency of low frequency peak [70, 71]. The 
dye DTP–TS showed highest τe value suggestive of more 
effective suppression of the back electron transfer when 
compared to the other dyes. Thus the BTZ-thiophene dyad 
is constituting to an efficient conjugation pathway leading to 
improved electronic coupling between the donor and accep-
tor and inhibition of recombination of electrons. Thus, the 
efficient performance of DTP–TS in DSSC may be ascribed 
to the effective injection of electrons into the conduction 
band of TiO2 and aggressive reduction of recombination of 
electrons with the electrolyte.

4 � Conclusions

In summary, we demonstrated the use of fluorene-substi-
tuted dithienopyrrole as a donor in organic dyes featur-
ing D–A–π–A structural organization employing different 
electron-demanding linkers such as BTZ and Qx along 
with cyanoacrylic acid acceptor. The incorporation of an 
auxiliary acceptor along with electronic rich thienyl unit is 
found to facilitate donor–acceptor interactions and modulate 
the absorption characteristics. Theoretically, it was estab-
lished that more delocalization of HOMO in the BTZ-based 
dyes were beneficial for charge transfer to acceptor due to 
enhanced overlap with LUMO. The dyes were found to be 
sufficiently polar in the ground state as confirmed by the 
negative solvatochromism exhibited by them in the absorp-
tion spectra. The LUMO energies of the dyes showed sig-
nificant variations attributable to the nature of linker. Con-
sequently, the dyes possessing BTZ and thiophene linkers 
exhibited relatively low-lying LUMO and increased the 
charge injection propensity due to the favorable thermody-
namic driving force. Among the dyes, DTP–TS displayed 
high photocurrent density and open circuit voltage and hence 
highest power conversion efficiency. The superior perfor-
mance of DTP–TS is attributed to the large recombination 
resistance and low charge transfer resistance by EIS studies. 
This work suggests that by the choice of linkers the pho-
tovoltaic properties of the organic dyes can be effectively 
tuned.
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