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a b s t r a c t

In this study four novel random polymers, comprising benzothiadiazole and benzotriazole as the
accepting units and benzodithiophene as the donor unit, were synthesized via Stille polymerization
reaction. Moreover, effects of fluorine atom and p bridges on optical, electrochemical and optoelectronic
properties were investigated. Optical band gap values of P1, P2, P3 and P4 were found as 1.78 eV, 1.72 eV,
1.63 eV and 1.73 eV, respectively. Characterization of polymers via UVeViseNIR spectroscopy, cyclic
voltammetry (CV), gel permeation chromatography (GPC) and thermal analysis were carried out. Poly-
mer solar cells (PSCs) were constructed and characterized in N2 filled glove box. While the polymers act
as electron donors, PC71BM was the electron acceptor in the PSCs with the device structure of ITO/
PEDOT:PSS/Polymer:PC71BM/LiF/Al. As a consequence of measurements under standard AM 1.5 G illu-
mination (100mW/cm2), the highest power conversion efficiency values were recorded as 4.10% 3.84%,
1.60% and 3.83% for P1, P2, P3 and P4 based PSCs, respectively.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Energy production has become a very critical problem due to
increasing human population and decreasing fossil fuel resources
around the world. Search for reliable, cheap and environmentally
friendly energy sources revealed renewable energy sources [1].
Among them, solar energy takes attention since it is available in
almost everywhere on the earth. Due to their low cost, simple
fabrication to large scale, solution processability, flexibility and low
weight, polymer solar cells (PSCs) aroused interest [2,3]. Power
conversion efficiency (PCE) values over 17% have been achieved
recently via tandem cell architecture [4]. The enhancement of the
PCE value can be achieved by design of narrower band gap and high
mobility polymers and device processing treatments, which pro-
vide morphology control at the nanoscale. These treatments
include the treatment of the active layer by solvent [5], thermal
ence and Technology, Middle
annealing [6], addition of processing additives [7] for more inter-
penetrated network between donor and acceptor. With the use of
several syntheticmethods, HOMO and LUMO levels of the polymers
can be tuned to obtain a lower band gap. This provides absorption
at the near-IR region that mainly covers the solar spectrum [8,9].
Device performances of PSCs are also affected from selection of
donor and acceptor components. Benzothiadiazole (BT) is one of
the strongest acceptor moieties and widely used in polymer back-
bone to construct PSCs [5,10]. On the other hand, benzotriazole
(BTz) is a weaker acceptor compared to BT since it contains more
electron rich “N” atom. Its main advantage on BT is incorporation of
an alkyl chain, which provides solubility. These units were used in
the same polymer backbone to combine their advantages [11e13].
Introduction of fluorine atom to the polymer backbone is an
emerging method to tune the frontier orbital energy levels. Fluo-
rine atom is the most electronegative element and the smallest
electron withdrawing group. Therefore, replacing H atom with F
atom does not cause steric hindrance due to its small size, while it
leads to downshifted HOMO and LUMO levels and enhanced Voc
value [14e16]. Stuart et al. also showed that fluorination improves
short circuit current (Jsc) and fill factor (FF) values due to reduced
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charge recombination [17]. Another modification is incorporation
of selenophene and thiophene as the p-bridge segments. Seleno-
phene containing polymers show lower band gap compared to
thiophene containing polymer due to more rigid backbone, less
aromatic and more quinoid character of selenophene [18,19].
Moreover, high polarizable nature of selenophene results in higher
charge mobility [20,21].

The main aim of this study is to synthesize novel polymers with
broad absorption and suitable band gap for PSC applications.
Nonfluorinated and fluorinated benzothiadiazole containing poly-
mers were compared in order to investigate the effect of fluorina-
tion on HOMO and LUMO energy levels, open circuit voltage (Voc)
and PCE values. Also, effects of selenophene and thiophene bridges
on fluorinated polymers were discussed.

2. Materials and equipments

All chemicals and solvents were purchased from Sigma Aldrich
Chemical Co. Ltd. Triethylamine, toluene and THF were distilled
under nitrogen atmosphere before use. For purification step with
column chromatography, Merck Silica Gel 60 was used. To verify
structure of monomers, nuclear magnetic resonance (NMR) spectra
were investigated on a Bruker Spectrospin Avance DPX-400 Spec-
trometer with internal reference as trimethylsilane (TMS) in
deuterated chloroform (CDCl3). Polymer films were prepared by
coating polymer solutions (2 mg/1mL) onto the ITO coated glass
substrates. Chloroformwas used as the solvent in electrochemistry,
spectroelectrochemistry and kinetic experiments. Polymer coated
ITO (working electrode), Pt wire (counter electrode), and Ag wire
(reference electrode) were placed in a cell containing 0.1M tetra-
butylammonium hexafluorophosphate/acetonitrile (TBAPF6/ACN)
mixture. Electrochemical studies were performed with Gamry 600
potentiostat, and an Agilent 8453 spectrometer was used for
spectroelectrochemical measurements. PSC device fabrication and
characterization were achieved in a glove box system (MBraun). A
Perkin Elmer Differential Scanning Calorimetry was used for Dif-
ferential Scanning Calorimetry (DSC), and a Perkin Elmer Pyris 1
TGA was used for thermal gravimetry analyses (TGA) at a heating
rate of 10 �C/min under nitrogen atmosphere.

2.1. Synthesis

Synthetic pathways of monomers (Scheme 1) and polymers
(Scheme 2) were given below. The monomers 4,7-dibromo-2,1,3-
benzothiadiazole (2) 1H NMR (400MHz, CDCl3) d 7.72 (s, 2H). 13C
NMR (101MHz, CDCl3) d 152.95, 132.33, 113.91, 4,7-dibromo-2-(2-
octyldodecyl)-benzotriazole (5) 1H NMR (400MHz, CDCl3) d 7.38
(s, 2H), 4.65 (d, J¼ 7.2 Hz, 2H), 2.35e2.26 (m, 1H), 1.32e1.13 (m,
32H), 0.89e0.79 (m, 6H). 13C NMR (101MHz, CDCl3) d 143.65,
129.43, 110.00, 61.16, 39.02, 31.91, 31.86, 31.16, 29.77, 29.60, 29.58,
29.46, 29.42, 29.33, 29.24, 26.02, 22.68, 22.66, 14.12, 4,7-bis(5-
bromothiophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d] [1-3]
triazole (10) 1H NMR (400MHz, CDCl3) d 7.78 (d, J¼ 3.8 Hz, 2H),
7.50 (s, 2H), 7.11 (d, J¼ 3.8 Hz, 2H), 4.72 (d, J¼ 6.5 Hz, 2H),
2.36e2.22 (m, 1H), 1.38e1.30 (m, 6H), 1.27e1.22 (m, 26H),
0.90e0.84 (m, 6H). 13C NMR (101MHz, CDCl3) d 141.59, 141.30,
130.84, 126.85, 122.95, 122.04, 113.19, 39.13, 31.95, 31.91, 31.48,
29.92, 29.68, 29.67, 29.60, 29.37, 29.35, 26.28, 22.71, 14.15, 4,7-
bis(5-bromoselenophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d] [1-
3]triazole (11) 1H NMR (400MHz, CDCl3) d 7.76 (d, J¼ 4.1 Hz, 2H),
7.50 (s, 2H), 7.32 (d, J¼ 4.1 Hz, 2H), 4.71 (d, J¼ 6.0 Hz, 2H),
2.31e2.21 (m, J¼ 5.7 Hz,1H),1.47e1.39 (m, 6H), 1.32e1.21 (m, 26H),
0.92e0.85 (m, 6H) 13C NMR (101MHz, CDCl3) d 146.42, 141.51,
133.56, 127.03, 124.95, 121.58, 117.76, 31.94, 31.50, 29.94, 29.70,
29.68, 29.31, 26.37, 22.76, 14.16, 14.11 and 4,7-dibromo-5-fluoro-
2,1,3-benzothiadiazole (13) 1H NMR (400MHz, CDCl3) d 7.78 (d,
J¼ 8.3 Hz, 1H). 13C NMR (101MHz, CDCl3) d 158.94, 156.40, 150.35,
150.28, 147.87, 121.59, 121.27, 111.60, 111.49, 95.88, 95.64 were
synthesized according to literature [22,23].

2.1.1. Synthesis of P1
(4,8-Bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b’]dithiophene-2,6-

diyl)bis(trimethylstannane) (250mg, 0.324mmol), 4,7-dibromo-
2,1,3-benzothiadiazole (47mg, 0.162), 4,7-dibromo-2-(2-
octyldodecyl)-benzotriazole (90mg, 0.162mmol) were placed in
two-necked round bottom flask and dissolved in 10mL toluene
under nitrogen atmosphere. Reaction mixture was deoxygenated
by bubbling with nitrogen for 45min. Then, tris(dibenzylidenea-
cetone)dipalladium (7.4mg, 8.09� 10�3 mmol) and tri(o-tolyl)
phosphine (19mg, 6.47� 10�2 mmol) were added and the reaction
mixture was stirred at 110 �C for 40 h 2-(Tributylstannyl)thiophene
and 2-bromothiophene were used as the end-capping agents. After
removal of toluene under reduced pressure, the polymer was
precipitated into methanol. The precipitate was extracted in a
Soxhlet apparatus with acetone, hexane and chloroform. The
polymer which recovered by chloroform was precipitated into
methanol and obtained as blue solid (222mg, yield: 96%). Mn:
53 kDa, Mw: 124 kDa.

2.1.2. Synthesis of P2
The same procedure was performed for P2 using (4,8-bis((2-

ethylhexyl)oxy)benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)bis(-
trimethylstannane) (277mg, 0.359mmol), 4,7-dibromo-2,1,3-
benzothiadiazole (56mg, 0.179mmol), 4,7-dibromo-2-(2-
octyldodecyl)-benzotriazole (100mg, 0.179mmol). A blue poly-
mer was obtained as 197mg. Yield: 76%. Mn: 43 kDa, Mw: 112 kDa.

2.1.3. Synthesis of P3
The same procedure was performed for P3 using (4,8-bis((2-

ethylhexyl)oxy)benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)bis(-
trimethylstannane) (189mg, 0.245mmol), 4,7-dibromo-2,1,3-
benzothiadiazole (38.3mg, 0.123mmol), 4,7-bis(5-
bromoselenophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d] [1-3]
triazole (100mg, 0.123mmol). A purple polymer was obtained as
205mg. Yield: 97%. Mn: 8 kDa Mw: 9 kDa.

2.1.4. Synthesis of P4
The same procedure was performed for P4 using (4,8-bis((2-

ethylhexyl)oxy)benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)bis(-
trimethylstannane) (214mg, 0.277mmol), 4,7-dibromo-2,1,3-
benzothiadiazole (43.2mg, 0.139mmol), 4,7-bis(5-
bromothiophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d] [1-3]
triazole (100mg, 0.139mmol). A purple polymer was obtained as
213mg. Yield: 95%. Mn: 7 kDa, Mw: 15 kDa.

2.2. Device fabrication

Photovoltaic parameters of P1, P2, P3 and P4 are investigated
with the device structure of ITO/PEDOT:PSS (40 nm)/Poly-
mer:PC71BM/LiF (0.6 nm)/Al (10 nm). ITO glass substrates pur-
chased from Visiontek were cleaned with toluene, detergent, water
and isopropyl alcohol respectively in ultrasonic bath. The sonicat-
ion was carried out for 15min for each solvent indicated. There-
after, substrates were dried with nitrogen gun and O2 plasma
treatment was performed for 5min. This was followed by spin-
coating of PEDOT:PSS, and baking of the coated substrates at
135 �C for 15min. Polymer:PC71BM blends with different weight
ratios were prepared in o-dichlorobenzene (o-dcb). Active layers
were spin coated in nitrogen filled glove box. Optimum spin-
coating rates for P1, P2 and P3 based blends were determined as
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750 rpm, whereas for P4 based blend it was 1000 rpm. 0.6 nm LiF
and 100 nm Al layers were deposited on the Polymer:PC71BM layer
at 2� 10�6mbar, inside the glove box. Photovoltaic measurements
of the devices were performed inside the glove box under the
illumination of AM 1.5G. The measurements were done by Keithley
2400. Morphologies of active layers were examined via trans-
mission electron microscopy (TEM).
3. Results and discussions

3.1. Electrochemical studies

In order to investigate the electronic properties cyclic voltam-
metry experiments were conducted. In electrochemistry experi-
ments, a three electrode experimental setup was established, in
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which ITO was used as the working electrode, Ag as the reference
electrode and Pt as the counter electrode. Tetrabutylammonium
hexafluorophosphate (TBAPF6) was used as the supporting elec-
trolyte, whereas acetonitrile (ACN) was used as the solvent. Cyclic
voltammograms were monitored between suitable potentials for
P1, P2, P3 and P4 at a scan rate of 100mV/s at room temperature.
As depicted in Fig. 1 whereas P1 and P2 are only p dopable, P3 and
P4 showed ambipolar character. The incorporation of thiophene
and selenophene p bridges to the polymer backbone, which
improve the ion diffusion and ease the dopant ion insertion, may
render n doping process possible.

P doping redox couples were recorded as 0.98 V/0.63 V and
1.07 V/0.85 V for P1 and P2, respectively. The difference between
oxidation potential of the polymers can be attributed to electron
withdrawing nature of the fluorine atom. Electron density of P2 is
lower due to fluorinated benzothiadiazole in the polymer back-
bone. Thus, doping/dedoping processes occur at a higher oxidation
potential. On the other hand, redox couples of P3 and P4 are at 1.05/
0.87 V and 1.18/0.93 V during p-type doping and at �1.90/�1.55 V
and �1.98/�1.68 V during n-type doping, respectively. Stronger
electron donating ability of selenophene increases the electron
density on the main chain resulting in lower oxidation potential.

HOMO and LUMO energy levels were calculated from oxidation
and reduction the onset potentials according to following equations
(SHE vs vacuum level was taken as 4.75 eV);

HOMO ¼ �ð4:75þ EoxonsetÞ (1)

LUMO ¼ �ð4:75þ EredonsetÞ (2)

Since P1 and P2 showed only p-dopable character, only HOMO
energy levels of the polymers could be calculated from the cyclic
voltammetry studies as �5.45 eV and �5.55 eV for P1 and P2,
respectively. Results were compatible with the fluorine sub-
stituents’ lowering effect on the HOMO and LUMO energy levels
[24,25]. LUMO energy levels of P1 and P2 were estimated by using
the optical band gap which was calculated from absorption spectra.
According to the formula of Eg¼ EHOMO - ELUMO, LUMO levels were
calculated as �3.67 eV for P1 and -3.83eV for P2. Owing to ambi-
polar features of P3 and P4, both HOMO and LUMO energy levels



Fig. 1. Cyclic voltammograms of a) P1, b) P2, c) P3 and d) P4 in 0.1M TBAPF6/ACN at 100mV/s scan rate.
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were determined using cyclic voltammetry studies. While HOMO
and LUMO energy levels were calculated for P3 as �5.45/�3.25 eV,
they were �5.46/�3.19 eV for P4. According to these results,
selenophene-based polymer P3 has lower band gap than
thiophene-based polymer P4. Similar to previous studies, with the
insertion of selenophene instead of thiophene resulting in decrease
in LUMO level without changing the HOMO level [26e28]. The
results of CV analyses were summarized in Table 1.
3.2. Optical studies

Optical properties of polymers were investigated in visible and
NIR regions by spectrophotometer. Polymers were dissolved in
CHCl3 and spray coated on ITO electrodes. As seen in Fig. 2, poly-
mers have broad absorptions in visible region. Absorption spectra
of P1 and P2 showed a peak at 575 nm with a shoulder at 615 nm
for P1, 635 nm for P2. Shorter wavelength absorption can be
assigned to p-p* transition, absorption at longer wavelengths can
be assigned to intramolecular charge transfer (ICT) between the
electron-rich and electron-deficient units [29]. The absorption
spectra of the polymers were similar and this similarity between
fluorinated and nonfluorinated polymers was previously reported
in the literature [30,31].

While P3 showed a peak at 605 nm with a shoulder at 560 nm,
P4 showed a peak at 565 nmwith a shoulder at 535 nm. P3 has red
shifted absorption spectrum compared to P4. Incorporation of
Table 1
Summary of electrochemical and optical properties of P1, P2, P3 and P4.

Polymer Ep-doping (V) En-doping (V) Eoxonset (V) Eredonset (V) HOMO

P1 0.98 e 0.70 e �5.45
P2 1.07 e 0.80 e �5.55
P3 1.05 �1.90 0.70 �1.50 �5.45
P4 1.18 �1.98 0.71 �1.56 �5.46

a This value was calculated from the formula LUMO ¼ HOMO þ Egop.
electron rich selenophene moiety to the polymer backbone results
in red shifted absorption profile.

As depicted in Fig. 2, all polymers showed broad absorption in
visible region. There is no significant red-shift in thin film ab-
sorption compared to solution absorption for P1, P2 and P4, which
proves the minority of the aggregation in thin film form [32,33].

Optical band gaps were determined from the lmax
onset values which

were 695 nm for P1, 720 nm for P2, 760 nm for P3 and 715 nm for
P4. Optical band gaps for P1, P2, P3 and P4 are calculated as 1.78 eV,
1.72 eV, 1.63 eV and 1.73 eV, respectively. Results of optical studies
were given in Table 1. Egel values are higher than Egop for both of the
polymers due to the free electrons in the electrochemistry experi-
ment [34].
3.3. Spectroelectrochemistry studies

In this experiment, polymer films were exposed to stepwise
oxidation potential (Fig. 3). Polymers were dissolved in CHCl3 and
spray coated on ITO coated glass substrates. 0.1M TBAPF6/ACN
were used as the supporting electrolyte/solvent system. Three
electrode system which consists of reference electrode (Ag),
counter electrode (Pt), and working electrode (polymer coated ITO)
was immersed in supporting electrolyte/solvent. Upon applied
potential, intensity of absorption of neutral state was depleting
while formation of polaron bands around 800 nm were observed.
Polymers have isosbestic points where interconversion of the
(eV) LUMO (eV) Egel (eV) lmax (nm) lmax
onset (nm) Egop (eV)

�3.67a e 575 695 1.78
�3.83a e 575 720 1.72
�3.25 2.20 605 760 1.63
�3.19 2.27 565 715 1.73



Fig. 2. UVeVis normalized absorption spectra in CHCl3 solution and film for a) P1, b) P2, c) P3, d) P4.

Fig. 3. Electronic normalized absorption spectra of polymer films recorded at various
potentials for a) P1, b) P2, c) P3 and d) P4 in 0.1M TBAPF6/ACN solution.
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polymers from their neutral states to the oxidized states takes place
[35] at 656 nm for P1, 678 nm for P2, 710 nm for P3 and 655 nm for
P4, respectively.

3.4. Kinetic studies

In order to investigate optical contrast and switching time of the
polymers kinetic studies were carried out. Optical contrast is the
percent transmittance change between the neutral and fully
oxidized states of a material at a given wavelength. The time
required for switching between these states is defined as the
switching time. In the literature, switching time is calculated from
95% of the full contrast since human eye is insensitive to 5% of color
change [36]. Three electrode system was constructed in a quartz
cell as described for the spectroelectrochemistry part. Then,
absorption spectrum was recorded by applying square-wave po-
tential between neutral and fully oxidized states with 5 s time in-
ternals (Fig. 4). This measurement was repeated for the
wavelengths where polymers showed maximum absorption.

Table 2 summarizes the kinetic parameters of the polymers.
Optical contrast of the polymers in the visible region are close to
each other. As depicted in Table 2, incorporation of selenophene
and thiophene p bridges improved switching time. In the NIR re-
gion, the highest optical contrast was observed in P1 with 59%.

3.5. Thermal studies

Differential scanning calorimetry (DSC) was used to determine
thermal transitions. Polymers did not show any phase transition
and significant degradation up to 300 �C. Thermal stability of the
polymers was investigated with thermogravimetry analyses (TGA).
These analyses showed that decomposition temperatures of P1, P2,
P3 and P4 were at 327 �C, 322 �C, 331 �C and 326 �C, respectively.

3.6. Photovoltaic studies

Polymer solar cells were constructed using P1, P2, P3 and P4 as
the electron donors with the conventional device architecture; ITO/
PEDOT:PSS/Polymer:PC71BM/LiF/Al. Several optimizations were
performed, including the Polymer:PC71BM blend ratio (w/w), blend
concentration and addition of DIO (1,8-diiodooctane). These results
are summarized in Table 3 and corresponding J-V curves are
depicted in Fig. 5 a) and b). In addition to DIO addition, effect of
chloronaphthalene as an additive, thermal annealing andmethanol
treatment were also examined, however there have been no
enhancement for the photovoltaic performance of the polymers.

For P1 based PSCs, polymer PC71BM ratio altered from 1:1 to 1:4.



Fig. 4. Percent transmittance changes of a) P1, b) P2, c) P3 and d) P4 in 0.1M TBAPF6/ACN solution.



Table 2
Summary of kinetic studies of the polymers.

Polymer Wavelength (nm) Optical Contrast (DT%) Switching Time (s)

P1 575 24 3.6
775 59 1.5

P2 575 17 4.2
765 42 0.6

P3 605 21 1.7
805 19 1.1

P4 565 23 2.2
740 7 0.8

Table 3
Summary of the photovoltaic properties, where a is for 2% DIO addition, b is for 3%
DIO addition, and c is for 4% DIO addition.

Polymer:PC71BM % (concentration) VOC (V) JSC (mA cm�2) FF (%) PCE (%)

P1 (1:2) 2 0.77 6.19 39.0 1.86
P1 (1:3) 2 0.78 5.67 54.5 2.41
P1 (1:3) 3 0.76 4.83 38.7 1.42
P1 (1:3)a 2 0.77 9.51 56.0 4.10
P2 (1:2) 2 0.76 9.00 56.1 3.84
P2 (1:3) 2 0.78 7.43 55.8 3.23
P2 (1:2) 3 0.78 8.41 49.2 3.23
P2 (1:2)b 2 0.77 7.13 50.8 2.79
P3 (1:2) 2 0.66 4.24 51.6 1.44
P3 (1:3) 2 0.64 3.80 65.6 1.60
P3 (1:3)a 2 0.57 4.14 59.5 1.40
P4 (1:2) 2 0.75 3.44 38.6 1.00
P4 (1:3) 2 0.71 4.39 56.2 1.75
P4 (1:3) 3 0.76 5.99 64.1 2.92
P4 (1:3)c 3 0.66 8.84 65.6 3.83

Fig. 5. J-V curves of PSCs based on a) best performance PSCs based on P1, P2, P3 and
P4 without additive treatment b) best performance PSCs based on P1 and P4 with and
without additive treatment.

Fig. 6. TEM images of a) P1:PC71BM processed from o-dcb b) P1:PC71BM processed
from o-dcb with 3%DIO c) P2:PC71BM processed from o-dcb d) P3:PC71BM processed
from o-dcb e) P4:PC71BM processed from o-dcb f) P4:PC71BM processed from o-dcb
with 4%DIO.
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Polymer PC71BM 1:3wt ratio with an active layer thickness of
124 nm, exhibited the best performance. When polymer PC71BM
ratio altered from 1:2 to 1:3, JSC value was decreased from
6.19mAcm�2 to 5.67mAcm�2 with the increased PC71BM loading.
However, PCE value was improved through a rise in FF values.
Lower JSC values can be correlated to blend’s reduced ability to
harvest the irradiated light, due to increased content of PC71BM
[37]. Enhancement of PCE is due to a rise in FF which may be
attributed to the improved morphology of the active layer [38].
With the addition of 3% v/v DIO, PCE value was improved to 4.10%
with a VOC value of 0.77 V, a JSC value of 9.51mAcm�2 and a FF of
56.0%. Corresponding J-V curve is shown in Fig. 5b). For P2 based
PSCs, the best performance was obtained from a blend of
P2:PC71BM in 1:2wt ratio resulting in 105 nm active layer thick-
ness, afforded a PCE of 3.84%, with a JSC of 9.00mAcm�2, a VOC of
0.76 V and a (FF) of 56.1% without any treatment. Characterization
for P3 based PSCs in terms of polymer- PC71BM ratio has shown that
the best performance was obtained for the blend ratio of 1:3, with
72 nm thick active layer, with a PCE value of 1.60%. The P4:PC71BM
(1:3) device (2wt % concentration) processed from o-dcb showed a
JSC of 4.39mAcm�2, VOC of 0.71 V, and an FF of 56.2%, yielding a PCE
of 1.75%. Increase in blend concentration from 2% to 3% yields to a
thicker active layer and a rise in PCE significantly to 2.92%. Similar
to previous publications, increasing active layer thickness results in
JSC raise [39,40]. This is mainly due to the active layer’s enhanced
capacity of harvesting sun light.With 4% DIO addition, performance
of P4 based PSC is enhanced and attains a PCE of 3.83% through a
rise in JSC and FF values. Among the polymers, P1 showed superior
performance. For the P2 based PSCs which are based on fluorinated
derivative of P1, higher VOC values were expected due to the
presence of electronegative fluorine atom, with a deep lying
HOMO. However, VOC values obtained for both polymers are
approximately the same, around 0.77 V due to very close HOMO
energy levels of P1 and P2.
To gain more insight into the active layer morphologies, TEM

analyses were carried out. TEM images of active layers are shown in
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Fig. 6. P3 and P4 are low molecular weight polymers thus have
better solubility which leads to the formation of wider fibrils [41],
as seen in Fig. 6d) and e). Morphology of the P4:PC71BM layer
(Fig. 6e) was improved with the addition of DIO (Fig. 6f). As
depicted in Fig. 6b) and f), with the addition of DIO to the
P1:PC71BM (Fig. 6a) and P4:PC71BM (Fig. 6e) blend, narrower
fibrillary structures, where excitons are more likely to reach donor
acceptor interface, were formed [41]. Lower photovoltaic perfor-
mance of P3 based PSCs may be due to the wide fibrils observed in
Fig. 6d).

4. Conclusions

A novel D-A type conjugated polymer P1 that is comprising BTD
and BDT units and its derivatives were successfully synthesized.
Fluorinated derivative was denoted as P2, and the selenophene and
thiophene containing derivatives of P2 were denoted as P3 and P4
respectively. Electrochemical, optical, spectroelectrochemical, ki-
netic, thermal and photovoltaic studies were carried out for each
polymer. Thermal studies approved that the polymers are ther-
mally stable up to 300 �C. Electrochemical studies showed that P3
and P4 possess ambipolar character, while P1 and P2 are only p-
dopable. HOMO levels of P1 and P2 were determined as �5.45 eV
and �5.55 eV respectively, while for P3 and P4, the frontier orbital
energy levels were calculated as �5.45/-3.25 eV, and �5.46/-
3.19 eV respectively. Egop values were calculated as 1.78 eV for P1,
1.72 eV for P2, 1.63 eV for P3 and 1.73 eV for P4. Highest PCE values
were recorded as 4.10% 3.84%, 1.60% and 3.83% for P1, P2, P3 and P4
based PSCs, respectively.

Among the polymers, P1 based PSCs exhibited the highest
photovoltaic performancewith a VOC of 0.77 V, a JSC of 9.51mAcm�2

and an FF of 56.0% and attains a PCE of 4.10%.
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