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a b s t r a c t
A series of alternating conjugated copolymers which contain selenophene modiﬁed benzodithiophene
and ﬂuorine bearing benzothiadiazole have been synthesized via Stille polycondensation reaction to investigate the effect of the number of ﬂuorine atoms substituted to the benzothiadiazole. Three different
polymers, PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT, were reported and their electrochemical, spectroelectrochemical, and photovoltaic behaviors were examined. Density functional theory calculations were
performed on model tetramer structures to shed light on how substituting the ﬂuorine atom to the acceptor building block affects the structural, electronic and optical properties of the polymers. The results of
computational studies were compared with experimental studies. The structure adjustment accomplished
by ﬂuorine substitution on the benzothiadiazole moiety reveals an inﬂuence on the electronic structure
of polymers with a more negative HOMO energy level. A high VOC for the resulting photovoltaic device
was examined for PBDTSe-FFBT. Diﬂuorinated polymer PBDTSe-FFBT:PC71 BM organic solar cell exhibited
the highest photovoltaic performance of 2.63% with JSC of 7.24 mA cm-2 , VOC of 0.72 V and FF of 50.6%.
PBDTSe-BT:PC71 BM revealed the best PCE as 2.39%, and the device reached the highest eﬃciency up to
1.68% for PBDTSe-FBT:PC71 BM.
© 2021 Elsevier Ltd. All rights reserved.

1. Introduction
Producing renewable energy to obtain electricity from sunlight
via photovoltaic devices is a global issue. Inorganic or perovskite
solar cell devices harvest solar energy eﬃciently; however, these
conventional devices are not economically feasible compared to organic solar cells. This is the major reason for the improvement of
organic photovoltaic (OPV) materials and devices. [1] Due to the
low-cost, roll-to-roll production of ﬂexible, large-area, light weight
photovoltaic devices, organic bulk heterojunction (BHJ) solar cell
devices incorporating conjugated polymers have drawn notable attention from both industrial and academic communities during the
past decades. [2–6]
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The search continues for the performance of the BHJ solar cells
to obtain high power conversion eﬃciencies (PCEs). The properties of conjugated polymers as an active layer for organic photovoltaic applications are the most determinant factor to improve the
PCE. Therefore, a broad solar absorption with high absorption coeﬃcient to ensure harvesting the solar light effectively and a high
charge carrier mobility for charge transport are required for enhancement of the PCE. [7] Moreover, a large energy balance between the highest occupied molecular orbital (HOMO) of the donor
material and the lowest unoccupied molecular orbital (LUMO) of
the acceptor material is necessary to maximize the open-circuit
voltage (Voc ). [8] A low band gap conjugated polymer donor material to increase the short-circuit current density (Jsc ) and a suﬃcient degree of phase separation between the donor and acceptor
domains inside the photoactive layer to enhance Jsc and the ﬁll factor (FF) are also crucial for the improvement of the PCE of organic
solar cells. [1,9,10]
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Several conjugated polymers involving electron donor and acceptor units in their main chain backbone or two-dimensional conﬁgurations (2-D) have been designed to tune the energy levels and
harvest more photons from the solar light. Recently, several studies
have been reported with high PCE reaching beyond 18% as a result
of developing novel polymeric materials and device architectures.
[5,11–14] In this regard, benzo[1,2-b:4,5-b ]dithiophene moiety was
used as an electron donor with alkylselenophene side chain as an
alternative to the thiophene. [15,16] As reported in the literature,
lower aromaticity of selenophene with respect to the thiophene
results in an improvement in the quinoid character of the polymer, which leads to lower band-gap energy, increased effective
conjugation length and enhanced planarity. [17,18] Selenophenebased materials have also improved conductivity and charge mobility due to larger π -overlap leading to the greater π -orbitals of
Se atoms and intermolecular Se-Se interactions. [19,20] Moreover,
the Se atom has a much larger size and less electronegativity than
the chalcogenophene homolog of the S atom; as a result, Se comprising polymers are more eﬃcient at broadening the absorption
spectrum near the infrared region. [21,22] Jiang et al. studied a series of polymers by changing S-atoms with Se-atoms on the side
chains of the donor moiety, the acceptor units, and the π -bridge
to examine the effect of Se-atom substitution and they reported a
maximum PCE of 3.3% for PBDTTTBS containing thiophene substituted BDT and 4.0% for PBDTSTBS containing Se substituted BDT
moiety. [22] Moreover, Byun et al. investigated the effect of substitution of dodecylselenophene side chain on BDT and reported
2.73% of maximum PCE. [23] Therefore, there is a need to work on
the novel selenophene substituted BDT based polymers.
Recent studies have indicated that ﬂuorination of the backbone
of conjugated copolymers has been established to construct highperformance BHJ solar cell devices. [24,25] Because of the strong
electron-withdrawing property, incorporating ﬂuorine atoms into
D-A conjugated polymers results in lower HOMO energy levels
leading to an increased VOC . Moreover, the non-covalent interaction of ﬂuorine atoms with the adjacent atoms (FH/S/F/N) can
cause strong π -π interactions which may induce ﬁne-tuning of its
morphology with fullerene. This interaction also may increase the
charge mobility and the crystallinity of the active layer resulting in
higher JSC and FF. [26–31]
In the present study, 4,8-bis(5-(2-ethylhexyl)selenophen2-yl)benzo[1,2-b:4,5-b’]dithiophene
(BDT-Se)
was
used
as
the
donor
unit
and
4,7-bis(5–bromo-4-hexylthiophen-2yl)benzo[c][1,2,5]thiadiazole was selected as the acceptor unit
in an investigation of the effects of the ﬂuorine substitution on
the benzothiadiazole acceptor moiety. According to the literature,
incorporating thiophene or other heteroaromatic rings into the
D-A polymers can greatly affect the optoelectronic and photovoltaic properties of the organic solar cells (OSCs). [2,32,33] In this
work, three conjugated polymers based on selenophene substituted BDT and benzothiadiazole building blocks were synthesized
and used in OSCs. The structures of the resulting polymers referred to as PBDTSe-BT, PBDTSe-FBT, and PBDTSe-FFBT, are
shown in Scheme 3. The n-hexylthiophene unit was introduced
to the polymer backbone as π -bridges to improve the solubility
and photovoltaic performance of benzothiadiazole-based polymers.
Fluorine atoms were included in the benzothiadiazole structure as
shown in Scheme 2. The effect of the number of ﬂuorine atoms
on electrochemical, spectroelectrochemical, and photovoltaic properties of the novel polymers was inspected thoroughly. The change
in the morphology of blends with polymers and PCBM was also
discussed in this study. The polymer PBDTSe-FFBT showed the
most negative HOMO level between this series of polymers and
the photovoltaic device based on PBDTSe-FFBT:PC71 BM exhibited
a VOC of 0.72 V and a PCE of 2.63%.

2. Experimental
2.1. Materials
The starting materials and all reagents were purchased from
commercial sources and used without further puriﬁcation unless
stated otherwise. The solvents used during the experiments were
dried over common standard methods when needed. All reactions
were performed under a nitrogen atmosphere unless otherwise
noted. Column chromatography was carried out with Merck Silica
Gel 60 (particle size: 0.063–0.200 mm, 70–230 mesh ASTM) as the
stationary phase with different solvent systems for the puriﬁcation
of crude materials.
2.2. Instrumentation
Thermal properties were determined by a thermal gravimetric
analyzer (Perkin Elmer Pyris 1 Thermogravimetric Analysis(TGA))
and Perkin Elmer Diamond Differential Scanning Calorimeter (DSC) with a heating rate of 10 °C/min under N2 . 1 H and
13 C Nuclear Magnetic Resonance Spectra were obtained via
Bruker Spectrospin Avance DPX-400 Spectrometer with regard to
trimethylsilane (TMS) as an internal reference. Gel permeation
chromatography (GPC) technique (polystyrene as the StandardUniversal Calibration method) was used to determine the average
molecular weights of the synthesized polymers PBDTSe-BT,
PBDTSe-FBT and PBDTSe-FFBT in THF via Malvern-OmniSEC.
In order to accomplish the spectroelectrochemical studies of
PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT, Varian Cary 50 0 0
UV–Vis Spectrometer was used at ambient temperature. Gamry
600 potentiostat was used with a three-electrode consisting of a
platinum wire, Ag wire, and Indium Tin Oxide (ITO)-coated glass
conﬁguration in 0.1 M tetra-butylammonium hexaﬂuorophosphate/acetonitrile (TBAPF6 /ACN) electrolyte/solvent couple at
100 mV/s scan rate to achieve cyclic voltammetry studies of these
polymers.
2.3. Synthesis of polymers
Synthesis of PBDTSe-BT
Compound 3 (0.15 g, 0.15 mmol) and compound 7 (94 mg,
0.15 mmol) were dissolved with 15 mL of toluene and 40 min of
argon gas passed and PdCl2 (PPh3 )2 (5.3 mg, 7.5 μmol) catalyst was
added. The reaction mixture was heated to reﬂux and stirred for
42 h. Tributyl (thiophen-2-yl) stannane (0.118 g, 0.3 mmol) was
added and stirred for a further 4 h, followed by the addition of
2–bromo thiophene (0.05 g, 0.3 mmol) for 4 h. The reaction mixture was then brought to room temperature and the polymer was
precipitated by the addition of 50 mL of methanol. The precipitate
was then extracted with Soxhlet with methanol, hexane, and chloroform. The polymer in the chloroform fraction was recovered as
a purple solid by precipitation from methanol. The solid was dried
under vacuum (120 mg, 70%). 1 H NMR (400 MHz, CDCl3 ) δ 8.21 –
6.45 (Aromatic H), 2.95 (-CH2 ), 1.88 – 0.61 (-CH2 , -CH3 ).
Synthesis of PBDTSe-FBT
The same procedure was performed for PBDTSe-FBT using compound 3 (0.15 g, 0.15 mmol) and compound 11 (97 mg, 0.15 mmol)
and the purple polymer was obtained from chloroform fraction
(126 mg, 72%). 1 H NMR (400 MHz, CDCl3 ) δ 8.28 – 6.38 (Aromatic
H), 2.96 (-CH2 ), 1.98 – 0.66 (-CH2 , -CH3 ).
Synthesis of PBDTSe-FFBT
The same procedure was performed for PBDTSe-FFBT using compound 3 (0.15 g, 0.15 mmol) and compound 15 (0.1 g,
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Scheme 1. Synthetic pathway of donor monomer.

0.15 mmol) and the purple polymer was obtained from chlorobenzene fraction (70 mg, 39%).

in an ultrasonic bath, respectively, using toluene, detergent (Hellmanex), water and isopropyl alcohol for 15 min. The substrates
were dried with an N2 gun after that O2 plasma treatment was
used to enhance the work function of ITO via removing organic
impurities as well as to reduce the surface tension of ITO. PEDOT:
PSS was ﬁltered through a 0.45 μm PES syringe ﬁlter and coated
on the ITO surface. Subsequently, the substrates were annealed at
135 °C for 15 min on the hot plate to evaporate the residual water.
Polymer:PC71 BM mixtures were prepared with different weight ratios, concentrations and additives, ﬁltered through a 0.22 μm poresized PTFE syringe ﬁlter and coated on a PEDOT:PSS layer in the
nitrogen-ﬁlled glove box. Lastly, the devices were completed by
thermal evaporation of LiF and Al metal in a vacuum evaporation
chamber on the Polymer:PC71 BM layer. After the device construction, the current density voltage characteristics were tested using
the Keithley 2400 under the Atlas Material Testing Solutions solar
simulator (AM 1.5 G).

2.4. Computational Methods
Density functional theory (DFT) calculations were conducted
for PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT using tight convergence criteria in Gaussian09.Rev. A.02 software package at the
B3LYP hybrid functional and 6–311G(d) basis set level, similar to
the recent studies that have concordant results with the experimental studies. [34–41] Calculations were performed on model
tetramer structures with four donors, four acceptors and eight
bridge structures. Hexyl side chains on the thiophene bridges and
2-ethylhexyl units on donor were replaced with methyl groups
in calculations not to exceed our computational capacity. Geometry optimizations were started from different initial conformations by altering the dihedral angle between consecutive repeating donor, acceptor and bridging units. Electrostatic potential surface (ESP), ﬁrst three highest occupied molecular orbitals (HOMO,
HOMO-1, HOMO-2), and three lowest unoccupied molecular orbitals (LUMO, LUMO+1, LUMO+2) were mapped onto the optimized model structures. Direct band gap (Eg ) was calculated calculation of energy difference between the HOMO and LUMO for the
optimized ground state, and the optical Eg opt was determined by
the S0 → S1 transition, the ﬁrst vertical excitation energy of the singlet excited state obtained by time-dependent density-functional
theory (TDDFT). Vertical ionization potential (VIP) and vertical
electron aﬃnity (VEA) in addition to the adiabatic ionization potential (AIP), and adiabatic electron aﬃnity (AEA) were also calculated by considering the transition from the neutral ground state to
the charged structures at the ground state geometry and optimized
charged geometries for cation and anions, respectively. Hole reorganization energies (λreorg ) were determined based on Bredas et al.
[42] formulation. The total atomic charges (δ ) on the acceptor units
based on the ESP ﬁtting method of Merz-Kollman (MK)[43], dipole
moment (μ), isotropic dipole (α ) polarizability, anisotropy (α ) of
the polarizability and ﬁrst order hyperpolarizability (β ) were calculated to elucidate experimental observations.

3. Results and discussion
3.1. Synthesis and characterization
The structure of the polymer and the structures of the modiﬁed donor and acceptor units required for their synthesis are given
below (Scheme 3). All the intermediates and monomers were synthesized according to the given references. In our synthetic design,
2-ethylhexylselenophene substituted benzodithiophene and ﬂuorinated benzothiadiazole derivatives were taken as the donor and
acceptor units, respectively. The synthetic route for the donor compound is given in Scheme 1. Commercially available selenophene
was reacted with commercial 2-ethylhexylbromide in the presence
of n–butyl lithium to obtain compound 1. After that, the synthesis of compound 2 was achieved in high yield by the reaction
of benzo[1,2-b:4,5-b ]dithiophene-4,8–dione with lithium derivative of compound 1 [44] followed by reduction of the corresponding diol with stannous chloride dihydrate in hydrochloric
acid solution. The lithiation of compound 2 with n-buthyl lithium
followed by quenching the lithium derivative with trimethyltin
chloride resulted in the monomer compound 3 successfully.
[44]
The detailed synthetic routes followed for the acceptor units 7,
11, and 15 are given in Scheme 2. Compound 4 [45] and Compound
5 [46] were synthesized according to previously reported procedures. The Stille cross-coupling reaction between compound 4 and
compound 5 afforded compound 6 [38], which was treated with Nbromosuccinimide to yield compound 7 [47]. The diamine derivatives of mono ﬂuorinated and diﬂuorinated benzene were purchased commercially. The ring closure reactions were performed

2.5. Fabrication of photovoltaic devices
Organic solar cell parameters for the PBDTSe-BT, PBDTSe-FBT,
and PBDTSe-FFBT were investigated with the device structure of
ITO/PEDOT:PSS/Polymer:PC71 BM/LiF/Al. The construction of the BHJ
solar cell device was as follows; etching and cleaning of ITO, coating of the PEDOT:PSS, coating of the active layer and evaporating
the metal. ITO coated glass substrates purchased from Visiontek
were etched using an acid solution. The substrates were sonicated
3
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Scheme 2. Synthetic pathway of acceptor monomers.

Table 1
Summary of GPC and TGA studies.

with thionyl chloride to obtain 8 and 12. The halogenation reactions were performed according to the procedures reported in the
literature. [46,48] The treatment of compounds 9 and 13 [49] with
tributyl (thiophen-2-yl)stannane (5) under Stille coupling reaction
conditions produced the target molecules 10 and 14 which were
brominated with N-bromosuccinimide to yield target monomers 11
and 15. [49,50] Further synthetic details are given in Supporting
Information.
The routes for the synthesis of three polymers are shown in
Scheme 3. PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT were prepared via typical Stille cross-coupling reaction between organotin
monomer of BDT (3) and bromothiophene ﬂanked benzothiadiazole derivatives (7, 11 and 15) using tetrahydrofuran as solvent
and bis(triphenylphosphine)palladium(II) dichloride (PdCl2 (PPh3 )2 )
as the catalyst. The gel permeation chromatography (GPC), which
measured the molecular weights and polydispersity index (PDI) of
the three polymers are displayed in Table 1. All polymers show
good solubility in chloroform, chlorobenzene (CB) and other common solvents, which are favorable for ﬁlm fabrication.

PBDTSe-BT
PBDTSe-FBT
PBDTSe-FFBT

Mn/kDa

Mw/kDa

PDI

Td ∗ / °C

8.7
10.1
13.5

29.6
29.7
91.7

3.4
2.9
6.8

443
437
400

∗
corresponding to 5% weight loss in the thermogravimetric analysis

3.2. Thermal studies
Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) were utilized to determine the thermal properties
of the polymers. PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT have
good thermal stability with degradation temperatures over 400 °C,
which are suﬃcient for the application in an organic solar cell. The
TGA measurements showed that 5% weight loss degradation temperatures (Td ) of PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT were

4
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Scheme 3. Synthetic pathway of polymers.

Fig. 1. Frontier molecular orbital surfaces (from top to down: LUMO+2, LUMO+1, LUMO, HOMO, HOMO-1, HOMO-2) for a) PBDTSe-BT, b) PBDTSe-FBT, c) PBDTSe-FFBT and
electrostatic potential surface (ESP) for the d) PBDTSe-BT, e) PBDTSe-FBT, f) PBDTSe-FFBT tetramers. ESP for the acceptor units in the middle of the chain for g) PBDTSe-BT,
h) PBDTSe-FBT, i) PBDTSe-FFBT.

443 °C, 437 °C and 400 °C, respectively. The synthesized polymers
did not display any phase transition up to 300 °C.

ceptor unit for PBDTSe-FBT and PBDTSe-FFBT. In addition, the
extension of HOMO orbitals on the acceptor units has a different shape and distribution for different copolymers. The difference in the electron density distribution can be seen more
clearly from the ESP surface mapped onto the model structures
where electron rich sites were concentrated on the donor and
bridge groups, displayed in red color, while electron deﬁcient
sites were concentrated on the acceptor and alkyl side chains,
displayed in blue color (Fig. 1d-f). Weak extension of electron
rich sites on the PBDTSe-BT acceptor, especially on its phenyl
group of benzothiadiazole, was not observed after ﬂuorine substitution in PBDTSe-FBT and PBDTSe-FFBT. Both phenyl and thiadiazole rings donate electrons upon the substitution of ﬂuorine
atoms which leads to the enhanced acceptor capacity for the ﬂuorine substituted benzothiadiazole unit in the polymer backbone
(Fig. 1g-i).

3.3. Computational Results
HOMO, HOMO-1, HOMO-2 orbital surfaces given in Fig. 1a-c
showed that HOMO orbitals were distributed along the chain similar to previous studies. [30–32] LUMO orbitals were highly localized on the acceptor groups. LUMO, LUMO+1 and LUMO+2 are positioned on different acceptor units due to different chemical environments in the middle part and end groups of the tetramers
which is also valid for HOMO, HOMO+1 and HOMO+2 frontier
orbitals showing a complementary behavior along the chain. Although their distribution for PBDTSe-BT, PBDTSe-FBT and PBDTSeFFBT looks similar, there are small differences in the details.
LUMO orbitals were extended to the ﬂuorine atoms in the ac5
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Table 2
Results of DFT calculations for the structural and electronic properties of PBDTSe-BT,
PBDTSe-FBT and PBDTSe-FFBT tetramers. (Energies are in eV, dipole moments are debye,
polarizabilities are in a.u.).

PBDTSe-BT
PBDTSe-FBT
PBDTSe-FFBT

PBDTSe-BT
PBDTSe-FBT
PBDTSe-FFBT

HOMO

LUMO

Eg

Eg op

VIP

AIP

VEA

AEA

−4.98
−5.01
−5.05

−2.98
−3.04
−3.07

−2.00
−1.97
−1.99

1.68
1.66
1.68

5.44
5.46
5.51

5.36
5.39
5.44

−2.50
−2.56
−2.59

−2.55
−2.60
−2.63

λreorg

π del

δ Acceptor

θ (A-B)

μ

α

α

β

0.142
0.139
0.138

5320
3734
540

0.07 (−0.30)
−0.02 (−0.09)
−0.13 (0.11)

8.79
3.76
1.70

0.16
7.26
0.29

3778
3801
3787

5263
5328
5299

14,978
18,361
23,409

DFT calculations showed that HOMO energies have more negative values by incorporation of the ﬂuorine atoms as observed experimentally that is relevant for the enhanced VOC values (Table 2).
LUMO levels also have lower values that result in the close band
gap values for polymers where PBDTSe-FBT has slightly lower
band gap values. Although calculations predicted close Eg opt values with experiments, there is a difference in their order at experimental and theoretical results which is mainly due to the
molecular weight difference and lack of intermolecular interactions
in the computational results that can affect electronic structure
by ﬂuorine substitution. Vertical and adiabatic ionization potentials (VIP and AIP) were increased and electron aﬃnities (VEA and
AEA) were decreased due to improved electronegativities by ﬂuorine incorporation. Hole reorganization energies (λreorg ) that indicate ease of hole mobility along the chain were low for all chains
and slightly improved by ﬂuorine incorporation. The most significant change was observed in the delocalization or resonance energy (π del ) where ﬂuorine substitution decreased π -electron energy in the conjugated polymer backbone, particularly from the
benzodithiophene acceptor rings. This is supported by the electrostatic potential surfaces in Fig. 1. This hypothesis was tested by
the calculation of the total average atomic charges on the acceptor.
The average total atomic charge on acceptor units (δAcceptor ) obtain
more negative value by ﬂuorine substitution. However, total atomic
charges only on the acceptor ring excluding hydrogens and ﬂuorine
atoms are increasing and became a positive number as given in
parenthesis which indicates improved acceptor potential. Although
ﬂuorine atoms attracted electrons from other units and increase
overall electron density on the acceptor unit, this electron density is concentrated on the ﬂuorine atoms and total electron density on the acceptor ring is decreased. The average torsional angle
between acceptor and bridging units (θ (A-B)) presented that planarity of the chains was improved by ﬂuorine substitution that can
lead to the increased quinoid character, better chain packing leading to the enhanced intra-charge transport and inter-chain hopping. [51] It should be noted that the two sides of PBDTSe-FBT acceptor were not identical where the ﬂuorine side has a lower dihedral angle compared to the side hydrogen side. This asymmetrical
structure of PBDTSe-FBT leads to the higher dipole moment (μ,),
static polarizability (α ) and anisotropy in the polarizability (α )
compared to PBDTSe-BT and PBDTSe-FFBT. First order hyperpolarizability (β ) which is a measure for the induced dipole formation
in an electric ﬁeld that was reported as an indication for decreased
bond length alternation in conjugated chains with higher β values.
[36,52] Increasing β values by ﬂuorine substitution points out enhanced donor, bridge and acceptor unit coupling with lower bond
length alternation.

potentials to investigate the redox performances of the resulted
polymers at a constant 100 mV/s scan rate at room temperature.
The experimental study of CV was conducted via a three-electrode
setup in which indium tin oxide (ITO) was used as the working electrode, Ag wire as the reference electrode and Pt as the
counter electrode. Acetonitrile (ACN) was the solvent and tetrabutylammoniumhexaﬂuorophosphate (TBAPF6 ) was the supporting
electrolyte during the measurements. Doping/dedoping potentials,
ox ) and onset reduction potentials
onset oxidation potentials (Eonset
red
(Eonset ) of polymers were explored from the cyclic voltammograms.
As depicted in Fig. 2, all polymers showed both p-dopable and ndopable character. All the electrochemical properties were sumox
marized in Table 3. The Eonset
were measured as 0.5 eV, 0.77 eV
red
and 0.81 eV while Eonset
were detected as −1.09 eV, −0.93 eV
and −1.16 eV for PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT respectively. The electron-withdrawing nature of the ﬂuorine atom
may be the result of the variation in the oxidation potential of the
polymers. These electron-withdrawing effect results in lower electron density on benzothiadiazole moiety in the polymer backbone
of PBDTSe-BT and PBDTSe-FFBT. Therefore, doping/dedoping processes occur at higher oxidation potentials. Moreover, high occupied molecular orbital (HOMO) and low occupied molecular orbital
(LUMO) energy levels were deduced from the onset oxidation potentials and onset reduction potentials of the corresponding polymers according to the following equations;
ox
HOMO = −(4.75 + Eonset
)

red
LUMO = −(4.75 + Eonset
)

Standard Hydrogen Electrode (SHE) vs. vacuum level was
adopted as 4.75 eV. The electronic band gaps (Egel ) of PBDTSe-BT,
PBDTSe-FBT and PBDTSe-FFBT were calculated from the energy
level difference between HOMO and LUMO. The following equation was used for the calculation of the electronic band gaps of
polymers;

Egel = HOMO − LUMO
HOMO energy levels for PBDTSe-BT, PBDTSe-FBT and PBDTSeFFBT were found as −5.28 eV, −5.52 eV and −5.56 eV whereas
LUMO energy levels were calculated as −3.65 eV, −3.82 eV and
−3.59 eV, respectively. Therefore, the electronic band gaps of
PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT were deduced to be
1.63 eV, 1.70 eV and 1.97 eV. The HOMO energy level of the
synthesized polymers decreases dramatically upon ﬂuorine substitution with approximately 0.3 eV energy difference between
the diﬂuorinated (PBDTSe-FFBT) and the non-ﬂuorinated (PBDTSeBT) polymers. The deeper HOMO energy level of the polymer
was associated with the strong electron-withdrawing characteristic of benzothiadiazole acceptor and weak electron-donating nature of alkylselenophene side chain which has π -conjugation to
BDT moiety. Moreover, the electronic band gap of non-ﬂuorinated

3.4. Electrochemical properties
The cyclic voltammetry (CV) measurements were executed for
PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT between the suitable
6
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Fig. 2. Single scan cyclic voltammograms of polymers a) PBDTSe-BT, b) PBDTSe-FBT, and c) PBDTSe-FFBT in 0.1 M TBAPF6 /ACN electrolyte solution at 100 mV s− 1 scan rate.
Table 3
Summary of electrochemical and optical properties of polymers.

PBDTSe-BT
PBDTSe-FBT
PBDTSe-FFBT

Ep-doping /V

Ep-dedoping /V

En-doping /V

En-dedoping /V

Eox onset /V

Ered onset /V

0.75
1.35
1.20

0.64
1.33
1.16

−1.36/−1.88
−1.18/−1.57
−1.47/−1.95

−1.12/−1.42
−0.87/−1.32
−1.05/−1.42

0.53
0.77
0.81

−1.10
−0.93
−1.16

PBDTSe-BT
PBDTSe-FBT
PBDTSe-FFBT

HOMO/eV

LUMO/eV

Eg ec /eV

λmax /nm

λonset /nm

Eg op /eV

−5.28
−5.52
−5.56

−3.65
−3.82
−3.59

1.63
1.70
1.97

620
600
590

763
754
745

1.62
1.65
1.67

polymer PBDTSe-BT exhibited lower band gap energy than ﬂuorinated PBDTSe-FBT and PBDTSe-FFBT which may arise from
the strong electronegativity of ﬂuorine atom and enhanced inter/intramolecular interaction among polymer backbones. [53–55]
While different HOMO levels are obtained from theoretical and
experimental methods for PBDTSe-BT, PBDTSe-FBT and PBDTSeFFBT conjugated polymers, these values reveal the same trend; i.e.,
with the introduction of F atoms onto the benzothiadiazole moiety
the HOMO level of polymers can be diminished, and also the number of ﬂuorination on these polymers has a synergetic impact on
reducing the HOMO level. [56]

of the polymer thin ﬁlms by using the following equation;

Egop =

1241

λonset
op

The band gaps (Eg ) were calculated as 1.62 eV, 1.65 eV and
1.67 eV for PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT correspondingly. The backbone ﬂuorination slightly increased the optical band
gaps and the changes in the absorption spectra clearly reveal the
effect of substitution of ﬂuorine atom. Similar results have also
been published for ﬂuorine atom substituted conjugated polymer
by other groups. [54,55,57,58]
All the polymers displayed an absorption shoulder peak in
thin-ﬁlm state and the existence of strong intermolecular interactions caused by better π –π stacking between the neighbor polymer chains might be the reason for this phenomenon. On the
other hand, when ﬂuorine atoms are substituted to the polymer
backbone, PBDTSe-FFBT showed pronounced absorption shoulder
around 650 nm demonstrating strong polymer aggregation at room
temperature. Therefore, the strong aggregation in PBDTSe-FFBT
may be caused by intermolecular interactions of F…F, C-F…H,
and C-F…πF . [59,60] Due to the introduction of ﬂuorine atoms
leading to more pronounced aggregation, PBDTSe-FFBT demonstrates a lower wavelength in the absorption spectrum compared
to PBDTSe-FBT and PBDTSe-BT which may result in a slightly
larger band gap of 1.67 eV.

3.5. Spectroelectrochemical properties
In order to investigate the spectroelectrochemical properties
of the polymers, a three-electrode system was used. PBDTSe-BT,
PBDTSe-FBT and PBDTSe-FFBT were dissolved in chloroform and
deposited onto ITO coated glass substrate via spray coating at room
temperature. All polymers have good solubility in chloroform and
homogenous solutions were obtained for the spectroelectrochemical analysis. The analysis of three polymers was performed with
UV–Vis-NIR spectrophotometer via step by step increment of the
applied potential in 0.1 M TBAPF6 /ACN solution. Constant potentials were carried out to remove the charges or ions trapped into
polymers and record the neutral states correctly before applying
the oxidation potentials. Absorption spectra were obtained by stepwise oxidation and while the neutral state absorptions (λmax ) were
steadily declining, polarons (radical cations) and bipolarons (bications) absorption bands were observed in the NIR region as expected. The absorption behaviors of polymers in the UV–Vis region
give essential information, especially for organic solar cell applicaop
tions. For this purpose, optical band gaps (Eg ) and maximum absorption wavelengths (λmax ) of the polymers were obtained from
Fig. 3 and all data were summarized in Table 3. The λmax values were found as 620 nm, 600 nm and 590 nm for PBDTSe-BT,
PBDTSe-FBT and PBDTSe-FFBT, accordingly. The optical bandgaps
op
(Eg ) were calculated from the onset point of the lowest energy
π –π ∗ transitions (λonset ) in the UV–Vis-NIR absorption spectrum

3.6. Photovoltaic Performance
BHJ photovoltaic devices of these three polymers were
fabricated to explore and analyze the inﬂuence of the substituting ﬂuorine atom on the resultant photovoltaic performance. Organic solar devices with standard conﬁguration,
ITO/PEDOT:PSS/Polymer:PC71 BM/LiF/Al, were employed using
PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT as donors and PC71 BM
as an acceptor counterpart into the active layer of the devices.
While determining the processing solvent of the active layer, different weight ratios of the polymer to PC71 BM and the concentration
of the active layer were investigated. Moreover, a small amount
of 1,8-diiodooctane (DIO) was used to optimize the photovoltaic
7
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Fig. 3. Normalized UV–Vis-NIR absorption spectra of thin ﬁlm of a) PBDTSe-BT, b) PBDTSe-FBT, and c) PBDTSe-FFBT upon oxidative doping potentials in 0.1 M TBAPF 6 /ACN
electrolyte solution.
Table 4
Summary of photovoltaic studies of PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT.
Polymer:PC71 BM/w:w
PBDTSe-BT

PBDTSe-FBT

PBDTSe-FFBT

a
b
c

1:4
1:4
1:4
1:4
1:4
1:4
1:4
1:2
1:2
1:2
1:2
1:2
1:2
1:1
1:1
1:1
1:1
1:1
1:1

(4%)a
(4%)b
(4%)c
(4%)c
(4%)c
(4%)c
(4%)c
(3%)a
(3%)b
(3%)c
(3%)c
(3%)c
(3%)c
(2%)a
(2%)b
(2%)c
(2%)c
(2%)c
(2%)c

Jsc /mA cm−2

Voc /V

FF%

PCE%

Treatment

5.43
4.84
6.10
5.67
6.58
6.22
6.48
3.34
6.17
6.00
7.09
7.23
6.16
4.99
5.75
6.40
6.15
7.24
6.76

0.67
0.67
0.67
0.66
0.66
0.67
0.67
0.65
0.66
0.65
0.68
0.67
0.65
0.70
0.70
0.70
0.72
0.72
0.71

39.4
43.9
41.9
45.6
55.3
54.0
52.8
39.1
36.1
39.2
34.0
34.6
31.1
38.8
49.2
50.4
50.5
50.6
47.4

1.43
1.42
1.71
1.70
2.39
2.26
2.29
0.85
1.47
1.53
1.64
1.68
1.25
1.36
1.99
2.26
2.23
2.63
2.28

–
–
–
1% DIO
2% DIO
3% DIO
2% DIO, MeOH
–
–
–
2% DIO
3% DIO
4% DIO
–
–
–
2% DIO
3% DIO
4% DIO

Spin coating rate of 500 rpm.
Spin coating rate of 750 rpm.
Spin coating rate of 10 0 0 rpm.

Fig. 4. Current density-voltage curves of OSCs based on a) PBDTSe-BT:PC
in the active layer.

71 BM,

b) PBDTSe-FBT:PC

performance of the devices. The thicknesses of the active layers
were optimized by altering the spin coating rate which was found
as 10 0 0 rpm for all polymers. The blends based on PBDTSe-BT
were dissolved in 1,2-dichlorobenzene (o-DCB) and PBDTSe-FBT
and PBDTSe-FFBT based blends were dissolved in chlorobenzene
(CB). The photovoltaic parameters, including open-circuit voltage
(VOC ), short circuit current density (JSC ), ﬁll factor (FF) and power
conversion eﬃciency (PCE) of the devices using polymers PBDTSeBT, PBDTSe-FBT and PBDTSe-FFBT are summarized in Table 4.
Fig. 4 shows the resultant current density-voltage (J-V) plots of the
most eﬃcient devices, which were investigated under AM 1.5 G
simulated solar illumination at an irradiation intensity of 100 mW
cm−2 .

71 BM,

and c) PBDTSe-FFBT:PC

71 BM

without additive and with additive

Among all three polymers, diﬂuorinated PBDTSe-FFBT:PC71 BM
revealed the highest photovoltaic performance achieving 2.63%,
with JSC of 7.24 mA cm−2 , VOC of 0.72 V and FF of 50.6%.
Whereas PBDTSe-BT:PC71 BM exhibited the best PCE as 2.39%, and
the device reached the highest eﬃciency up to 1.68% for PBDTSeFBT:PC71 BM. Polymer PC71 BM weight ratio of the blend in the
active layer is essential to optimize the photovoltaic parameters.
Since the function of the acceptor material in the active layer
is associated with the charge transport, electron and hole mobilities were balanced by changing the weight ratio of the electron accepting material PCBM in the blend. As a result of this
enhancement, eﬃcient charge separation occurs and more separated charge carriers can be transported and collected at the
8
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proper electrodes, which arises higher PCE. However, this increase
of the acceptor material causes a decrease in the content of the
donor material, which plays a vital role in the absorption of sunlight in the active layer. Therefore, the optimization of the weight
ratios of the donor and acceptor materials is an essential process to obtain eﬃcient PCE. Consequently, the best device performances were found with a blend ratio of 1:4 (w/w), 1:2 (w/w)
and 1:1 (w/w) for PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT,
respectively.
Further improvement in the PCE was observed by the addition
of a trace amount of DIO to the active layer of the OSC. With the
addition of 1% DIO to the active layer, device eﬃciency of PBDTSeBT:PC71 BM (1:4, 4%) remained unchanged while an improvement
from 41.9% to 45.6% in the FF% obtained. An increase in the Jsc
from 5.67 to 6.58 mA cm−2 and FF from 45.6% to 55.3% was observed by the addition of 2% DIO resulting 2.39% of PCE. Further
DIO and methanol treatment for PBDTSe-BT resulted in lower photovoltaic parameters. The studies for the optimum amount of the
DIO were carried out for PBDTSe-FBT and PBDTSe-FFBT. The results showed that the best device eﬃciency was found 1.68% for
PBDTSe-FBT and 2.63% for PBDTSe-FFBT with the addition of 3%
DIO. It is believed that the donor can form pure and ordered selfassembly phases in the ﬁlm due to the high boing point property
of DIO, which promotes and stimulates the generation of crystal
structures. [61]
The substitution of the ﬂuorine atom along the conjugation
backbone provides effective tuning of the molecular energy levels
as well as enhanced intramolecular interactions. [62] DFT calculations and experimental results indicated that PBDTSe-FFBT including two F atoms into its polymer backbone has a deeper HOMO
level in regards to PBDTSe-BT and PBDTSe-FBT. Therefore, an increase in VOC of the best solar cell device was observed that might
lead to higher PCE of the solar cell. Moreover, according to the DFT
calculations, hole mobility along the polymers chain slightly improved by F incorporation due to increased hole reorganization energies (λreorg ) listed in Table 2. Higher charge carrier mobility may
also be one of the reasons for the high photovoltaic performance
of PBDTSe-FFBT based solar cell.
Overall, the eﬃciencies of the synthesized polymers were moderate in this work, however, several factors such as HOMO-LUMO
energy levels, device structure, the molecular weight of the polymers, band gap etc. affect the device eﬃciency. [63–65] Although the benzothiadiazole-based conjugated polymers exhibit
great properties for photovoltaics, the molecular weight of the
polymer was recognized to be signiﬁcant. [66,67] High molecular weight of the polymers usually form favorable ﬁlm morphologies when mixed with PCBM leading to eﬃcient charge separation.

Fig. 5. EQE curves for the best performance solar cells.

[68] Due to the insuﬃcient growth of the polymer chains during
the Stille cross-coupling polymerization, the low molecular weight
of polymers was synthesized. Therefore, the lower PCEs were revealed for PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT.
External quantum eﬃciency (EQE) curves of the devices based
on PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT without DIO addition and with DIO addition via using the optimum conditions were
shown in Fig. 5. The EQEs for the best device performances were
observed over the wavelength range of 300–750 nm which are in
agreement with the absorption spectra of the polymers. The highest EQE% values were found as 42.1%, 39.3% and 45.8% for PBDTSeBT, PBDTSe-FBT and PBDTSe-FFBT with the addition of DIO, respectively.
3.7. Morphology studies
In order to gain information about the morphology and topography of the photo-active layer of OSC devices, transmission electron microscopy (TEM) and atomic force microscopy (AFM) were
utilized. TEM images of PBDTSe-BT, PBDTSe-FBT and PBDTSe-FFBT
polymers as the active layers of best OSC with DIO addition were
shown in Fig. 6, respectively. As seen from Fig. 6, PBDTSe-BT,
PBDTSe-FBT and PBDTSe-FFBT based solar cells display homogenous and nanoscale phase separation with DIO treatment. [69] As
mentioned before in computational results, the torsional angles θ
(A-B) decreased with ﬂuorine substitution, which indicates better
planarity resulting in improved chain packing and interchain hop-

Fig. 6. TEM images of a) PBDTSe-BT, b) PBDTSe-FBT and c) PBDTSe-FFBT based active layers processed with o-dcb and DIO.
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Fig. 7. 3D AFM images of a) PBDTSe-BT, b) PBDTSe-FBT and c) PBDTSe-FFBT without the additive DIO; d) PBDTSe-BT, e) PBDTSe-FBT and f) PBDTSe-FFBT with the additive
DIO.

ping. Therefore, F substitution promotes the exciton separation and
charge transportation causing an increase in JSC and FF. [70,71]
The 3D AFM height images of the most eﬃcient devices without DIO and with DIO are shown in Fig. 7. The root mean square
roughness of the blend of PBDTSe-BT, PBDTSe-FBT and PBDTSeFFBT with PCBM were calculated as 0.66 nm, 1.81 nm and 0.97 nm
as cast polymer blends; 4.61 nm, 5.43 nm and 3.21 nm for DIO
treatment, respectively. The active layer thickness values were
found as 107.6 nm, 150.7 nm and 120.2 nm without DIO addition;
123.5 nm, 117.0 nm and 64.7 nm with DIO addition, correspondingly. As can be seen from Fig. 7a and Fig. 7c, the blend of the
PBDTSe-BT and PBDTSe-FFBT had the lowest roughnesses. As DIO
was added to the active layer, the roughness values increased signiﬁcantly. With the addition of DIO, which enhances the solubility
of PCBM, PCBM aggregates tend to form near the surface resulting
in an increase in surface roughness. [72]

organization energies, the delocalization energies and average torsional angles were also affected by ﬂuorine substitution which result in promoted PCEs. The optimization of the photovoltaic properties of the polymers was conducted with different weight ratios of polymer:PC71 BM, the concentration of the active layer, additive volume ratio and thickness. For the optimized active layer of
PBDTSe-FFBT, JSC of 7.24 mA cm−2 , VOC of 0.72 V and FF of 50.6%
was found, resulting in a PCE of 2.63%. The ﬂuorine substitution
on the benzothiadiazole unit was shown to inﬂuence the thin-ﬁlm
morphology of the organic solar cell with PC71 BM, and therefore
an optimized phase separation was achieved with the assistance
of a small molecule processing additive, DIO. It should be noted
that PBDTSe-FBT had one ﬂuorine atom substituted to the polymer
backbone resulting asymmetrical structure that may inﬂuence the
photovoltaic performance of the solar cell. It is concluded that conjugated polymers with ﬂuorine substituent on the acceptor moiety
have an impact on the solar cell performances.

4. Conclusion
Credit author statement
In conclusion, to investigate the effect of the number of ﬂuorine atoms substituted to the benzothiadiazole, 2-ethylhexyl selenophene substituted benzodithiophene monomer (BDTSe) and
benzothiadiazole monomer with the ﬂuorine substitution were
used as the electron rich and the electron deﬁcient units during
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new conjugated polymers PBDTSe-BT, PBDTSe-FBT and PBDTSeFFBT were developed and speciﬁcally examined for their photovoltaic properties. The resulting polymers showed good thermal
stability with Td higher than 400 °C. All polymers showed narop
row Eg of 1.62 eV, 1.65 eV and 1.67 eV with deep-lying HOMO
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