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The hexathienylbenzene-co-poly(3-hexylthiophene-2,5diyl) (HTB-co-P3HT) conducting
polymer was synthesized by oxidative co-polymerization of hexathienylbenzene (HTB)
and 3-hexylthiophene using iron chloride (FeCl3) as an oxidant. The effect of
chlorobenzene, toluene and chloroform on the optoelectronic characteristics of the
polymer was investigated. The study revealed that spectroscopic and electrochemical
responses of HTB-co-P3HT are affected by the nature of the solvent. The lowest
unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO)
energy levels of HTB-co-P3HT were determined from cyclic voltammetry (CV) and were
compared to those of (6,6)-Phenyl C71 butyric acid methyl ester (PC71BM) and it was
found that the LUMO energy levels of HTB-co-P3HT in toluene were lower than those for
chlorobenzene and chloroform. The electrochemical impedance spectroscopy (EIS)
analysis also revealed the thin film of HTB-co-P3HT prepared using toluene as the
most conductive. However, the photovoltaic parameters of the HTB-co-P3HT organic
photovoltaic cells (OPVs) departed from the favored toluene and noted chlorobenzene as
being the advantageous solvent. We obtained a power conversion efficiency (PCE) of
0.48%, fill factor (FF) of 27.84%, current density (JSC) of 4.93 mA.cm−2 and open circuit
voltage (VOC) of 0.35 V in chlorobenzene, a PCE of 0.30%, FF of 26.08%, JSC of
5.00 mA.cm−2 and VOC of 0.23 V in chloroform and finally, a PCE of 0.33%, FF of
25.45%, JSC of 5.70 mA.cm−2 and VOC of 0.23 V in toluene.
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1 INTRODUCTION

The high resistivity of organic polymers restricted their use to
insulators in electrical applications prior to the discovery of
conducting polymers (Le et al., 2017). Intensive research
efforts bore polypyrrole as the first organic polymer displaying
notable conductivity (Rasmussen, 2015; Chan et al., 2021) arising
from alternating single and double bonds along the polymer
chain (Bahceci and Esat, 2013; Khokhar et al., 2021). Today, this
utilitarian conjugation has driven the development of many
conducting polymers such polycarbazoles (Nayana and
Kandasubramanian, 2020), polythiophenes (Valderrama-García
et al., 2016), polyaniline (Boeva and Sergeyev, 2014) and
polynaphthylamine (Pei et al., 2019). Further, conducting
polymers have received recognition in such diverse research
fields as organic light emitting diodes (Chen et al., 2020),
organic field-effect transmitters (Afraj et al., 2021),
supercapacitors (Wang et al., 2020), biosensors (Gupta et al.,
2020) and OPVs (Liu et al., 2021), amongst others.

Conducting polymers have gained a lot of interest in the area
of optoelectronics because of advantages such as low cost,
tunability of optical properties, lightweight nature and
flexibility (Dikcal et al., 2020). The properties of conjugated
polymers can be tweaked either through modification of the
side chains or the main chain (Zhou et al., 2012). Studies have
shown that polymerization of monomeric fused rings tend to
narrow the optical band gap, increase the conjugation length and
expand the limits of light absorption (Gao et al., 2020; Tang et al.,
2020; Xiao et al., 2020; Zhang et al., 2021; Zheng et al., 2021).
Alkyl group substitution of either main chain or the side chain
resulted in improved solubility of the polymer, reduced
recombination rates and lower LUMO energy levels of the
donor material ensuring efficient electron transfer activities to
the acceptor component (Cui et al., 2011; Ye et al., 2013).
Moreover, the introduction of electron-withdrawing groups
into conjugated polymers was reported to modulate the
molecular energy levels and aggregation morphologies leading
to higher charge carrier mobility (Zhang et al., 2018).

Poly (3-hexylthiophene) (P3HT) is a conjugated polymer that
is an attractive donormaterial candidate for use in OPVs owing to
its facile synthesis and favourable charge transport properties.
However, it has a wide band gap of ~1.9 eV which limits its
photon absorption properties. The unrealized PCE of P3HT-
based photovoltaic cells is mostly attributed to decreased open
circuit voltages resulting from the high HOMO energy levels of
P3HT (Cui and Wong, 2016). Many efforts have been targeted at
the adjustment of the HOMO energy level to a more opportune
position that can allow efficient charge transfer. In one such
report, the hexyl group on the 3-position of the thiophene ring
was replaced by an alkoxy group, which manifested in a raised
HOMO energy level and improved photon absorption efficiencies
by way of a reduced band gap, with concomitant decreased
oxidation potential (Shi et al., 2006). Subsequent end-group
modification of P3HT at the α-position of the last thiophene
in the polymer chain with bromine accounted for a diminished
overall performance of the device owing to trapped charges and
more disordered morphological characteristics (Tanaka et al.,

2017). Researchers also observed blue shifts associated with the
presence of bromine on the P3HT (Kim et al., 2007).

P3HT has been incorporated into various types of co-
polymers to enable well-structured polymeric materials.
Through divergent polymerization methods such as chemical
oxidation, radical and ring-opening, P3HT has been coupled to
symmetrical propeller-shaped molecules to produce star
copolymers (Park et al., 2013). The soluble, six-armed
conjugated organic polymer, HTB, is one such candidate that
exploits the electroconductivity and favourable optoelectronic
properties of thiophenes and has the desired shape for a core
platform for the preparation of conducting star copolymers. HTB
together with other simple, small thiophene-based organic
molecules, that are easy to procure or synthesized and are
cost-effective, have been hailed as some of the most promising
hole-transporting materials to optimize the power conversion
efficiencies of solar cells (Cui et al., 2018).

It has been shown that solvent nature, specifically polarity and
volatility, affects the crystalline morphologies of polymeric thin
films and hence the performance of devices targeted as OPVs.
PCE and JSC are two of the photovoltaic parameters of donor
materials that showed improvement with increasing volatile
solvent characteristics (Kim, 2019).

Herein, we report on a novel HTB-co-P3HT dendritic co-
polymer, with HTB as a core, synthesized using CH-CH arylation
method and Stille coupling reaction. The effect of P3HT on the
surface of HTB and the energy levels of HTB-co-P3HT are
studied in different solvents—chlorobenzene, toluene and
chloroform—and compared to those of the highly efficient
electron acceptor, PC71BM. OPV devices of HTB-co-P3HT
were also fabricated and it was revealed that the choice of
solvent directly influences the photovoltaic parameters of
HTB-co-P3HT as a donor material with chlorobenzene being
the preferred solvent.

2 MATERIALS AND METHODS

2.1 General
Unless otherwise noted, all materials were used without further
purification and were purchased from commercial sources.
Deionized water was obtained from a Millipore Direct Q3
system (Millipore, Milford, MA, United States). 1H and 13C
nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker 400 MHz Avance III HD Nanobay spectrometer. Proton
chemical shifts are expressed in parts permillion (ppm, δ scale) and
are referenced to residual protium in deuterated chloroform
(CDCl3, δ = 7.26 ppm). Carbon chemical shifts are expressed in
parts per million (ppm, δ scale) and are referenced to the carbon
resonance of CDCl3. Fourier transform infrared (FTIR) spectra
were recorded on a Perkin-Elmer Spectrum-100 FTIR
spectrophotometer. Thermal gravimetric analysis (TGA)
measurements were obtained on a Perkin Elmer STA 6000
thermal analyser at a rate of 10°C/min under a N2 flow rate of
20 ml/min. Room temperature ultraviolet-visible (UV-Vis) spectra
were recorded on a Thermo Electron Corporation Nicolet
Evolution 100. Transmission Electron Microscopy (TEM)
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images were obtained for the synthesized polymers using a FEI
Tecnai T20 TEM while Scanning Electron Microscopy (SEM)
images were acquired on a Tescan MIRA3 RISE SEM.
Elemental composition data were collected on a FEI NovaNano
SEM and photoluminescence spectral traces were obtained from a
Horiba Jobin Yvon NanoLog. CV and EIS studies were conducted
on a CHI700E-potentiostat where measurements were performed

using indium tin oxide (ITO) glass substrate (14–16Ω/square
resistance) as working electrode, platinum wire as counter
electrode and silver/silver chloride (Ag/AgCl) as reference
electrode in 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF6)/acetonitrile as electrolyte. The ITO glass substrate
was washed with 1% (by volume) Hellmanex III solution,
acetone and 2-propylalcohol prior to use. Device characteristics

FIGURE 1 | (A) 1H-NMR spectrum of HTB, (B) 13C-NMR spectrum of HTB and (C) 1H-NMR spectrum of HTB-co-P3HT.
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[current density–voltage (J-V)] were measured with an X200
Source Meter Unit from Sciencetech Inc. under an illumination
of AM 1.5 G, with light intensity of 100 mW cm−2.

2.2 Synthesis
2.2.1 Synthesis of Hexathienylbenzene
One of the most popular methods for the synthesis of carbon-
carbon bonds is the Stille coupling reaction (Zhang et al., 2015;
Campos and Berteina-Raboin, 2020) which was utilized for the
synthesis of HTB (Scheme 1A). Hexabromobenzene (0.50 g,
0.90mmol), 2-(tributylstannyl)-thiophene (2.02 g, 0.54 mmol),
copper(I) iodide (1.03 g, 0.54 mmol) and anhydrous potassium
carbonate (0.75 g, 0.75mmol) were dissolved in toluene (100 ml)
and the reaction mixture was stirred for 30min at room
temperature. Palladium tetrakis(triphenylphosphine) (5%mol,
0.31 g, 0.27 mmol) was then added to the solution after which
the mixture was stirred at 110°C for 120 h under inert atmosphere
(nitrogen gas). The solvents were then removed under reduced
pressure and the residue was re-dissolved in dichloromethane
(DCM). The resulting solution was washed three times with
deionized water. Anhydrous magnesium sulfate was added to
the combined organic layers after which the mixture was
filtered to remove the suspended magnesium sulphate (MgSO4).
The filtrate was concentrated by rotary evaporation and the residue
was purified using column chromatography [DCM:petroleum
ether (PE) = 1:2, v/v] with silica gel as the stationary phase.
The resulting yellow powder (HTB; 0.33 g) was obtained in 64%
yield. 1H-NMR (400MHz, CDCl3): δH 7.14 (dd, 6H); 7.10 (dd,
6H); 6.95 (dd, 6H); 13C-NMR (100MHz, CDCl3): δC 123.8, 124.4,
127.8, 128.2, 129.1. FTIR (cm−1): 3,104, 2,919, 1,435, 1,301, 1,094,
816, 694. UV-Vis (toluene, nm): 299, 385.

2.2.2 Synthesis of Hexathienylbenzene-co-P3HT
HTB-co-P3HT was synthesized (Scheme 1B) using CH-CH
arylation method (Ansari et al., 2018; Ramoroka et al., 2021).

HTB (0.15 g, 0.26 mmol) and 3-hexylthiophene (1.42 ml, 1.33 g,
7.89 mmol) were added to chloroform (80 ml). The solution was
stirred under nitrogen gas for 30 min, followed by the addition of
anhydrous FeCl3 (5.12 g, 0.03 mol) to form a suspension. The
mixture was then refluxed for 24 h under inert atmosphere (N2).
Polymerization was then terminated by addition of anhydrous
methanol (MeOH) and the precipitate was filtered and washed
with Soxhlet extraction using acetone for 24 h followed byMeOH
for a further 24 h. Subsequently, HTB-co-P3HT was extracted
with DCM for 24 h resulting in a dark purple solid (0.28 g).
1H-NMR (400 MHz, CDCl3): δH 7.01 (m); 2.57–2.80 (m);
1.28–1.56 (m). FTIR (cm−1): 2,926, 2,855, 1,461. UV-Vis (,
nm): 393.

2.3 Organic Photovoltaic Cells Fabrication
OPVs fabrication and measurements were done under normal
conditions. ITO glass substrates, after washing, were spin-coated
with zinc oxide (ZnO) and annealed for 30 min at 100°C. ZnO
was prepared using sol-gel method (Ramoroka et al., 2021). In
details, ZnO solution was prepared using zinc acetate dihydrate as
a precursor, 2-methoxyethanol as a solvent and
monoethanolamine as a stabilizing agent. The precursor
solution with a concentration of 0.5 M in methoxyethanol was
prepared and was used to prepare 0.5 M monoethanolamine
solution. The resulting solution was stirred at 60°C for 2 h and
after aged for 24 h. The deposition was carried out using spin
coating method. ZnO solution was spin coated at 3000 rpm for
60 s and dried at 100°C. The coating processes was repeated two
times to increase the thickness of ZnO. After coating, ZnO films
were annealed at 300°C for 1 h. The active layer was prepared by
dissolving HTB-co-P3HT and PC71BM in chlorobenzene for a
total concentration of 25 mg/ml and the solution was stirred
overnight at 60°C. The active layer was then spin-coated onto the
ZnO/ITO glass substrate and annealed at 100°C for 5 min.
Subsequently, a poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) layer (0.5–1.0 wt.% in water) was spin-

FIGURE 2 | FTIR spectra of HTB (red line) and HTB-co-P3HT (black line).

FIGURE 3 | TGA thermogram of HTB-co-P3HT.
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coated and annealed at 150°C for 5 min. Finally, silver conductive
paste was used to coat the cathode with drying at 100°C for 5 min
to complete the OPVs. The active areas of OPVs are 0.0256 cm2.

3 RESULTS AND DISCUSSION

3.1 Nuclear Magnetic Resonance Studies of
Hexathienylbenzene and
Hexathienylbenzene-Co-P3HT
The structure of HTB was confirmed by NMR spectroscopy.
Figures 1A,B show the 1H-NMR and 13C-NMR spectra of HTB,
respectively. The integrals on the 1H-NMR spectrum indicate that
a total of 18 protons were detected which corresponds to the
number of protons on the HTB structure. The signals at 6.94 ppm
and 7.14 ppm correspond to protons at the 4- and 3-positions of the
thiophenemoiety while the α-position is represented at 7.10 ppm. The
13C-NMR spectrum of HTB showed the expected five signals at
different chemical shifts. Both the 1H and 13C chemical shifts are in
agreement with that reported in the literature (Leitner et al., 2020;
Yoshida et al., 2008a; Yoshida et al., 2008b). The 1H-NMR spectrumof
HTB-co-P3HT (Figure 1C) is very different in appearance from that

of HTB. The signal at 0.88 ppm is assigned to the CH3- of the hexyl
group, the multiplets at 1.28–1.56 ppm and 2.57–2.80 ppm are
attributed to the methylene protons from the hexyl group while
the thiophene groups are signaled at 7.01 ppm (Mota et al., 2021;
Yadav et al., 2021).

3.2 Fourier Transform Infrared Analysis of
Hexathienylbenzene and
Hexathienylbenzene-Co-P3HT
The synthesized HTB and HTB-co-P3HT were characterized by
FTIR (Figure 2). The bands at 3,104 and 2,919 cm−1 in the
spectrum of HTB are attributed to C–H stretching while the
band at 816 cm−1 is ascribed to the in-plane bending vibration of
the aromatic ring. The band at 1,094 cm−1 results from C–S
vibrations. Additionally, the band at 694 cm−1 is due to the in-
plane bend of the C–S–C of thiophene. The remaining bands at
1,435 and 1,301 cm−1 are assigned to the C = C and C–C of the
thiophene ring, respectively (Agrawal et al., 2013). After
formation of HTB-co-P3HT, strong bands at 2,926 and
2,855 cm−1 appear owing to the vibration of the C–H bond of
the hexyl group (Tamanai et al., 2013). The C = C stretching
vibration shifts to 1,461 cm−1 (from 1,435 cm−1) subsequent to

FIGURE 4 | UV-Vis spectra of HTB and HTB-co-P3HT in different solvents. (A) chlorobenzene, (B) toluene and (C) chloroform.
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the attachment of P3HT at the α-position of thiophene (Naureen
et al., 2021) and indicates the successful attachment of P3HT
on HTB.

3.3 Thermal Gravimetric Analysis Studies of
Hexathienylbenzene-co-P3HT
Figure 3 shows a TGA thermogram of HTB-co-P3HT obtained
from the co-polymerization of HTB and 3HT. The
decomposition of HTB-co-P3HT takes place in three stages.

No weight loss was observed at a temperature range between
50°C and 130°C indicating the absence of adsorbed water on the
surface of the sample (Joseyphus and Nair, 2010). In the second
stage, weight loss of approximately 8% occurred in the
138°C–312°C temperature range and could be attributed to the
decomposition of small molecular weight HTB-co-P3HT and
newly formed HTB. Weight loss of 25% in the third stage
(temperature range of 379°C–455°C) was observed and
represents the decomposition of HTB-co-P3HT. Onset and
maximum degradation temperature were found to be 150°C

FIGURE 5 | TEM images of HTB-co-P3HT prepared using (A) chlorobenzene, (B) toluene and (C) chloroform as solvents.

FIGURE 6 | SEM images of HTB-co-P3HT films prepared in (A) chlorobenzene, (B) toluene and (C) chloroform.

TABLE 1 | UV-Vis responses of HTB and HTB-co-P3HT in various solvents.

Compound Solvent Maximum wavelength
(nm)

Onset wavelength
(nm)

Opticala band
gap (eV)

Onset wavelength
film (nm)

Optical banda

gap film
(eV)

HTB Chlorobenzene 298 349 3.55 — —

HTB Toluene 299 350 3.54 — —

HTB Chloroform 296 348 3.56 — —

HTB-co-P3HT Chlorobenzene 386 520 2.38 578 2.15
HTB-co-P3HT Toluene 393 530 2.34 589 2.12
HTB-co-P3HT Chloroform 389 525 2.36 583 2.13

aOptical band gap = 1240/λonset, where λonset is the onset wavelength.
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and 460°C, respectively. The remaining weight can be rationalized
as solid residues (Khalaji and Das, 2015; Warad et al., 2020).

3.4 Ultraviolet-Visible Studies of
Hexathienylbenzene and
Hexathienylbenzene-co-P3HT in Different
Solvents
The UV-Vis spectra of HTB and HTB-co-P3HT were recorded in
different solvents at room temperature as depicted in Figure 4. One
band was observed in the absorption spectra of HTB-co-P3HT while
two bands appeared for HTB. The first band in the spectrum of HTB
was assigned to the π→π* transitions and the second band results
from the n→π* transitions (Leitner et al., 2020; Ramoroka et al.,
2021). The conjugated P3HT chains on the surface of HTB are
responsible for the single band in the spectrum of HTB-co-P3HT
(Fei et al., 2015; Ramoroka et al., 2021). The absorption responses of
the two compounds are collected in Table 1. The parameter
dissimilarities are a consequence of the polarity differences of the
solvents. The maximum wavelength and lowest band gap values were
obtained in toluene. Because toluene stabilizes excited state by
interacting with it resulting to a shift to longer wavelength (Sancho
et al., 2011). Optical band gaps for HTB were determined to be 3.55,
3.54 and 3.56 eV, while for HTB-co-P3HT they were quantified as
2.38, 2.34 and 2.36 eV in chlorobenzene, toluene and chloroform,
respectively. Optical band gaps of 2.15, 2.12 and 2.13 eV for thin films
of HTB-co-P3HT prepared in chlorobenzene, toluene and
chloroform, respectively were also recorded. These results indicate
a bathochromic shift when chlorine atoms are absent on the solvent
molecules. Since JSC is inversely proportional to optical band gap, the
highest JSC can be achieved in toluene (Jeong et al., 2021) and
heightened generation of electron-hole pairs in HTB-co-P3HT will
preferentially also occur in toluene (Fan et al., 2021).

3.5 Transmission Electron Microscopy
Studies of Hexathienylbenzene-co-P3HT
The morphologies of HTB-co-P3HT in different solvents were
characterized using TEM (Figure 5). The HTP-co-P3HT
particles are indicated by the high-contrast dark regions. It

was expected that chloroform, with its low boiling point and
lowest surface tension (Birnie, 2013; Zhao et al., 2015), would
show the most agglomeration as the HTB-co-P3HT particles
would not have enough time to settle (fast evaporation) and
would therefore lead to high reabsorption rates and decreasing
VOC (Liu et al., 2020). However, the same effect was observed for
the co-polymer in toluene and to a lesser extent in chlorobenzene.
Consequently, it is difficult to observe the effect of solvent on the
morphology of HTB-co-P3HT owing to the similar
agglomeration of the polymer particles.

3.6 Scanning Electron Microscopy Studies
of Hexathienylbenzene-co-P3HT
Figure 6 shows the SEM images of HTB-co-P3HT films prepared
in chlorobenzene (A), toluene (B) and chloroform (C) by drop
coating onto ITO coated glass substrates. The SEM images
revealed that the surface of HTB-co-P3HT is smooth, and that
the morphology changes trend the changes in solvent. In one
instance (chlorobenzene) there was some agglomeration of HTB-
co-P3HT particles while in another (chloroform and toluene), no
agglomeration was observed. The EDS spectra of HTB-co-P3HT
(Figure 7) revealed the presence of carbon (C) and sulfur (S),
arising from the synthesized HTB-co-P3HT polymer with little
differentiation associated with the change in solvents. What was
deemed to be an impurity chlorine (Cl) can be attributed to the
oxidant, FeCl3, employed during the polymerization process.

3.7 Photoluminescence of
Hexathienylbenzene and
Hexathienylbenzene-co-P3HT
Photoluminescence studies of HTB and HTB-co-P3HT in
different solvents (Figure 8) present excitation spectra that are
blue-shifted compared with the analogous emission spectra,
suggestive of the loss of energy by the photogenerated excitons
via either non-radiative or radiative processes before
recombination (Chang et al., 2013). The emission spectra of
HTB exhibited peaks at 365, 364 and 366 nm while excitation

FIGURE 7 | EDS spectra of (A) chlorobenzene, (B) toluene and (C) chloroform prepared HTB-co-P3HT films.
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spectra of HTB exhibited peaks at 329, 331 and 331 nm resulting
in Stokes shifts of 36, 33 and 35 nm in chlorobenzene, toluene and
chloroform, respectively. Larger Stokes shift for HTB-co-P3HT
were determined to be 130, 133 and 131 nm in chlorobenzene,

toluene and chloroform, respectively, which can result from
efficient energy transfer to lower energy levels and planarity
enhancement of the P3HT polymer chain in HTB-co-P3HT
(Hu et al., 2015). Meanwhile, in both cases, the relatively non-

FIGURE 8 | (A) Photoluminescence spectra of HTB in different solvents. Photoluminescence spectra of HTB-co-P3HT in (B) chlorobenzene, (C) toluene and (D)
chloroform.

FIGURE 9 | (A) Cyclic voltammograms of HTB-co-P3HT prepared in different solvents and (B) the energy levels compared with PC71BM energy levels.
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polar toluene recorded the smallest Stokes shift values as expected
(Hu et al., 2015). The intense emission peaks of HTB-co-P3HT
suggest high recombination of holes and electrons (Liu et al.,
2019). There being little difference between the band positions at
545 nm in chlorobenzene, 546 nm in toluene and 543 nm in
chloroform indicates weak solvatochromism and suggests that
the ground state energy levels of HTB-co-P3HT are independent
of the solvent polarity (Ekbote et al., 2017).

Photoexcited charge transfer in the heterojunction between
HTB-co-P3HT and PC71BM was investigated using
photoluminescence. Emission spectra of HTB-co-P3HT and
PC71BM blends are shown in Figure 8. The
photoluminescence intensity of HTB-co-P3HT:PC71BM is
lower than that of HTB-co-P3HT, indicating an increase in
charge dissociation of photoexcited excitons and reduction of

recombination activities in the former. The re-emergence of
photoluminescence intensity of HTB-co-P3HT, quenched after
blending with PC71BM, are 89, 80 and 93% in chlorobenzene,
toluene and chloroform, respectively. These results indicate that
the greatest charge separation takes place in chloroform, the most
polar of the solvents.

3.8 Cyclic Voltammetry Studies of
Hexathienylbenzene-co-P3HT
The effect of solvent used in the preparation of the HTB-co-P3HT
thin films was studied using CV. Figure 9A shows the cyclic
voltammograms of HTB-co-P3HT thin films prepared using
chloroform, toluene and chlorobenzene. The HOMO and
LUMO energy levels were determined and compared with the

TABLE 2 | Electrochemical properties of HTB-co-P3HT in different solvents.

Compound EHOMO (eV) ELUMO (eV) ΔELUMO (eV) Eg
CV (eV)

PC71BM −6.0 −3.90 — —

HTB-co-P3HT (chlorobenzene) −5.56 −3.07 −0.83 2.49
HTB-co-P3HT (toluene) −5.69 −3.29 −0.61 2.40
HTB-co-P3HT (chloroform) −5.67 −3.17 −0.73 2.50

FIGURE 10 | (A) Nyquist plots, (B) Bode phase angle plots and (C) Bode impedance plots of HTB and HTB-co-P3HT prepared in different solvents.
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energy levels of P3HT and PC71BM and the data are collected in
Table 2. The difference in the HOMO and LUMO energy levels
(Eg

CV) of HTB-co-P3HT in toluene are less than those in the
chlorinated solvents and results in a narrow electrochemical band
gap. These observations can be attributed to the polarity and the
boiling point characteristics of the solvents as increased polarity
and decreased boiling points tend to result in augmented
aggregation and energy band gaps (Niefind et al., 2019;
Salaiman et al., 2019). The differences in polarity of the
chloroform, toluene and chlorobenzene solvents might
influence their interaction with the aromatic backbone and/or
side groups of the polymer chain materialising as varying degrees
of aggregation (Rahman et al., 2009; El-Bashir, 2019). This
agglomeration factor may have contributed to the higher
LUMO energy levels and wider electrochemical band gaps in
chloroform and chlorobenzene. Further, the LUMO energy levels
of HTB-co-P3HT in toluene, chloroform and chlorobenzene are
−0.61, −0.73 and −0.83 eV above the LUMO energy levels of
PC71BM, respectively. These LUMO offset (ΔELUMO) values are
significantly smaller in toluene than in chlorobenzene and
chloroform which indicates that charge transfer from the
LUMO of HTB-co-P3HT in toluene can occur more efficiently
than if chlorobenzene and chloroform were used. However, high
energy loss will still occur thereby lowering VOC as ΔELUMO

values are much higher than the threshold value of 0.3 eV
(Gautam et al., 2017).

3.9 Electrochemical Impedance
Spectroscopy Studies of
Hexathienylbenzene and
Hexathienylbenzene-co-P3HT
Electrochemical impedance spectra obtained for HTB and HTB-
co-P3HT in different solvents are depicted in Figure 10. Nyquist
plots were used to study charge carrier migration in the
electrochemical cells. It is well-known that the charge transfer
resistance (Rct) is related to the diameter of the semicircle at the
interface of an electrode and sample and that the smaller the
diameter of the semicircle, the faster the diffusion of charges
through the sample to the electroactive surface of the electrode.
The Nyquist plot (Figure 10A) showed two semicircles, where the
one at higher frequency corresponds to the resistance of the
electrode whereas the other identifies with the ionic diffusion
resistance of the electrolyte, charge transfer resistance or the
resistance of the sample/electrolyte interphase layer (Mei et al.,
2018). Both semicircles from the Nyquist spectra were fitted and

the results for the lower frequency trace are collected in Table 3.
This study revealed that HTB and HTB-co-P3HT each display
different electrochemical behaviour depending on the solvent.
The smallest Rct of 939.70 and 109.70Ω were obtained for HTB
and HTB-co-P3HT in chlorobenzene, respectively. This result
indicates that the most efficient electron-hole pair separation and
the fastest electron transfer at the sample/electrode interface
occurs in chlorobenzene (Huang et al., 2013). The very
noticeable reduction in the Rct of HTB-co-P3HT when
compared to HTB in chlorobenzene reveals the increased
electron transfer between the electrode and electrolyte as a
result of the presence of P3HT chains on the surface of HTB.
It is noteworthy that the frequency of the maximum peak shifts to
the left after modification of HTB with P3HT in both toluene and
chloroform but remains unshifted in chlorobenzene
(Figure 10B). The frequency shifts in chloroform and toluene
indicate reduction of the recombination rate (Pei et al., 2016).
Estimations of the electron lifetimes for HTB and HTB-co-P3HT
revealed the highest values of 1.91 and 2.30 ms in chloroform.
Conclusively, the most reduced rate of recombination and longer
electron lifetimes were obtained in chloroform. Figure 10C shows
the impedance vs frequency plot of HTB and HTB-co-P3HT
prepared in different solvents. It was observed that HTB-co-
P3HT has subjacent impedance at lower frequencies than HTB
denoting faster electron conduction in HTB-co-P3HT, an

TABLE 3 | EIS results for HTB and HTB-co-P3HT prepared in various solvents.

Compounds Rs (Ω) Rct (Ω) CPE-T CPE-P τ (ms)

HTB (chlorobenzene) 41.16 ± 1.95 939.70 ± 7.41 3.44 × 10−5 ± 6.78 × 10−7 0.72 ± 2.95 × 10−3 1.52
HTB (toluene) 31.55 ± 1.57 1,109.0 ± 4.33 2.31 × 10−5 ± 2.4 × 10−7 0.76 ± 1.54 × 10−3 1.13
HTB (chloroform) 43.46 ± 3.16 1,090.0 ± 3.89 2.75 × 10−5 ± 2.82 × 10−7 0.74 ± 1.60 × 10−3 1.91
HTB-co-P3HT (chlorobenzene) 23.96 ± 0.52 109.70 ± 0.89 7.88 × 10−5 ± 2.91 × 10−6 0.81 ± 5.70 × 10−3 1.52
HTB-co-P3HT (toluene) 40.56 ± 1.36 170.50 ± 1.24 2.13 × 10−5 ± 8.50 × 10−7 0.90 ± 6.10 × 10−3 1.29
HTB-co-P3HT (chloroform) 54.89 ± 2.29 327.80 ± 10.543 5.18 × 10−5 ± 6.25 × 10−6 0.75 ± 19.3 × 10−3 2.30

FIGURE 11 | J–V characteristics of the fabricated OPVs using HTB-co-
P3HT as donor material in different solvents.
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observation consistent with the lower Rct obtained for HTB-co-
P3HT.

3.10 Photovoltaic Properties of
Hexathienylbenzene-co-P3HT
Figure 11 shows the current density-voltage (J-V) curves of HTB-
co-P3HT, as a donor material, in different solvents and the key
photovoltaic parameters for OPVs fabricated in ambient
atmosphere are presented in Table 4. The maximum PCE was
obtained in chlorobenzene, followed by toluene, then
chloroform. This winning performance in chlorobenzene is
due to fast electron transfer as confirmed by the prior detailed

EIS studies. However, the small FF and VOC values were
realized for chloroform and toluene-prepared HTB-co-P3HT
signifying the highest hole and electron charge
recombination. This is supported by the higher Rct values
obtained from EIS. Photoluminescence revealed that
sufficient charges are separated at the interface of HTB-co-
P3HT and PC71BM film prepared in chloroform. But they
turn to recombine because of poor conductivity of
chloroform-prepared HTB-co-P3HT:PC71BM film and
agglomeration of HTB-co-P3HT observed on TEM images
resulting in lower VOC and PCE. As all OPVs were fabricated
using silver paste as the top electrode and in the ambient air,
some degree of degradation may have occurred. The

SCHEME 1 | (A) Synthetic route to HTB. (i) 5% Pd(PPh3)4, K2CO3, CuI, Toluene, 120 h, 110°C; (B) Synthetic route to HTB-co-P3HT. (i) FeCl3, CHCl3, 24 h, 60°C.

TABLE 4 | Photovoltaic performance of HTB-co-P3HT as donor material.

Donor material
and solvent

PCE (%) FF (%) JSC (mA.cm−2) VOC (V) RS Ω.cm2 RSh Ω.cm2

HTB-co-P3HT (chlorobenzene) 0.48 27.84 4.93 0.35 49.06 79.32
HTB-co-P3HT (toluene) 0.33 25.45 5.70 0.23 44.38 42.20
HTB-co-P3HT (chloroform) 0.30 26.08 5.00 0.23 43.97 52.12

RSh � ΔV
ΔI , V � 0 and RS � ΔV

ΔI , V � VOC
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architecture of the OPVs fabricated in this study was as
follows: glass|ITO|ZnO|HTB-co-P3HT:PC71BM|PEDOT:
PSS|Ag paste. It has been revealed that spin-coating
PEDOT:PSS results in the presence of pinholes
(Ramoroka et al., 2021) and that direct contact between
Ag paste and HTB-co-P3HT:PC71BM led to diffusion of Ag
paste into HTB-co-P3HT:PC71BM active layer resulting in
an increase in charge recombination (Kim et al., 2015). In
addition, since our devices were fabricated in air, oxidized
sulfur species may have formed in the active layer (Kettle
et al., 2016) and consequently may act as charge carrier
trapping sites (Rafique et al., 2020). Series resistance (RS)
and shunt resistance (RSh) were determined from the inverse
of slopes near VOC and JSC, respectively (Gholizadeh, et al.,
2017; Diantoro et al., 2018). The RS and RSh values are given
in Table 4. High values of RS estimated lead to a decrease in
ISC and maximum voltage, while low values of RSh lead to a
decrease in VOC and maximum current. Therefore, RS and
RSh are responsible for reduction of the FF (Wang et al.,
2012).

4 CONCLUSION

In this report, HTB and HTB-co-P3HT were successfully
synthesized using Stille coupling reaction and chemical
oxidation polymerization, respectively. The structural
characteristics of HTB were confirmed by 1H and 13C NMR
spectrometry. FTIR corroborated the successful decoration of
HTB by P3HT in the form of new bands at 2,926 and
2,855 cm−1 and a shift in wavenumber for the C = C
vibration post-polymerization. The UV-Vis studies were
performed in different solvents (chlorobenzene, toluene
and chloroform) and the narrowest band gaps were
achieved in toluene. CV interrogations revealed that the

LUMO energy level of HTB-co-P3HT was lowest in
toluene compared to the other solvents used to prepare the
thin films, owing to the influence of the boiling point and
polarity of the solvent. EIS traces revealed higher impedance
for HTB over HTB-co-P3HT for all solvents indicating that
HTB-co-P3HT is more conductive than HTB. The highest
PCE, of 0.48%, for the device was achieved in chlorobenzene
because of faster electron mobility as verified by EIS studies,
with toluene, which proved the best solvent for the HTB and
HTB-co-P3HT, at a distant second.
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