
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10965-021-02621-y

ORIGINAL PAPER

Synthesis, photophysical properties, and computational studies 
of benzothiadiazole and/or phenothiazine based donor/acceptor 
π‑conjugated copolymers

Ashraf A. El‑Shehawy1   · Morad M. El‑Hendawy2 · Adel M. Attia1 · Abdul‑Rahman I. A. Abdallah1 · Nabiha I. Abdo3

Received: 21 December 2020 / Accepted: 14 June 2021 
© The Polymer Society, Taipei 2021

Abstract
The benzothiadiazole/hexylthiophene, benzothiadiazole/hexylthiophene/N–hexylphenothiazine, benzothiadiazole/N- 
hexylphenothiazine alternating π-conjugated copolymers were synthesized via Pd-catalyzed cross-coupling reaction. The main  
structural differences among the three copolymers are the type of donor moiety (hexylthiophene and/or hexylphenothiazine). 
The polymer structures and photophysical properties were characterized by 1H NMR, 13C NMR, GPC, TGA, DSC, UV–vis 
absorption spectroscopy, PL spectroscopy, CV, and XRD measurement. The work is aimed at exploring the structural fac-
tors that could control the photophysical properties of copolymers in order to help in the rational design of polymers having 
specific physical properties used in optoelectronic devices. XRD of all copolymers showed a d-spacing range of 4.04 ~ 3.91 Å, 
reflecting the π-π stacking and some degree of crystallinity in their structure. Their PL spectra showed red and near infrared 
light, which nominates them as potential red and near infrared light-emitting materials for PLEDs. Density functional theory 
(DFT) and time-dependent density functional theory (TD-DFT) calculations were employed in an attempt to supplement 
and explained the experimental measurement. The preliminary photovoltaic prediction of the studied copolymers was also 
reported.

Keywords  Pd-catalyzed coupling · Microwave irradiation · Benzothiadiazole and/or phenothiazine · Photophysical and 
photoluminescence · DTP and DFT calculations

Introduction

In contemporary years, with increasing demand on renew-
able energy, π-conjugated polymers have received a major 
level of importance due to their distinguished optical and 
electronic properties [1–11]. Such materials can be used in a 
variety of advanced technological applications as photovol-
taic light-emitting diodes, and electrochromic devices [1–16] 
owing to their low cost, consistency, and controlled effective 
properties (electronic, optical, stability, and conductivity). 

Thus, the improvement of synthetic procedures for the sim-
ple synthesis and/or modification of such organic materials 
are an attractive issue in organic synthesis. Conventionally, 
many π-conjugated polymers were synthesized using a vari-
ety of transition metal-catalyzed cross-coupling reactions 
(e.g., Kumada, Suzuki, Negishi, and Stille) that allow the 
formation of carbnon–carbon bonds [17–24]. However, for-
mer preparation of bifunctional organometallic reagents as 
monomers is demanded for these synthetic methods [25–37].

Recently, OPVs of alternating 2,1,3-benzothiadiazole 
donor–acceptor (D–A) based copolymers showed impres-
sive power conversion efficiencies values (PCEs) near to 
15% [38, 39] due to the proper electronic characteristic 
and efficient intramolecular charge transfer (ICT) [40–45]. 
Copolymerization of benzothiadiazole with various suitable 
arylenes [46, 47] can be used as a means to tune the HOMO/
LUMO levels in the resulting polymers. The HOMO and 
LUMO energy level of π-conjugated polymer is essential 
for modifying charge injection processes in the lumines-
cent devices. On the other hand, the electron-rich nature 
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of phenothiazine contributes to the efficient electron donor 
and hole-transporting materials in polymers and organic 
molecules for photoinduced charge separation, and it has 
also been proven as a superior electron donor for reductive 
quenching [48–50]. Phenothiazine derivatives are known to 
generate more stable radical cations due to presence of two 
electron donor atoms (thiophene and nitrogen), also these 
derivatives generate more stable radical cations than other 
donor species such as thiophene [51]. The electron-rich 
nature of phenothiazine contributes for the efficient elec-
tron donor and hole transporting materials in polymers and 
organic molecules for photo-induced charge separation and it 
has been also proven as a superior electron donor for reduc-
tive quenching [52]. They are also characterized by electri-
cal and thermal stability, with outstanding optoelectronic 
characteristics in the device [52–54].

The low-energy triplet excited state in conjugated poly-
mers poses a substantial barrier to next-generation optoe-
lectronic device applications. One advantage of conjugated 
polymer semiconductors is their strong absorption and 
emission, due to the almost total overlap of π and π* orbit-
als. However, the localized and overlapping wave functions 
result in a sizeable triplet-stabilizing exchange energy ΔEST 
of ≈ 0.7 eV [55–57].

We have previously reported on the synthesis of a wide 
variety of π-conjugated organic and polymeric molecules 
for electronic applications [58–63]. Thus, in this study, hex-
ylthiophene and/or N-hexylphenothiazine were used as the 
electron donor, the benzothiadiazole serves as a robust elec-
tron affinity as the electron acceptor, with hexylthiophene 
rich in electrons connected to each terminal to increase the 
sufficient π-conjugation length, thereby designing a basic 
molecular structure that gives the polymer a low band gap. 
The photophysical and electrochemical characteristics of 
the synthesized benzothiadiazole based copolymers will be 
discussed in detail based on their components of repeating 
units. The DFT calculations to calculate the geometric and 
electronic structures were also discussed in detail. There are 
some previously published research works on similar poly-
mers which have been synthesized which appeared promis-
ing properties and applied in different OPVs applications. 
Their properties were also close to our synthesized proper-
ties [64–67].

Experimental

Materials

Unless otherwise noted, all manipulations and reactions 
involving air-sensitive reagents were performed under a dry 
nitrogen atmosphere. All reagents and solvents were obtained 
from commercial sources and they dried using standard 

procedures before use, whenever required. Phenothiazine 
(2), 1-bromohexane, 4,7-bis(4,4,5,5-tetramethyl-1,3,2- 
dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole) (4), and 3- 
hexylthiophene-2-boronic acid pinacol ester (5) were imported  
from Sigma-Aldrich. All simple organic chemical reactions 
were monitored by thin layer chromatograpy (TLC) for 
ensuring the completion.

Instrumentation

1H and 13C NMR spectra were measured on a Varian spec-
trometer (400 MHz for 1H and 100 MHz for 13C) in CDCl3 
at 25 °C with TMS as the internal standard and chemical 
shifts were recorded in ppm units. The coupling constants 
(J) are given in Hz. Flash column chromatography was per-
formed with Merck silica gel 60 (particle size 230–400 mesh 
ASTM). Microwave assisted polymerizations were per-
formed in a focused microwave synthesis systemCEM (Dis-
cover S-Class System). The gel permeation chromatographic 
(GPC) analysis was carried with a Shimadzu (LC-20A 
Prominence Series) instrument; coupled with an UV detec-
tor (Shimadzu Corp., SPD-10A). Combination of Shodex 
KF-801 (30 cm, exclusion limit: Mn = 1.5 × 103, polystyrene) 
KF-802 (30 cm, exclusion limit: Mn = 5.0 × 103, polystyrene) 
and KF-803L (30 cm, exclusion limit: Mn = 7.0 × 104, poly-
styrene) columns (linear calibration down to Mn = 100) were 
used for molecular weight analysis. Chloroform was used as 
a carrier solvent (flow rate: 1 mL/min, at 30 °C) and cali-
bration curves were made with standard polystyrene sam-
ples. The UV–vis absorption spectra were obtained using 
JASCO double beam UV–Vis-NIR scanning spectropho-
tometer (UV-780) on the pure polymer samples while the 
fluorescence spectra in solution were recorded using JASCO 
FP-8300 scanning spectrofluorometer and the fluorescence 
spectra of thin films were recorded on Kimmon Koha IK 
Series He-Cd Laser (320 nm). The thermal degradation 
temperature was measured using thermogravimetric analy-
sis (TGA-TA instrument Q-50) under nitrogen atmosphere. 
Differential scanning calorimetry (DSC) was performed on 
a TA instrument (DSC-TA instrument Q-20) under nitrogen 
atmosphere at a heating rate of 10 °C/min. XRD experi-
ments were performed with a Bruker D8 advanced model 
diffractometer and with Cu-Kα radiation (λ = 1.542 Å) at 
a generator voltage of 40 kV and a current of 40 mA. The 
CV measurements were performed on B-class solar simula-
tor: Potentiostate/Galvanostate (SP-150 OMA Company). 
The supporting electrolyte was tetrabutylammonium hex-
afluorophosphate (TBAPF6) in acetonitrile (0.1 M) at a 
scan rate of 50 mV/s. A three-electrode cell was used; A 
Pt wire and silver/silver chloride [Ag in 0.1 M KCl] were 
used as the counter and reference electrodes, respectively. 
The CV measurements were calibrated using the ferrocene 
value of (–4.39 eV) as the standard. The polymer films for 
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electrochemical measurements were spin coated from a 
polymer solution on ITO glass slides (10 mg/mL).

Results and discussion

Synthesis of precursory monomers and copolymers

The precursory comonomer 4,7-bis(5-tributylstannyl-4,4’-
hexylthiophene-2-yl)benzo[c][2,1,3]thiadiazole (1, Fig. 1) 
was readly prepared with in a chemical yield of 93% via our 

previously reported method [58] to be used subsequently as 
building block for synthesizing the target copolymers. 1H 
and 13C NMR spectra of comonomer 1 (Supporting Informa-
tion) are fully consistent with the reported spectral data [58].
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In another synthetic pathway, phenothiazine (2) was read-
ily N-alkylated through its reaction with 1-bromohexane in 
N,N-dimethylformamide (DMF) as a solvent in the presence 
of potassium tert-butoxide as a base affording the desired 
product 10-hexyl-10H-phenothiazine (3, HPT) in 88% yield 
(Scheme 1).

Bromination of compound 3 with N-brmosuccinimde 
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Fig. 1   TGA thermograms of copolymers P1–P3 
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10-hexyl-3,7-bis(3-hexylthiophene-2-yl)-10H-phenothiazine 
(6) in 88% yield. Brominating compound 6 with NBS (1/2 
molar ratio) in DMF afforded the desired product 10-hexyl-
3,7-bis(5-bromo-3-hexylthiophene-2-yl)-10H-phenothiazine 
(7) in 90% yield. The chemical structures of the synthesized 
organic compounds 3, 4, 6, and 7 were confirmed by elemen-
tal analysis as well as by 1H and 13C NMR spectroscopy and 
all data were found to be fully consistent with the proposed 
structures. Their spectral data are mentioned in the experi-
mental part, and their corresponding spectral analyses are 
included in the supporting information.

The π-conjugated copolymers P1–P3 were readily synthe-
sized as outlined in Scheme 2 via Pd-catalyzed cross-coupling 
reaction under microwave irradiation. Stille cross-coupling 
polymerization of equimolar amounts of comonomer proces-
sor 1 with 4,7-dibromobenzo[c]-1,2,5-thiadiazole 8 in DMF 
as a solvent in the presence of catalytic amounts of Pd(PPh3)4 
afforded the corresponding copolymer P1 in 87% yield. How-
ever copolymer P1 has only benzothiadiazole (BT; acceptor) 
and hexylthiophene (HT; donor) units without additional 
donors. Pd-catalyzed Suzuki cross-coupling copolymeriza-
tion of 2,1,3-benzothiadiazole-4,7-bis(boronic acid pinacol 
ester) (9) with comonomers 7 or 4 afforded the correspond-
ing copolymers P2 and P3 in 88 and 92% yield, respectively 
(Scheme 2). Elemental and 1H NMR analyeses were used to 
prove the chemical structures of the obtained copolymers, and 

all data are entirely consistent with the proposed structures 
(see the experimental part for their spectral data and support-
ing information for their spectral analyses).

It is worth mention that copolymer P2 with the same 
order of donor and acceptor units in the main repeating 
units in polymer chains could also be synthesized by Stille 
cross-coupling copolymerization of comonomers 1 and 4 
in dry DMF in the presence of Pd(PPh3)4 under microwave 
irradiation. Interstingly, the 1H NMR and UV–vis absorption 
spectral data of the resulting copolymer P2 that prepared 
through Suzuki and/or Stille cross-coupling conditions were 
found to be completely identical.

After precipitation into methanol, the crude copolymers 
were filtered off, washed extensively with methanol, fol-
lowed by Soxhlet extraction with methyl alcohol and acetone 
successively to remove byproducts and oligomers. Gel per-
meation chromatography (GPC) was used to estimate the 
molecular weight and the molecular weight data are summa-
rized in Table 1. Analysis of the copolymers P1–P3 showed 
that the palladium catalyst was removed entirely from the 
polymers.

All copolymers showed symmetrical unimodal SEC 
curves with relatively good weight- and number-average  
molecular weights (Mw and Mn, respectively) as well 
as molecular weight distributions (PDI) (Table 1). It is 
worth mention that the copolymer P2 obtained from the 

Scheme 2   Synthetic routes 
of π–conjugated copolymers 
P1–P3. Polymerization condi-
tions: (i) Stille cross-coupling: 
Pd(PPh3)4, DMF, microwave 
irradiation & (ii) Suzuki cross-
coupling: Pd(PPh3)4, toluene, 
aq. K2CO3 (2 M), microwave 
irradiation P1
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copolymerization of 1 and 4 had little lower Mw and Mn 
values (Table 1, in parentheses) than those observed for the 
same copolymer (P2) originating from copolymerization of 
9 and 7 (Table 1). This was most likely due to the expected 
higher steric hindrance resulting from the outward hexyl 
side chains at the 4,4’-positions of the thiophene rings of 
comonomer 1 during the Stille cross-coupling. The observed 
molecular weights of the synthesized copolymer P1–P3 
were found to be adequate for film processing. However, 
the film polymer formation was easily and readily fabricated 
from their solutions in most common organic solvents at 
room temperature. The excellent solubility of the synthe-
sized copolymers (> 5 mg mL−1) could be attributed due to 
the presence of solubilizing hexyl chains either on thiophene 
and/or phenothiazine moieties.

Thermal properties

The thermal stability of copolymers P1–P3 was explored 
by thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC), under nitrogen atmosphere. TGA 
of copolymers reveals that the residual weights of copoly-
mers P1–P3 are greater than 50% when the temperature was 
raised to 800 °C (Fig. 1 and Table 1).

The copolymers P1–P3 showed one-step decomposition 
process with the onset decomposition temperatures (Td, onset) 
at 385.0, 383.0, and 391.0 °C is corresponding to ~ 96.9, 
95.9, and 97.4 weight % residues, respectively, (Table 1, 
Fig. 1) indicative of high thermal stabilities, which could 
be assigned to side-chain decomposition upon heating 
processes [68]. On the other hand, thermal decomposition 
maximum temperatures (Td,max; correspond to the maximum 
rate of weight loss) of copolymers P1–P3 were found to 
be located at 500.4, 533.6, and 511.0 °C, with remaining 
weights of ~ 82.03, 64.70, and 67.3%, respectively. Interest-
ingly, TGA revealed that at the end process, the remaining 
weights of P1–P3 were found to represent ~ 68.8, 56.3, and 

60.0% of the total weight of polymer samples, which we 
begin with it (it was represented by charing %).

The glass transition temperatures (Tg) of copolymers 
P1–P3 are also summarized in Table 1, while their DSC 
curves are presented in Fig. 2. The copolymer samples were 
heated up to 300 °C, and the DSC data were obtained from 
the second heating cycle. DSC analysis revealed that copoly-
mers P1–P3 are amorphous materials with glass transition 
temperatures at 72.38, 112.27, 104.52 °C, respectively. The 
amorphous nature of the copolymers might be understood 
from the hexyl side chains on the thiophene and pheno-
thiazine moieties protruding out of the polymer backbone 
planes.

Interestingly, the Tg of the copolymer P2 (incorporat-
ing BT, HT, and HPT moieties) was found to be higher 
than those of copolymers P1 and P3 (Table 1). This owes 
to the other intermolecular interactions and the increas-
ing interchain regularity caused by introducing HT moiety 
between the BT and HPT moieties in the repeating units 

Table 1   Polymerization results 
and thermal properties of 
copolymers P1–P3[a]

a All copolymerizations were carried out in the presence of Pd(PPh3)4, under microwave irradiation
b Calculated from GPC (eluent CHCl3, 30 °C, polystyrene standards)
c Based on the weight of the pure polymer obtained after Soxhlet extraction followed by drying
d Determined by TGA under nitrogen atmosphere at a heating rate of 10 °C/min
e Determined by DSC under the nitrogen atmosphere at a heating rate of 10 °C/min
f Values in parentheses are for copolymer P2 prepared via Stille cross-coupling of 1 and 4

Mn
(Kg/mol)[b]

Mw
(Kg/mol)[b]

PDI
(Mw/Mn)[b]

Yield
(%)[c]

Td, onset
(oC)[d]

Td, max
(oC)[d]

Charing
(%)[d]

Tg
(oC)[e]

P1 24.36 36.05 1.48 88.0 385.0 500.4 68.8 72.38
P2 22.77 34.84 1.53 86.0 383.0 533.6 56.3 112.27

(19.38)[f] (33.33)[f] (1.72)[f] (85.0)[f] 384.2 531.7 55.9 112.4
P3 19.75 29.03 1.47 89.0 391.0 511.0 60.0 104.52
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Fig. 2   DSC curves of copolymers P1–P3 
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of the copolymer main chains. However, the high thermal 
stability of the copolymers could prevent the deformation 
of their morphology and the degradation of their polymeric 
active layer under applied electric fields. It is worth mention 
that the estimated Tg values were found to be above 50 ˚C, 
indicating that the three copolymers have good tolerance to 
the stages required in making devices whenever possible.

Optical properties

While the origin of the dual-band absorption sometimes 
encountered in D–A type semiconducting polymers remains 
a source of debate, two mainstream rationales were fre-
quently proposed. A first assumption attributes the lower-
energy optical transition to the presence of intermolecular 
charge-transfer excitons occurring on the presence of cova-
lently bound D–A segments along the backbone. A second 
assumption considers the presence of low-lying unoccupied 
energy levels, strictly localized on the electron-deficient het-
erocycles, yet forming a discrete "band" of easily accessed 
energy states within the band gap of the conjugated system 
in its ground state. In both cases, the higher-energy tran-
sitions appear localized on the most electron-rich build-
ing units incorporated along the polymer backbone with 

a clear dependence on their relative concentration to the 
electron-deficient heterocycles. The photophysical char-
acteristics of the copolymers P1–P3 were investigated by 
ultraviolet–visible (UV–vis) absorption and photolumines-
cence (PL) spectroscopy in diluted toluene solutions and as 
thin films prepared from their solutions on glass slides. The 
optoelectronic properties (UV–vis and PL spectral data) are 
summarized in Table 2.

The plots of the UV–vis absorptions for the copolymers 
P1–P3 (solutions and thin films) are depicted in Fig. 3. As 
expected, each copolymer exhibited a dual-band of absorp-
tion, which could be assigned to the π-π* transition of the 
conjugated backbone and ICT interactions between the donor 
and acceptor units [51]. The UV–vis analysis of copolymer 
solutions of P1–P3 (Fig. 3) exhibited λmax1 absorption bands 
at 321.1, 358.9, and 307.8 nm and λmax2 at 514.3, 499.1, and 
467.5 nm, respectively (Table 2). Moreover, copolymer thin 
films (P1–P3) exhibited also two major absorption bands: 
λmax1 at 326.7, 368.1, and 344.5 nm and λmax2 at 532.7, 
527.1, and 504.9 nm, respectively. Interestingly, both λmax1 
and λmax2 in the film state are relatively red-shifted relative 
to those of the solution state. It is worth mention that the 
absorption bands characteristic for 2,1,3-benzothiadiazole 
adsorbs at ~ 306 nm [52] and for phenothiazine ring are 

Table 2   Optoelectronic properties of the synthesized copolymers P1–P3a

a All data are obtained from polymers prepared under microwave reaction conditions
b Optical band gap was calculated from the onset absorption of copolymers ( Eop

g =1240/λonset)
c PL λmax is the fluorescence emission peak maxima

UV–vis absorption Photoluminescence (PL)c

Solution Film (Soln) (Film)

λmax1 (nm) λmax2 (nm) λonset (nm) E
op
g

(eV)b
λmax1 (nm) λmax2 (nm) λonset (nm) E

op
g

(eV)b
λmax (nm) λmax (nm)

P1 321.1 514.3 597.3 2.08 326.7 532.7 645.5 1.92 630.9 688.8
P2 358.9 499.1 582.7 2.13 368.1 527.1 629.1 1.97 635.1 689.8
P3 307.8 467.5 555.4 2.23 334.5 504.9 610.7 2.03 638.5 690.4

Fig. 3   UV–vis absorption 
spectra of polymers P1–P3 in 
solutions and films
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localized at ~ 318 nm [57–63]. However, the extent of conju-
gation between neighboring BT units and either HT or HPT 
ones will largely depend on the twist angle. The twisting 
between all adjacent units of the tested molecules reduces 
the overlap of p orbitals on the twisting regions because 
these orbitals will not be completely parallel. Accordingly, 
this will reduce the extent to which the waves are delocalized 
across the molecular backbone and therefore a higher optical 
band gap will be obtained. As shown in the absorption spec-
tra of P1, which has the lowest twist angle, it is clear that P1 
has the reddest shifted λmax2 and λonset in solution and film.

As we notice that the polymer structures of P1–P3 are 
differing in the type of donor moiety (HT and/or HPT). The 
UV–vis absorption spectra of copolymers P1 and P2 show 
extended absorption in the solid state. This is properly due 
to their ability to form crystals and aggregations through the 
thin film leading to an increase in the intermolecular interac-
tions between neighboring molecules in the film state, which 
leads to an increase in the conjugation due to the increased 
π-π stacking of the polymer backbone in the solid polymer 
state [69, 70] and consequently low optical band gaps ( Eop

g  ). 
The UV–vis absorption spectra of copolymers P1–P3 in the 
thin-film state showed two broad bands, and the shoulder 
results in cut-off wavelengths (absorption onsets; λonset) of 
645.5, 629.1, and 610.7 nm, respectively, corresponding to 
optical band gaps of 1.92, 1.97, and 2.03 eV. However, the 
absorption onset wavelengths of copolymer solutions of 
P1–P3 were 597.3, 582.7, and 555.4 nm, which correspond 
to the optical band gaps of 2.08, 2.13, and 2.23 eV, respec-
tively (Table 2).

It is worth mention that the onset absorptions (λonset) of 
the copolymer thin films are also relatively red-shifted com-
pared to their solutions (Table 2). For example, the red-shift 
of onset absorption was about 48.2 nm for P1, 46.4 nm for 
P2, and 55.3 nm for P3 when compared to their correspond-
ing values in solutions (Table 2). The red-shifts of absorp-
tion maxima and onset absorptions could be attributed to 
the molecular aggregation in solid-state. This is attributed 
to the larger red-shift of onset absorption than absorption 

maxima. It is worth mention that copolymer P3 showed a 
significant large extended UV–vis absorption (in both solu-
tion and thin film) when compared to previously reported 
N-alkylphenothiazine-benzothiadiazole co-oligomer [65].

The fluorescence emission spectra of copolymers P1–P3 
acquired by irradiative excitation at their respective wave-
lengths of the absorption maxima in the toluene solution 
at a concentration of 10–6 M and their spin-coated films on 
glass slides are given in Fig. 4. The fluorescence emission 
peak maxima (PL max) of copolymer solution and film are 
also shown in Table 2. Upon photoexcitation of copolymers 
P1–P3 (1 �M ) in the toluene solution, they exhibited char-
acteristic intense emission maxima peaks located at 630.9, 
635.1 and 638.5 nm, respectively. The emission maxima 
peaks of spin coated polymer films of (P1 − P3) are red-
shifted by 57.9 nm, 54.7 nm, and 51.9 nm, respectively, 
when compared to their emission maxima peaks in solutions, 
indicating an increase of the conjugation length upon chain 
desolvation. This evidence may be attributed to an appreci-
able degree of self-organization experienced by the polymer 
in the solid-state. The PL spectra for the polymer solutions 
and the corresponding spin coated films, while being similar 
in shape to each other, show evident structuration and differ 
markedly from the absorption ones.

Electrochemical properties

Cyclic voltammetry (CV) was employed to examine the 
electrochemical properties and determine the frontier 
molecular orbital energies, EHOMO and ELUMO, of the syn-
thesized copolymers. The CV curves of copolymers P1 − P3 
are presented in Fig. 5, and the CV revealed data are listed 
in Table 3. The EHOMO and ELUMO of the copolymers were 
determined from their cast films on ITO glass substrates. 
They were calculated according to the empirical formulas: 
[71, 72] EHOMO = –(Eox + 4.39) eV, and ELUMO = –(Ere + 4.39) 
eV; where Eox and Ere are the onset oxidation and reduction 
potentials of the polymers, respectively, vs. SCE (Ag/AgCl).

Fig. 4   Photoluminescence 
spectra of copolymers P1–P3 
in solution (a) and spin coated 
films (b)
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As shown in Table 3, the estimated electrochemical band 
gaps ( Eec

g
 ) for copolymers P1 − P3 are very close to each 

other (1.96 ~ 2.08 eV). Interestingly, there is a slight dif-
ference in the HOMO or LUMO energy levels by incorpo-
rating the N-hexylphenothiazine instead of hexylthiophene 
donor unit in the polymer chains (Table 3). As the EHOMO of 
both copolymers were found to be below the air oxidation 
threshold (ca. –5.27 eV), [73] the two polymers may show 
good stabilities toward air and oxygen (a prerequisite when 
considering device application). It was observed that the 
LUMO energy levels of copolymers P1 − P3 (−3.41, −3.30, 
and −3.23 eV, respectively) are higher than those of PC61BM 

(≈ –3.91 eV), which indicates the efficient photoinduced 
electron transfer from the polymers (as a donor) to PCBM 
(as acceptor) is allowed [74].

Based on the CV results, the synthesized copolymers 
showed promising electrochemical properties as polymer 
donor materials. Interestingly, although the estimated Eec

g
 of 

polymers, occasionally, were reported to be somewhat higher 
than those corresponding values of Eop

g  (originated from the 
interface energy barriers present between the polymer films 
and the electrode surfaces), [75–77] the estimated Eec

g
 and Eop

g  
of all copolymers were found be very close to each other indi-
cating that the polymer thin films were spin-coated perfectly.

Fig. 5   Cyclic voltammo-
grams of copolymers P1 − P3 
thin films recorded in 0.1 M 
Bu4NPF6/acetonitrile (support-
ing electrolyte) at a scan rate of 
50 mV/s
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Table 3   Electrochemical data 
from CV measurements of 
polymers P1 − P3a

a The thin films were prepared by drop-casting on ITO glass substrates
b The onset of oxidation and reduction potentials
c The potentials are obtained from the intersection of the two tangents down at the rising current and the 
baseline changing current of the CV curves

Eoxid
b,c

(V)
Ered

b,c

(V)
EHOMO (eV) ELUMO (eV) Eec

g

(eV)
E
op
g

(eV)

P1 0.98 – 1.02 – 5.37 – 3.41 1.96 1.92
P2 0.94 – 1.09 – 5.33 – 3.30 2.03 1.97
P3 0.92 – 1.16 – 5.31 – 3.23 2.08 2.03
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X‑ray diffraction (XRD) study

To study the crystallinity of the synthesized copolymers, 
XRD was performed, and Fig. 6 shows the XRD patterns 
of powders of copolymers P1 − P3. The d-spacing was 
obtained according to Bragg’s equation, nλ = 2dhkl sinθ, 
where λ is the radiation wavelength, dhkl is the specific 
lattice spacing, and θ is the diffraction angle. All copoly-
mers (P1 − P3) show a first broad peak at ~ 22.20°, 22.70°, 
and 21.94° corresponding to a d-spacing of 3.99, 3.91, 
and 4.04 Å, respectively. This is believed due to the π-π 
stacking of the polymer backbone [78]. Since copolymers 
P1 and P2 contain 3-hexylthiophene in their polymer 
backbone structures, the π-π stacking distances of these 
polymers were similar to P3HT (d2 = 3.8 Å). Moreover, 
copolymers P1 − P3 showed second but also sharp peaks 
at 35.30°, 34.95°, and 39.30° corresponding to a d-spacing 
of 2.54, 2.56, and 2.29 Å, respectively, indicating the pres-
ence of some crystallinity. There is no apparent peak in 

a small angel region, for copolymers P1 and P3, while 
copolymer P2 shows a sharp peak at around 11.25°, by 
which it reveals that the distance between polymer main 
chains separated by alkyl side chains is 7.80 Å [79].

Overall, the low diffraction intensity of the π-stacking 
peaks in combination with their broad peaks (between 15° 
to 30°) suggests that these polymers have rather low crystal-
linity [80]. However, the presence of π-π stacking distance 
at the wide-angle region is related to flexible side chains 
and electrostatic interaction between D and A moieties [81].

A computational study

The density functional theory (DFT) and time-dependent 
density functional theory (TD-DFT) calculations using 
B3LYP/6-31G(d,p) level [82–85] model chemistry were 
performed using Gaussian 16 code [86]. The influence of  
the replacement of benzothiadiazole by N-alkylphenothiazine  
on the geometries and electronic properties of P1, was 
performed. Moreover, we explored the effect of structural 
change from P2 to P3. In this context, long hexyl side chains 
have been simplified to methyl to construct molecular mod-
els that are computable with great precision. Figure 7 shows 
the optimized molecular geometries of the three comono-
mron. The calculations found that the interconnection 
between each of two adjacent subunits lies in the range of 
1.45–1.48 Å, revealing that these links have a double bond 
characteristic. This might be a plausible marker of ICTs 
within their molecular backbone. All optimized structures 
adopt a more nonplanar conformation. The position of the 
alkyl group of thiophene moiety affects directly on the twist 
angle.

The electron density topology and FMO energies of a 
conjugated polymer are the playmaker in most photophysi-
cal processes such as intramolecular / intermolecular charge 
transfer, light absorption / emission and charge / extraction 
/ trapping injection as well as electrochemistry [87]. The 
FMO topology of the investigated compounds are presented 
in Fig. 8. The HOMO and LUMO wave functions of P1 are 
delocalized mainly over its entire π-conjugated backbone. 
The HOMO has an anti-binding character between consecu-
tive subunits, whereas the LUMO indicates a binding char-
acter between the subunits. Thus, the lowest-lying singlet 
states are corresponding to the electronic transition of π–π* 
type. On the other hand, the HOMO wave function of P2 
and P3 is localized on the donor moiety, whereas in contrast, 
the LUMO wave function is predominantly localized on the 
electron-deficient benzothiadiazole. This can be considered 
as another visual mark for ICT character. Although it is hard 
to relate the dipole properties to the photovoltaic perfor-
mance of OPV materials, some studies suggest large dipoles 
moments are beneficial for charge separation in D–A blends 
[88] and achieving fill factors (FFs) in the devices  [89]. The 
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Fig. 6   X–ray diffraction patterns of the copolymers P1–P3 in solid 
films
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calculations showed that the molecular dipole moment has 
this order: P1 < P2 < P3. On the other hand, the computed 
orbital energies of HOMO and LUMO are overestimated 
by 0.48 and 0.91 eV, respectively, leading eventually to an 
underestimated energy gap by 0.44 eV than the correspond-
ing cyclic voltammetry results, see Tables 3 and 4.

The Bulk heterojunction organic solar cells (BHJ) depends 
on the intermolecular charge transfer in a blend made from 
donor organic materials such as conjugated polymers and accep-
tor materials such as fullerene. [6, 6]-Phenyl-C61-butyric acid 
methyl ester (PCBM(60)) is one of the most broadly used as 
an acceptor in solar cell devices [79]. A preliminary prediction 
of the photovoltaic properties of the investigated compounds 
as donor blended with PCBM(60) can be seen from the power 
of injection of photoelectron from the LUMO of polymer to 
the LUMO of PCBM(60), Fig. 9. The difference in the LUMO 
energy levels of the studied compounds (P1-P3) and PCBM(60), 
ΔELUMOs, was in the range of 1.02 to 1.38 eV, suggesting that 
the photoexcited electron transfer from the studied molecules to 
the acceptor PCBM(60) may be sufficiently efficient to be useful 
in photovoltaic devices [90] especially the cell that containing 
P1. On the other hand, the power conversion efficiency (PCE) 
can be calculated according to the following equation [91]:

PCE =
JSCVOCFF

Pinc

where Pinc is the incident power density, Jsc is the short-cir-
cuit current, Voc is the open-circuit voltage, and FF denotes 
the fill factor. The maximum open-circuit voltage (Voc) of 
the BHJ solar cell is related to the difference between the 
HOMO of the electron-donating polymer and the LUMO 
of the electron-accepting fullerene, taking into account the 
energy lost during the photo-charge generation [92, 93]. The 
theoretical values of open-circuit voltage Voc have been cal-
culated from the following expression:

The calculated Voc of P1-P3 ranges from 0.83  eV to 
1.19 eV. These values are higher than 0.3 eV, which guaran-
tees efficient exciton split and charge dissociation at the donor/
acceptor interface [3] and suggest the polymers under study 
are good candidates for photovoltaic application.

On the other hand, the short-circuit current density (Jsc) 
is another critical parameter for evaluating the BHJ solar 
cell performance as it is directly related to the power con-
version efficiency. It can be identified with the following 
expression [94]:

VOC =
|
|
|
Edonor
HOMO

|
|
|
−
|
|
|
E
acceptor

LUMO

|
|
|
− 0.3

Jsc = ∫ LHE(�)�inj�colld�

Fig. 7   B3LYP-optimized geometries of the investigated comonomers. The dihedral angles among the moieties were assigned. The atom symbols 
are provided below the figure
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where LHE(λ) is the light collection efficiency at a specific 
wavelength, � inj is the electron injection efficiency, and ηcoll 
is the charge collection efficiency. The latter is considered as 
constant. Generally, a high LHE is needed to get maximum 
photocurrent [95]. Knowing that f is the oscillator strength 
corresponding to the maximum absorption wavelength 
(λmax), the parameter (LHE) can be determined as follows 
[96]:

The calculated values of LHE are listed in Table 4. These 
values are in a small range (0.308–0.838). They decrease in 
the following order 0.838 (P1) > 0.712 (P2) > 0.308 (P3). It 

LHE = 1 − 10
−f

indicates that replacing the strong acceptor unit, such as ben-
zothiadiazole, with a weaker one, such as phenothiazine, is 
not useful to enhance the photocurrent response. The calcu-
lated Voc of P1–P3 ranges from 0.83 eV to 1.19 eV showing 
the influence of structural changes. We noted that P1 has the 
best values of Voc among the studied compounds because it 
has the lowest optical band gap. These obtained values are 
sufficient for possible efficient electron injection which guar-
antees efficient exciton split and charge dissociation at the 
donor/acceptor interface [3] and suggest the polymers under 
study are good candidates for photovoltaic application.” 
However, the ϕinj and ηcoll also correlate with Jsc. Actually, 
Jsc composes from three components, LHE(λ), ϕinj and ηcoll. 

Fig. 8   The FMO topology of the studied comonomers

Table 4   The computed and experimental wavelength maxima (Cal 
λmax, Exp λmax nm), oscillator strengths (f), main electronic configu-
ration of the excited state, dipole moment (μ), and their percentage 

contribution (C %) of the commoners. The photovoltaic prameters, 
ΔELUMOs Voc and  LHE are also reported

Cal λmax (nm) Exp λmax (nm) f Main configuration Excited State C % μ
(Debye)

ΔELUMOs Voc LHE

P1 534 514 0.79 H → L S1 98.00 1.90 1.02 1.19 0.838
352 322 0.74 H → L + 2 S7 81.92

P2 522 499 0.54 H → L S1 89.78 2.99 1.12 0.99 0.712
376 359 0.66 H → L + 2 S4 87.12

P3 517 499 0.16 H → L S1 98.00 3.77 1.38 0.83 0.308
316 308 0.43 H → L + 2 S5 89.78
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The ηcoll is the charge collection efficiency which is con-
sidered constant for the three OPV cells. Because LHE(λ) 
is the most dominant components of the short circuit cur-
rent (Jsc), we only calculated LHE(λ) to discriminate among 
the studied cells.

TD-DFT calculations were performed to gain insights 
into the excited state properties of the comonomers. The 
calculated excited-state vertical transition energies by 
nanometer, oscillator strengths, and transition electronic 
configurations are given in Table 4. It can be seen that the 
calculations reproduce experimental absorption peaks. All 
the comonomers show mainly two optical transitions, one 
in the range of 517–534 nm, arising from ICT in the D–A 
segment, and the other second peak occurs in the range 
between 316–376 nm as a result of delocalized π → π* tran-
sition. After examining the predominant component of the 
molecular orbitals involved in the pertinent transitions, one 
can see that the lowest singlet S0 → S1 excited state with 
high-oscillator strength (between 0.93–1.86) corresponds 
predominantly to HOMO → LUMO transition (90–98%). 
At the same time, the other transition corresponds mainly 
to the HOMO → LUMO + 2 transition (82–90%).

Conclusions

By applying the donor–acceptor alternating strategy, three 
benzothiadiazole based copolymers (P1–P3) were synthe-
tized. Benzothiadiazole serve as acceptor unit whereas, hex-
ylthiophene and/or N-hexylphenothiazine act as donor units. 
The copolymers showed good thermal stability with residual 
weights greater than 50% upon raising the temperature to 

800 oC. A broad absorption band was observed in the visible 
region with optical band gaps ranging from 1.92 ~ 2.03 eV in 
thin films. Cyclic voltammetry measurements showed that 
these copolymers are good as electron donor materials with 
electronic band gaps of 2.0 ~ 2.08 eV. Moreover, their PL 
spectra showed red and near infrared light, which nominates 
them as potential red and near infrared light-emitting mate-
rials for PLEDs. XRD pattern of copolymer P2 showed a 
sharp peak at around 2θ = 11.25°, which may be attributed 
to increased alkyl chains in structure when compared to P1 
and P2. The signs of ICT could be seen from inter-distances 
in the range of 1.45 Å ~ 1.48 Å between every two adjacent 
subunits and the FMO topology. The DFT findings suggested 
that the photoexcited electron transfer from the studied poly-
mers to the acceptor PCBM(60) may be sufficiently efficient 
to be useful in photovoltaic devices. Overall, in view of their 
optoelectronic properties, the synthesized copolymers can be 
coincided with particular interest in view of possible practi-
cal applications as optically emitting materials and organic 
photovoltaic devices. Further work in applications of these 
polymers in the luminescent devices and laser applications 
is in progress.
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Fig. 9   The absolute energy of 
the FMO of comonomers and 
PCBM(60)
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