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Abstract: In this work, four donor–acceptor copolymers, PFDTBTDI-DMO, PFDTBTDI-8,
PDBSDTBTDI-DMO, and PDBSDTBTDI-8, based on alternating 2,7-fluorene or 2,7-dibenzosilole
flanked by thienyl units, as electron-donor moieties and benzothiadiazole dicarboxylic imide (BTDI)
as electron-accepting units, have been designed and synthesized for photovoltaic applications.
All polymers were synthesized in good yields via Suzuki polymerization. The impact of attaching
two different alkyl chains (3,7-dimethyloctyl vs. n-octyl) to the BTDI units upon the solubilities,
molecular weights, optical and electrochemical properties, and thermal and structural properties of
the resulting polymers was investigated. PFDTBTDI-8 has the highest number average molecular
weight (Mn = 24,900 g·mol−1) among all polymers prepared. Dibenzosilole-based polymers have
slightly lower optical band gaps relative to their fluorene-based analogues. All polymers displayed
deep-lying HOMO levels. Their HOMO energy levels are unaffected by the nature of either the alkyl
substituents or the donor moieties. Similarly, the LUMO levels are almost identical for all polymers.
All polymers exhibit excellent thermal stability with Td exceeding 350 ◦C. X-ray powder diffraction
(XRD) studies have shown that all polymers have an amorphous nature in the solid state.

Keywords: conductive polymer thin films; fluorene-based polymers; dibenzosilole-based polymers;
donor–acceptor copolymers; optical properties; thermal properties; cyclic voltammetry; XRD study

1. Introduction

Solution-processable polymer solar cells (PSCs) have received substantial consideration as a
renewable energy source due to their benefits such as being flexible devices, light weight, low costs,
and easy fabrication [1–4]. The most successful method to build an active layer of PSCs is based on the
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bulk heterojunction (BHJ) architecture [5,6]. The photoactive layer is comprised of a phase-separated
blend of a polymer donor and a fullerene acceptor. To achieve high power-conversion efficiencies (PCEs)
with these devices, the conjugated polymer should have a low-lying HOMO level to obtain high open
circuit voltage (Voc) value, a low optical band gap to ensure high short circuit current density (Jsc) value,
a high absorption coefficient, and a good hole mobility [7,8]. The most efficient strategy to construct
narrow-band-gap polymers relies on the use of alternating donor (D) and acceptor (A) moieties along
the backbone of conjugated polymers. Using this strategy, several kinds of D-A copolymers have
shown excellent PCEs and reaching up to 17% [9]. A range of electron-donating monomers have been
successfully developed for use in this area such as fluorene, carbazole, dibenzosilole (DBS), anthracene,
cyclopentadithiophene (CPDT), dithienosilole (DTS), and benzodithiophene (BDT). In addition,
many types of electron-accepting building blocks such as benzothiadiazole (BT), diketopyrrolopyrrole
(DPP), quinoxaline (Q), and thienopyrroledione (TPD) have been used in D-A copolymers.

One of the most studied electron-accepting (A) heterocycles is the benzothiadiazole moiety [10].
Two types of comonomers have been developed for photovoltaic materials. The first one is the use
of 2,1,3-benzothiadiazole (BT) which can be copolymerized with a variety of electron-donating (D)
moieties to construct push–pull narrow-band-gap conjugated polymers for BHJ photovoltaic cells [11,12].
The second comonomer is the 4,7-di-2-thienyl-2,1,3-benzothiadiazole (DTBT), where there are two
flanking thienyl units between the BT moiety and the electron-donating unit [13–15]. The advantages of
these two thiophene spacers are to reduce the steric hindrance so that the resulting D-A copolymers adopt
more planar structures [16]. In addition, these polymers possess higher charge carrier (usually hole)
mobility and low band gaps [17]. However, the copolymers based on DTBT units have poor solubilities
and have low molecular weights. The donor units must contain solubilizing groups of sufficient bulk
to enable processability of the polymers [18]. To address this issue, 5,6-positions of the BT unit can
be used for anchoring either electron-releasing or electron-accepting substituents in order to increase
solubility, molecular weights and tuning the HOMO and LUMO levels of the resulting copolymers [19,20].
By attaching alkoxy chains on these positions, two weaker electron-accepting units called
5,6-dialkoxy-2,1,3-benzothiadiazole [(OR)2BT] and 4,7-di-2-thienyl-5,6-dialkoxy-2,1,3-benzothiadiazole
[DT(OR)2BT] emerged [21]. Polymers containing these new acceptor repeat units have higher solubilities
than polymers containing unsubstituted BT. However, by adding two electron-withdrawing substituents
such as fluorine atoms, another new acceptor unit of 4,7-di-2-thienyl-5,6-difluoro-2,1,3-benzothiadiazole
(DTffBT) emerged [22]. This fluorinated BT monomer is stronger electron-acceptor unit than BT with
deeper HOMO and LUMO energy levels which lead to higher Voc value compared to DTBT analogue.
Several copolymers with high PCEs were reported based on DTffBT [22]. Recently, a new acceptor
moiety 4,7-di-2-thienyl-2,1,3-benzothiadiazole-5,6-N-alkyl-dicarboxylic imide (DTBTDI), which consists
of the dicarboxylic imide group fused to the BT unit has been developed [20,23,24]. This acceptor has
been shown as a stronger electron-deficient unit compared to both DTBT and DTffBT analogues.

In 2013, Wang et al. synthesized two novel copolymers based on DTBTDI and benzodithiophene
units which were used for solar cell applications [23]. These polymers were prepared by the Stille
polymerization between dibrominated DTBTDI and distannylated benzodithiophene monomers.
Both PDI-BDTT and PDI-BDTO polymers have the same side chain on the acceptor unit and different
side chains attached to the 4,8-positions of benzodithiophene units. The solar cell based on a
PDI-BDTT:PC71BM delivered an impressive PCE of 5.19%. In contrast, under the same experimental
conditions, PDI-BDTO:PC71BM showed a lower PCE of 2.10% [23].

More recently, Li et al. synthesized two other polymers based on the same acceptor,
with benzodithiophene and dithienyl fluorene (DTF) as donors units [24]. The polymers P(BTI-B)
and P(BTI-F) were synthesized by the Stille polymerization between dibrominated DTBTDI and
distannylated BDT and DTF units. BHJ photovoltaic cells fabricated from P(BTI-B):PC61BM and
P(BTI-F):PC61BM offered a PCE of 3.42 and 1.61%, respectively.

Lately, Nielsen and co-workers prepared two novel copolymers based on the same acceptor
and benzotrithiophene (BTT) as donor unit [20]. The polymers, BBTI-1 and BBTI-2, were prepared
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by microwave Stille coupling polymerization between dibrominated DTBTDI with distannylated
BTT. The BHJ photovoltaic cells including BBTI-1:PC71BM gave a remarkable PCE of 8.3%. However,
BBTI-2:PC71BM delivered a lower PCE of 6%.

Polyfluorene (PF) and their derivatives, which belong to the class of materials with fused ring
aromatic systems, are rigid and provide coplanar backbone. PF derivatives generally possess low
HOMO energy levels around −5.5 eV, which makes them thermally and chemically stable. Due to
their good solubility and high photoluminescence efficiency, conjugated polymers containing fluorene
units have been widely investigated as blue emissive materials for organic light emitting diode
(OLED) applications.

Fluorene unit is one of the promising donor building blocks for solar cell applications owing to
the low HOMO energy levels and acceptable hole mobilities of PF derivatives, which provide high
Voc values and moderate Jsc values in organic photovoltaic (OPV) devices. However, PFs have large
band gaps (2.8–3.0 eV) and they are not suitable for efficient OPVs. This problem can be addressed
by incorporating acceptor units into polymer backbones to generate alternating D-A copolymers,
which lower the band gaps to efficiently harvest sunlight.

The D-A copolymers based on fluorene as the donor units with various acceptor units such as
DTBT [18], quinoxaline (Q) [25], thienopyrazine (TP) [26] and pyrazinoquinoxaline (PQ) [27] were reported.
The poly[2,7-(9-(2′-ethylhexyl)-9-hexyl-fluorene)-alt- 5,5′-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)]
(PFDTBT) was the first D-A copolymer synthesized by Suzuki polymerization and published by
Andersson and co-workers with an optical band gap (~1.9 eV) and with poor solubility [18]. When the
polymer was blended with PC61BM as the electron acceptor, the photovoltaic performance of the
resulting polymer was 2.2%. A similar polymer PF8DTBT with two n-octyl chains in the 9-position of
fluorene units exhibited a slightly higher PCE of 2.84% [28]. Slooff et al. reported the same polymer
backbone with two n-decyl chains on the fluorene moiety, PF10DTBT [15]. The PCE of 4.2% was obtained for
PF10DTBT:PC61BM based photovoltaic cell. Later on, linear alkyl chains substituted with 3,7-dimethyloctyl
side chains (DMO) to generate a new polymer, BisDMO-PFDTBT [14]. The BisDMO-PFDTBT was used in
photovoltaic cell with PC71BM as the acceptor, showed higher PCE of 4.5%.

Iraqi et al. designed and synthesized four copolymers based on 2,7-fluorene and BT with
or without octyloxy substituents [29]. In addition, two flanked thiophene or selenophene units
are incorporated between donor and acceptor moieties. All polymers were prepared by Suzuki
polymerization. The polymers were fabricated with PC71BM in BHJ devices gave PCE between 3.45
and 5.41%. Iraqi and co-workers further reported a novel copolymer PFDT2BT-8 based on 2,7-fluorene
with (OR)2 BT [30]. In addition, two bithiophene units as spacers are inserted between donor and
acceptor moieties. PFDT2BT-8 was synthesized by Suzuki polymerization. BHJ devices based on
PFDT2BT-8:PC71BM gave an impressive PCE of 6.20%. PFDTTBT-8 was developed and synthesized
by Iraqi et al. using two thieno[3,2-b]thiophene (TT) units as spacers between 2,7-fluorene and (OR)2

BT [31]. PFDTTBT-8:PC71BM gave a PCE of 4.43%.
Gadisa and co-workers reported an alternating D-A copolymer, APFO-15 based on fluorene

as a donor unit and dithienylquinoxaline (TQT) as acceptor unit [25,32]. The BHJ PSCs based on
APFO-15:PC61BM showed a PCE of 3.7%. Kitazawa et al. reported the same polymer backbone PFTQT
but without octyloxy groups on the phenyl rings of the quinoxaline unit [33]. The PFTQT:PC71BM gave a
higher PCE of 5.5%. By replacing the benzothiadiazole and quinoxaline by thienopyrazine (TP) as a unit
a new D-A copolymer, APFO-Green5 was reported by Zhang and co-workers [26,32]. APFO-Green5
devices fabricated with PC61BM delivered a moderate PCE of 2.2%. TP unit was replaced by
pyrazinoquinoxaline (PQ) unit and yielded APFO-Green9. The PSCs based on APFO-Green9:PC71BM
achieved a PCE of 2.3% [27].

Upon introduction of a silicon atom instead of a methylene bridge in fluorene, which is another
promising donor unit dibenzosilole (DBS) has emerged. Leclerc et al. were the first research group
to prepare a D-A copolymer, poly[9,9-dioctyl-2,7-dibenzosilole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-
benzothiadiazole)] (PDBSDTBT) based on DBS and DTBT for photovoltaic applications [34].
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The photovoltaic performance of this polymer with PC61BM as the acceptor delivered a PCE of
1.6%. Soon after, Cao et al. independently reported a higher PCE of 5.4% for the same polymer
using 4-fold higher Mn (79,000 g·mol−1) [35]. The improved performance of PDBSDTBT compared to
PFDTBT analogue was due to higher hole mobility measured by FET and broader absorption spectrum.
In addition, the C-Si bond in DBS unit is longer than C-C bond in fluorene unit. Consequently,
DBS units create less steric hindrance compared to their fluorene counterparts and therefore a better
π–π stacking between polymer chains is expected [36].

In this work, we reported the synthesis of four fluorene and dibenzosilole-based copolymers
by copolymerizing 2,7-fluorene and 2,7-dibenzosilole (DBS) with both 4,7-di(5-bromo-thien-2-yl)-
2,1,3-benzothiadiazole-5,6-N-(3,7-dimethyloctyl)dicarboxylic imide (M1) and 4,7-di(5-bromo-thien-
2-yl)-2,1,3-benzothiadiazole-5,6-N-octyl-dicarboxylic imide (M2) and yielded PFDTBTDI-DMO,
PFDTBTDI-8, PDBSDTBTDI-DMO, and PDBSDTBTDI-8, respectively. The prepared polymers were
characterized by UV-vis and cyclic voltammetry to determine their energy band gaps.

2. Experimental Section

2.1. Materials

All the starting materials and reagents obtained from Sigma-Aldrich and Alfa Aesar and used
without further purification. Most of the reactions were carried out under argon atmosphere.
Anhydrous solvents used for the reactions obtained from Grubbs solvent purification system within
the Sheffield University/Chemistry Department. All the monomers used for preparing the polymers in
this article were synthesized according to the procedure part.

2.2. Measurements

All 1H NMR and 13C NMR nuclear magnetic resonance (NMR) spectra for the monomers measured
either with a Bruker Avance AV 3HD 400 (400 MHz) spectrometer in deuterated chloroform (CDCl3),
deuterated acetone (CD3COCD3) or deuterated dimethyl sulfoxide (CD3SOCD3) as the solvents at
room temperature. The 1H NMR spectra for the polymers were measured with Bruker AV 3HD 500
(500 MHz) in deuterated 1,1,2,2-tetrachloroethane (C2D2Cl4) as the solvent at 100 ◦C. The chemical
shifts were measured in parts per million (ppm). The coupling constants (J) are calculated in Hertz
(Hz). The 1H NMR and 13C NMR spectra were analyzed using Bruker TopSpin 3.2 software. Elemental
analysis (CHN) was performed by either the Perkin Elmer 2400 CHNS/O Series II Elemental Analyzer
or Vario MICRO Cube CHN/S Elemental Analyzer for CHN analysis. Anion analysis (Br, I, and S) was
performed by the Schöniger oxygen flask combustion method. Mass spectra for the monomers were
recorded on Agilent 7200 accurate mass Q-TOF GC-MS spectrometer. Helium is used as a carrier gas
in rate of (1.2 mL·min−1), the injection volume is (1.0 µL) and the concentration of measured sample
is (5 mg·mL−1) in CHCl3 solvent. The temperature program is between 60 to 320 ◦C at 10 ◦C·min−1.
Mass spectra for the monomers were obtained by the electron ionization method (EI). Gel permeation
chromatography (GPC) measurements accomplished by Viscotek GPC Max, a waters 410 instrument
with a differential refractive index detector, two polymer labs PLgel 5µ Mixed C (7.5× 300 mm) columns
and a guard (7.5 × 50 mm). Molecular weights for the polymers were determined by preparing polymer
solutions (2.5 mg·mL−1) using HPLC grade CHCl3. The columns were thermostated at 40 ◦C using
CHCl3. UV-vis absorption spectra were measured by SPECORD S600 UV/visible Spectrophotometer at
room temperature. The absorbance of the polymers was measured in CHCl3 solution using quartz
cuvettes (light path length = 10 mm) and blank quartz cuvettes including CHCl3 was used as a
reference. The polymers were coated on quartz substrates from CHCl3 solutions (1 mg·mL−1) and
blank quartz substrate was used as a reference. Thermogravimetric analysis (TGA) measurements
were recorded by Perkin Elmer (Pyris 1) thermogravimetric Analyzer. Platinum pans were used as
sample holder and the weight of the measured samples was about (3 mg). Cyclic voltammograms
were measured using a Model 263A Potentiostat/Galvanostat-Princeton Applied Research. A standard
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three electrode system was used based on a Pt disk working electrode, a silver wire reference electrode
(Ag/Ag+) inserted in (0.01 M) AgNO3 solution in acetonitrile and put it in the electrolyte solution and
a Pt wire counter electrode was purged with argon atmosphere during all measurements at room
temperature. Tetrabutylammonium perchlorate in acetonitrile (Bu4NClO4/CH3CN) (0.1 M) was used
as the electrolyte. Polymer thin films were drop cast onto the Pt disk from polymer solutions in
CH3Cl (1 mg·mL−1) and dried under nitrogen prior to measurement. Ferrocene (Fc/Fc+) was used as a
reference redox system. Powder X-ray diffraction (XRD) for the polymers was measured by Bruker D8
ADVANCE X-ray powder diffractometer. Infrared absorption spectra recorded on ATR Perkin Elmer
Rx/FT-IR system and Nicolet Model 205 FT-IR spectrometer.

2.3. Monomers and Polymers Synthesis

2.3.1. Synthesis of 2,5-dibromothiophene (1)

Thiophene (25.00 g, 297.12 mmol) in DMF (250 mL) added to a flask and cooled to −15 ◦C. To this
solution, NBS (110.00 g, 618.04 mmol) in DMF (300 mL) was added dropwise in the dark and the
reaction stirred overnight at RT. The reaction contents were put into ice and DCM and subsequently
extracted with DCM and the organic phase washed with deionized H2O to a neutral pH. The organic
layer was collected and dried over MgSO4 and the solvent concentrated to afford the product which
purified by vacuum distillation and gave 1 as a yellow oil (59.30 g, 245 mmol, 82% yield) [37]. 1H NMR
(CDCl3, δ): 6.87 (s, 2H). 13C NMR (CDCl3, δ): 130.4, 111.6. FT-IR (cm−1): 3096, 1726, 1516, 1410, 1200.
EI-MS (m/z): 242 [M]+. EA (%) calculated for C4H2Br2S: C, 19.86; H, 0.83; Br, 66.06, S, 13.25. Found: C,
20.01; H, 0.85; Br, 65.02, S, 11.96.

2.3.2. Synthesis of 2,5-dibromo-3,4-dinitrothiophene (2)

Concentrated H2SO4 (150 mL) and fuming H2SO4 (150 mL, 20% free SO3) combined in a flask.
This flask was cooled to 0 ◦C and 1 (26.00 g, 107.46 mmol) was added dropwise. Concentrated nitric
acid (125 mL) was added dropwise and the reaction contents kept under 20 ◦C. During addition of nitric
acid yellow precipitate formed quickly. The mixture was stirred for 3 h at 20–30 ◦C. Then, the mixture
was poured into ice and upon melting of the ice a yellow precipitate filtrated and washed thoroughly
with deionized H2O. The product recrystallized from methanol to afford 2 as yellow crystals (32.50 g,
98 mmol, 91% yield) [38].13C NMR (CDCl3, δ): 140.7, 113.4. FT-IR (cm−1): 2886, 2851, 2813, 1535, 1497,
1345, 1081. EI-MS (m/z): 332 [M]+. EA (%) calculated for C4Br2N2O4S: C, 14.47; N, 8.44; S, 9.66; Br, 48.15.
Found: C, 14.51; N, 7.91; S, 9.19; Br, 46.57.

2.3.3. Synthesis of 3′,4′-dinitro-2,2′:5′,2′′-terthiophene (3)

In a flask, 2 (9.90 g, 29.82 mmol), 2-(tributylstannyl)thiophene (27.82 g, 74.54 mmol) and
PdCl2(PPh3)2 (0.45 g, 0.64 mmol) added. The system was degassed under argon and anhydrous
toluene (100 mL) added and heated at 115 ◦C for 24 h. The flask was cooled to RT and the volatiles
removed to obtain the product which purified by column chromatography with gradient (petroleum
ether, 0–50% DCM) to obtain an orange solid and the product further purified by recrystallization from
methanol to afford 3 as orange crystals (9.10 g, 27 mmol, 90% yield) [39]. 1H NMR (CDCl3, δ): 7.62 (dd,
2H, J = 1.0 Hz, 5.0 Hz), 7.56 (dd, 2H, J = 1.0 Hz, 4.0 Hz), 7.19 (dd, 2H, J = 4.0 Hz, 5.0 Hz). 13C NMR
(CDCl3, δ): 135.9, 133.9, 131.3, 131.2, 128.4, 128.0. FT-IR (cm−1): 3076, 1821, 1528, 1379, 1348, 1299, 1223,
1066. EI-MS (m/z): 338 [M]+. EA (%) calculated for C12H6N2O4S3: C, 42.60; H, 1.79; N, 8.28; S, 28.42.
Found: C, 42.49; H, 1.66; N, 8.13; S, 28.16.

2.3.4. Synthesis of 3′,4′-diamino-2,2′:5,2′′-terthiophene (4)

EtOH (31 mL) and HCl (62 mL, 35%) added to 3 (3.00 g, 8.86 mmol) in a flask. To this mixture,
anhydrous tin (II) chloride (31.00 g, 163.50 mmol) in ethanol (62 mL) was added and stirred at 30 ◦C for
24 h. The mixture was cooled to RT and put into cold NaOH. To this mixture, toluene was added and
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then stirred vigorously and filtered through celite. The product was extracted with toluene and the
organic phases washed with NaCl and subsequently dried over MgSO4. The solvent was concentrated
to obtain the 4 as a brown solid (2.40 g, 9 mmol, 97% yield) [40]. 1H NMR (CDCl3, δ): 7.30 (d, 2H,
J = 2.0 Hz), 7.27 (s, 2H), 7.09–7.14 (m, 2H), 3.76 (bs, 4H). 13C NMR (CDCl3, δ): 136.0, 133.6, 127.8, 124.0,
124.0, 110.1. FT-IR (cm−1): 3371, 3298, 3224, 3182, 3096, 1631, 1615, 1573, 1528, 1509, 1441, 1336, 1294,
1070. EI-MS (m/z): 278 [M]+. EA (%) calculated for C12H10N2S3: C, 51.77; H, 3.62; N, 10.06; S, 34.55.
Found: C, 51.69; H, 3.54; N, 9.97; S, 34.78.

2.3.5. Synthesis of 4,6-bis(2-thienyl)-thieno[3,4-c][1,2,5]-thiadiazole (5)

4 (1.67 g, 5.99 mmol) dissolved in dry pyridine (30 mL) in a flask and degassed under argon.
To this mixture, N-thionylaniline (1.60 g, 11.49 mmol) was added drop wise and chlorotrimethylsilane
(4.50 g, 41.42 mmol) then added drop wise, resulting in a dark blue color. The reaction contents were
stirred for 3 h at RT and then put into DCM. The solution was washed with HCl and with deionized
water and extracted with DCM. The organic phase was dried over anhydrous MgSO4 and subsequently
filtered. The solvent was evaporated to afford the product which purified via chromatography with
DCM to afford 5 as blue crystals (1.72 g, 6 mmol, 93% yield) [41]. 1H NMR (CDCl3, δ): 7.59 (dd, 2H,
J = 1.0 Hz, 3.5 Hz), 7.34 (dd, 2H, J = 1.0 Hz, 5.0 Hz), 7.12 (dd, 2H, J = 3.5 Hz, 5.0 Hz). 13C NMR
(CDCl3, δ): 156.3, 135.0, 128.2, 125.4, 124.3, 112.4. FT-IR (cm−1): 3102, 3073, 1797, 1525, 1483, 1365, 1223,
1137, 1047. EI-MS (m/z): 306 [M]+. EA (%) calculated for C12H6N2S4: C, 47.04; H, 1.97; N, 9.14; S, 41.85.
Found: C, 47.25; H, 2.18; N, 8.83; S, 39.16.

2.3.6. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dimethyl Ester (6)

5 (1.86 g, 6.06 mmol) and dimethyl acetylenedicarboxylate (1.73 g, 12.17 mmol) was combined
in a flask. The system was evacuated and refilled with argon for three cycles before anhydrous
xylene (40 mL) added. The reaction contents were refluxed for 24 h. The flask was cooled to RT
and the solvent removed to afford the product which was purified by column chromatography with
gradient (petroleum ether, 0–50% DCM) to afford 6 as yellow crystals (2.37 g, 6 mmol, 94% yield) [23].
1H NMR (CDCl3, δ): 7.62 (dd, 2H, J = 1.0 Hz, 5.0 Hz), 7.44 (dd, 2H, J = 1.0 Hz, 3.5 Hz), 7.22 (dd, 2H,
J = 3.5 Hz, 5.0 Hz), 3.78 (s, 6H). 13C NMR (CDCl3, δ): 168.1, 153.6, 135.1, 132.0, 129.7, 129.0, 127.3, 126.2,
53.1. FT-IR (cm−1): 3109, 2975, 2932, 2900, 2865, 2159, 2031, 1971, 1730, 1513, 1460, 1318, 1283, 1198.
EI-MS (m/z): 416 [M]+. EA (%) calculated for C18H12N2O4S3: C, 51.91; H, 2.90; N, 6.73; S, 23.09. Found:
C, 51.86; H, 2.94; N, 6.61; S, 22.97.

2.3.7. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dicarboxylic Acid (7)

Sodium hydroxide (4.00 g, 100.00 mmol) was dissolved in deionized water (30 mL) and added
to a flask. To this solution, ethanol (200 mL) and 6 (2.27 g, 5.45 mmol) was added and the reaction
contents refluxed for 24 h. The flask was cooled to RT and deionized H2O added. This mixture was
cooled to 0 ◦C and neutralized by HCl to precipitate the product. The precipitate was filtered and
subsequently washed with deionized H2O. The precipitate was dried under high vacuum to afford 7
as yellow solid (1.80 g, 5 mmol, 85% yield) [20]. 1H NMR (CD3SOCD3, δ): 7.86 (dd, 2H, J = 1.0 Hz,
5.0 Hz), 7.47 (dd, 2H, J = 1.0 Hz, 3.5 Hz), 7.25 (dd, 2H, J = 3.5 Hz, 5.0 Hz). 13C NMR (CD3SOCD3, δ):
168.4, 152.5, 134.8, 133.0, 129.7, 129.3, 127.2, 123.8. FT-IR (cm−1): 3106, broad (3300–2600), 2162, 2024,
1971, 1815, 1765, 1705, 1552, 1453, 1386, 1261, 1152, 1020. EI-MS (m/z): 387 [M-H]+. EA (%) calculated
for C16H8N2O4S3: C, 49.48; H, 2.08; N, 7.21; S, 24.76. Found: C, 45.33; H, 2.70; N, 6.47; S, 21.35.

2.3.8. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dicarboxylic Anhydride (8)

7 (1.15 g, 2.96 mmol) and anhydrous acetic anhydride (10.00 g, 97.95 mmol) combined in a flask.
The system was evacuated and refilled with argon for three cycles before anhydrous xylene (30 mL)
added. The mixture was heated at 130 ◦C for 6 h. The mixture was cooled to RT, and the solvent
evaporated to obtain 8 as red solid (1.06 g, 3 mmol, 97% yield) [42]. 1H NMR (CDCl3, δ): 8.11 (dd,
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2H, J = 1.0 Hz, 4.0 Hz), 7.82 (dd, 2H, J = 1.0 Hz, 5.0 Hz), 7.33 (dd, 2H, J = 4.0 Hz, 5.0 Hz). 13C NMR
(CD3SOCD3, δ): 162.0, 156.0, 134.3, 132.6, 131.4, 127.8, 127.6, 125.5. FT-IR (cm−1): 3131, 3109, 3081, 1808,
1765, 1552, 1453, 1393, 1247, 1152, 1088. EI-MS (m/z): 370 [M]+. EA (%) calculated for C16H6N2O3S3:
C, 51.88; H, 1.63; N, 7.56; S, 25.97. Found: C, 52.11; H, 2.00; N, 7.20; S, 24.55.

2.3.9. Synthesis of 3,7-dimethyloctyl Bromide (9)

Triphenylphosphine (21.10 g, 80.44 mmol) was added to a mixture of 3,7-dimethyloctyl alcohol
(12.61 g, 79.69 mmol) and dichloromethane (250 mL) and stirred in a flask. To this mixture, NBS (14.26 g,
80.14 mmol) was added portionwise and stirred at RT for 90 min. The mixture was washed with
NaHCO3 solution, dried over MgSO4, filtered, and the solvent evaporated. The substance was stirred
in petroleum ether for 1 h at RT, filtered and the filtrate evaporated. The product was purified by
chromatography with petroleum ether to yield 9 as colorless oil (23.00 g, 59 mmol, 73% yield) [43].
1H NMR (CDCl3, δ): 3.55–3.37 (m, 2H), 1.96–1.83 (m, 1H), 1.77–1.61 (m, 2H), 1.60–1.49 (m, 1H),
1.41–1.24 (m, 3H), 1.22–1.11 (m, 3H), 0.82–0.94 (m, 9H). 13C NMR (CDCl3, δ): 40.1, 39.2, 36.7, 32.3, 31.7,
28.0, 24.6, 22.7, 22.6, 19.0. FT-IR (cm−1): 2953, 2925, 2868, 1464, 1382, 1261, 1173. EI-MS (m/z): 222.1 [M]+.
EA (%) calculated for C10H21Br: C, 54.30; H, 9.57; Br, 36.13. Found: C, 55.04; H, 9.53; Br, 34.23.

2.3.10. Synthesis of N-(3,7-dimethyloctyl)phthalimide (10)

9 (4.07 g, 18.40 mmol) and anhydrous DMF (20 mL) added into a flask. To this mixture, potassium
phthalimide (3.75 g, 20.27 mmol) was added and the reaction contents heated to 90 ◦C for 17 h.
The mixture was cooled to RT and put in deionized H2O and the product subsequently extracted with
DCM. The organic extracts were combined, washed with KOH and deionized water. The organic phase
was dried over MgSO4 and the solvent was evaporated to obtain the product which was purified via
chromatography with dichloromethane to yield 10 as colorless oil (5.29 g, 18 mmol, 91% yield) [44].
1H NMR (CDCl3, δ): 7.85 (dd, 2H, J = 3.0 Hz, 5.5 Hz), 7.72 (dd, 2H, J = 3.0 Hz, 5.5 Hz), 3.80–3.66 (m, 2H),
1.77–1.66 (m, 1H), 1.53–1.43 (m, 3H), 1.41–1.25 (m, 3H), 1.20–1.11 (m, 3H), 0.98 (d, 3H, J = 6.5 Hz),
0.87 (d, 6H, J = 7.0 Hz). 13C NMR (CDCl3, δ): 168.4, 133.8, 132.2, 123.1, 39.2, 37.0, 36.3, 35.5, 30.7,
27.9, 24.5, 22.7, 22.6, 19.4. FT-IR (cm−1): 2953, 2925, 2868, 1772, 1706, 1616, 1469, 1398, 1267, 1189,
1055. EI-MS (m/z): 288.2 [MH]+. EA (%) calculated for C18H25NO2: C, 75.22; H, 8.77; N, 4.87. Found:
C, 72.17; H, 8.62; N, 4.43.

2.3.11. Synthesis of 3,7-dimethyl-1-octanamine (11)

10 (6.03 g, 20.98 mmol), hydrazine hydrate (4.0 mL, 65.0 mmol, 51%) and methanol (100 mL)
were combined in a flask. The reaction contents were refluxed until the starting material disappeared.
Upon completion, excess HCl was added and the mixture refluxed for 1 h and then cooled to RT.
The precipitate was filtered and washed with water. The methanol was concentrated and the residue
diluted with dichloromethane. The organic layer was washed with KOH and the product extracted
with dichloromethane. The organic phase was washed with NaCl, dried over MgSO4 and the solvent
was concentrated to yield 11 as a brown oil (2.85 g, 18 mmol, 86% yield) [45]. 1H NMR (CDCl3, δ):
2.82–2.62 (m, 2H), 1.60–1.43 (m, 3H), 1.35–1.22 (m, 4H), 1.20–1.06 (m, 3H), 0.88 (dd, 9H, J = 2.0 Hz,
6.5 Hz). 13C NMR (CDCl3, δ): 41.1, 40.1, 39.3, 37.3, 30.5, 28.0, 24.7, 22.7, 22.6, 19.6. FT-IR (cm−1): 3521,
3375, 3219, 3021, 2953, 2925, 2868, 2155, 2028, 1978, 1598, 1464, 1382, 1166, 1063. EI-MS (m/z): 157.2 [M]+.
EA (%) calculated for C10H23N: C, 76.36; H, 14.74; N, 8.90. Found: C, 71.74; H, 13.51; N, 7.71.

2.3.12. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-(3,7-dimethyloctyl)dicarboxylic
Imide (12)

8 (1.00 g, 2.69 mmol), acetic acid (50 mL, 100%) and 11 (0.88 g, 5.59 mmol) was combined in
a flask. The system was evacuated and refilled with argon for three cycles and heated at 110 ◦C
overnight. The mixture was cooled to RT, acetic anhydride (20 mL) added and heated at 110 ◦C for 6 h.
The mixture was cooled to RT and the solvent concentrated to yield the product which was purified by
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chromatography with (60:10, petroleum ether: ethyl acetate) to afford 12 as an orange solid (1.15 g,
2.3 mmol, 84% yield) [42]. 1H NMR (CDCl3, δ): 7.91 (dd, 2H, J = 1.0 Hz, 3.5 Hz), 7.73 (dd, 2H, J = 1.0 Hz,
5.0 Hz), 7.30 (dd, 2H, J = 3.5 Hz, 5.0 Hz), 3.84–3.70 (m, 2H), 1.78–1.65 (m, 1H), 1.55–1.43 (m, 3H),
1.39–1.22 (m, 3H), 1.20–1.08 (m, 3H), 0.97 (d, 3H, J = 6.0 Hz), 0.86 (d, 6H, J = 6.0 Hz). 13C NMR
(CDCl3, δ): 165.7, 156.5, 133.1, 131.5, 130.2, 127.0, 126.9, 126.7, 39.2, 37.2, 37.0, 35.2, 31.0, 27.9, 24.6, 22.7,
22.6, 19.4. FT-IR (cm−1): 3439, 3102, 3074, 2953, 2925, 2865, 1804, 1751, 1694, 1549, 1453, 1364, 1226,
1162, 1056. EI-MS (m/z): 510.1 [MH]+. EA (%) calculated for C26H27N3O2S3: C, 61.27; H, 5.34; N, 8.24;
S, 18.87. Found: C, 61.59; H, 5.56; N, 7.94; S, 16.79.

2.3.13. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-octyl-dicarboxylic imide (13)

13 was prepared followed by the same procedure for synthesis of 12 except N-octylamine (1.20 g,
9.28 mmol) was used. 13 was obtained as an orange solid (1.20 g, 2.5 mmol, 93% yield) [42]. 1H NMR
(CDCl3, δ): 7.91 (dd, 2H, J = 1.0 Hz, 3.5 Hz), 7.73 (dd, 2H, J = 1.0 Hz, 5.0 Hz), 7.30 (dd, 2H, J = 3.5 Hz,
5.0 Hz), 3.74 (t, 2H, J = 7.5 Hz), 1.65–1.76 (m, 2H), 1.23–1.41 (m, 10H), 0.88 (t, 3H, J = 7.0 Hz). 13C NMR
(CDCl3, δ): 165.8, 156.5, 133.1, 131.5, 130.2, 127.1, 126.9, 126.7, 39.0, 31.8, 29.1, 28.2, 27.0, 22.7, 14.0.
FT-IR (cm−1): 3443, 3102, 3070, 2918, 2854, 1808, 1754, 1694, 1556, 1457, 1364, 1226, 1169, 1098.
EI-MS (m/z): 481.1 [M]+. EA (%) calculated for C24H23N3O2S3: C, 59.85; H, 4.81; N, 8.72; S, 19.97.
Found: C, 59.91; H, 4.93; N, 8.70; S, 20.72.

2.3.14. Synthesis of 4,7-di(5-bromo-thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-(3,7-dimethyloctyl)
Dicarboxylic Imide (M1)

12 (1.00 g, 1.96 mmol) and THF (100 mL) was combined in a flask. To this mixture, NBS (1.74 g,
9.77 mmol) was added and stirred at RT overnight in the dark. The solvent was evaporated to obtain
the product as red solid, subsequently washed with cold CH3OH, filtered and dried. The product
was purified via chromatography with DCM to yield M1 as red solid (1.28 g, 2 mmol, 98% yield) [20].
1H NMR (CDCl3, δ): 7.80 (d, 2H, J = 4.0 Hz), 7.24 (d, 2H, J = 4.0 Hz), 3.70–3.84 (m, 2H), 1.78–1.66
(m, 1H), 1.54–1.44 (m, 3H), 1.41–1.22 (m, 3H), 1.20–1.11 (m, 3H), 0.98 (d, 3H, J = 6.0 Hz), 0.87 (d, 6H,
J = 6.5 Hz). 13C NMR (CDCl3, δ): 165.6, 155.9, 134.1, 133.0, 129.8, 126.4, 125.8, 118.7, 39.2, 37.3, 37.0,
35.2, 31.0, 27.9, 24.6, 22.7, 22.6, 19.4. FT-IR (cm−1): 3429, 3120, 2957, 2918, 2865, 1747, 1691, 1563, 1460,
1364, 1283, 1073. EI-MS (m/z): 666.9 [M]+. EA (%) calculated for C26H25Br2N3O2S3: C, 46.78; H, 3.78;
Br, 23.94; N, 6.30; S, 14.41. Found: C, 46.61; H, 3.61; Br, 23.95; N, 6.29; S, 14.64.

2.3.15. Synthesis of 4,7-di(5-bromo-thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-octyl-dicarboxylic
Imide (M2)

M2 was prepared followed by the same procedure for synthesis of M1, where compound
13 (1.00 g, 2.07 mmol), used with THF (100 mL) and NBS (1.84 g, 10.33 mmol). M2 was obtained as
red solid (1.27 g, 2 mmol, 96% yield) [20]. 1H NMR (CDCl3, δ): 7.80 (d, 2H, J = 4.0 Hz), 7.24 (d, 2H,
J = 4.0 Hz), 3.75 (t, 2H, J = 7.0 Hz,), 1.66–1.75 (m, 2H), 1.23–1.40 (m, 10H), 0.88 (t, 3H, J = 6.5 Hz,).
13C NMR (CDCl3, δ): 165.7, 156.0, 134.1, 133.0, 129.8, 126.4, 125.9, 118.7, 39.0, 31.8, 29.1, 28.3, 27.0, 22.6,
14.1. FT-IR (cm−1): 3421, 3120, 2953, 2911, 2850, 1744, 1687, 1556, 1446, 1375, 1244, 1176. EI-MS (m/z):
638.9 [M]+. EA (%) calculated for C24H21Br2N3O2S3: C, 45.08; H, 3.31; N, 6.57; S, 15.04; Br, 24.99.
Found: C, 44.79; H, 3.41; N, 6.47; S, 15.74; Br, 28.80.

2.3.16. Synthesis of 4,4′-dibromo-2,2′-dinitrobiphenyl (14)

2,5-Dibromonitrobenzene (50.00 g, 179.30 mmol) and Cu powder (25.00 g, 393.39 mmol) was
combined in a flask. The mixture was evacuated and refilled with argon for three cycles before
anhydrous DMF (230 mL) added and heated at 125 ◦C for 3 h. The reaction contents were cooled to RT
and dissolved in toluene and filtered. NaHCO3 solution was added to the filtrate and the mixture
extracted with toluene and the organic phases combined and washed with deionized H2O numerous
times until it became neutral. The organic phase was dried over anhydrous MgSO4, filtered and the
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solvent evaporated to afford the product which was recrystallized from isopropanol to yield 14 as
yellow crystals (32.61 g, 162 mmol, 90% yield) [46]. 1H NMR (CDCl3, δ): 8.40 (d, 2H, J = 2.0 Hz), 7.85 (dd,
2H, J = 2.0 Hz, 8.0 Hz), 7.18 (d, 2H, J = 8.0 Hz). 13C NMR (CDCl3, δ): 147.4, 136.6, 132.0, 132.0, 128.1,
123.0. FT-IR (cm−1): 3085, 2847, 1598, 1332, 1276, 1152, 1098. EI-MS (m/z): 403 [M]+. EA (%) calculated
for C12H6Br2N2O4: C, 35.85; N, 6.97; Br, 39.75; H, 1.50. Found: C, 35.55; N, 6.77; Br, 39.74; H, 1.59.

2.3.17. Synthesis of 4,4′-dibromobiphenyl-2,2′-diamine (15)

14 (6.00 g, 14.92 mmol), ethanol (74 mL) and HCl (43 mL, 32%) was added to a flask. To this
mixture, Sn (7.00 g, 58.96 mmol) was added over 10 min and refluxed for 90 min. The reaction contents
were cooled to RT and another portion of Sn (7.00 g, 58.96 mmol) added and refluxed for 90 min.
The flask was cooled to RT and the mixture filtered and deionized water added to the filtrate. NaOH
solution was added dropwise until pH became approximately 9. The mixture was extracted with
Et2O and organic phase washed with NaCl, dried over MgSO4 and then filtered. The solvent was
concentrated to obtain the 15 as brown crystals (3.58 g, 10.5 mmol, 70% yield) [47]. 1H NMR (CDCl3, δ):
6.99–6.93 (m, 6H), 3.59 (bs, 4H). 13C NMR (CDCl3, δ): 145.4, 132.3, 122.7, 122.1, 121.7, 118.2. FT-IR (cm−1):
3393, 3280, 3187, 1630, 1557, 1496, 1396, 1272, 1137, 1081. EI-MS (m/z): 341.9 [M]+. EA (%) calculated for
C12H10Br2N2: C, 42.14; N, 8.19; Br, 46.72; H, 2.95. Found: C, 41.74; N, 7.95; Br, 46.71; H, 2.93.

2.3.18. Synthesis of 4,4′-dibromo-2,2′-diiodobiphenyl (16)

15 (5.00 g, 14.61 mmol), HCl (50 mL, 32 %), H2O (200 mL) and acetonitrile (200 mL) were
combined in a flask and cooled to 0 ◦C. To this mixture, NaNO2 (4.59 g, 66.53 mmol) was dissolved in
deionized H2O (25 mL), added dropwise, and stirred for 1 hour between –5 and –10 ◦C. KI (22.28 g,
134.21 mmol), dissolved in deionized H2O (50 mL), and cooled to 0 ◦C and added dropwise while
the reaction temperature maintained at –10 to –15 ◦C. After addition was completed, the temperature
was raised to RT and then heated to 80 ◦C for 20 h and cooled to RT. The mixture was extracted with
DCM, the collected organic layers washed with Na2S2O3 solution, deionized water and NaCl solution.
The collected organic layers were dried over MgSO4, filtered, and the solvent was concentrated to afford
the product which was purified via chromatography with petroleum ether. It was further purified by
recrystallization from n-hexane to yield 16 as white crystals (4.23 g, 7.5 mmol, 51% yield) [48]. 1H NMR
(CDCl3, δ): 8.11 (d, 2H, J = 2.0 Hz), 7.57 (dd, 2H, J = 2.0 Hz, 8.0 Hz), 7.05 (d, 2H, J = 8.0 Hz). 13C NMR
(CDCl3, δ): 146.8, 141.0, 131.4, 130.7, 122.5, 99.9. FT-IR (cm−1): 3400, 3393, 3294, 3191, 1634, 1581, 1449,
1364, 1084. EI-MS (m/z): 563.7 [M]+. EA (%) calculated for C12H6Br2I2: C, 25.56; H, 1.07; Br, 28.34;
I, 45.02. Found: C, 25.47; H, 1.21; Br, 28.14; I, 45.23.

2.3.19. Synthesis of 2,7-dibromo-9,9-dioctyldibenzosilole (17)

16 (4.20 g, 7.44 mmol) was added to a flask. Anhydrous THF (84 mL) was added and the
mixture cooled to −78 ◦C and then the system degassed under argon. To this mixture, n-BuLi
(12.00 mL, 30.0 mmol) was added dropwise over 2 h. The reaction contents were stirred for 1 h,
and dichlorodioctylsilane (4.86 g, 14.95 mmol) was added dropwise over 5 min and the temperature
raised to RT and mixture stirred overnight. Deionized water was added, and the product extracted
with Et2O and organic layers collected and washed with brine. The organic layer was dried over MgSO4,
filtered and the solvent concentrated to yield a product which purified using chromatography with
petroleum ether to yield 17 as a colorless oil (3.80 g, 7 mmol, 90% yield) [49]. 1H NMR (CDCl3, δ): 7.70
(d, 2H, J = 2.0 Hz), 7.65 (d, 2H, J = 8.0 Hz), 7.55 (dd, 2H, J = 2.0 Hz, 8.0 Hz), 1.08–1.47 (m, 28H), 0.90 (t, 6H,
J = 2.0 Hz). 13C NMR (CDCl3, δ): 146.0, 140.5, 135.8, 133.1, 122.5, 122.2, 33.2, 31.8, 29.1, 29.0, 23.7, 22.6,
14.1, 11.99. FT-IR (cm−1): 2957, 2921, 2858, 1552, 1446, 1382, 1237, 1141, 1070. EI-MS (m/z): 564.1 [M]+. EA
(%) calculated for C28H40Br2Si: C, 59.57; H, 7.14; Br, 28.31. Found: C, 60.29; H, 7.60; Br, 24.72%.
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2.3.20. Synthesis of 9,9-dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-dibenzosilole (M4)

17 (1.51 g, 2.65 mmol), potassium acetate (1.56 g, 15.89 mmol), bis(pinacolato)diboron (2.36 g,
9.29 mmol) and PdCl2(dppf) (0.12 g, 0.14 mmol, 5.54 mol%) were combined in a flask and then the
system degassed under argon. To this mixture, anhydrous DMF (30 mL) was added and heated at 100 ◦C
for 48 h. The flask was cooled to RT and the product extracted with Et2O and organic phases washed
with deionized H2O. The organic layers were separated and dried over MgSO4, filtered and the solvent
evaporated to obtain a product which was recrystallized from methanol which passed through the basic
alumina to remove the acidic protons to obtain M4 as brown crystals (0.92 g, 1.4 mmol, 53% yield) [50].
1H NMR (CDCl3, δ): 8.07 (s, 2H), 7.92–7.85 (m, 4H), 1.39 (s, 24H), 1.15–1.34 (m, 24H), 0.92–0.99 (m, 4H),
0.86 (t, 6H, J = 7.0 Hz). 13C NMR (CDCl3, δ): 151.0, 139.7, 137.5, 136.8, 120.5, 83.7, 33.4, 31.8, 29.2, 29.0,
24.9, 23.8, 22.6, 14.1, 12.3. FT-IR (cm−1): 2975, 2921, 2854, 1595, 1460, 1343, 1272, 1137, 1091. EI-MS
(m/z): 658.5 [M]+. EA (%) calculated for C40H64B2O4Si: C, 72.94; H, 9.79. Found: C, 72.30; H, 9.42.

2.3.21. Synthesis of poly[9,9-dioctyl-2,7-fluorene-alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-benzothiadiazole-
5,6-N-(3,7-dimethyloctyl)dicarboxylic imide)] (PFDTBTDI-DMO)

9,9-Dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (M3) (125.4 mg, 0.224 mmol) and
M1 (150 mg, 0.224 mmol) was added to a flask and degassed under argon. Anhydrous THF (10 mL) was
followed by sodium hydrogen carbonate solution (2.5 mL, 5% wt., degassed), added, and the system
degassed again. To this mixture, Pd(OAc)2 (3.7 mg, 0.0168 mmol) and P(o-tol)3 (10.2 mg, 0.0336 mmol)
was added, degassed, and heated at 90 ◦C for 30 h. The flask was cooled to RT, the polymer dissolved
in CHCl3 (200 mL) and an NH4OH solution (50 mL, 35% in H2O) added and the mixture stirred
overnight. The organic phase was separated and washed with deionized H2O. The organic phase was
concentrated to around (50 mL) and put into methanol (300 mL) and stirred overnight. The mixture was
filtered and the polymer cleaned using Soxhlet extraction with methanol (300 mL), acetone (300 mL),
hexane (300 mL) and then toluene (300 mL). The toluene fraction was concentrated to around (50 mL)
and then put into methanol (300 mL). The mixture was stirred overnight, and the pure polymer
was recovered by filtration to afford PFDTBTDI-DMO as purple powders (170 mg, 0.18 mmol, 85%
yield) [21]. GPC: toluene fraction, Mn = 16,000 g·mol−1, Mw = 33,000 g·mol−1, PDI = 2.0 and Dp = 18. 1H
NMR (toluene fraction) (C2D2Cl4, δ): 8.02 (d, 2H, J = 3.5 Hz), 7.81–7.68 (bm, 6H), 7.52 (d, 2H, J = 3.5 Hz),
3.90–3.68 (bm, 2H), 2.20–1.99 (bm, 4H), 1.83–1.68 (bm, 1H), 1.61–1.47 (bm, 3H), 1.42–1.34 (bs, 6H),
1.23–1.04 (bm, 24H), 0.99 (d, 3H, J = 6.0 Hz), 0.86 (d, 6H, J = 6.5 Hz), 0.78 (t, 6H, J = 7.0 Hz). FT-IR (cm−1):
2921, 2854, 1754, 1698, 1549, 1364, 1173, 1070. EA (%) calculated for C55H65N3O2S3: C, 73.70; H, 7.31;
N, 4.69; S, 10.73. Found: C, 72.52; H, 7.02; N, 4.60; S, 9.38.

2.3.22. Synthesis of poly[9,9-dioctyl-2,7-fluorene-alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-benzothiadiazole-
5,6-N-octyl-dicarboxylic imide)] (PFDTBTDI-8)

PFDTBTDI-8 was prepared followed by the same procedure for synthesis of PFDTBTDI-DMO.
M3 (125.4 mg, 0.224 mmol) and M2 (143.2 mg, 0.224 mmol) were copolymerized for 24 h to afford
PFDTBTDI-8 as purple powders. Toluene fraction (36 mg, 0.04 mmol, 18% yield), chloroform fraction
(120 mg, 0.13 mmol, 60% yield) with total yield 78% [21]. GPC: toluene fraction Mn = 11,200 g·mol−1,
Mw = 29,100 g·mol−1, PDI = 2.5 and Dp = 13; chloroform fraction, Mn = 24,900 g·mol−1,
Mw = 74,400 g·mol−1, PDI = 2.9 and Dp = 29. 1H NMR (toluene fraction) (C2D2Cl4, δ): 8.02 (d, 2H,
J = 3.5 Hz), 7.81–7.68 (bm, 6H), 7.52 (d, 2H, J = 3.5 Hz), 3.90–3.68 (bm, 2H), 2.20–1.99 (bm, 4H),
1.81–1.71 (bm, 2H), 1.44–1.24 (bm, 10H), 1.23–1.04 (bm, 24H), 0.88 (t, 3H, J = 7.0 Hz), 0.82–0.77 (bm, 6H).
FT-IR (cm−1): 2921, 2850, 1754, 1701, 1552, 1400, 1361, 1254, 1166, 1098. EA (%) calculated for
C53H61N3O2S3: C, 73.32; H, 7.08; N, 4.84; S, 11.08. Found: C, 72.70; H, 7.02; N, 4.77; S, 10.51.
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2.3.23. Synthesis of poly[9,9-dioctyl-2,7-dibenzosilole-alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-
benzothiadiazole-5,6-N-(3,7-dimethyloctyl)dicarboxylic imide)] (PDBSDTBTDI-DMO)

PDBSDTBTDI-DMO was prepared followed by the same procedure for synthesis of
PFDTBTDI-DMO. M4 (147.5 mg, 0.224 mmol) and M1 (150 mg, 0.224 mmol) were copolymerized
for 21 h to afford PDBSDTBTDI-DMO as purple powders. Toluene fraction (50 mg, 0.05 mmol, 22%
yield), chloroform fraction (95 mg, 0.10 mmol, 46% yield) with total yield 68% [21]. GPC: toluene
fraction, Mn = 9400 g·mol−1, Mw = 19,400 g·mol−1, PDI = 2.0 and Dp = 10; chloroform fraction,
Mn = 20,000 g·mol−1, Mw = 44,900 g·mol−1, PDI = 2.2 and Dp = 22. 1H NMR (toluene fraction)
(C2D2Cl4, δ): 8.02 (d, 2H, J = 3.5 Hz), 7.96 (s, 2H), 7.87 (d, 2H, J = 11.0 Hz), 7.80 (d, 2H, J = 8.0 Hz),
7.50 (d, 2H, J = 3.0 Hz), 3.90–3.68 (bm, 2H), 1.89–1.67 (bm, 1H), 1.62–1.29 (bm, 9H), 1.28–1.12 (bm,
24H), 1.12–1.03 (bm, 4H), 1.03–0.95 (bm, 3H), 0.86 (d, 6H, J = 6.5 Hz), 0.84–0.79 (bm, 6H). FT-IR (cm−1):
2953, 2918, 2850, 1754, 1698, 1556, 1432, 1364, 1254, 1173, 1063. EA (%) calculated for C54H65N3O2S3Si:
C, 71.09; H, 7.18; N, 4.61; S, 10.54. Found: C, 69.43; H, 7.00; N, 4.36; S, 10.08.

2.3.24. Synthesis of poly[9,9-dioctyl-2,7-dibenzosilole-alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-
benzothiadiazole-5,6-N-octyl-dic arboxylicimide)] (PDBSDTBTDI-8)

PDBSDTBTDI-8 was prepared followed by the same procedure for synthesis of PFDTBTDI-DMO.
M4 (147.5 mg, 0.224 mmol) and M2 (143.2 mg, 0.224 mmol) were copolymerized for 22 h to afford
PDBSDTBTDI-8 as purple powders. Toluene fraction (66 mg, 0.07 mmol, 33% yield), chloroform fraction
(52 mg, 0.05 mmol, 26% yield) with total yield 59% [21]. GPC: toluene fraction, Mn = 10,000 g·mol−1,
Mw = 26,200 g·mol−1, PDI = 2.6 and Dp = 11; chloroform fraction, Mn = 16,100 g·mol−1,
Mw = 38,700 g·mol−1, PDI = 2.4 and Dp = 18. 1H NMR (toluene fraction) (C2D2Cl4, δ): 8.02 (d,
2H, J = 3.5 Hz), 7.96 (s, 2H), 7.87 (d, 2H, J = 11.0 Hz), 7.80 (d, 2H, J = 8.0 Hz), 7.50 (d, 2H, J = 3.0 Hz),
3.90–3.68 (bm, 2H), 1.81–1.69 (bm, 2H), 1.53–1.15 (bm, 34H), 1.12–1.03 (bm, 4H), 0.88 (t, 3H, J = 6.5 Hz),
0.85–0.80 (bm, 6H). FT-IR (cm−1): 2950, 2921, 2854, 1758, 1701, 1556, 1428, 1364, 1254, 1166, 1003. EA (%)
calculated for C52H61N3O2S3Si: C, 70.63; H, 6.95; N, 4.75; S, 10.88. Found: C, 69.92; H, 6.85; N, 4.60;
S, 10.22.

3. Results and Discussions

3.1. Synthesis of Monomers and Polymers

The synthetic methods for the preparation of benzothiadiazole dicarboxylic imide (BTDI)
monomers (M1 and M2) are outlined in Scheme 1. M1 and M2 were synthesized through several
steps starting from commercially available thiophene. For the synthesis of 2,5-dibromothiophene (1),
thiophene was selectively brominated at 2,5-positions using two equivalents of N-bromosuccinimide
(NBS) in DMF in the dark to give 1 as a yellow oily product in a high yield [37]. Then 1 was
nitrated with concentrated nitric acid/sulfuric acid and fuming sulfuric acid to give 2,5-dibromo-3,4-
dinitrothiophene (2) [38,51,52]. The compound 2 was then reacted with 2-(tributylstannyl)
thiophene in the presence of PdCl2(PPh3)2 as a catalyst in anhydrous toluene at 115 ◦C to give
3′,4′-dinitro-2,2′:5′,2′′-terthiophene (3). The resulting compound was obtained as orange crystals
in an excellent yield of 90% [39]. 3′,4′-diamino-2,2′:5,2′′-terthiophene (4) was obtained by a
reduction reaction of 3 using excess anhydrous tin (II) chloride (SnCl2). 4 was achieved as a
brown solid in an excellent yield of 97% [40]. The resulting substance (4) was then reacted with
N-thionyl aniline (PhNSO) and trimethylsilyl chloride (TMSCl) in anhydrous pyridine to afford
4,6-bis(2-thienyl)-thieno[3,4-c][1,2,5]-thiadiazole (5) as blue crystals in an excellent yield of 93% [41].
The compound 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dimethyl ester (6) was obtained by the
Diels-Alder reaction between 5 and dimethyl acetylenedicarboxylate in anhydrous xylene at reflux.
It was obtained in an excellent yield of 94% as yellow crystals [23]. Next, the material 6 was
hydrolyzed under basic conditions in ethanol under reflux followed by acidification to yield
4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dicarboxylic acid (7) as a yellow solid in a yield of 85% [20].
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The compound 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dicarboxylic anhydride (8) was synthesized
by intramolecular ring closure of 7, in the presence of acetic anhydride and anhydrous xylene at 130 ◦C,
to afford 8 as a red solid in an excellent yield of 97% [42]. 3,7-dimethyloctyl bromide (9) was synthesized
from the reaction of commercially available 3,7-dimethyl-1-octanol with triphenylphosphine (Ph3P)/NBS
in dichloromethane to yield 9 as a colorless oil in 73% yield [43]. Then, 9 was reacted with potassium
phthalimide in anhydrous DMF to give N-(3,7-dimethyloctyl)phthalimide (10) as colorless oil in an
excellent yield of 91% [44]. 3,7-dimethyl-1-octanamine (11) was obtained by Gabriel synthesis from
the reaction of 10 with hydrazine hydrate (NH2NH2) in methanol as brown oil in 86% yield [45].
The compounds4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-(3,7-dimethyloctyl)dicarboxylic imide
(12) and 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-octyl-dicarboxylic imide (13) were synthesized
by the reaction of 8 with 11 and 1-octanaminein the presence of acetic acid and acetic anhydride to yield
imide functionalized monomers (12 and 13) as orange solids in 84 and 93% yield, respectively [42]. Lastly,
the monomers 4,7-di(5-bromo-thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-(3,7-dimethyloctyl)dicarboxylic
imide (M1) and 4,7-di(5-bromo-thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-octyl-dicarboxylic imide (M2)
were prepared by the bromination of 12 and 13 at 5,5′-positions using NBS in THF and to yield M1 and
M2 as red solids in excellent yields of 98 and 96%, respectively [20].

Reagents and conditions: (i) NBS, DMF, –15 ◦C, RT, overnight; (ii) fuming H2SO4 (20% free SO3),
conc. H2SO4, conc. HNO3, 20 ◦C, 20–30 ◦C, 3 h; (iii) 2-(tributylstannyl) thiophene, anhydrous toluene,
PdCl2(PPh3)2, 115 ◦C, 24 h; (iv) anhydrous SnCl2, HCl (35%), ethanol, 30 ◦C, 24 h, NaOH (25%);
(v) PhNSO, TMSCl, anhydrous pyridine, 3hours, RT, HCl (1.0 N); (vi) dimethyl acetylenedicarboxylate,
anhydrous xylene, reflux 24 h; (vii) aqueous NaOH, ethanol, reflux 24 h, HCl (35%); (viii) anhydrous
Ac2O, anhydrous xylene, 130 ◦C, 6 h; (ix) DCM, PPh3, NBS, RT, 90 min; (x) potassium phthalimide,
anhydrous DMF, 90 ◦C, 17 h, KOH; (xi) hydrazine hydrate (51%), methanol, reflux, HCl (5.0 M), reflux,
1 h; (xii) HOAc (100%), 100 ◦C overnight, Ac2O, 100 ◦C, 6 h; (xiii) NBS, THF, RT, overnight.

The diboronic ester of dibenzosilole (DBS) monomer (M4) was synthesized through five steps
starting from the commercially available 2,5-dibromonitrobenzene. The steps in its preparation is
outlined in Scheme 2. The first step was the synthesis of 4,4′-dibromo-2,2′-dinitrobiphenyl (14) by the
Ullmann coupling reaction using 2,5-dibromonitrobenzene and copper powder in anhydrous DMF and
the resulting material was yellow crystals and gave an excellent yield of 90% [46]. Then, 14 was reduced
using tin metal in ethanol under acidic medium to obtain 4,4′-dibromobiphenyl-2,2′-diamine (15) as
brown crystals in a yield of 70% [47]. Next, 4,4′-dibromo-2,2′-diiodobiphenyl (16) was prepared by the
reaction of 15 with a mixture of aqueous sodium nitrite and HCl in acetonitrile which was subsequently
treated with aqueous potassium iodide to give 16 via the Sandmeyer type reaction as white crystals in a
yield of 51% [48]. Then, 16 was reacted with n-BuLi in anhydrous THF and subsequently treated with
dichlorodioctylsilane [(C8H17)2SiCl2] to obtain 2,7-dibromo-9,9-dioctyldibenzosilole (17) as colorless oil
in 90% yield [49]. Finally, 9,9-dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-dibenzosilole
(M4) was synthesized by the reaction of 17 with an excess of bis(pinacolato)diboron/potassium acetate
base and PdCl2(dppf) catalyst in anhydrous DMF which yielded M4 as brown crystals in 53% yield
(Scheme 2) [50].
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Scheme 1. Synthetic steps of the 4,7-di(5-bromo-thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-(3,7-dimethy
loctyl)dicarboxylic imide (M1) and 4,7-di(5-bromo-thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-octyl-
dicarboxylic imide (M2).
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Scheme 2. Synthetic steps of the monomer 9,9-dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-dibenzosilole (M4).

Reagents and conditions: (i) Cu, DMF, 125 ◦C, 3 h; (ii) Sn, HCl (32%), ethanol, 3 h, reflux,
NaOH (20%); (iii) HCl (32%), acetonitrile, NaNO2, 0 ◦C, −5 to −10 ◦C, KI, 0 ◦C, −10 to −15 ◦C, RT,
80 ◦C, 20 h, Na2S2O3; (iv) anhydrous THF, −78 ◦C, n-BuLi, 3 h, dichlorodioctylsilane, RT, overnight;
(v) bis(pinacolato)diboron, PdCl2(dppf), KOAc, anhydrous DMF, 100 ◦C, 48 h.

In this article, the synthesis of four alternating D-A copolymers, PFDTBTDI-DMO, PFDTBTDI-8,
PDBSDTBTDI-DMO, and PDBSDTBTDI-8 is described in Scheme 3. The polymers were prepared by
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the Suzuki polymerization between bis-boronate esters (M3 and M4) with dibromides (M1 and M2),
respectively. The polymerizations were performed using Pd(OAc)2/P(o-tol)3 catalyst, NaHCO3

base in anhydrous THF. All polymerizations were left for 21–30 h with large amounts of purple
precipitates forming as the reactions proceeded. The structures of the PFDTBTDI-DMO, PFDTBTDI-8,
PDBSDTBTDI-DMO, and PDBSDTBTDI-8 were verified by the 1H NMR spectroscopy, FT-IR
spectroscopy and elemental analysis. The 1H NMR spectra for the polymers are available in
Supplementary Information.

 

 

′ ′ ′ ′ ′

′ ′ ′ ′ ′

′ ′ ′ ′ ′

′ ′ ′ ′ ′

Scheme 3. (i) The synthesis of poly[9,9-dioctyl-2,7-fluorene-alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-
benzothiadiazole-5,6-N-(3,7-dimethyloctyl)dicarboxylic imide)] (PFDTBTDI-DMO), poly[9,9-dioctyl-
2,7-fluorene-alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-benzothiadiazole-5,6-N-octyl-dicarboxylic imide)] (PFD
TBTDI-8), poly[9,9-dioctyl-2,7-dibenzosilole-alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-benzothiadiazole-5,6-N-
(3,7-dimethyloctyl)dicarboxylic imide)] (PDBSDTBTDI-DMO) and (ii) poly[9,9-dioctyl-2,7-dibenzosilole-
alt-5,5-(4′,7′-bis(2-thienyl)-2′,1′,3′-benzothiadiazole-5,6-N-octyl-dicarboxylic imide)] (PDBSDTBTDI-8)
via Suzuki polymerization.

Reagents and conditions: (i) anhydrous THF, NaHCO3, Pd(OAc)2, P(o-tol)3, 90 ◦C, 21–30 h.
Molecular weights of the polymers were measured by GPC using chloroform at 40 ◦C relative to

polystyrene standards, as shown in Table 1. Substituting 3,7-dimethyloctyl chains in PFDTBTDI-DMO
for octyl chains in PFDTBTDI-8 on the BTDI building blocks results in a polymer with lower Mn

values for the toluene fractions of the polymers. However, PFDTBTDI-8 afforded another fraction
in chloroform of a higher Mn value that was not soluble in toluene while PFDTBTDI-DMO did
not provide chloroform fraction. The results indicate that a higher solubility of the polymer with
3,7-dimethyloctyl chains as a result of the branching of its substituents. The toluene fractions of the
dibenzosilole-based polymers (PDBSDTBTDI-DMO and PDBSDTBTDI-8) have similar Mn values.
However, PDBSDTBTDI-8 has a lower Mn value to that of PDBSDTBTDI-DMO for the chloroform
fractions. This could be attributed to the effect of the branched chains in PDBSDTBTDI-DMO which
provides it with a greater solubility and allows it to provide higher molecular weight fractions. Polymers
with n-octyl chains provided lower yields compared to those with branched chains. Moreover, the yield
of fluorene-based polymers is higher relative to dibenzosilole-based polymers. This could be due to
more aggregation in dibenzosilole-based polymers with more intermolecular interactions relative to
fluorene-based polymers.
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Table 1. The percentage yield, weight and number average molecular weights with polydispersity
indexes of PFDTBTDI-DMO, PFDTBTDI-8, PDBSDTBTDI-DMO, and PDBSDTBTDI-8.

Polymer

Toluene Fraction Chloroform Fraction

Mn

(g·mol−1)
Mw

(g·mol−1)
PDI

Mn

(g·mol−1)
Mw

(g·mol−1)
PDI

PFDTBTDI-DMO 16,000 33,000 2.0 - - -
PFDTBTDI-8 11,200 29,100 2.5 24,900 74,400 2.9

PDBSDTBTDI-DMO 9400 19,400 2.0 20,000 44,900 2.2
PDBSDTBTDI-8 10,000 26,200 2.6 16,100 38,700 2.4

3.2. Optical Properties

The normalized UV-vis absorption spectra of all polymers in chloroform solutions and in thin
films are shown in Figure 1. The optical properties of these polymers are summarized in Table 2.
All polymers show two absorption bands at short and long wavelengths. The peak at shorter
wavelengths could be related to π–π* transition. However, the other band at lower energy is related to
the intramolecular charge transfer (ICT) between donor (D) and acceptor (A) units. The band gaps (Eg)
of the polymers are assessed from the absorption onsets in thin films. In solutions, all polymers display
comparable absorption maxima. In thin films, the absorption spectra of the polymers show red-shifted
absorption maxima by 22–34 nm relative to their absorption in solutions. This could be explained by
stronger intermolecular π–π interaction and a more planar structure in the solid state. Compared with
fluorene-based polymers, dibenzosilole-based polymers have broader absorption bands and therefore
lower Eg values. A change of alkyl chains on BTDI units from 3,7-dimethyloctyl chains to n-octyl
chains has a negligible impact on the Eg of the resulting polymers. PFDTBTDI-8 is red-shifted relative
to its PFDTBTDI-DMO analogue; this may arise from the fact that the former polymer has a higher
molecular weight than the latter polymer.

 

· − · − · − · −

π π

π π
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− · − λ λ λ

Figure 1. Normalized UV-vis absorption spectra of PFDTBTDI-DMO, PFDTBTDI-8, PDBSDTBTDI-DMO,
and PDBSDTBTDI-8 in (a) chloroform solutions; and (b) thin films.

Table 2. The UV-vis data and optical band gaps of the polymers.

Polymer
ε

(M−1
·cm−1)

Solution Film

λmax (nm) λmax (nm) λonset (nm) Eg (eV)

PFDTBTDI-DMO 26,200 550 572 685 1.81
PFDTBTDI-8 22,900 551 585 696 1.78

PDBSDTBTDI-DMO 35,500 550 576 700 1.77
PDBSDTBTDI-8 34,900 550 578 697 1.77

PFDTBTDI-DMO and PFDTBTDI-8 have lower Eg relative to P(BTI-F) which has two extra
thiophene spacers between fluorene and DTBTD I units. The latter polymer is blue-shifted around
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10–25 nm relative to the former polymers. PFDTBTDI-DMO and PFDTBTDI-8 have lower Eg values
around 0.1 eV compared with that of PFDTBT due to the stronger electron-accepting strength of the
BTDI building blocks than BT unit [18]. Similarly, PDBSDTBTDI-DMO and PDBSDTBTDI-8 have lower
Eg relative to PDBSDTBT analogue [35]. The absorption coefficients (ε) of the dibenzosilole-based
polymers are higher than fluorene-based polymers as illustrated in Table 2. This indicates that all
things been equal, the dibenzosilole polymers should lead to more efficient OPV devices.

3.3. Electrochemical Properties

Cyclic voltammetry (CV) is considered to be an effective technique to study the electroactivity
of active species and it is also suitable technique for characterizing the oxidation and reduction
potentials of the different phases present in the conducting polymers [53]. In addition, CV can be
employed to analyze the charge storage mechanism and the charge transfer between the electrodes in
the electrochemical double layer capacitor (EDLC) [54–56]. Therefore, in this work CV was used to
study the electrochemical properties of the polymers. The LUMO and HOMO levels of all polymers
calculated from the onsets of reduction and oxidation potentials, respectively (Figure 2 and Table 3).
The onsets were determined from cyclic voltammograms on drop cast polymer films on Pt electrode
as working electrode in Bu4NClO4/CH3CN (0.1 M) vs. Ag/Ag+ reference electrode. All polymers
show the same HOMO energy levels. The results indicate that switching from fluorene to DBS moiety
does not alter the HOMO levels of the resulting polymers. The HOMO level is dominated by the
nature of the donor unit and that both fluorene and DBS units are weak electron donors of comparable
strength. All polymers display low-lying HOMO energy levels which are beneficial for the chemical
stability of polymers in oxygen and should lead to higher Voc values of the fabricated OPV devices
including these polymers as donor materials. All polymers have nearly identical LUMO energy levels,
as all polymers have the same BTDI acceptor units which control the LUMO levels in these materials.
Furthermore, anchoring different alkyl chains on BTDI units has little impact on the LUMO levels of
the resulting polymers.

 

ε

−
−
−
−

Figure 2. Cyclic voltammograms of (a) PFDTBTDI-DMO and PFDTBTDI-8; (b) PDBSDTBTDI-DMO
and PDBSDTBTDI-8 on Pt electrode in Bu4NClO4/CH3CN at 100 mV/s.

Table 3. Thermal and electrochemical properties of the polymers.

Polymer
Td

(◦C)
Eox

0

(V)

HOMO
(eV)

Ered
0

(V)

LUMO
(eV)

Eg(elec)

(eV)

PFDTBTDI-DMO 409 0.87 −5.59 1.27 −3.44 2.15
PFDTBTDI-8 367 0.87 −5.59 1.27 −3.44 2.15

PDBSDTBTDI-DMO 438 0.87 −5.59 1.25 −3.46 2.12
PDBSDTBTDI-8 359 0.87 −5.59 1.29 −3.42 2.16

All polymers have comparable HOMO levels relative to P(BTI-F), which has a HOMO level
of −5.60 eV [24]. This indicates that the incorporation of two extra thiophene spacers between
fluorene and DTBTDI units has negligible effect on the HOMO levels of the resulting polymers.
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However, all polymers have deeper HOMO levels compared to those of PDI-BDTT, PDI-BDTO, BBTI-1,
and BBTI-2. This could be attributed to fluorene and DBS units being weaker electron donors than
BDT and BTT units [20,23]. The LUMO levels of the polymers are higher than those of PFDTBT and
PDBSDTBT (−3.8 eV), which are related to the stronger electron-accepting ability of BTDI moiety than
BT unit [18,35].

3.4. Thermal Properties

The thermal properties of the polymers were studied by TGA (Figure 3 and Table 3). All polymers
show high thermal stability with Td up to 350 ◦C. The thermal stability of the polymers with n-octyl
chains on BTDI moiety is significantly lower than those with 3,7-dimethyloctyl chains. The results
show that the thermal properties of the polymers are mostly affected by the size of the alkyl chains
anchored to the BTDI units as well as by the type of the donor building blocks.

 

−

−

 

π π

Figure 3. TGA of PFDTBTDI-DMO, PFDTBTDI-8, PDBSDTBTDI-DMO, and PDBSDTBTDI-8.

3.5. Powder X-ray Diffraction (XRD)

Since a single polymer can come in various forms including crystalline, amorphous and
semi-crystalline phases, which effect on its mechanical and electrical properties, it is necessary to
accurately determine the structural properties using XRD technique [57–59]. The structural properties
of the prepared polymers were investigated by powder XRD in solid state as shown in Figure 4.
The XRD of the PFDTBTDI-DMO, PFDTBTDI-8, PDBSDTBTDI-DMO, and PDBSDTBTDI-8 show
diffraction peaks at 20.0◦, 20.5◦, 19.7◦ and 20.3◦ corresponding to the π–π stacking distance of 4.43 Å,
4.32 Å, 4.5 Å and 4.36 Å, respectively. The results presented in the current study confirm that all the
prepared polymers have an amorphous nature, which are similar to the most conductive polymers
from the literature [53,60,61]. It is also worth noting that the peaks for the polymers containing
n-octyl chains are more pronounced which indicates more aggregation than those polymers including
3,7-dimethyloctyl chains as also indicated by their lower solubility.
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Figure 4. Powder XRD of (a) PFDTBTDI-DMO and PFDTBTDI-8; (b) PDBSDTBTDI-DMO
and PDBSDTBTDI-8.

4. Conclusions

In summary, four fluorene and dibenzosilole-based copolymers were prepared by copolymerizing
2,7-fluorene and 2,7-dibenzosilole (DBS) with both M1 and M2 and yielded PFDTBTDI-DMO,
PFDTBTDI-8, PDBSDTBTDI-DMO, and PDBSDTBTDI-8, respectively. All polymers exhibit good
solubility in common organic solvents. Changing the alkyl chains on BTDI moieties has a substantial
influence on the solubility of the polymers. The use of 3,7-dimethyloctyl side groups on BTDI units in the
fluorene-based polymers afforded PFDTBTDI-DMO in high yield; however, the polymer was extracted
in the toluene fraction due to its high solubility. The use of n-octyl side groups on BTDI units yielded
PFDTBTDI-8, which has a lower solubility. In addition to the toluene fraction, another fraction from
chloroform which a higher molecular weight was obtained. However, in the case of dibenzosilole-based
copolymers, linear octyl side chains have a negative impact on the molecular weight and the solubility
of the resulting polymer. In solutions, all polymers show similar absorption maxima. In thin films,
the absorption spectra of the polymers display bathochromic shift absorption maxima relative to
their absorption in solutions. The optical band gaps of the fluorene-based copolymers are slightly
higher than those of dibenzosilole-based copolymers. The band gaps of the fluorene-based polymers
are slightly changed by substituting 3,7-dimethyloctyl chains with n-octyl chains on BTDI units,
while the band gaps of dibenzosilole-based polymers are the same. Upon varying fluorene to DBS
unit, the HOMO levels of the resulting polymers do not change. This is due to the fact that the
HOMO energy levels are controlled by the nature of the donor units, both fluorine and DBS units
are weak electron donors of similar strength. All polymers show deep-lying HOMO energy levels of
−5.59 eV, which are advantageous for the chemical stability, and this would lead to higher Voc values
using these polymers as electron-donating materials in the BHJ devices. All polymers have almost
the same LUMO levels since they have the same BTDI acceptor units which dominate the LUMO
levels in these materials. Moreover, attaching different alkyl chains on BTDI units has little impact
on the LUMO energy levels of the resulting polymers. All polymers show excellent thermal stability
with Td exceeding 350 ◦C. The polymers based on branched 3,7-dimethyloctyl chains have higher
thermal stability than those polymers based on n-octyl chains. The thermal stability of the polymers
is dependent upon the type of the alkyl substituents attached to the acceptor moieties. The X-ray
powder diffraction studies of the polymers show diffraction peaks around 20.0◦ corresponding to the
π–π stacking distance of about 4.0 Å which gives evidence for the amorphous nature of the polymer.
All polymers have the amorphous nature.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/12/1147/s1,
Figure S1: 1H NMR spectrum of PFDTBTDI-DMO in C2D2Cl4 at 100 ◦C. Figure S2: 1H NMR spectrum of
PFDTBTDI-8 in C2D2Cl4 at 100 ◦C. Figure S3: 1H NMR spectrum of PDBSDTBTDI-DMO in C2D2Cl4 at 100 ◦C.
Figure S4: 1H NMR spectrum of PDBSDTBTDI-8 in C2D2Cl4 at 100 ◦C.
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