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Two wide band gap conjugated polymers, namely PBDT-TT25 and PBDT-TT36, derived from (4,8-bis(4,5-dioctyl-
thiophen-2-yl)benzo[1,2-b:4,5-b9]dithiophene-2,6-diyl)bis(trimethylstannane) with 2,5-dibromothieno[3,2-b]
thiophene (TT25) or 3,6-dibromothieno[3,2-b]thiophene (TT36), have been synthesized by simply altering the
linker positions of thieno[3,2-b]thiophene unit. The impact of linker positions on the energy levels, aggregation,

active layer morphology, and optical and photovoltaic properties was evaluated systemically. We found thatthe

absorption was greatly broadened, and the highest occupied molecular orbital (HOMO) energy level was

elevated as the result of the significantly reduced twist angle on the polymer backbone when the linker
positions changed from 3,6-isomer to 2,5-isomer. Therefore, the optimal inverted polymer solar cells exhibited

a 1.87 times enhancement in power conversion efficiencies (PCE), which was mainly ascribed to the higher short

circuit current densities (Jsc) and fill factor (FF) of the devices mainly benefited from the widened, stronger

absorption, higher hole mobility, and more ordered structure.

Polymer solar cells (PSCs) with bulk heterojunction structures
have attracted significant attention due to their advantages of
light weight, low cost, and elasticity in large area applications
by inkjet printing and roll-to-roll solution processes [1, 2, 3, 4].
Typically, the key component of PSCs, photoactive blend layer,
consists of p-type conjugated polymers (CPs) as electron donor
and n-type electron acceptor materials, sandwiched between an
anode and a cathode (at least one of them should be trans-
parent) [5, 6, 7, 8, 9]. Recently, the state-of-the-art power
conversion efficiencies (PCEs) of single module PSCs in
fullerene derivatives system have been boosted up to 11%,
which is benefited from the novel materials innovation, the
device structure, and fabrication process[10, 11, 12,13, 14, 15,
16]. However, it still largely lags behind in contrast to inorganic
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solar cells. Therefore, of particular interest and significance for
further driving the PSCs forward is developing the new CP
materials and investigation on the correlation between the
polymer structure and photovoltaic (PV) performance.
Among various donor materials, more and more attention
have paid to the wide band gap (WBG) CPs because of the
complementary absorption with some electron acceptors,
which cannotonlybroaden the absorption bandwidth ofthe
active layer but also generate a high open circuit voltage (Voc)
by reducing the energy loss; thus, a better PCE can be realized
by simultaneously obtaining a high short circuit current
densities (Jsc) and Voc [17, 18, 19]. In the search for
constructional units of ideal WBD CPs, we all know that
benzo[1,2-b:4,5-b9]dithiophene (BDT) is a favorable electron-
donating constructional unit, which has been used in building
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high-efficiency donor polymer materials because of its high
stability against oxidation ability, planar molecular skeleton, and
ability to easily synthesize [20, 21]. The rigid and large planar
conjugated structure of the BDT unit can facilitate to enhance
p-p stacking and improve the charge transport performance
[20,22,23]. Also, thieno[3,2-b|thiophene has been demonstrated
to be an excellent building block and played a significantly
importantrolein tuningthe energylevelsand polymerbackbone
stacking and thus the PV performance [24, 25, 26, 27].

Alarge quantity of successful optimization designs for CPs
primarily originated from polymer backbone modulating, side
engineering, and substituents [4, 10, 13, 25,26, 27, 28]. Apart
from the above-mentioned strategies, the substitution positions
of polymer, another important and effective method for pro-
moting the PV performance, has been ignored to some content
[29,30,31,32,33,34]. Forexample, in 2012, Huang and co-
workers reported a series of novel carbazole-based acceptor
CPs with different linkage sites (2,7- and 3,6-positions) and
found that 2,7-carbazole-derived polymers showed slightly
better PCEs than 3,6-carbazole-derived analogues, as a result
of a widened absorption range, a deeper highest occupied
molecular orbital (HOMO) level, and an improved hole
mobility [29]. Following that, Hou and co-workers reported
three 2D-BDT-based polymers, PBDTDTBT-p, PBDTDTBT-o,
and PBDTDTBT-m, with different alkyl substitution positions,
which resulted in different steric hindrance and had a great
impact on the PV properties of the corresponding polymers,
i.e., Vocvaried ranging from 0.67 t0 0.90 Vand thus PCEs of
3.48-5.76% [30]. Recently, Gao and co-workers changed the
substitution positions of IEICO-4F and developed a new
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m/( 2 MBF Zn, HOAc
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TTBr,
S Br
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acceptor-donor-acceptor-structured nonfullerene acceptor i-
IEICO-4F; this minor change helped to form the more twisted
polymer backbone configuration and resulted in 164 nm blue-
shifted absorption to obtain a complementary absorption when
blended with J52, thereby achieving the excellent PCE up to
13.18%[31]. These experimental results demonstrated that the
substitution positions of materials have a significant influence
on the performance of PSCs. Accordingly, it was of importance
to further investigate in depth the relationship between sub-
stitution positions in CPs and PV performance, which was
bound to enrich the donor polymer design and enhance the
PCEs of corresponding PV devices.

Considering the above factors, we designed and synthesized
two new WBG polymers based on a benzo[1,2-b:4,5-09]di-
thiophene unit attached with the (4,8-bis(4,5-dioctyl-thiophen-
2-yl) benzo[1,2-b:4,5-b9]dithiophene-2,6-diyl)bis(trimethylstan-
nane) (BDT-TSn) and 3,6-dibromothieno[3,2-b|thiophene
(TT36) or 2,5-dibromothieno[3,2-b]thiophene (TT25), named
PBDT-TT36 and PBDT-TT25, respectively. We studied the
impact of molecular linker positions on their thermal, aggrega-
tion, morphological, optical, and PV properties. After the linker
positions changed from 3,6-isomer to 2,5-isomer, the optimal
inverted polymer solar cells (i-PSCs) exhibited 1.87 times
enhancement in PCEs.

Synthesis and characterization of the copolymers

The synthetic routes of monomers and the copolymers are
outlined in Scheme 1. The structures of the monomers were

CeHla: CiHig
< PBDT-TT25

CiHy kMg

CiHi; CgHis
PBDT-TT36

SCHEME 1: Synthesis routes of the monomers and copolymers.
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confirmed by 'H NMR before used (Figs. S1 and S2). And the
obtained copolymers PBDT-TT25 and PBDT-TT36 were
synthesized between TT25 or TT36 and BDT-TSn via the
palladium-catalyzed Stille cross-coupling reaction (Scheme 1)
[38]. The copolymers were end-capped with 2-tributyl-
stannylthiophene and 2-bromothiophene to remove bromo
and trimethylstannyl end groups [39]. After the polymeriza-
tion, the reaction was cooling to room temperature, and the
mixture was precipitated in methanol and filtered. Purification
of the precipitated material was carried out by Soxhlet
extraction using in sequence acetone, hexane, chloroform,
and toluene as the eluants. Then, the concentrated solutions
of the copolymers in toluene were poured into methanol again,
and the precipitated copolymers were collected with the yields
of 75-80%. The copolymers possess good solubility in chloro-
form, chlorobenzene (CB), and o-dichlorobenzene (0-DCB).
The number average molecular weight (Mn) and PDI were
examined by gel permeation chromatography (GPC) using
tetrahydrofuran (THF) as the eluant. The results exhibited that
the Myand PDIvalues were about 19,780 g/moland 2.05 for
PBDT-TT25 and 20,846 g/mol and 2.67 for PBDT-TT36
(Table SI), indicating that the effect generated by different
molecular weights could be overlooked.

Thermogravimetric analysis (TGA) measurement was car-
ried out to evaluate the thermal stability of the polymers, and
the TGA plots of the two polymers are shown in Fig. S3, and
the data are also listed in Table SI. TGA profile reveals that the
decompositions temperatures (Tq) at 5% weight loss of the
PBDT-TT25 and PBDT-TT36 are about 445 °C and 457 °C
under N; flow, respectively, indicating that two copolymers
have good thermal stability for application in PSCs.

Optical properties and aggregation of the
copolymers

A UV-1800 spectrophotometer was used to monitor the
ultraviolet-visible light (UV-vis) in solution and solid thin
film; the normalized UV-vis absorption spectra and the data of
PBDT-TT25and PBDT-TT36 are shown in Fig. 1 and Table],
respectively. The PBDT-TT25 exhibited two absorption peaks
at 352 and 518 nm with a shoulder absorption peak at around
557 nm in dilute CB solution. Compared with that in solution,
the absorption spectrum of PBDT-TT25 in solid thin film
exhibited relatively similar absorption profile but became
greatly broader. It was worth to note that the maximum
absorption and onset of the absorption were red-shifted by 8
and 30 nm, respectively, continuing on from solution to solid
film, indicating PBDT-TT25 had a better coplanarity and
stronger solid stacking interaction. Meanwhile, PBDT-TT36
exhibited similar but significantly blue-shifted absorption
profiles in CB solution, i.e., absorption peaks and weak

@Materials Research Society 2019

1.0 q —0—PBDT-TT25 in CB
y —e— PBDT-TT2S in film

~—o—PBDT-TT36 in CB

~—#— PBDT-TT36 in film

Normalized Absorbance (a.u.)

300 400 500 600 700 800
Wavelength (nm)

Figure 1: Normalized UV-Vis spectra of the PBDT-TT25 and PBDT-TT36 in
diluted CB solution and solid thin film.

shoulder peak were blue-shifted to 344, 391, and 419 nm,
respectively, when the linker positions varied from the 2,5-
positions to 3,6-positions. And the maximum absorption peak
and onset of the absorption were red-shifted by only—1 and
19 nm, respectively, from solution to solid film, implying that
there existed relatively weaker molecular interaction [40].
Moreover, the corresponding optical band gap values g]t
of PBDT-TT25 and PBDT-TT36 were 2.00 and 2.37 eV,
respectively, according to the formula E' % 1240=k% .
These large differences in absorption can explained by more
twisted polymer backbone conformation and more nonlinear
polymer arrangement obtained in the latter theoretical calcu-
lation obvious when the linker positions changed from 2,5- to
3,6-positions.

It is well known that the factors which affect the
absorption properties of materials, the extinction coefficient
of materials is also an important measure. The molar
extinction coefficient (€) of PBDT-TT25 and PBDT-TT36 in
0-DCB solution was also determined. As shown in Fig. S4, the
e at maximum absorption peak (Kmax) was increased by 23%
from 197,686 L/(mol cm) to 243,014 L/(mol cm) after the
linker positions varied from 3,6- to 2,5-isomer. These obser-
vations suggested that PBDT-TT25 exhibited the greatly
widened and enhanced absorption.

To gain insight into the aggregation characteristics of
PBDT-TT25 and PBDT-TT36 in solid state, X-ray diffraction
(XRD) analyses of the polymers films were carried out, as
shown in Fig. 2. In the small angle region, obvious diffraction
peaks were observed at 2h 5 4.06° for PBDT-25TT and 2h 5
4.18° for PBDT-TT36, respectively, corresponding to the
distance between the polymer interlayer of 21.75 and 21.12
A.Ttwas noted that PBDT-25TT showed stronger diffraction
intensity than PBDT-36TT. Meanwhile, the peaks in the wide
angle region reflected the p-p stacking distances between the
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TABLE I: Optoelectronic and parameters of the PBDT-TT25 and PBDT-TT36.
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Figure 2: XRD patterns of the pristine PBDT-TT25 and PBDT-36TT.

polymer backbones, which were located at 2h 5 23.34° for
PBDT-25TT and 2h 5 23.07° for PBDT-36TT, respectively,
Bragg'slaw (i.e., k5 2dsinh) [27]. [t was not difficult tofind
that even though PBDT-TT25 possesses a longer interlayer d-
spacing distance, corresponding to the d-spacing of 3.80 and
3.85 A based on the more important and shorter p-p stacking
distance than PBDT-TT36 was observed, suggesting PBDT-
TT25 had a more benefited solid molecular stacking interaction
and thus obtained higher charge transfer than that of PBDT-
TT36.

Theoretical calculation

To further understand the influence of substitution positions
on the molecular structures, the electronic properties of the
copolymers as well as molecular geometry and orbital distri-
butions of the molecular backbones, quantum chemistry
calculations were adopted and used density functional theory
(DFT) with the B3LYP/6-31G* level, as implemented in
Gaussian 09 [41]. To simplify the calculation process, we
selected the model monomers with three repeated donor-
acceptor units and substituted the long alkyl side chains with
methyl groups. The distributions of HOMO and lowest un-
occupied molecular orbital (LUMO) are illustrated in Fig. 3.
The HOMO and LUMO frontier orbitals of BDT-TT25
systems were uniformly distributed along the entire conjugated
planes. However, the HOMO and LUMO of BDT-TT36

Figure 3: Optimized geometries of each trimer models for BDT-TT25 and
BDT-TT36 by DFT atthe B3LYP/6-31G* and surface plots and energy levels of
frontier orbitals.

systems were broken at the middle of the thieno[3,2-b]
thiophene. Moreover, the calculation results showed that
HOMO/LUMO/E; values were —4.745/—2.727/2.018 eV for
(BDT-TT25)3and —5.029/—1.737/3.292 eV for (BDT-TT36)3,

which were similar with the variation trend observed in the
absorption and CV measurements. Additionally, it has been
demonstrated that the more linear configuration and more
planar backbone structure lead to better charge transfer
mobility and thereby increased Jsc and PCE of the device.
Thus, the optimized ground-state geometries of the (BDT-
TT25)sand (BDT-TT36)ssystems are shown in Fig. 3,and the
data of dihedral angles are presented in Table SII. We can find
that the dihedral angles (U; and U,) between thieno[3,2-b]
thiophene and BDT-T were 10.89° and 11.19° for (BDT-TT25)3
and 24.27° and 24.55° for (BDT-TT36)s. Clearly, the corre-
sponding average twisted angle significantly enlarged (approx-
imately 2.21 times) and the molecular linear configuration also
became poor when the linker position changed from 2,5- to
3,6-isomer; these are bad for improving the solar cell property
[42, 43, 44]. With a goal of investigating the difference of
absorption between the PBDT-TT25 and PBDT-TT36, the
calculated UV-vis spectra in (BDT-TT25)zand (BDT-TT36)3
were accomplished, shown in Fig. S5. The calculation results
exhibited that the kmaxwas red-shifted by 171 nm from 393 to
564 nm and the e at knaxWas increased by 60% from 96,451 L/
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(mol cm) to 154,664 L/ (mol cm) after the linker positions varied
from 3,6- to 2,5-isomer, which was consistent with the results
from the absorption measurements. These facts can better
account for what was the reason for large absorption difference
between PBDT-TT25 and PBDT-TT36 aforementioned.

Electrochemical characteristics of the copolymers

Itis an important method to measure the electronic energy levels of
the CPs with the electrochemical properties determined by cyclic
voltammetry (CV) [45, 46]. The onset oxidation potential was
determined by the CV curves fnd calibrated with the potential of
ferrocene/ferrocenium (Fc/Fc ), assumed the energy level
ferrocene/ferrocenium (Fe/Fet) to be —4.80 €V below the vacuum
level [47]. The redox potential of Fc/Fc™ in the above-mentioned
condition was 10.11 V. The cyclic voltammograms of ferrocene
and the two polymer films on a glassy carbon electrode in 0.1 mol/L
BusNPFs acetonitrile solution at a scan rate of 50 mV/s are shown
in Fig. 4(a). The onset oxidation potential of PBDT-TT25 and
PBDT-TT36 were 0.64 and 0.70 V, respectively [Fig. 4(a)]. The
HOMO level and LUMO level, calculated by empirical formulas
(Esomo 5 —(Eox 1 4.69) (eV) [47] and Eruymo 5 —(jExomoj—
Eg) (eV), were about —5.33 and —3.33 eV for PBDT-TT25 and
—5.39 and —3.02 eV for PBDT-TT36. After the linker positions
changed from 2,5-positions to 3,6-positions, the calculated HOMO
level showed a decrease from —5.33 to —5.39 €V, as a result of
amore twisted planar geometry and weak conjugation from DFT
calculation. Furthermore, Fig. 4(b) shows the energy levels diagram
ofthese copolymersand PCs1BM. Itcould be found thatthe Erymo
of all these copolymers were over 0.3 eV larger than that of
PCs1BM, which were capable to provide a sufficient driving force
for efficient exciton dissociation at the interface between donor and
acceptor [48].

Hole mobility of the copolymers

As known, the carrier charge mobility is an important param-
eter, which could affect charge separation of the exciton, charge
carrier transport, and recombination in the PV devices [49, 50].

of

The higher mobility will be beneficial to increase the current
density and decrease the unfavorable exciton recombination. To
investigate the influence of the studied copolymers PBDT-TT25
and PBDT-TT36 with different linker positions on charge carrier
transport, the hole mobilities of the copolymers have been
measured by space-charge-limited current (SCLC) method with
adevice structure of ITO/PEDOT:PSS/ polymer:PCs1BM/MoO3/
Ag. The mobilities of the copolymers were calculated by SCLC
model, which was described by Eq. (1).

8L3J
1v.

a 976‘06rV > alb

where | stands for current density, L is the film thickness of the
active layers, eois the permittivity of free space, eris the relative
dielectric constant of the transport medium, which is assumed
to be around 3 for the CPs, V is the internal potential in the
devices, and | is the hole mobility. The thicknesses were
100 nm for PBDT-TT25/PC¢;BM and 90 nm for PBDT-TT36/
PC¢1BM. The |-V characteristics of the devices from the
PBDT-TT25/PC¢BM and PBDT-TT36/PCs1BM blend films
are presented in Fig. 5 and the related data are listed in Table II.
The hole mobilities were 8.01 x 10~*cm?/(V s) for PBDT-
TT25/PCe:BM and 4.30 x 10~* cm?/(V s) for PBDT-TT36/
PCs:BM. Compared with the counterpart, 1.86 times enhanced
SCLC hole mobility in 2,5-linker positions was achieved and
benefited from the significant polymer planar configuration,
therefore resulting in and explaining an increase in the Jsc and
fillfactor (FF) and thus PCEs from the |-V measurement.

PV properties of the i-PSCs from the copolymers

The PV properties of the two copolymers were explored by
using i-PSCs based on the blend film of copolymers with
configuration of ITO/PFN/polymer:PCs;BM/Mo00O3/Ag, be-
cause the i-PSCs with PFN as cathode modified layers exhibited
enhanced stability and performance [51]. The active layers
spin-coated from CB solution were composed of PBDT-TT25

8.0x10”

—o—PBDT-TT25 A 302
6.0x10" F —e—PBDT-TT36 -3.33
——Fc/Fe’ ) -
. v
24.0“0 - 9, o -4.20
e — w [\
E 2.0x10° b 2 =
- $ = G
U >) | "U
0.0F %D 9?
= ol w
2.0x10" | = Z
. y
02 0.0 02 0.4 0.6 0.8 1.0 12 5.39 -5.33
Voltage (V, vs. Ag/AgNO,) od
(a) : (b) -6.00

Figure 4: (a) CV curves and (b) energy levels schematic diagram of copolymers.
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or PBDT-TT36 as electron donor and fullerene derivatives
PCs1BM as electron acceptor. The |-V characteristics and
external quantum efficiency (EQE) spectra of inverted devices
are shown in Fig. S6, as measured underillumination of AM

—o—PBDT-TT25:PC, BM=1:1.5
—e—PBDT-TT36:PC, BM=1:1.5

0.9 1.5 18

Vl)ll:l:g(‘ V)
0 1 2 3
Voltage (V)

Figure5: J-V and S**-V characteristics of the copolymers in the hole-only devices
with configuration of ITO/PEDOT:PSS/polymer:PCe1BM/MoOs/Ag.

TABLE II: Hole mobilities of blend measured by SCLC model.

Active layer Ratios (w:w)  Thickness (nm)  Slope  In [cm%/(V s)]
PBDT-TT25/PCs1BM 1:15 100 4891 8.01x10*
PBDT-TT36/PCs1BM 1:1.5 90 4197 430x107*

TABLE Ill: The optimal PV performance of the studied copolymers in i-PSCs.

D/A ratio, Voo Jsc(mA/ FF PCE

Blend films additives (V) cm?) (%) (%)

PBDT-TT25/ 1:1.5/3%DIO 075 4.73(4.68)° 4925 1.75
PCs1BM

PBDT-TT36/ 1:15/3%DI0 079 173 (167 4437 061
PCs1BM

®The values in the parentheses are the integrated currents obtained
from the EQE curves.

(&)

1.5G at 100 mW/cm? conditions and the corresponding PV
performances are listed in Table SIII. The weight ratios of the
copolymers to PCs;BM in the blend films were varied from 1:1
tol:1.5andthento 1:2,and the PCEs of the i-PSCs from PBDT-
TT25wereincreasedfrom 1.31to0 1.46%,thendroppedto 1.30%,
while the PCE of the i-PSCs from PBDT-TT36 were increased
from0.16t00.44% and then dropped to0.20%. The optimum D/
Aweightratiosofthe photosensitivelayer werebothabout 1:1.5,
andthedevicebased on PBDT-TT25/PCs1BMas the photoactive
layer exhibited a higher PCE of 1.46% with a Vocof 0.77V, a Jsc

of 4.69 mA/cm?, and an FF of 40.43%. For PBDT-TT36/

PC¢1BM, a PCE 0f0.45%, a Jscof 1.55 mA/ch, and an FF of
37.84% were observed. Recently, it is widely proved that the
solvent additive processing, such as 1,8-diiodoctane (DIO), is an
effective way to modify the morphology of photosensitive active
layer and improve the PV performance of the CPs [52, 53, 54,
55]. The PCEs of the i-PSCs from PBDT-TT25/PCs;BM and
PBDT-TT36/PC¢1BM with optimum weight ratio were corre-
spondinglyincreased from 1.46to0 1.75%and 0.44t00.61%after
3% DIO (Vpio/Vce) was used as solvent additives (Table III,
Fig. S6, and Table SIII). It was clear that PBDT-TT25 exhibited
a significantly higher PCE than that of PBDT-TT36; this
improvement was primarily ascribed to the enhancement of
Jscand FF after the linker positions varied from 3,6-positions to
2,5-positions, as a result of the greatly widened and stronger
absorption, linear and planar polymer backbone and stronger
absorption, and higher SCLC hole mobility.

To confirm the accuracy of the measurement of the PV
devices, the corresponding EQE spectra under each condition
[Fig. 6(b)] as well as the used device fabrication conditions,
including the different blend ratio and additive (Fig. S6), were
all measured. As seen from Fig. 6(b), after the linker positions
varied from 3,6-positions to 2,5-positions, these experiment
results can partially account for greatly increased Jsc value of
PBDT-TT25. It was also noteworthy that the integrated Jsc
values from EQE curves were in accordance with those
obtained from -V evaluations within 3% error.

50

5TT-PC 1:1.5. 3%
—o—PBDT-TT25:PC, BM=1:1.5, 3% DIO = ERD P TIEC RSS2 DID
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=
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.E 2 r&“« ;
5 Q5
a = 201
3
E *T s
&) ,4)—()47’0'<
. . : i i 0 . . A :
0.2 0.0 02 04 0.6 0.8 300 400 500 600 700
(a) Voltage (V) (b) Wavelength (nm)

Figure6: The (a) optimized currentdensity-voltage (J-V) curvesand (b) the EQE spectra of thei-PSCs fromthe copolymers blend film under AM1.5G illumination

(100 mw/cm?).

@Materials Research Society 2019

cambridge.org/JMR

www.mrs.org/jmr

Journal of Materials Research

[e)]


http://www.cambridge.org/core
http://www.cambridge.org/core/terms
http://www.cambridge.org/JMR
http://www.mrs.org/jmr

Downloaded from https://www.cambridge.org/core. East Carolina University, on 14 Mar 2019 at 08:27:59, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1557/jmr.2019.81

/ J | of
Y 4 | | [ —

Morphological analysis

To understand the reasons for using solvent additives to
improve device performance, we used tapping-mode atomic
force microscopy (AFM) to investigate the surface morphology
of the active layers of copolymers under optimal preparation
conditions [26]. As demonstrated by the AFM height images in
Fig. 87, for PBDT-TT25/PCg1BM the root-mean-square surface
roughness (RMS) values greatly decreased from 2.42 to
0.78 nm, which can in part explain the 1.86 times enhanced
SCLC hole mobility and thus 22% enhanced FF from 40.43 to
49.25%. For PBDT-TT36/PCs1BM blends, the RMS slightly
decreases from 0.86 to 0.80 nm. It can be seen the DIO additive
has a distinct impact on the PBDT-TT25/PCs:BM system but
little influence on PBDT-TT36/PCs:BM system. Also there was
a little difference in the AFM height and phase images between
PBDT-TT25/PC¢BM and PBDT-TT36/PCe1BM (Fig. S8);
these AFM measurements observed cannot explain the differ-
ence between the studied copolymers with different linker
positions.

In conclusion, we have synthesized two benzo[1,2-b:4,5-b9]di-
thiophene-based WBG conjugated copolymers PBDT-TT25
and PBDT-TT36 by varying the linker positions of the thieno
[3,2-b]thiophene unit. Interestingly, it exhibited the greatly
widened and stronger absorption and more linear and planar
molecular configurationand thusa 1.86 timesincreasein SCLC
hole mobility was achieved even if elevated HOMO energy level
when the linker positions changed from 3,6- to 2,5-positions.
Thus, these important improvements led a 1.73 times increase
in Jscand a 22% enhancement in FF and thus a 1.87 times
increase in PCE under similar experimental testing condition.
Although the obtained PCEs were unsatisfactory, the disclosed
correlation between the property and polymer structure with
the varied linker positions was still propitious to design and
develop the efficient CP materials in PSCs.

Materials

All reagents, unless otherwise specified, were obtained from
Aladdin (Shanghai, China), Acros (Belgium, Wisconsin), and
TCI Chemical Co. (Shanghai, China), and used as received.
PCs1BM was purchased from J & K (Beijing, China). All
reagents purchased commercially were used without further
purification except for THF and toluene, which were dried
with sodium with benzophenone as indicator under N, flow.
The thieno[3,2-b]thiophene-2-carboxylicacid [35], 2,5-
dibromothieno(3,2-b|thiophene (TT25) [35], BDT-TSn [36],and
poly[(9,9-bis(39-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-

@Materials Research Society 2019

2,7-(9, 9-dioctylfiuorene)] (PFN) [37] were synthesized accord-
ing to the procedure reported in the references. All the
compounds were characterized by 'H NMR before use.

Synthesis of the monomers and copolymers
Tetrabromothieno[3,2-b]thiophene (TTBr,)

To a solution of thieno[3,2-b|thiophene-2-carboxylic acid (5.50 g,
30.00 mmol) in acetic acid (300 mL), a solution of Br, (48.00 g,
30.00 mmol) was added dropwise at room temperature (r.t.)

and stirred for 1 h, then 100 mL of water was added. The
solution was heated to reflux and a solution of Br» (48.00 g,

30.00 mmol) was added slowly at 120 °C and then stirred for 12 h.

After coolingtor.t., 100 mLofwater was added. The reaction
mixture was extracted with chloroform. The organic phase was
washed three times with water (3 X 50 mL), then dried over
with NaySO4 and concentrated to afford the brown crude
product, which was recrystallized from chloroform and finally
obtained a brown solid (10.40 g, 84%).

3,6-Dibromothieno[3,2-b]thiophene (TT36)

Toa 250 mL three-necked flask, TTBr4(7.00 g, 15.30 mmol),
zinc powder (3.93 g, 61.40 mmol), absolute ethanol (70 mL),
water (7 mL), acetic acid (17 mL), and concentrated hydro-
chloric acid (1.5 mL) were added, and the mixture was heated
to 90 °C and stirred for 2 h. After cooling tor.t., the mixture
was filtered and the residue was washed with anhydrous
ethanol. The reaction mixture was extracted with ethyl acetate.
The organic phase was washed three times with dilute aqueous
NaHCOs3, then dried over anhydrous Na,SO4. Ethyl acetate was
evaporated under reduced pressure, and the crude product was
purified by column chromatography on silica gel using petro-
leum ether/chloroform (15:1) as eluant, yielding a white solid
(2.50 g, 55.6%). Melting point (M.p.): 128-129 °C. '"H NMR
(400 MHz, CDCly): d (ppm) 7.33 (s, 2H).

2,5-Dibromothieno[3,2-b]thiophene (TT25)

The 2,5-dibromo-thieno[3,2-b]thiophene (TT25) was synthe-
sized by a procedure adapted from the literature [35]. M.p.:
132-133°C.'HNMR (400 MHz, CDCls): d (ppm) 7.17 (s, 2H).

PBDT-TT25

TT25 (60 mg, 0.20 mmol), BDT-TSn (230 mg, 0.20 mmol),
10 mL of toluene, and 2 mL of N,N-dimethylformamide (DMF)
were added toa 25 mLtwo-necked bottle. After being flushed
with argon for 20 min, Pda(dba)s (1.5 mg) and P(o-tol)s
(2.5 mg) were added as the catalyst, and the mixture was then
purged with argon for 10 min. The solution was heated to
reflux and stirred for 48 h under argon atmosphere. At the end
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of polymerization, the polymer was end-capped with 2-
tributylstannylthiophene and 2-bromothiophene to remove
bromo and trimethylstannyl end groups. The reaction was
cooling to room temperature, and the mixture was precipitated
in methanol and filtered. Purification of the precipitated
material was carried out by Soxhlet extraction using the
sequence acetone, hexane, chloroform, and toluene as the
eluants. Toluene was removed under reduced pressure and
then poured into methanol (300 mL). The precipitation was
collected and dried under vacuum overnight. Yield: 80%. My 5
19,778 g/mol with PDI of 2.05. "H NMR (400 MHz, CDCls): d
(ppm) 8.04 (br,ArH),7.73-7.33 (br,ArH),2.98 (m,CHy),2.61
(m, CHy), 1.05-1.81 (m, CH, CHy), 0.86 (t, CHs).

PBDT-TT36

The PBDT-TT36 was synthesized as the procedure of PBDT-
TT25, except that the polymerization was carried out with
BDT-TSn (230mg,0.20mmol)and TT36 (60mg, 0.20 mmol).
Yield: 75%. M, 5 20,846 g/ mol with PDI of 2.67. "H NMR
(400 MHz, CDCl3): d(ppm) 7.52 (br, ArH), 7.37-7.31 (br,
ArH),7.23-7.21 (br,ArH),2.87(m, CHy),2.69 (m,CH,), 1.10-
1.80 (m, CH, CH), 0.85 (t, CHg).
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