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a b s t r a c t

Donoreacceptor-type polymers, PBDPBT-T, PBDPBT-TT, and PBDPBT-biT, were polymerized via Stille
coupling reactions. In the unfavorable mode of DFT calculations, the distance between BDP in the two
different polymer main chains showed different distance of repeating unit (Dn) according to the p-
spacers type. Especially, PBDPBT-TT caused larger D2 than PBDPBT-T and PBDPBT-biT. The UVevis ab-
sorption spectra of PBDPBT-T and PBDPBT-biT films were red-shifted compared with the solution ab-
sorption, whereas that of a PBDPBT-TT film was blue-shifted. PBDPBT-T and PBDPBT-biT had high
crystallinity and a tendency of face-on orientation. In contrast, PBDPBT-TT had low crystallinity. Owing to
differences in packing formation, the polymers had different JSC values. When a polymer solar cell device
was fabricated through a solution process, PBDPBT-biT (in a 1:1.5 ratio with PC70BM) exhibited a PCE of
4.50%, with a JSC value of 8.6 mA/cm2, a VOC value of 0.88 V, and an FF value of 59.4%.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past few decades, organic semiconducting polymers
have received considerable attention owing to their numerous
advantages, such as easy structural transformations, light absorp-
tion and emission properties, low process price due to the avail-
ability of solution processes, and the potential for making light
weight and flexible devices. Thus, organic semiconducting poly-
mers have been applied to electronic and optoelectronic devices,
such as light emitting diodes (LED) [1], thin film transistors (TFT)
[2], solar cells [3,4], and optical sensors [5].

In general, the active layer of polymer solar cells (PSCs) has a
bulk heterojunction (BHJ) configuration. To achieve high-efficiency
in a BHJ solar cell, the main chain units and side chains of the
alternating conjugated donoreacceptor (D-A) polymers should be
tuned to obtain low-bandgap (LBG) donor polymers by push-pull
effects [6,7]. The effects of chemical parameters increase carrier
mobility, adjust energy levels, and change absorption region ac-
cording to control bandgap. These studies have shown that high
efficiency can be obtained by increasing the short-circuit current
density (JSC), open-circuit voltage (VOC), and fill factor (FF) through
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changing the arrangement of polymers in the device. Recently, ef-
ficiencies are accomplished up to 10.6% in a single cell and
maximum 11.7% in multi junction-cells [8,9]. And improved photon
harvesting properties through device structure control have been
reported [10]. The JSC value of the PSCs with BHJ systems can be
increased using the followingmethod, which improves the electron
mobility and compatibility with PCBM.

Adjusting thep-spacers in the conjugatedpebridge of DeA type
LBG polymers for solar cells has recently drawn attention. The in-
fluence of increasing the conjugation length on the optical and
electrical properties of DeA polymers has been widely studied. In
particular, to achieve close packing of the polymers and thus good
charge transport characteristics, the steric hindrance should be
decreased for enhancing the planarity and intermolecular pep
interactions. Woo and Wang et al. reported change of the crystal-
lites as introduced p-spacer such as thieno[3,2-b]thiophene (TT)
and bithiophene (biT) [11,12]. Polymers with TT or biT spacers had
increased crystallinity and higher JSC owing to extended p-spacers
and decreased steric hindrance. Moreover, extending the length of
the p-spacer section enhanced the face-on orientation owing to
decreased the steric hindrance, resulting in higher JSC. In addition,
the formation of face-on structures in polymer thin filmwas studied
by controlling the stacking properties by changing the side chains,
functional units, and p-spacers of the polymer. In PSCs, the face-on
structure is more advantageous for transferring electric charge and
increasing JSC than the edge-on structure. Hou et al. reported that
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the curvature of the polymer main backbone could be tuned with
kind of polymer donor unit [13]. Polymers with a linear curvature
polymers were shown to have a highly crystalline (010) peak and
form the face-on orientation. In our previous work, we adjusted the
length of the p-spacer (0e2) in polymers with alkylidenefluorene
and isoindigo derivative to increase the JSC through enhanced
crystallinity [14]. We found a correlation between the structure of
p-spacer and crystallinity, and by extension, polymer curvature.

Benzo[1,2-b;4,5-b0]dithiophene (BDT), which is a widely used,
electron-rich donor unit, has the advantages of high hole mobility
owing to its p-conjugated structure, planarity as a result of two
thiophene (T) units fused with a benzene core, and solubility
depending on the side chain [15,16]. Recent studies have reported
PSCs with power conversion efficiencies (PCE) of 4e10% for BDT
copolymerized with benzothiadiazole (BT), thieno[3,4-b]thio-
phene, diketopyrrolopyrrole (DPP), thiazolothiazole (TTZ), and
thienopyrroledione (TPD) derivatives [17,18]. The benzo[2,1-b:3,4-
b0]dithiophene (BDP) unit has similar characteristics to those of the
BDT unit, but could allow different curvature of the molecular back
bone to be achieved. In polymers, BDP has excellent electron
mobility and may enable increased JSC values by improving the
blending properties and increasing the contact area with PCBM
owing to zigzag or S-shape molecular arrangements [19e21].

Since the development of PSCs. BT has been used in D-A type
polymers, such as PCDTBT and PFOBT, as an acceptor unit BT de-
rivatives with octyloxy(BTO) have recently been used in many
studies because of their enhanced solubility without considerable
effects on the molecular arrangement or energy levels during de-
vice production [22].

In this study, D-A type polymers were synthesized using a BDP
donor and BTO acceptor. T, TT and biT were introduced into the
polymer main chain as p-spacers. The optical and electrochemical
properties of the polymers were characterized and correlated to the
curvature of the p-spacer. The results showed that the molecular
curvature and arrangement of the polymer films were affected by
the p-spacer. Additionally, the introduction of T and biT decreased
steric hindrance in polymer backbone and increased electron
mobility. By applying the polymer with biT spacer, as the active
layer in a PSCs device, JSC and FFwere increased with optimized PCE
of 4.50% and VOC of around 0.88 V.

2. Experimental section

2.1. Measurements

Unless otherwise specified, all reactions were performed under
a nitrogen atmosphere. The solvents were dried using the standard
procedures. All column chromatography was performed with silica
gel (230e400 mesh, Merck) as the stationary phase. 1H NMR
(400 MHz) spectra were recorded with a Bruker AMX400 spec-
trometer, using the resonances of the solvent as an internal refer-
ence. Chemical shifts (delta: d) are reported in ppm downfield from
TMS. The molecular weights of the polymers were measured using
the GPC method with polystyrene standards. TGA measurements
were performed on a TA Instruments 2050 analyzer. Electro-
chemical cyclic voltammetry was performed using a Zahner IM 6e
electrochemical workstation with 0.1 M Bu4NPF6 in acetonitrile as
the electrolyte. ITO glass coated with a thin polymer film was used
as the working electrode, and a Pt wire and an Ag/Agþ electrode
were used as the counter and reference electrodes, respectively.
The electrochemical potential was calibrated against Fc/Fcþ. Cur-
rentevoltage (IeV) curves of the PSC devices were measured using
a computer-controlled Keithley 2400 source measurement unit
equipped with a Peccell solar simulator under AM1.5G illumination
(100 mW/cm2). The illumination intensity was calibrated using a
standard Si photodiode detector equipped with a KG-5 filter. The
output photocurrent was adjusted tomatch the photocurrent of the
Si reference cell to obtain a power density of 100 mW/cm2. After
encapsulation, all devices were operated under ambient atmo-
spheric conditions at 25 �C.

2.2. Fabrication and treatment of polymer solar cells

All of the BHJ PV cells were prepared using the following device
fabrication procedure. The glass/indium tin oxide (ITO) substrates
[Sanyo, Japan (10 X/c)] were lithographically patterned, cleaned
with detergent, and sonicated in deionized water, acetone, and
isopropyl alcohol. The substrates were then dried on a hot plate at
120 �C for 10 min and treated with oxygen plasma for 30 min to
improve the contact angle immediately before the film coating
process. Poly(3,4-ethylene-dioxythiophene): poly(styrene-
sulfonate) (PEDOT:PSS, Baytron P 4083 Bayer AG) was passed
through a 0.45-lm filter before being deposited onto the ITO sub-
strates at a thickness of ca. 32 nm by spin-coating at 4000 rpm in air
and then dried at 120 �C for 20min inside a glove box. The solutions
were then passed through a 0.45-lm PTFE filter and spin-coated
(500e4000 rpm, 30 s) on top of the PEDOT:PSS layer device
fabrication was completed by depositing layers of Al (200 nm) at
pressures of less than 10�6 torr. The active area of the devices was
4.0 mm2. Finally, the cell was encapsulated using a UV-curing glue
(Nagase, Japan). The conventional devices were fabricated with the
following structure: ITO glass/PEDOT:PSS/polymer:PC70BM(active
layer)/BaF2/Ba/Al encapsulation glass. The inverted devices were
fabricated with the following structure: ITO glass/ZnO/polymer:-
PC70BM(active layer)/MoO3/Al encapsulation glass.

2.3. Synthesis

2.3.1. 4,5-Di(2-ethylhexyloxy)benzo[2,1-b:3,4-b0]dithiophene (2)
Compound 1 (0.35 g, 1.14 mmol), cesium carbonate (3.7 g,

11.42 mmol), and 2-ethylhexyl bromide (2.0 mL, 11.42 mmol) were
dissolved in 20 mL acetonitrile. The reaction mixture was stirred at
75 �C. 2-ethylhexyl bromide and cesium carbonate were added
more and the mixture was refluxed to 75 �C for further 24 h. The
mixture was cooled to room temperature and acetonitrile was
removed by rotary evaporation. The residue was partitioned be-
tween water and dichloromethane. The organic phase was washed
with 1 M HCl and then with water, dried over Na2SO4. Evaporation
of the solvent led to a brown oil. The product was purified by col-
umn chromatography (n-hexaneeMC 1: 1). Pure product 2 (0.41 g,
0.912 mmol, 80%) was obtained as awhite solid. 1H NMR (400MHz,
CDCl3): 7.50 (d, 2H), 7.35 (d, 2H), 4.06 (m, 4H), 1.81 (m, 2H), 1.67 (m,
2H), 1.55 (m, 6H), 1.36 (m, 8H), 0.95 (m, 13H). m/z 448.

2.3.2. 2,7-Bis(trimethyltin)-4,5-di(2-ethylhexyloxy)benzo[2,1-
b:3,4-b0]dithiophene (BDP, D1)

Compound 2 (0.45 g, 1.0 mmol) was dissolved in 5 mL dry THF.
The slightly yellow solution was cooled to �78 �C and n-BuLi
(1.0 mL, 2.5 mmol, 2.5 M in n-hexane) was added over 30 min. The
suspension was stirred for 1.0 h at �78 �C and 1.0 h at room tem-
perature. After cooling to�78 �C trimethylstannyl chloride 1.0 M in
THF (2.5 mL, 2.5 mmol) was added in one portion. The mixture was
stirred for 1 h at �78 �C and at room temperature overnight. An
ivory solutionwas formed and n-hexanewere added for quenching.
The suspensionwas washed with water, dried over Na2SO4 and the
solvent was removed by evaporator. The product was dried in high
vacuum to obtain 780 mg (0.68 mmol, 90%) of a white solid of D1,
which was used in the next step without further purification. 1H
NMR (400MHz, CDCl3): 7.54 (s, 2H), 4.06 (d, 4H),1.52 (t, 4H),1.43 (s,
2H), 1.37 (m, 10H), 0.97 (t, 8H), 0.94 (m, 8H), 0.44 (t, 24H). m/z 772.
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2.3.3. 5,6-bis(octyloxy)-4,7-di(thiophen-2-yl)benzo[c][1,2,5]
thiadiazole (3)

A0 (0.826 g, 1.5 mmol), tributyl(thiophen-2-yl)stannane (1.231 g
3.3 mmol) and bis(triphenylphosphine)palladium(II) chloride
(0.21 g, 0.3 mmol) were dissolved in 30 mL of anhydrous THF in a
well-dried round flask under nitrogen atmosphere. After flushing
with nitrogen, the reactant was heated to reflux for 24 h. After
cooled to room temperature, the reaction mixture was poured into
water. The product was extracted with ethyl acetate. The extracts
were combined and washed with water and brine, then dried over
Na2SO4. The filtrate was concentrated under reduced pressure. The
residue was purified by column chromatography on silica to give
compound as a deep red crystal (0.710 g, 85%). 1H NMR (400 MHz,
CDCl3): d (ppm) 8.47 (d, 2H), 7.50 (d, 2H), 7.23 (t, 2H), 4.10 (t, 4H),
1.91 (m, 4H), 1.41 (m, 4H), 1.34e1.29 (m, 16H), 0.89 (t, 6H). m/z 556.

2.3.4. 5,6-bis(octyloxy)-4,7-di(thieno[3,2-b]thiophen-2-yl)benzo[c]
[1,2,5]thiadiazole (4)

A0 (0.826 g, 1.5 mmol), trimethyl(thieno[3,2-b]thiophen-2-yl)
stannane (1.000 g 3.3 mmol) and bis(triphenylphosphine)palla-
dium(II) chloride (0.21 g, 0.3 mmol) were dissolved in 60 mL of
anhydrous THF in a well-dried round flask under nitrogen atmo-
sphere. After flushing with nitrogen, the reactant was heated to
reflux for 24 h. After cooled to room temperature, the reaction
mixture was poured into water. The product was extracted with
ethyl acetate. The extracts were combined and washed with water
and brine, then dried over Na2SO4. The filtrate was concentrated
under reduced pressure. The residue was purified by column
chromatography on silica to give compound as a deep red
oil(0.893 g, 89%). 1H NMR (400 MHz, CDCl3): d (ppm) 8.80 (s, 2H),
7.46 (d, 2H), 7.31 (d, 2H), 4.16 (t, 4H), 1.98 (m, 4H), 1.455 (m, 4H),
1.33e1.28 (m, 16H), 0.89 (t, 6H). m/z 668.

2.3.5. 4,7-di(2,20-bithiophen-5-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]
thiadiazole (5)

A0 (0.826 g, 1.5 mmol), 2,20-bithiophen-5-yltrimethylstannane
(1.086 g 3.3 mmol) and bis(triphenylphosphine)palladium(II)
chloride (0.21 g, 0.3 mmol) were dissolved in 60 mL of anhydrous
THF in a well-dried round flask under nitrogen atmosphere. After
flushing with nitrogen, the reactant was heated to reflux for 24 h.
After cooled to room temperature, the reactionmixturewas poured
into water. The product was extracted with ethyl acetate. The ex-
tracts were combined and washed with water and brine, then dried
over Na2SO4. The filtrate was concentrated under reduced pressure.
The residue was purified by column chromatography on silica to
give compound as a deep red crystal(0.995 g, 92%). 1H NMR
(400 MHz, CDCl3): d (ppm) 8.51 (d, 2H), 7.31 (d, 2H), 7.29 (d, 2H),
7.27 (d, 2H), 7.07 (t, 2H), 4.17 (t, 4H), 1.98 (m, 4H), 1.50 (m, 4H),
1.36e1.29 (m, 16H), 0.88 (t, 6H). m/z 720.

2.3.6. 4,7-bis(5-bromothiophen-2-yl)-5,6-bis(octyloxy)benzo[c]
[1,2,5]thiadiazole (A1)

Compound 3 (1.113 g, 2.0 mmol) was added to a mixture of
chloroform (100 mL) and acetic acid (100 mL). After N-bromo-
succimide (0.783 g, 4.4 mmol) was added, the mixture was stirred
at room temperature in dark overnight. Then the reaction mixture
was poured into water and extracted with chloroform. The extracts
were combined and washed with water and saturate sodium bi-
carbonate solution then dried over Na2SO4. After filtration, the
solvent in filtrate was removed under reduced pressure. The res-
idue was purified by column chromatography on silica gel to give
compound as a dark red crystal (1.26 g, 88%). 1H NMR (CDCl3):
d (ppm) 8.37 (s, 2H), 7.18 (s, 2H), 4.12 (t, 4H), 1.94 (m, 4H), 1.45 (m,
4H), 1.36e1.30 (m, 16H), 0.90 (t, 6H). m/z 822.
2.3.7. 4,7-bis(5-bromothieno[3,2-b]thiophen-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]-thiadiazole (A2)

Compound 4 (1.338 g, 2 mmol) was added to a mixture of
chloroform (100 mL) and acetic acid (100 mL). After N-bromo-
succimide (0.783 g, 4.4 mmol) was added, the mixture was stirred
at room temperature in dark overnight. Then the reaction mixture
was poured into water and extracted with chloroform. The extracts
were combined and washed with water and saturate sodium bi-
carbonate solution then dried over Na2SO4. After filtration, the
solvent in filtrate was removed under reduced pressure. The res-
idue was purified by column chromatography on silica gel to give
compound as a dark red oil (1.406 g, 85%). 1H NMR (400 MHz,
CDCl3): d (ppm) 8.75 (s, 2H), 7.33 (s, 2H), 4.15 (t, 4H), 1.96 (m, 4H),
1.45 (m, 4H), 1.33e1.25 (m, 16H), 0.89 (t, 6H). m/z 994.

2.3.8. 4,7-bis(50-bromo-2,20-bithiophen-5-yl)-5,6-bis(octyloxy)
benzo[c][1,2,5]-thiadiazole (A3)

Compound 5 (1.442 g, 2 mmol) was added to a mixture of
chloroform (100 mL) and acetic acid (100 mL). After N-bromo-
succimide (0.783 g, 4.4 mmol) was added, the mixture was stirred
at room temperature in dark overnight. Then the reaction mixture
was poured into water and extracted with chloroform. The extracts
were combined and washed with water and saturate sodium bi-
carbonate solution then dried over Na2SO4. After filtration, the
solvent in filtrate was removed under reduced pressure. The res-
idue was purified by column chromatography on silica gel to give
compound as a dark red crystal (1.424 g, 81%). 1H NMR (CDCl3):
d (ppm) 8.50 (d, 2H), 7.23 (d, 2H), 7.03 (m, 4H), 4.16 (t, 4H), 1.96 (m,
4H), 1.49 (m, 4H), 1.33e1.29 (m, 16H), 0.89 (t, 6H). m/z 1046.

2.4. Polymerization

P-type monomer (BDP) (0.3 mmol), n-type monomer (A1-A3)
(0.3 mmol), Pd2dba3(0) (0.01 g, 0.012 mmol), and P(o-tolyl)3
(0.0146 g, 0.048 mmol) were dissolved in toluene (10 mlL). The
flask was degassed and refilled with nitrogen gas twice. The poly-
merization mixture was stirred at 90 �C for 48 h, and a small
quantity 2-bromothiophene were added. After 6 h, a small quantity
2-tributylstannyl thiophene were also added for the end-capping
reaction. The reaction mixture was cooled to room temperature
and poured intomethanol. The precipitate was filtered and purified
with methanol, acetone, n-hexane and chloroform in a Soxhlet
apparatus. The polymer was precipitated in methanol. Finally, the
polymer was collected as a materials.

2.4.1. Poly(4,5-di(2-ethylhexyloxy)benzo[2,1-b:3,4-b0]dithiophene-
4,7-bis(thiophen-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole)
(PBDPBT-T)

Dark red solid, yield¼ 78.2%. 1H NMR (400MHz, CDCl3): d (ppm)
7.75 (m), 7.45e7.23 (m), 7.10 (m), 4.07e3.90 (m), 2.17 (m),
2.10e0.89 (m).

2.4.2. Poly(4,5-di(2-ethylhexyloxy)benzo[2,1-b:3,4-b0]dithiophene-
4,7-bis(thieno[3,2-b]thiophen-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]
thiadiazole) (PBDPBT-TT)

Dark brown solid, yield ¼ 48.3%. 1H NMR (400 MHz, CDCl3):
d (ppm) 7.72 (m), 7.47e7.21 (m), 7.00 (m), 4.09e3.92 (m), 2.18 (m),
2.00e0.84 (m).

2.4.3. Poly(4,5-di(2-ethylhexyloxy)benzo[2,1-b:3,4-b0]dithiophene-
4,7-bis(2,20-bithiophen-5-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]
thiadiazole) (PBDPBT-biT)

Deep dark purple, yield ¼ 76.5%. 1H NMR (400 MHz, CDCl3):
d (ppm) 8.25 (m), 7.36e7.23 (m), 6.96 (m), 4.25e3.87 (m), 2.17 (m),
2.00e0.84 (m).
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3. Results and discussion

3.1. Synthesis and characterization of polymers

The chemical structures of synthetic routes to the monomers
and polymers are described in Scheme 1. The monomers were
synthesized according to literature methods [23,24]. 2,7-
Bis(trimethyltin)-4,5-di(2-ethylhexyloxy)benzo[2,1-b:3,4-b0]
dithiophene (BDP, D1) and 5,6-bis(octyloxy)benzo[c][1,2,5]thia-
diazole (A0) were used as a donor and an acceptor, respectively. In
addition, T, TT, and biT were introduced as p-spacer for A0 to
synthesize 4,7-bis(5-bromothiophen-2-yl)-5,6-bis(tetradecyloxy)
benzo[c][1,2,5]thiadiazole (BT-T, A1), 4,7-bis(5-bromo-thieno[3,2-
b]thiophen-2-yl)-5,6-bis(octyloxy) benzo[c][1,2,5]thiadiazole (BT-
TT, A2), and 4,7-bis-(5-bromo-[2,20]bithiophenyl-5-yl)-5,6-bis-
octyloxy- benzo[c][1,2,5]thiadiazole (BT-biT, A3), respectively, as
Scheme 1. Synthesis and characteriza
shown in Scheme 1. Poly(4,5-di(2-ethylhexyloxy)benzo[2,1-b:3,4-
b0]dithiophene-alt-spacer-5,6-bis(octyloxy)benzo[c][1,2,5] thia-
diazole (PBDPTB-T, PBDPTB-TT, and PBDPTB-biT) were poly-
merized via the Stille coupling reaction of D1 and the benzo[c]
[1,2,5]thiadiazole derivatives (A1eA3) [25]. The obtained poly-
mers were dark red, dark brown, and deep dark purple powders
with yields of 78.2%, 48.3%, and 76.5% for polymers (-T, -TT, -biT),
respectively. PBDPBT-T and PBDPBT-biT were soluble in general
organic solvents, such as chloroform, chlorobenzene, and o-
dichlorobenzene (ODCB). However, PBDPBT-TT had a relatively low
molecular weight and low solubility. PBDPBT-TT dissolved only in
chloroform and ODCB at elevated temperature. This result is
similar tendency to the trends observed for various results of p-
spacers by Li and Zhang [26,27]. The synthesized monomer and
polymer structures were identified using 1H NMR and GC-MS
(Experimental section).
tion of monomers and polymers.



Table 1
Physical and thermal properties of polymers.

Polymer Mna [kDa] Mwa [kDa] PDIa Degree of polymerization Td(�C)

PBDPBT-T 23.6 28.1 1.51 23.6 309
PBDPBT-TT 9.6 27.9 2.91 7.8 302
PBDPBT-biT 21.3 34.8 1.63 18.3 305

a Determined by GPC in Chloroform using polystyrene standards.

T.H. Lee et al. / Polymer 99 (2016) 756e766760
3.2. Molecular and thermal properties

The measured molecular weights of the polymers are shown in
Table 1. The number average molecular weights (Mn) values for
polymers (-T, -TT, -biT) were 23,600, 9,600, and 21,300 g/mol,
respectively, with corresponding PDI values of 1.51, 2.91, and 1.63.
In a previous study, our group reported relationship between
spacer and solubility in D-A type polymers. However, in this study,
TT gave different results. PBDPBT-TT was observed to have a rela-
tively low molecular weight and solubility because of precipitation
during the polymerization process, which is similar to the findings
of Andersson [28]. As shown in Table 1 and Fig. S9, the transition
temperatures (Td) of polymers (-T, -TT, -biT) in a N2 atmosphere
were quite similar at 309, 302, and 305 �C, respectively. All of the
polymers exhibited excellence thermal stability, indicating their
suitability for optoelectronic device fabrication and application.

3.3. Photophysical properties

UVevis spectra of the chloroform solution and spin-coated thin
films are shown in Fig. 1 and summarized in Table 2. The molar
absorption coefficients (ε) were calculated by measuring the
UVevis absorbance in solution (Fig. S10). Each polymer displayed
two absorption peaks. The low energy band absorption peak
(lmax ¼ 500e600 nm) is caused by intramolecular charge transfer
Fig. 1. UVevis absorption of the polymers a)

Table 2
Optical and electrochemical properties of the polymers.

Polymer UVevis absorption

CHCl3 solution Film

lmax [nm] ε at lmax lmax [nm]

PBDPBT-T 546 42,500 418, 562
PBDPBT-TT 341, 541 49,400 398, 534
PBDPBT-biT 550 30,300 448, 561

a Calculated from the intersection of the tangent on the low energetic edge of the abs
b EHOMO (or LUMO) ¼ �[Eonset(vs Ag/AgCl) � E1/2(Fc/Fcþ vs Ag/AgCl)] � 4.8e V.
(ICT) between the donor and acceptor units, whereas the high
energy band absorption peak (lmax ¼ 300e400 nm) is caused by
localized pep* transitions [29].

Although these three polymers contain the same DeA units,
different absorption intensities were obtained, depending on the
pespacer. As shown in Fig. 1a, the pep* transition peaks of the
polymers in solution increased and ICT absorption peaks decreased
in the order biT, T and TT. This result indicated that TT spacer dis-
rupted charge transfer in the polymer chain, resulting in a low ICT
effect in PBDPBT-TT. The ε value of PBDPBT-biT was the highest
(49,400 M�1 cm�1), indicating that it facilitates greater optical
absorption. Moreover, the absorption coefficients of PBDPBT-T
(42,500 M�1 cm�1) and PBDPBT-biT were approximately 1.5
times larger than that of PBDPBT-TT (30,300 M�1 cm�1), which is a
result of the planarity of the polymers. Polymers with planar
structures and high molecular weights have strong intermolecular
pep stacking interactions. Thus, charge transfer and pep* electron
transitions are favorable and exceptionally high molar absorptivity
can be achieved. This result is consistent with the findings of Icil
and Hoffmann [30,31].

Fig. 1b shows the UVevis spectra of the polymers in the film
state. In the film phase, the absorption peaks of PBDPBT-T and
PBDPBT-biT were red-shifted by 16 and 11 nm compared to the
solution phase, respectively. In addition, a shoulder can be observed
between 600 and 650 nm, which is the result of narrow intermo-
lecular distances due to the planarity of the polymer main chain.
The intermolecular distance decreases in the film state compared
with than in the solution state because of aggregation in the solid
state. In contract, the absorption peak of PBDPBT-TT in the film state
was blue-shifted by 7 nm. This is a result of steric hindrance be-
tween the polymer chains, which disturbs the intermolecular
overlap of p-electrons. Similar results were obtained in previous
studies by our group [14,32] and others, includingMatzger, Watson,
and Corminboeuf [33e35]. Compared with the TT spacer, the T and
in chloroform solution and b) thin film.

Egop,a [eV] Cyclic voltammetry

HOMOb [eV] LUMOa [eV]

lonset [nm]

678 1.83 �5.31 �3.48
628 1.97 �5.29 �3.32
672 1.85 �5.35 �3.50

orption spectrum with the baseline.



Fig. 2. Cyclic voltammograms of polymers and reference (Fc/Fcþ).

Fig. 3. X-ray diffraction patterns of the polymer fi
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biT spacers cause more planar organization between the donor and
acceptor units in the main chains of the polymer, and thus the T and
biT spacers induces orderly p-p stacking. These results are
consistent with the X-ray diffraction patterns in Section 3.4.

The cyclic voltammetry (CV) results are shown in Fig. 2 and
summarized in Table 2. The oxidation onset potentials (Eoxonset) of
polymers (-T, -TT, -biT) were þ0.92, þ0.90, and þ0.96 V, respec-
tively, and the HOMO energy levels were measured to
be �5.31, �5.29, and �5.35 eV, respectively. These results verified
that the identity of the p-spacer does not greatly affect the HOMO
(D0.06 eV) because the D-A derivatives in the main chain are fixed.
These results are consistent with the work of Zhu et al. Using the
same materials, the little difference in the HOMO was observed
(D0.07 eV) as the number of p-spacers increased from one to three
[13]. Because the air oxidation threshold is�5.27 eV, the HOMO of a
material should be less than this value to have oxidation stability.
Thus, these polymers are expected to have excellent oxidation
stability. The LUMO is calculated from the UV band gap. The ob-
tained bandgap trend is in agreement with the research of Brocks
et al., who reported that with increasing p-conjugation length, the
lms on a) out-of-plane mode and b) in-plane.
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band gap was reduced according to the degree of polymerization
[36].

3.4. X-ray analysis

The XRD spectra of the polymer films measured using the out-
of-plane mode are shown in Fig. 3a. The (100) diffraction peak of
the PBDPBT-T and PBDPBT-biT thin films occurred at 5.56� and
4.68�, respectively. The d-spacing (dl) calculated using Bragg's law
(l ¼ 2dsinq) were 15.87 and 18.88 Å, respectively, which is
consistent with the formation of highly ordered (100) lamellar
structures. However, PBDPBT-TT showed a relatively low diffraction
peak for the (100) plane at 4.16�, with a correspondingly high d1
value of 21.2 Å. Diffraction peaks of the (010) crystal plane related to
pep stacking of polymers(-T, -TT, -biT) were observed at 20.45�,
21.89�, and 24.60�, respectively. The calculated pep stacking dis-
tances (dp) were 4.34, 4.05, and 3.62 Å, respectively. Thus, more
effective intermolecular p-electron overlap can occur in PBDPBT-
biT when compared with the other two polymers [37,38]. These
results indicate that the polymers can form both (h00) and (0h0)
lamellar structures.

The XRD spectra of the polymer thin films obtained using the in-
plane mode are shown in Fig. 3b. For PBDPBT-TT, no diffraction
peaks were observed. However, PBDPBT-T and PBDPBT-biT showed
a strong crystal peak at a low angle. Based on the XRD peaks
mentioned above, PBDPBT-T and PBDPBT-biT have face-on orien-
tation and strong crystallinity, whereas PBDPBT-TT has a weak
edge-on orientation and low crystallinity.

These results were consistent with the observation of a shoulder
in the UVevis spectra of PBDPBT-T and PBDPBT-biT thin films
owing to interactions betweenmolecules, whereas PBDPBT-TT does
Fig. 4. The demonstration of the top views of the polymer packing mode
not show a shoulder peak in either solution or film. This difference
is due to the influence of the spacer, which results in linear polymer
backbones for PBDPBT-T and PBDPBT-biT, whereas that of PBDPBT-
TT is curved. Moreover, it was confirmed that effective pep
stacking occurs for PBDPBT-T and PBDPBT-biT, as steric hindrance is
reduced at lower dihedral angles. These results can be further
verified by DFT calculations (Section 3.5). The pep stacking of the
face-on crystalline pattern and the planar backbone structure
facilitate intermolecular electron transfer between polymer chains.
Thus, materials with such structures are expected to show high JSC
values [39e41].

3.5. Electronic structure calculations

Simulations were carried out to determine the electrical prop-
erties, molecular geometries, and HOMO and LUMO electron dis-
tributions of the synthetic polymers. Density functional theory
(DFT) calculations were performed using Gaussian 09 with the
Hybrid B3LYP correlation functional and split valence 6-31G (d)
basis set. Oligomers with repeat units of alkyl chains substituted by
methyl groups were selected for ease of calculation. The calculated
HOMO and LUMO orbitals and the geometries are presented in
Figs. 4 and S11 and summarized in Table 3.

As shown in Fig. S3, the electronic cloud of the HOMO is delo-
calized over the entire polymer main backbone. However, the
electronic cloud of the LUMO is localized on the acceptor monomer
containing BT and the spacer. This is because of an accepting effect
caused by the quinoid structure that forms between the conjugated
electron pair on N and the electron-withdrawing S [12,42]. The
results of the DFT calculations showed that all the polymers had a
tendency for push-pull electron transfer in the main chain. The
s from DFT calculate a) PBDPBT-T, b) PBDPBT-TT, and c) PBDPBT-biT.



Table 3
Calculated DFT parameters.

Polymer Dihedral angle (deg) Curved angle (deg) HOMOcal. [eV] LUMOcal. [eV]

q1 q2 q3 q4 q5

PBDPBT-T 8.42 14.09 8.89 e e 5.4 �4.99 �2.55
PBDPBT-TT 12.86 13.95 8.25 e e 18.2 �4.95 �2.64
PBDPBT-biT 8.22 14.06 5.72 4.58 8.35 32.0 �4.83 �2.63
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HOMO and LUMO of polymers (-T, -TT, -biT) were calculated to
be �4.99/�2.55, �4.98/-2.64, and �4.83/-2.63 eV, respectively. The
HOMO energy levels of the three polymers are similar, which is
consistent with the CV results, because the main donor and
acceptor units are same in each polymer. As the conjugation length
of the main chain increased in the order T, TT, and biT, the bandgap
value decreased. As the number of oligomers increased, the
bandgap also decreased owing to extension of the conjugation
[43,44]. However, these calculation results do not match the
bandgaps calculated as Eonset in the UVevis spectra. This is due to
the different polymerization degrees of the synthetic polymers. The
polymerization degrees of polymers (-T, -TT, -biT) were 23.6, 7.5,
and 18.3, respectively. In the case of PBDPBT-TT, the optical bandgap
(Egopt ¼ 1.97 eV) was measured relatively higher than its own Egopt

because of its low polymerization degree. The dihedral angle of
each polymer was around 4.58e14.09� and the conformation was
locked due to interactions among the S of the thiophene spacer, N
and O of BT, and S and O of BDP. This result verified that the overall
shape of the polymer repeating unit was planer.

However, when two repeating units are examined, as shown in
Fig. 5, the structural arrangement calculation results showed
different characteristics for the packing mode of the polymers. In
the favorable mode, PBDPBT-T and PBDPBT-biT formed linear
backbone conformations, whereas PBDPBT-TT formed a curved
Fig. 5. JeV characteristics at a) conventional and b) inverted and external quan
backbone conformation. The angles of curvature of 5.4� and 18.2�in
PBDPBT-T and PBDPBT-biT, respectively, showed that these poly-
mers have planar structure that can form ordered inter-chain
packing. This is consistent with the XRD results that showed good
crystallinity with a strong (100) peak and face-on orientation. On
the other hand, since the angle of curvature in PBDPBT-TT is much
larger at 32.0�, it is difficult to obtain an evenly arranged thin film
on the substrate and thus, this material showed low crystallinity. In
the unfavorable mode, the distance (Dn, n ¼ number of repeating
units, 1 and 2) between BDP and BDP in the two main chains were
changed (D1sD2). In particular, PBDPBT-TT showed larger D2 and
DD (D2eD1) values than the other two polymers. The larger DD
value for PBDPBT-TT was bigger than that of PBDPBT-T and PBDPBT-
biT. It was difficult to achieve face-to-face pep stacking between
molecules. Thus, the PBDPBT-TT film had a weak peak in XRD. In
addition, such curved molecular structure has the disadvantage of
forming a nanophase morphology in BHJ active layers [45,46]. In
other words, such molecular structures causes weak interaction,
which is consistent with a reduced intermolecular transfer.

3.6. Photovoltaic properties

JeV curves and incident photon to current efficiency (IPCE)
spectra of the polymer photovoltaic devices are presented in Fig. 5
tum efficiency at c) conventional and d) inverted of photovoltaic devices.



Fig. 6. Topographic AFM images of polymer:PC70BM(1:2 w/w%) blend films.

Table 4
Photovoltaic properties of polymers.

Polymer PC70BM ratios JSC (mA/cm2) VOC (V) FF (%) PCE (%) JSC at IPCE (mA/cm2)

PBDPBT-T Conventional 1:2 7.1 0.80 56.2 3.19 7.01
Inverted 1:1.5 8.5 0.88 57.7 4.32 8.03

PBDPBT-TT Conventional 1:2 5.6 0.80 47.6 2.13 5.33
PBDPBT-biT Conventional 1:2 8.3 0.80 51.7 3.43 7.81

Inverted 1:1.5 8.6 0.88 59.4 4.50 8.39
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and the results are summarized in Table 4. The PCEs of polymers (-T,
-TT, -biT) were 3.19, 2.13 and 3.43%, respectively in conventional
device. The PCEs of polymers (-T, biT) were 4.32, and 4.50%,
respectively, in inverted devices. These polymers had similar VOC
values in both types of devices (conventional - 0.80 V inverted
�0.88 V). The VOC of the fabricated devices showed a similar trend
to that for the HOMO level measured by CV and DFT. The work
function of the interlayer plays an important role because of the
potential-energy alignment of the active layer and metal electrode.
Compared with BaF2 in a conventional device, electron transport
layer (ZnO) in an inverted device increases the built in potential
energy. Such a difference results in increases of VOC [47,48]. The
surface potential difference (DSP) of the active layer vs BaF2 and
ZnO films was measured using EFM to identify the energy level
matching between the active layer and electron transport layer, as
shown in Fig. S12. At the interface between the two layers in con-
ventional and inverted devices, DSP of the two distinct parts
changed. The DSP of PBDPBT-T:PCBM vs. BaF2 and ZnO were 18.912
and 8.240 mV, respectively, whereas those of PBDPBT-biT:PCBM vs.
BaF2 and ZnO were 19.525 and 4.559 mV, respectively. At the
interface of the two layers, DSP of the two distinct parts changed by
10.668 and 14.966 mV. This signifies that a smaller potential dif-
ference between the active layer and interlayers increased the
probability of dissociation of excitons, leading to the improved VOC.
As PBDPBT-T and PBDPBT-biT have linear and planar structures,
they are enhanced in structures with face-on orientation. Because
of this, the JSC values of these polymers were improved by 26.8%
and 48.2%, respectively, compared with that of PBDPBT-TT.

The external quantum efficiency (EQE) was measured for the JSC
measurements, and these devices showed a sufficiently broad EQE
graph in the visible range (300e700 nm) as shown in Fig. 6c and d.
The EQE value was high in the range of 300e700 nm, but begins to
decrease over 600 nm. PBDPBT-T and PBDPBT-biT had EQEmax
values of 60.8% and 60.7%, respectively, but PBDPBT-TT had a lower
EQEmax value of 40.5%. This is because of the increase of exciton
recombination caused by poorer blending with PCBM due to low
pep stacking property and the curved shape of PBDPBT-TT [49,50].
When we manufactured inverted PSCs devices, PBDPBT-T and
PBDPBT-biT showed slightly increased JSC values. As shown in the
EQE spectra of the inverted PSCs in Fig. 5d, a high EQE value is
obtained for photon-electron conversion over 500 nm. The JSC value
can be calculated using the integral value of the EQE graph. The
calculated JSC values were explained Table 4 which is similar to the
values measured from the JeV curve.

3.7. Hole mobility and morphological properties

In BHJ solar cells, JSC and FF are directly limited by the hole
mobility of the polymer.We determined the holemobility using the
space charge limited current (SCLC) method, as shown in Fig. S13
and summarized in Table S1. The hole mobility values of the poly-
mers (-T, -TT, -biT) blended with PC70BM were 1.64 � 10�4,
7.61� 10�5, and 2.74� 10�4 cm2/Vs, respectively. The hole mobility
of the polymers was greatly affected by the crystal structure of the
polymer film, which influences the charge-transfer pathway.
PBDPBT-T and PBDPBT-biT, which were shown in XRD and DFT
measurements to have face-on orientation, had higher hole mo-
bilities, which led to high JSC in the fabricated photovoltaic cell.

The surface morphology of a polymer blend is a critical factor in
determining the efficiency of PSCs. Thus, atomic force microscopy
(AFM) measurements of the polymer:PC70BM (1:2 w/w) blend
films were obtained, as shown in Fig. 6. The dark colored and light-
colored areas correspond to PC70BM domains and polymers,
respectively. The PBDPBT-biT:PC70BM blend film showed a domain
size of 20e40 nmwith a small root-mean-square (RMS) roughness
of 0.327 nm. The good intermixing between the polymer and
PC70BM promoted the formation of nano-network channels and a
smooth morphology. In contrast, the PBDPBT-T:PC70BM blend film
had a domain size of 50e70 nmwith a RMS roughness of 0.362 nm
and the PBDPBT-TT:PC70BM blend film had a domain size of
100e150 nm with a RMS roughness of 0.451 nm. Rougher mor-
phologies show low photocurrents owing to reduced charge sep-
aration in the active layer and an increasing exciton diffusion length
for recombination [51,52]. The rougher morphology with PBDPBT-
TT is a result of steric hindrance arising from the curved
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structure, which is consistent with the lower photocurrent
observed for PBDPBT-TT in comparison with PBDPBT-T and
PBDPBT-biT. In addition, the result is consistent with the steric
hindrance and shape curvature calculated by DFT.

4. Conclusion

In this study, we polymerized D-A-type polymers, such as
PBDPBT-T, PBDPBT-TT, and PBDPBT-biT using Stille cross coupling.
In each polymer, the individual repeating units showed an overall
planar structure in DFT calculations. However, when oligomers
with two repeating units were calculated, PBDPBT-TT had a curved
shape and arrangement of molecules in a film became difficult. In
the unfavorable mode, the distance (Dn, n ¼ 1 and 2) between BDP
in the two main chains, and DD values increased compared with
those of the other two polymers. This result verified the blue shift of
the UVevis absorption in the film compared with that in solution.
The polymers with T and biT as p-spacers formed planar and linear
conformations and showed face-on orientation resulting in highly
crystalline structures in the pristine polymer films. Thus, the p-
spacer not only increases the p-conjugation length of the D-A
monomer, but also determines the shape of the polymer main
backbone. The polymer shape plays an important role in intermo-
lecular p-electron overlap and greatly affects the crystallinity of the
polymer film.
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