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a b s t r a c t

To investigate the length of the alkyl side-chains on the photovoltaic performance, three isoindigo-based
polymers with different-length side chains on the thiophene-benzene-thiophene (TBT) (electron-
donating) moiety and isoindigo (electron-withdrawing) moiety have been designed and synthesized, in
which the total carbon atom numbers of the side chains in a constitutional repeating unit are completely
identical. The results indicate that the polymer with longer branched side chains on the TBT units and
shorter linear side chains on the isoindigo units shows stronger interchain interaction and light-
harvesting capacity in 1,2-dichlorobenzene solution and thin film, lower band gaps, stronger p�p
stacking interaction, more appropriate microphase separation with PC71BM, higher hole mobility and
better photovoltaic performance. As a result, the bulk heterojunction (BHJ) device based on PTBTOD-IDB
with 2-octyldodecyl on the TBT moiety and n-butyl on the isoindigo moiety exhibits a power conversion
efficiency (PCE) of 5.29%, which is almost eight times as high as that of PTBTEH-IDHD with 2-ethylhexyl
side chain on TBT moiety and 2-hexyldecyl side chain on isoindigo moiety.

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

Polymer solar cells (PSCs) are a promising photovoltaic (PV)
technology due to their potential application for low-cost flexible
devices [1e4]. The power conversion efficiency (PCE), a key
parameter to assess the performance of PSCs, has increased from 1%
in the 1990s to over 11% just recently [5e10]. This impressive
accomplishment is mainly achieved by the molecular engineering
of the conjugated polymers [11e14], assisted by successes in
interface modification and device optimization [15e18].

Recently, isoindigo (ID) has been considered as a remarkable
electron-withdrawing moiety (A) because it is a symmetrical and
perfect planar p-conjugated molecule, and its strong electron-
deficient property leads to deep-lying energy levels of the lowest
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unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) [19]. Several isoindigo-based co-
polymers with different electron-donating moieties (D) have
shown high photovoltaic performance [19e24]. Wang et al.
developed an isoindigo-based polymer (P3TI), which gave a PCE of
6.3% [22]. We also reported a polymer with isoindigo moieties in
the side chains (PBDT-TID) and achieved a PCE value of 6.51% [20].
Subsequently, Geng and his coworkers reported the polymer P(IID-
DTC), combined with dithieno[3,2-b;6,7-b0]carbazole as D moieties
and isoindigo as A moieties, and achieved a PCE value of 8.2% [25].

The role of the alkyl chains on a conjugated polymer are to
confer solubility of the rigid-rod-like structure in common organic
solvents, appropriate side chains not only improve solubility but
also influence the intermolecular packing (aggregation), absorption
spectra, blend film morphology, charge-carrier mobility, and en-
ergy levels of the conjugated polymers [21,26e30]. Therefore, more
and more researchers focus on side-chain engineering to obtain
high-performance photovoltaic materials [31e40]. On the one
hand, the chemical structure of the side chains shows an impact on
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energy levels which decides the open circuit voltage (Voc) and PCE
values [32,41]. Typically, after substituting alkoxy groups by alkyl
groups, the polymer PBnDTDTBT achieved a deep-lying HOMO
energy level of �5.40 eV [42]. When alkoxy groups were replaced
by alkylthio side chains, the HOMO energy levels of the polymers
were reduced, and the corresponding PSC device achieved an
enhanced Voc [43e45]. On the other hand, the position of the alkyl
side-chains and the position of alkyl chain branch position also play
an important role in improving the photovoltaic performance of the
polymers [27]. For examples, PDTSTTz-4 with a hexyl side chain on
the 4-position of the thiophene units showed an order higher hole
mobility (7.8� 10�2 cm2 V�1 s�1) [46] than PDTSTTz-3 with a hexyl
side chain on the 3-position of thiophene units
(3.56 � 10�3 cm2 V�1 s�1) [47]. The McCulloch group reported that
a longer distance between alkyl-chain branching position and the
backbone led to stronger intermolecular p�p stacking, red-shifted
absorption, improved hole mobility and better photovoltaic per-
formance [31]. Recently the McGehee group gave an opinion that a
more sterically accessible acceptor moiety and a more sterically
hindered donor moiety would lead to a better photovoltaic per-
formance [41]. Subsequently, So et al. reported that the polymer
PBDT(EtHex)-TPD(Oct) with linear n-octyl side chain on TPD unit
showed smaller p�p stacking distance, higher hole mobility and
better photovoltaic performance than BDT(EtHex)-TPD(EtHex)
with a bulkier ethylhexyl side chain [36]. Though a few refer-
ences reported that a more sterically accessible acceptor moiety
would lead to a higher photovoltaic performance, the length effect
of the side chains on D moiety and A moiety was hardly discussed
when the total carbon atoms number of the side chains in a
constitutional repeating unit was fixed.

Herein, three isoindigo-based polymers, with different alkyl
chain length on the thiophene-benzene-thiophene (TBT) (electron-
donating) moiety and isoindigo (electron-withdrawing) moiety
have been designed and synthesized. Firstly, the polymer PTBTEH-
IDHDwith 2-ethylhexyl side chain on TBTmoiety and 2-hexyldecyl
side chain on ID moiety was reported in our early work [48]. Then,
the polymer PTBTHD-IDEH (Fig. 1) with 2-hexyldecyl side chain on
TBTmoiety and 2-ethylhexyl side chain on IDmoiety was designed
and synthesized, and the position effects of these two kinds of side
chains on the photovoltaic performance was investigated. Finally,
the side chain on TBT moiety was extended to 2-octyldodecyl and
that on ID moiety was shortened to n-butyl to obtain the polymer
PTBTOD-IDB. Among these polymers, the total carbon atom
numbers of the side chains in a constitutional repeating unit
remain unchanged in order to avoid the impact of the solubility
Fig. 1. The chemical structure of the polymers.
difference derived from the length difference of side chains. The
length and position effects of the alkyl side chain on light-
harvesting capacity, band gaps, aggregation, the morphology and
hole mobility of the blend film with PC71BM, and photovoltaic
performance of the PSC devices have been studied in detail.
2. Experimental

2.1. Materials and chemicals

Tetrahydrofuran (THF) and toluene were refluxed over sodium
and benzophenone, and distilled prior to use. DMF was dried and
distilled under reduced pressure. All other materials, including the
solvents and chemicals, were purchased from commercial suppliers
(Aldrich, Energy Chemical, Alfa, etc.) and used without further
purification unless stated otherwise.
2.2. Characterization

The NMR spectra were measured using Bruker AVANCE
400 MHz spectrometer. Mass spectra were measured using a
Solarix FF-ICR-MS Analyzer in the MALDI mode. The elemental
analysis result was characterized by Elementar VarioEL CHNS. So-
lution and thin film (on a quartz substrate) UVevis absorption
spectra were recorded using a Perkin-Elmer Lambda 25 spectro-
photometer. Electrochemical measurements were carried out un-
der nitrogen in a deoxygenated solution of tetra-n-
butylammoniumhexafluorophosphate (0.1 M) in CH3CN using an
electrochemical workstation with the polymer thin film on ITO
(indium tin oxide) glass as the working electrode, Pt wire as the
counter electrode, and Ag/AgNO3 electrode as the reference elec-
trode (100 mV s�1). The potentials were referenced to ferrocene/
ferrocenium couple by using ferrocene as an internal standard.
Thermogravimetric analyses (TGA) were performed by using a
Netzsch TG209 analyzer under nitrogen atmosphere at a heating
rate of 20 �C min�1. The average molecular weight and poly dis-
persity index (PDI) of the polymers were determined by Waters
1515 gel permeation chromatography (GPC) analysis with poly-
styrene as the standard. The nanoscale morphology of blended film
was observed using a Digital Instruments Environ Scope atomic
force microscope (AFM) in the tapping mode.
2.3. Fabrication and characterization of PSCs

The photovoltaic cells were constructed in a conventional
sandwich structure of ITO/PEDOT∶PSS(30 nm)/polymer: PCBM/LiF
(0.4 nm)/Al (100 nm). The photosensitive blend layer of the poly-
mers and PCBM was prepared by spin-coating the chlorobenzene
solution (the polymer concentration is 15 mg mL�1) onto the ITO/
PEDOT∶PSS (30 nm) electrode, and dried at room temperature for
30 min in a nitrogen-filled glove box. The cathode of the device,
consisting of 0.4 nm of LiF and 100 nm of aluminum, was thermally
deposited on the top of the blend film at 5 � 10�4 Pa. The thickness
of the active layer was measured by an Ambios Technology XP-2
surface profilometer. Current densityevoltage (JeV) characteristics
were measured by a computer controlled Keithley 2600 source
measurement under AM 1.5G illumination conditions,
100 mW cm�2. The measurement of monochromatic incident
photon-to-current conversion efficiency (IPCE) was performed by
using a Zolix DCS300PA Data acquisition system. All these mea-
surements were performed under ambient atmosphere at room
temperature.
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2.4. Synthetic processes

1,4-Bis(2-(5-trimethylstannyl)thienyl)-2,5-bis(2-ethylhexyloxy)
benzene (M1), 1,4-Bis(2-(5-trimethylstannyl)thienyl)-2,5-bis(2-
hexyldecyloxy)benzene (M3), 1,4-Bis(2-(5-trimethylstannyl)
thienyl)-2,5-bis(2-octyldodecyloxy)benzene (M5) and PTBTEH-
IDHD were synthesized according to the procedures reported by
our group [48]. 6,60-Dibromo-N,N0-(2- hexyldecyl)-isoindigo (M2),
6,60-dibromo-N,N0-(2- ethylhexyl)-isoindigo (M4), 6,60-dibromo-
N,N0-(n-butyl)-isoindigo (M6) were synthesized by according to the
literature procedures [22,49e52].

2.4.1. 1,4-Bis(2-(5-trimethylstannyl)thienyl)-2,5-bis(2-
hexyldecyloxy) benzene (M3)

To a solution of 1,4-dibromo-2,5-bis(2-hexyldecyloxy) benzene
(1.50 g, 2.07 mmol) in dry tetrahydrofuran (THF, 30 mL), a solution
of n-butyllithium in hexane (2.48 mL, 2.5 M) was added dropwise
at �78 �C under argon atmosphere. The mixture was stirred for
30 min at �78

�
C, then the resulting solution was warmed to room

temperature and stirred for another 1 h. The mixture was cooled
to �78

�
C again, and trimethyltin chloride (6.21 mL, 6.21 mmol) in

dry THF was added to the mixture. The mixture was stirred
at �78 �C for 1 h and then stirred at room temperature overnight.
The resulting mixture was poured into water (50 mL) and petro-
leum ether (100 mL). The organic layer was washed twice with
water (50 mL) and dried over anhydrous MgSO4. The organic layer
was dried over vacuum to afford green solid. The solid was then
purified by recrystallization from ethanol to give light green crys-
tals (1.45 g, 66.7% yield). 1H NMR (CDCl3, 400 MHz, d/ppm): 7.64 (d,
J¼ 3.1 Hz, 2H), 7.23 (s, 2H), 7.16 (d, J¼ 3.2 Hz, 2H), 3.95 (d, J¼ 5.1 Hz,
4H), 1.87 (m, 2H), 1.45e1.26 (m, 48), 0.88 (t, J1 ¼ 6.1 Hz, J2 ¼ 6.7 Hz,
12H), 0.36 (t, J1 ¼ 28.1 Hz, J2 ¼ 28.2 Hz, 18H). 13C NMR (CDCl3,
100 MHz, d/ppm):149.31, 145.43, 137.51, 134.99, 126.62, 122.91,
112.80, 72.26, 38.32, 31.97, 31.93, 31.58, 30.14, 29.79, 29.68, 29.41,
27.04, 26.99, 22.74, 14.17, �8.25. FT-ICR MS (C52H90O2S2Sn2) [M]þ

m/z: calcd for 1048.4431; found 1048.4430. Elemental anal. calcd.
for (C52H90O2S2Sn2): C, 59.55; H, 8.65; S, 6.11. Found: C, 59.30; H,
8.77; S, 6.30.

2.4.2. 6,60-Dibromo-N,N0-(2-ethylhexyl)-isoindigo (M4)
To a solution of 6,60-dibromo-isoindigo (2.0 g, 4.76 mmol) in

N,N-dimethyl formamide (DMF, 100 mL), tetrabutylammonium
bromide (0.1 g) and K2CO3 (3.95 g, 28.56 mmol) were added quickly
under argon atmosphere. The mixture was stirred at 80 �C for
30 min, then the solution of 1-bromo-2-ethylhexane (2.30 g,
11.90 mmol) in DMF (30 mL) was added. The mixture was stirred
overnight. After cooling to room temperature, it was filtered, and
the filtrate was extracted by CH2Cl2 and washed with brine. The
organic layer was dried over anhydrous magnesium sulfate, and
then filtered. After removed the solvent by a rotary evaporator, the
crude product was obtained, and it was further purified by column
chromatography using petroleum ether/CH2Cl2 (3:1, v:v) as the
eluent to yield a dark red solid (1.68 g, 54.5%). 1H NMR (400 MHz,
CDCl3, d/ppm):9.04 (d, J ¼ 8.5 Hz, 2H), 7.16 (dd, J1 ¼ 1.4 Hz,
J2 ¼ 8.5 Hz, 2H), 6.90 (d, J ¼ 1.4 Hz, 2H), 3.63 (m, 4H), 1.84e1.81 (m,
2H), 1.43e1.26 (m, 16H), 0.95e0.91 (m, 12H). 13C NMR (100 MHz,
CDCl3, d/ppm): 168.07, 146.15, 132.55, 131.01, 126.69, 125.12, 120.36,
111.54, 44.37, 37.43, 30.58, 28.58, 23.99, 23.08, 14.09, 10.66. FT-ICR
MS (C32H40Br2N2O2) [M]þ m/z:calcd for 643.1529; found
643.1530. Elemental anal. calcd. for (C32H40Br2N2O2): C, 59.64; H,
6.26; N, 4.35. Found: C, 59.48; H, 6.34; N, 4.38.

2.4.3. 1,4-Bis(2-(5-trimethylstannyl)thienyl)-2,5-bis(2-
octyldodecyloxy) benzene (M5)

To a solution of 1,4-dibromo-2,5-bis(2-octyldodecyloxy)
benzene (3.05 g, 3.65 mmol) in dry THF (30 mL), a solution of n-
butyllithium in hexane (4.38 mL, 2.5 M) was added dropwise
at �78 �C under argon atmosphere. The mixture was stirred for
30 min at �78

�
C, then the resulting solution was warmed to room

temperature and stirred for another 1 h. The mixture was cooled
to �78

�
C again, and trimethyltin chloride (10.95 mL, 10.95 mmol)

in dry THF was added to the mixture. The mixture was stirred
at �78 �C for 1 h and then stirred at room temperature overnight.
The resulting mixture was poured into water (50 mL) and petro-
leum ether (100 mL). The organic layer was washed twice with
water (50 mL) and dried over anhydrous MgSO4. The organic layer
was dried over vacuum to afford green solid. The solid was then
purified by recrystallization from ethanol to give light green crys-
tals (1.89 g, 44.7% yield). 1H NMR (400 MHz, CDCl3, d/ppm): 7.64 (d,
J ¼ 3.3 Hz, 2H), 7.23 (s, 2H), 7.18 (d, J ¼ 3.4 Hz, 2H), 3.96 (d,
J ¼ 5.3 Hz, 4H), 1.89 (m, 2H), 1.45e1.25 (m, 64H), 0.89e0.86 (t,
J1 ¼ 6.2 Hz, J2 ¼ 6.9 Hz, 12H), 0.46e0.32 (t, J1 ¼ 28.4 Hz,
J2 ¼ 28.5 Hz, 18H). 13C NMR (100 MHz, CDCl3, d/ppm): 149.28,
145.41, 137.79, 134.98, 126.60, 122.86, 112.72, 72.23, 38.30, 31.98,
31.56, 30.14, 29.76, 29.72, 29.69, 29.42, 27.04, 22.74,14.18,�8.24. FT-
ICR MS (C60H106O2S2Sn2) [M]þ m/z: calcd for 1160.5686; found
1160.5690. Elemental anal. calcd. for (C60H106O2S2Sn2): C, 62.07; H,
9.20; S, 5.52. Found: C, 61.87; H, 9.28; S, 5.45.
2.5. 6,60-Dibromo-N,N0-(n-butyl)-isoindigo M6

To a solution of 6,60-dibromo-isoindigo (2.0 g, 4.76 mmol) in
DMF (100 mL), tetrabutylammonium bromide (0.1 g) and K2CO3
(3.95 g, 28.56 mmol) were added quickly. The mixture was stirred
at 80 �C for 30 min, then the solution of 1-bromo-2-butane (1.63 g,
11.90 mmol) in DMF (30 mL) was added under argon atmosphere.
The mixture was stirred overnight. After cooling to room temper-
ature, it was filtered, and the filtrate was extracted by CH2Cl2 and
washed with brine. The organic layer was dried over anhydrous
magnesium sulfate, and then filtered. After removed the solvent by
a rotary evaporator, the crude product was obtained, and it was
further purified by column chromatography using petroleum ether/
CH2Cl2 (2:1, v:v) as the eluent to yield a dark red solid (1.19 g, 47.1%).
1H NMR (400 MHz, CDCl3, d/ppm):9.07 (d, J ¼ 8.6 Hz, 2H), 7.16 (dd,
J1 ¼ 1.4 Hz, J2 ¼ 8.5 Hz, 2H), 6.93 (d, J ¼ 1.1 Hz, 2H), 3.73 (t,
J1 ¼ 7.3 Hz, J2 ¼ 7.3 Hz, 4H), 1.46e1.37 (m, 8H), 0.99e0.96(t,
J1 ¼ 7.3 Hz, J2 ¼ 7.3 Hz, 6H) 13C NMR (100 MHz, CDCl3, d/ppm):
167.74, 145.77, 132.66, 131.20, 126.75, 125.15, 120.40, 111.33, 40.03,
29.46, 20.28, 13.79. FT-ICR MS (C24H24Br2N2O2) [M] þ m/z:calcd for
531.0277; found 531.0279. Elemental anal. calcd. for
(C24H24Br2N2O2): C,54.16; H, 4.54; N, 5.26. Found: C, 54.03; H, 4.63;
N, 5.34.
2.6. Polymerization of PTBTOD-IDB

M5 (184.8 mg, 0.16 mmol) M6 (84.72 mg, 0.16 mmol) were
dissolved into toluene (8 mL) in a 25 mL flask under argon pro-
tection. The solution was flushed with argon for 10 min, and then
5.52 mg of Pd(PPh3)4 was added into the flask. The solution was
flushed with argon for 10min again, then it was stirred at 100

�
C for

48 h under argon atmosphere. After cooled to room temperature,
the mixture was poured into methanol (200 mL). The precipitated
solid was collected and purifled by Soxhlet extraction with meth-
anol, acetone, petroleum ether and chloroform in sequence. The
title polymer was obtained as a dark green solid (110 mg, yield
57.38%). 1H NMR (400 MHz, CDCl3, d/ppm): 9.25e9.15 (br),
7.71e7.00 (br), 4.14e3.83 (br), 2.03e1.92(br), 1.70e0.80 (br). Mn

(Number-average molecular weight) ¼ 19 kDa, PDI ¼ 2.00.



Table 1
Molecular weights and thermal properties of the polymers.

Polymers Yield (%) Mn(kDa)a PDI Td (�C)b

PTBTEH-IDHD 62 16 1.57 401
PTBTHD-IDEH 70 16 1.71 387
PTBTOD-IDB 57 19 2.00 378

a Determined by GPC with chloroform as the eluent.
b Decomposition temperature, determined by TGA in nitrogen with 5% weight

loss.

Fig. 2. UVeVis absorption of the polymers in the o-DCB solution (a) and thin films (b).
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2.7. Polymerization of PTBTHD-IDEH

PTBTHD-IDEH was prepared using the similar procedure as
PTBTOD-IDB with the monomers M3 and M4 as a dark green solid
(165mg, yield 70.16%).1H NMR (400MHz, CDCl3, d/ppm): 9.24e8.91
(br, 2H), 7.71e6.95 (br, 10H), 4.30e4.28 (br, 4H), 4.09e4.04 (br, 4H),
2.05e1.87 (br, 4H), 1.71e0.80 (br, 88H). Mn ¼ 16 kDa, PDI ¼ 1.71.

3. Results and discussion

3.1. Synthesis and chemical characterization

The synthetic routes for the polymers are shown in Scheme 1.
The structures of the monomers M3-M6 were confirmed by 1H
NMR, 13C NMR, elemental analysis, FT-ICR MS. The polymers were
prepared through Stille coupling reaction between the electron-
donating monomer and the electron-withdrawing monomer as
shown in Scheme 1. The polymerization results of the polymers are
summarized in Table 1. As shown in Table 1, the Mn s and the
polydispersity indexs (PDI), determined by gel permeation chro-
matography (GPC) using chloroform as the eluent, are 16 kDa and
1.57 for PTBTEH-IDHD, 16 kDa and 1.71 for PTBHDeIDEH, 19 kDa
and 2.00 for PTBTODeIDB, respectively. Usually, the molecular
weight has a strong impact on the solubility of the polymer in
organic solvents. Therefore, PTBTEH-IDHD and PTBTHD-IDEH
show good solubility in THF, chloroform, chlorobenzene and 1,2-
dichlorobenzene (o-DCB) because of their low molecular weight.
However, PTBTOD-IDB exhibits a poor solubility in THF for its high
molecular weight, but it shows good solubility in chloroform,
chlorobenzene and o-DCB.

3.2. Thermal properties

The thermal properties of the polymers were investigated by
TGA. As shown in Fig. S1 and Table 1, the TGA curves reveal that the
onset temperatures with 5% weight loss (Td) of PTBTEH-IDHD,
PTBTHD-IDEH, and PTBTOD-IDB, are 401 �C, 387 �C, 378 �C,
respectively. Obviously, the thermal stability of these polymers is
sufficient for the applications in optoelectronic devices.

3.3. Optical properties

The optical properties of the polymers were investigated by
UVeVis absorption spectroscopy. Fig. 2 shows the absorption
spectra of PTBTEH-IDHD, PTBTHD-IDED, and PTBTOD-IDB in
diluted o-DCB solution (Fig. 2a) and thin film on a quartz substrate
(Fig. 2b), and the corresponding data are summarized in Table 2. As
shown in Fig. 2a, all the polymers exhibit two distinct absorption
bands. The first absorption band in shorter wavelengths region
Scheme 1. Synthesis of the polymers.



Table 2
Optical and electrochemical properties of the polymers.

Polymers Solution
ls, max (nm) a

Film
lf, max (nm)

Film
ledge (nm)

Eg
opt (eV)b HOMO (eV) LUMO (eV) Eg

ec (eV)

PTBTEH-IDHD 646 628 753 1.65 �5.47 �3.48 1.99
PTBTHD-IDEH 626 624 734 1.69 �5.47 �3.60 1.87
PTBTOD-IDB 636 632 739 1.68 �5.21 �3.61 1.60

a Dilute o-DCB solution.
b Band gap estimated from the optical absorption band edge of the films.

Fig. 3. Photoluminescence spectra of the polymers (a) PTBTEH-IDHD, (b) PTBTHD-
IDEH, (c) PTBTOD-IDB and the corresponding blend films with PC71BM.

X. Sun et al. / Dyes and Pigments 139 (2017) 403e411 407
(350e500 nm) with the absorption peak wavelength at 403 nm for
PTBTEH-IDHD, 410 nm for PTBTHD-IDED, 416 nm for PTBTOD-
IDB, which is attributed to the localized p�p* transition. The other
absorption band in longer wavelengths (500e900 nm), is attrib-
uted to the intramolecular charge transfer (ICT) between the
electron-donating and electron-withdrawing units [53] and the
interchain interaction [54]. It is noted that PTBTEH-IDHD and
PTBTHD-IDEH only show the shoulder peaks between 650 and
680 nm, but PTBTOD-IDB exhibits an obvious peak at 689 nm. This
result implies PTBTOD-IDB should possess the strongest molecular
aggregation in the solution.

To better understand the effects of the side chains on the
interchain interaction in diluted o-DCB solution, the temperature-
dependent UVeVis absorption spectra was characterized and
shown in Fig. S2. As shown in Fig. S2, the absorption spectra of
PTBTEH-IDHD, PTBTHD-IDEH, and PTBTOD-IDB exhibit a gradu-
ally increased red-shift when their o-DCB solution is lowered from
95 �C to 25 �C. These results indicate that the polymers possess
stronger molecular aggregation in o-DCB solutionwith the increase
of side chain length on the electron-donating unit and decrease of
side chain length on electron-withdrawing unit. According to
Fig. 2a, the maximum absorption coefficients are 57, 74, and
78 L g�1 cm�1 for PTBTEH-IDHD, PTBTHD-IDEH, and PTBTOD-IDB,
respectively. Compared with the former two polymers, PTBTOD-
IDB shows larger absorption coefficient, which indicates it pos-
sesses the strongest light harvesting capacity than the other poly-
mers under the same applied conditions. Compared with the
absorption spectra in solution, the maximum absorption peaks (lf,
max) are blueeshifted to 628, 624, 632 nm for PTBTEH-IDHD,
PTBTHD-IDEH, and PTBTOD-IDB, respectively, and a shoulder peak
between 660 nm and 700 nm becomes increasingly clear which is a
pep interaction. It is noticed that the absorbance (absorption in-
tensity per unit thickness) of the maximum absorption peak in-
creases in accordance with the order of PTBTEH-IDHD, PTBTHD-
IDEH, and PTBTOD-IDB, which indicates that the light harvesting
capacity of the polymer increases with increase of side chain length
on the electron-donating unit and decrease of side chain length on
electron-withdrawing unit. Simultaneously, the absorbance of the
shoulder peak between 660 nm and 700 nm conforms to the same
regularity. In other words, with the increase of side chain length on
the electron-donating unit and decrease of side chain length on
electron-withdrawing unit, the polymer shows more and more
ordered aggregation and stronger pep stacking interaction. Usu-
ally, the enhanced pep stacking is beneficial to inter-chain charge
transport, so the PTBTOD-IDB film should possess a higher hole
mobility than PTBTEH-IDHD and PTBTHD-IDEH film, which leads
to better photovoltaic performance in polymer solar cells. Accord-
ing to the absorption spectra of the films (Fig. 2b), the optical band
gaps of the polymers, calculated from the onset of optical absorp-
tion ledge(nm), are 1.65 eV for PTBTEH-IDHD, 1.69 eV for PTBTHD-
IDEH and 1.68 eV for PTBTOD-IDB, respectively (Table 2).

Fig. 3 presents the photoluminescence (PL) spectra of the pris-
tine polymer films and the blend films with PC71BM (100 nm). As
shown in Fig. 3, there is an obvious fluorescence quenching in every
blend film, which indicates there is an effective electron transport
from every polymer to PC71BM. It is noticed that the PTBTEH-IDHD,
PTBTHD-IDEH and PTBTOD-IDB blend films retains 12.8%, 5.9%
and 2.8% fluorescence intensity compared with the corresponding
pristine film, respectively. That is to say, PTBTOD-IDB can achieve
the most effective electron transport to PC71BM, but PTBTEH-IDHD
only possesses the most inferior electron transport ability to
PC71BM in three polymers. The result implies that the PTBTOD-
IDB-based PSC device would possess the highest short-circuit
current density (Jsc) value.
3.4. Electrochemical properties

The HOMO and LUMO energy levels can be estimated from the
onset oxidation potential (Eox) and the onset reduction potential
(Ered) according to cyclic voltammetry (CV) measurements,
respectively [55]. The cyclic voltammetry were recorded using ITO
glass as theworking electrode, Ag/AgNO3 electrode as the reference
and Pt wire as the counter electrode. Fig. 4 shows the CV curves of
ferrocene and the polymers. It can be seen that the redox potential
of the ferrocene/ferrocenium couple is 0.14 V vs. Ag/Agþ, corre-
sponding to the absolute energy level under vacuum (�4.80 eV).
Thus, the HOMO and LUMO energy levels as well as the



Fig. 4. (a) Cyclic voltammograms of ferrocene and the polymer films with a scan rate
of 100 mV s�1 and (b) energy diagrams of PTBTEH-IDHD, PTBTHD-IDEH, PTBTOD-IDB
and PC71BM.

Fig. 5. WAXRD analysis of the polymer films.
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electrochemical energy gaps (Egec) of the polymers were calculated
according to the following equations:

HOMO ¼ � e (Eox þ 4.66) (eV) (1)

LUMO ¼ � e (Ered þ 4.66) (eV) (2)

Eec g ¼ e (Eox � Ered) (eV) (3)

The onset potentials for oxidation (Eox) were observed to be
0.81, 0.81, and 0.55 V for PTBTEH-IDHD, PTBTHD-IDEH, and
PTBTOD-IDB, respectively. Accordingly, the HOMO energy levels
are �5.47 eV for PTBTEH-IDHD, �5.47 eV for PTBTHD-IDEH
and �5.21 eV for PTBTOD-IDB. Usually, a deep HOMO energy level
leads to good air stability and a high Voc for the PSCs [56]. In
addition, the onset potentials for reduction (Ered) of them were
found to be �1.18, �1.06 and �1.05 V, respectively. Clearly, all the
LUMO energy levels are �3.48 eV for PTBTEH-IDHD, �3.60 eV for
PTBTHD-IDEH and �3.61 eV for PTBTOD-IDB. Obviously, all the
LUMO levels of the polymers are much higher than the LUMO level
of the PC71BM acceptor (�4.2 eV), which ensures energetically
favorable electron transfer.
According to the HOMO levels and the LUMO levels, the elec-
trochemical band gaps of the polymers are calculated to be 1.99 eV
for PTBTEH-IDHD, 1.87 eV for PTBTHD-IDEH, 1.60 eV for PTBTOD-
IDB. As shown in Table 2, the discrepancy between the optical and
electrochemical band gaps might be induced by the presence of an
energy barrier at the interface between the polymer film and the
electrode surface [57].
3.5. X-ray diffraction

To investigate the effect of the side chains on the molecular
aggregation of the polymers, wide angle X-ray diffraction (WAXRD)
of the polymer films was performed with Cu-Ka radiation (Fig. 5).
As shown in Fig. 5, every polymer exhibits a distinct diffraction
peak in the small angle region of 4e6� and another broad one in the
large angle range between 15 and 28�. The WAXRD clearly shows
100 diffraction peaks at 4.79� for PTBTEH-IDHD, 4.39� for PTBTHD-
IDEH, and 4.24� for PTBTOD-IDB, corresponding to the lamellar
distance of 18.43 Å, 20.10 Å, and 20.82 Å, respectively, which in-
dicates that the polymer possesses larger lamellar distances with
the extension of side chains on TBT moieties. Synchronously, the
010 diffraction peaks are observed at 21.94� for PTBTEH-IDHD,
22.22� (19.67�) for PTBTHD-IDEH, and 22.25� (20.41�) for PTBTOD-
IDB, indicating the p�p stacking distances of 4.05 Å, 4.00 (4.51) Å,
and 3.99 (4.35) Å, respectively. Compared with the PTBTEH-IDHD,
the PTBTHD-IDEH and PTBTOD-IDB films show obviously larger
diffraction peaks and extra 200 diffraction peak as well as 300
diffraction peaks, which indicates that PTBTHD-IDEH and PTBTOD-
IDB possess more orderly molecular aggregation and better crys-
tallization ability than PTBTEH-IDHD [58]. Simultaneously, the
PTBTHD-IDEH and PTBTOD-IDB films exhibits two 010 diffraction
peaks, which indicates there are two kinds of p�p stacking pat-
terns in the two polymer films. Besides, the PTBTOD-IDB film
shows higher 010 diffraction peaks than the PTBTHD-IDEH film,
indicating the stronger p�p stacking interaction of PTBTOD-IDB.
Obviously, the polymer exhibits higher crystallization ability and
stronger p�p stacking interactionwith increasing the length of the
branched side chains on the D moieties and shortening the length
of the side chains on the A moieties at the same time. All of these
results imply that PTBTOD-IDB and PTBTHD-IDEH would possess
higher hole mobility than PTBTEH-IDHD, which is beneficial to
improving the Jsc and PCEs values in PSCs.



Fig. 6. AFM height and phase images (tapping-mode, 3 � 3 mm) for the polymers:
PC71BM blend films (w/w 1:1.5). (a) and (b): PTBTEH-IDHD, (c) and (d): PTBTHD-IDEH,
(e) and (f): PTBTOD-IDB.
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3.6. Morphology

The morphology of the blend film is a critical factor for deter-
mining the photovoltaic property of a PSC device, so the
morphology of the blend films (polymer: PC71BM; 1:1.5) was
investigated by atomic force microscopy (AFM) and shown in Fig. 6.
As shown in Fig. 6, the PTBTEH-IDHD blend film shows obvious
phase separation, and the domain size is obviously larger than
those of the other blend films. However, the PTBTOD-IDB blend
film shows the smoothest surface and the most appropriate
microphase separation, and the domain size is smaller than that of
the PTBTEH-IDHD and PTBTHD-IDEH blend films. Besides, the
PTBTOD-IDB blend film presents a nanoscale fibril conformation.
These results evidence that the polymer with longer branched alkyl
side chains on the Dmoieties and shorter linear alkyl side chains on
the A moieties (PTBTOD-IDB) possesses better miscibility with
Table 3
Photovoltaic properties of the PSC devices and hole mobility of the blend film (polymers

Polymer Jsc (mA cm�2) Voc (V)

PTBTEH-IDHD 2.68 0.71
PTBTHD-IDEH 10.11 0.87
PTBTOD-IDB 11.66 0.81
PCBM, and the corresponding blend film is easy to form a smaller
domain size and better bicontinuous microphase separation. The
blend films exhibit the RMS (surface root mean square roughness)
values of 3.88 nm for PTBTEH-IDHD, 2.86 nm for PTBTHD-IDEH
and 2.85 nm for PTBTOD-IDB. A smaller domain size and better
bicontinuous microphase separation would be beneficial to more
effective charge separation, higher chargemobility, larger Jsc as well
as PCE values [59].
3.7. Hole mobility

The hole mobilities of the polymer/PC71BM blend films were
measured by using the space charge limit current (SCLC) method
with the configuration of ITO/PEDOT: PSS (30 nm)/polymer:
PC71BM/MoO3 (10 nm)/Al (100 nm) and summarized in Table 3. As
discussed before, PTBTOD-IDB possesses the strongest pep
stacking interaction, and its blend film possesses the most appro-
priate bicontinuous microphase separation. Therefore, the
PTBTOD-IDB blend film shows the highest hole mobility of
2.5� 10�4 cm2 V�1 s�1, which is seven times higher than that of the
PTBTHD-IDEH blend film (3.4 � 10�5 cm2 V�1 s�1) and almost
three orders of magnitude higher than that of the PTBTEH-IDHD
blend film (4.2 � 10�7 cm2 V�1 s�1).
3.8. Photovoltaic properties

The bulk heterojunction PSCs were fabricated with a conven-
tional sandwich structure of ITO/PEDOT:PSS (30 nm)/polymer:
PCBM/LiF (0.4 nm)/Al (100 nm). In the first place, the PSCs devices
based on the polymers and PC61BM were fabricated, and the cur-
rent density�voltage (J-V) curves are shown in Fig. S3 and the
corresponding photovoltaic parameters are listed in Table S1. The
preliminary optimized weight ratio of the blend film was obtained
as polymer: PCBM ¼ 1:1.5. Subsequently, the current J-V curves of
the PSC devices with PC71BM were characterized and shown in
Fig. 7, and the corresponding photovoltaic parameters are listed in
Table 3. As shown in Fig. 7, the PTBTHD-IDEH device shows the
largest Voc value (0.87 V), which is higher than that of the PTBTOD-
IDB device (0.81 V). It is reasonable that PTBTHD-IDEH possesses a
slightly lower-lying HOMO energy level (�5.47 eV) than that of
PTBTOD-IDB (�5.21 eV). It is noticed that the PTBTOD-IDB device
exhibits a lower photon energy loss of 0.79 eV (Eloss) [60] than that
of the PTBTHD-IDEH device (1.0 eV). However, the PTBTEH-IDHD
device shows the smallest Voc value (0.71 V) though its HOMO
energy level is equal to�5.47 eV, and its Eloss (1.28 eV) is larger than
the others. It could be attributed to the serious phase separation
morphology of the PTBTEH-IDHD blend film which leads to
increased interface trap states and charge carrier recombination
derived from a low effective interfacial area [61].

As mentioned before, the PTBTEH-IDHD blend film possesses
the most serious phase separation, the largest domain size and the
lowest mobility of 4.2 � 10�7 cm2 V�1 s�1, which would certainly
result in the most serious charge recombination and imbalance
between hole mobility and electron mobility in the blend film.
Therefore, the PTBTEH-IDHD device only exhibits the lowest FF
value of 0.35. On the contrary, the PTBTOD-IDB blend film
: PC71BM ¼ 1: 1.5, w/w; 97.6% o-DCB þ2.4%DIO).

FF PCEmax (PCEave) (%) mh, ave (cm2 V�1 s�1)

0.35 0.67(0.44) 4.2 � 10�7

0.43 3.79(3.50) 3.4 � 10�5

0.56 5.29(5.09) 2.5 � 10�4



Fig. 7. J-V curves of the PSCs based on the polymers under the illumination of AM 1.5G,
100 mW cm�2.
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possesses the most appropriate microphase separation, the small-
est domain size, and the highest hole mobility
(2.5� 10�4 cm2 V�1 s�1), which result in less charge recombination
and a relatively balanced hole mobility and electron mobility in the
film than the others. Consequently, the PTBTOD-IDB device ach-
ieves the highest FF values of 0.56.

As discussed before, PTBTEH-IDHD possesses the lowest
absorbance in the film, the weakest pep stacking interaction and
crystallization ability, the most inferior electron transport ability to
PC71BM, the largest microphase separation with PC71BM and the
lowest hole mobility, so the PTBTEH-IDHD-based PSC device only
shows the lowest Jsc of 2.68 mA cm�2. However, PTBTOD-IDB
shows the largest light harvesting capacity, the strongest pep
stacking interaction and crystallization ability, the most effective
electron transport ability to PC71BM, the most appropriate micro-
phase separationwith PC71BM and the highest hole mobility, so the
PTBTOD-IDB-based PSC device shows the highest Jsc value of
11.66 mA cm�2. Obviously, the Jsc value increases with the pro-
longation of the side chain on the TBT unit and shrinkage of the side
chain on isoindigo unit. The incident photon-to-current conversion
Fig. 8. IPCE curves of the PSCs based on the polymers.
efficiencies (IPCE) curves give the similar results (Fig. 8). The PSC
devices based on these polymers show an IPCE response between
300 and 800 nm, and the devices show the maximum IPCE value
14.8% at 345 nm for PTBTEH-IDHD, 44.7% at 625 nm for PTBTHD-
IDEH, 57.2% at 466 nm for PTBTOD-IDB. The Jsc

0
values, calculated

from the IPCE results, are 2.29 mA cm�2 for PTBTEH-IDHD,
9.68 mA cm�2 for PTBTHD-IDEH, and 10.89 mA cm�2 for PTBTOD-
IDB, which are nearly in accord with the measured Jsc values within
experimental error. As a result, the PSC devices exhibit the PCE
values of 0.67% for PTBTEH-IDHD, 3.79% for PTBTHD-IDEH, and
5.29% for PTBTOD-IDB.

4. Conclusions

In summary, three conjugated polymers with a different alkyl
chain length on the TBT moieties and isoindigo moieties have been
designed and synthesized, in which the side chain in a constitu-
tional repeating unit is fixed as C48H100. The results indicate that
the polymer PTBTOD-IDB, with the longest side chain (2-
octyldodecyl) on TBT and the shortest side chain (n-butyl) on ID,
shows stronger interchain interaction and light-harvesting capacity
in o-DCB solution and thin film, lower band gap, stronger p�p
stacking interaction, more appropriate microphase separation with
PC71BM, higher hole mobility and better photovoltaic performance
than the other polymers. This study not only fully investigates the
length effect of the alkyl side chains on the photovoltaic perfor-
mance, but also thoroughly avoids the negative deviation that the
different carbon atom number of the side chain in a constitutional
repeating unit leads to solubility and morphology variance.
Therefore, it affords a favorable evidence that the polymer with
long branched side chain on D moieties and short linear side chain
on A moieties possesses stronger molecular aggregation, better
morphology, and higher photovoltaic performance.
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