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Isoindigo-based copolymers for polymer solar cells
with efficiency over 7%†

Chun-Chih Ho,a Chien-An Chen,b Chun-Yu Chang,a Seth B. Darlingcd

and Wei-Fang Su*ab

A series of isoindigo-based low-band-gap copolymers (PnTI) containing an extended thiophene unit in the

donor segment of the polymer were synthesized. The results show that the extended thiophene unit with

centrosymmetric conformation simultaneously broadens the polymer absorption and enhances the

crystallinity and, thus, hole mobility. Consequently, with additional improved solubility, the polymer P6TI

exhibits the highest PCE of 7.25% (and a high Jsc of 16.24 mA cm�2) among isoindigo-based low-band-

gap copolymers. This work demonstrates that by simply adjusting the donor segment and with relatively

simple synthetic schemes, a material for high-performance and scalable PSCs will become available.
Introduction

Polymer solar cells (PSCs) have recently drawn intense focus as
an alternative to inorganic photovoltaic devices due to their
advantages of light weight, exibility, and facile large-scale
fabrication.1–5 The active layer of PSCs with high performance is
generally composed of a bulk heterojunction (BHJ) congura-
tion and fabricated from a blended electron-donor (conducting
polymer) and electron-acceptor (fullerene derivative).6–8 In order
to obtain a high-efficiency BHJ solar cell, numerous chemical
and structural parameters (e.g., conjugated backbone and side
chains) must be rationally designed and then adjusted.9 In
particular, the donor–acceptor (D–A) concept is widely utilized
to design the main chain of conjugated polymers for PSCs.
Through this strategy, the frontier molecular orbital energy
levels of the resulting alternating conjugated copolymer can be
ne-tuned via intramolecular charge transfer (ICT), which leads
to a narrow band gap. However, a spectrum comprised of dual-
band absorption with poor harvesting in the 400–600 nm range
is usually obtained, thereby sacricing a key portion of
absorption from sunlight. In 2010, the Reynolds group
described the intramolecular donor–acceptor interactions for
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spectral engineering, suggesting that the full solar spectrum
can be approached through adjusting the composition of donor
and acceptor moieties.10 Although a vast array of D–A low-band-
gap polymers have been developed,11 there are scant few
sustainable low-band-gap polymers with wide-range
absorption.

Isoindigo as an acceptor moiety has recently attracted
attention due to both its strong electron-withdrawing ability
contributed from its two lactam rings and the fact that it is a
sustainable material extractable from plants.12,13 Since Rey-
nolds' group rst synthesized isoindigo-based small molecules
exhibiting favorable absorption spectra and well matched
energy levels with PCBM acceptors for photovoltaic (PV) appli-
cation,14 researchers have devoted a great deal of effort to
develop isoindigo-based molecular and macromolecular mate-
rials.15–32 However, most of these systems exhibit moderate PV
performance, and only three polymers have exceeded the power
conversion efficiency (PCE) of 6%; one polymer (PiITVT) devel-
oped by Jo's group copolymerizes isoindigo with thienylvinylene
to strengthen the intermolecular interaction with a better
coplanar structure,31 a second (PBDT-TID) developed by Tan's
group23 attaches the isoindigo moiety on the side chain as an
absorber to broaden the light harvesting range, and the third
(P3TI) developed by Andersson's group24 and Wang's group30

copolymerizes isoindigo with terthiophene to enhance the
absorption intensity in the high-energy band and have a
combination of a favorable morphology and an optimal inter-
facial energy level offset. In addition, Pei's group33 reported that
the charge carrier mobility of IIDDT (0.79 cm2 V�1 s�1), in which
isoindigo is copolymerized with bithiophene, is nearly one
order of magnitude higher than that of IIDT, in which isoindigo
is copolymerized with monothiophene. The grazing incidence
X-ray diffraction (GIXD) pattern reveals edge-on diffraction
peaks of the IIDDT up to the fourth order, indicating that this
This journal is © The Royal Society of Chemistry 2014
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polymer can have excellent molecular organization with the
assistance of the bithiophene moiety incorporated into the
main chain. The broadened absorption range, the increased
absorption intensity, and the increased air-stable mobility from
these pioneering studies inspired us to modify their chemical
structures to intentionally enhance Jsc by combining the exist-
ing merits and thus the overall PV performance.

Hence, we have synthesized a series of isoindigo-based low-
band-gap copolymers, P3TI, P4TI, P5TI, and P6TI, simulta-
neously extending the thiophene moiety and incorporating
monothiophene or bithiophene into the donor segment.
Notably, recent parallel work from Wang's group30 discussed
another set of PnTI polymers and reported that their P3TI
polymer has the highest PCE of 6.9% due to the combination of
favorable morphology and an optimal interfacial energy level
offset to ensure efficient exciton separation and charge gener-
ation. However, aer optimizing the processing conditions, our
polymers show promising PV properties with moderate to high
PCEs and provide different perspectives from chemical struc-
tures. In particular, P6TI displays the highest PCE of �7.25%
and Jsc of 16.24 mA cm�2 among the published isoindigo-based
copolymers.

Results and discussion

The synthetic routes to compound 1 to the corresponding
polymers are illustrated in Scheme 1, and others not shown here
are described in the ESI.† Similar to Andersson et al.'s work,24

octyl was substituted on the thiophene units to ensure enough
solubility; all octyl substituents were designed to face the center
of donor segments to improve the planarity of the polymer main
chain and lessen steric hindrance from the side chain of the
isoindigo unit.34 Compound 1 and trimethyl(4-octylthiophen-2-
yl) were prepared using a modied procedure according to the
Scheme 1 Synthetic routes of P3TI, P4TI, P5TI and P6TI.

This journal is © The Royal Society of Chemistry 2014
previous work.24 These two compounds were coupled by the
Stille coupling reaction to yield compound 2 with high yield
(>97%). Compound 2 was then reacted with N-bromosuccini-
mide (NBS) for the bromination to provide compound 3 (89%
yield). The obtained compound 1 and compound 3 were
respectively copolymerized with commercially available 2,5-
bis(trimethylstannyl)thiophene or 5,50-bis(trimethylstannyl)-
2,20-bithiophene via the microwave-assisted Stille coupling
reaction to afford P3TI, P4TI, P5TI, and P6TI (>72% yield). These
polymers were puried by Soxhlet extraction in a sequence of
methanol, acetone, and hexane (additional THF for P4TI and
P6TI) to remove the low molecular weight impurity and then
ltered through Celite to remove the catalyst residue.35 The
number-average molecular weight (Mn) and molecular weight
distribution (PDI) of the polymers were determined by high-
temperature gel permeation chromatography (HT-GPC) at
135 �C using 1,2,4-trichlorobenzene as the eluent and mono-
disperse polystyrene as the calibration standard, and are in the
range of 25k–50k and 1.8–2.5, respectively (Table 1). The GPC
traces of all polymers are shown in the ESI.† The polymers can
be dissolved in common organic solvents such as chloroform
(CF), chlorobenzene (CB), and o-dichlorobenzene (DCB). Note,
although two additional octyl groups are substituted on the
thiophene units of P4TI as compared to P2TI reported by Pei's
group,36 its solubility is not as good as other polymers.

The UV-Vis absorption spectra of all polymers in chloroform
solution and as-cast thin lms are shown in Fig. 1, and their
optical properties are listed in Table 1. As expected, all polymers
show two evident absorption bands and increased intensity of
the high-energy band with extending the donor segment in both
the solutions and lms. The increased intensity is proportional
to the number of thiophene units because the high-energy
absorption band is usually attributed to the p–p* transition
from the donor segments. For solutions, the low-energy bands,
J. Mater. Chem. A, 2014, 2, 8026–8032 | 8027
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Table 1 Molecular properties and optical properties in chloroform and as-cast films of PnTIs

Polymer Mn (kg mol�1) PDI

Solution state Solid state

l1
a (nm) l2

b (nm) l3
c (nm) l1

a (nm) l2
b (nm) l3

c (nm) Eg (eV)

P3TI 48 2.4 407 647 — 424 645 702 1.59
P4TI 26 2.1 444 638 687 450 645 706 1.58
P5TI 28 2.2 425 619 — 450 630 — 1.58
P6TI 35 1.8 444 619 — 468 630 — 1.57

a p–p* transition. b Intramolecular charge transfer. c Intermolecular p–p interactions.

Fig. 1 UV-Vis absorption spectra of P3TI, P4TI, P5TI, and P6TI in
chloroform solutions (a) and as-cast thin films (b).

Table 2 Energy levels of PnTIs from cyclic voltammetry and DFT
simulation

Polymer

CV DFT calculation

HOMO (eV) LUMO (eV) HOMO (eV) LUMO (eV)

P3TI �5.49 �3.90 �5.06 �3.05
P4TI �5.48 �3.90 �4.98 �3.06
P5TI �5.44 �3.86 �4.89 �3.05
P6TI �5.37 �3.80 �4.84 �3.07
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which are related to intramolecular charge transfer (ICT) of
polymers, are slightly blue-shied with increasing the donor
segment length. This shi results from the slightly diminished
ICT effect between thiophene and isoindigo segments, sug-
gesting that the electron-withdrawing effect of the isoindigo
segments is reduced. However, the high-energy band of P4TI
does not follow the same tendency; P4TI is more red-shied
compared to P5TI. This effect could be attributed to the fact that
bithiophene in the donor segment has higher planarity than
monothiophene. Moreover, an additional absorption band
from intermolecular p–p interactions exists in the spectrum of
P4TI, indicating that the polymers aggregate in the solution and
8028 | J. Mater. Chem. A, 2014, 2, 8026–8032
thus conrming this polymer has poorer solubility compared to
the others. For solid thin lms, all absorption spectra are
broader than those in the solution state, indicating that poly-
mer aggregation and/or intermolecular p–p packing exists in
the solid state. While the ICT bands of polymers are also slightly
blue-shied with increasing the donor segment length, the
high-energy band of these polymers is red-shied with the same
trend, indicating that the donor segments in the main chains
were reorganized in the solid state and became planer as
compared to those in the solution state. All the polymers exhibit
a low optical band gap (Eg) around 1.57–1.59 eV as determined
from the onset of their absorption spectra, suggesting that these
materials are good candidates for PSCs.

To investigate the inuence of changing donor segments of
the polymers on optoelectronic properties, cyclic voltammetry
(CV) and density functional theory (DFT) simulation37–39 were
performed. Cyclic voltammograms of these polymers (Fig. S4†)
only show reversible oxidation behavior, and their HOMO
energy levels are deduced from the onset potentials. The HOMO
energy levels of the polymers were calculated according to the
following equation using ferrocene (Fc) as the internal stan-
dard: EHOMO (eV) ¼ �(Eonset,ox vs. Fe+/Fe + 5.13). Through
subtraction from the optical band gap, the LUMO energy levels
of the polymers were obtained and are listed in Table 2. The
results indicate that the HOMO energy levels and the LUMO
energy levels of these polymers are slightly increased when
increasing the donor segment length. The upshied HOMO
energy levels are in agreement with the report from Yu's group
showing that the HOMO energy level is primarily determined by
the donor strength in a push–pull system;9 the donor strength
will be increased with increasing the thiophene number.
Because the changes of energy levels are subtle, the HOMO
energy levels, the LUMO energy levels, and the optical band
gaps of these polymers remain around �5.37 to �5.49, �3.85 to
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) J–V curves and (b) EQE spectra of P3TI, P4TI, P5TI, and P6TI
blended with PC71BM under their optimized conditions.
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�3.90, and 1.57–1.59 eV, respectively, and thus the optoelec-
tronic properties of these polymers are still in the appropriate
range for PCBM-based PSCs.40 The DFT simulation was per-
formed using Gaussian 09 with the B3LYP functional and the 6-
31G* basis set. To reduce the computation time, two repeating
units were used as a model for calculations. Note, the free chain
ends could have dramatic inuence on the internal dihedral
angles of the polymer chains, thus resulting in the change of the
electronic state and the band gap. Nevertheless, the results of
DFT calculations (Table 2 and Fig. S5†) show similar trends of
HOMO, LUMO, and band gap as observed experimentally.

Photovoltaic properties of the polymers were investigated by
conventional solar cell congurations of ITO/PEDOT:PSS/poly-
mer:PC71BM/Ca/Al. The polymer:PC71BM weight ratios of 1 : 1,
1 : 1.5, and 1 : 2 and different combinations of processing
solvents, dichlorobenzene (DCB), chlorobenzene (CB), DCB +
CF (1 : 1 vol), DCB + 3 vol% diiodooctane (DIO), CB + 3 vol%,
DCB + 3 vol% 1-chloronaphthalene (CN), and CB + 3 vol% CN
were tested; every condition was tested with six separate devices
(two 0.046 cm2 active pixels per device). The optimized weight
ratio for all polymers is 1 : 1.5, and the optimized processing
solvents (for solubility) for P3TI, P4TI, P5TI, and P6TI are DCB +
3 vol%DIO, DCB + CF, DCB + 3 vol%DIO, and DCB + 3 vol% CN,
respectively. The J–V curves of the optimized devices are shown
in Fig. 2(a) and their photovoltaic characteristics are summa-
rized in Table 3. Without additives, the short circuit current
density (Jsc) of all polymers is low and the interfacial morphol-
ogies (not shown) measured by atomic force microscope (AFM)
show large domains except for P4TI. With the assistance of
additives, the Jsc and ll factor (FF) are enhanced for all the
polymers and except for P6TI ner interfacial domain
morphologies are observed (Fig. 3). For P3TI, a PCE of 6.36%
(6.52% max.) with an open circuit voltage (Voc) of 0.73 V, a Jsc of
13.78 mA cm�2, and a FF of 0.65 was obtained. The result is
close to that of Andersson's group and Wang's group under the
same processing conditions showing that our material quality
and device fabrication technique is comparable to theirs.24,30

Although the Voc of 0.76 V and a Jsc of 13.90 mA cm�2 of P4TI are
higher than that of P3TI, the FF of 0.57 is smaller, and nally
the PCE is only 5.83% (6.04% max.). The comparatively low
efficiency could be attributed to the lack of uniformity in the
active layer lm caused by poor solubility even though the
optimized processing solvent of DCB + CF for P4TI was used.
For P5TI, a PCE of 3.65% (3.85% max.) with an open circuit
voltage (Voc) of 0.71 V, a Jsc of 8.83mA cm�2, and a FF of 0.62 was
measured. Surprisingly, the Jsc is much lower than that of the
others, and Voc and FF remained comparable despite its broader
UV-Vis absorption. A potential explanation for the low current is
that the polymer does not have good crystallinity, thereby
leading to lower hole mobility and thus lower Jsc. For P6TI, the
highest PCE of 7.06% (7.25% max.) with a Voc of 0.70, a Jsc of
16.24, and a FF of 0.64 was obtained. This polymer has broad
UV-Vis absorption with good crystallinity (discussed in the next
section) leading to the highest Jsc. However, the Voc is slightly
lower because its HOMO energy level is slightly higher than that
of the others. To the best of our knowledge, this is the highest
PCE and Jsc among the isoindigo-based polymers reported to
This journal is © The Royal Society of Chemistry 2014
date; this work highlights the great potential of simply adjust-
ing chemical structures to achieve high-performance PSCs by
simultaneously taking advantage of the broadened absorption
spectrum and enhanced crystallinity, which combine to result
in increased Jsc.

To check the accuracy of the obtained Jsc, the corresponding
external quantum efficiencies (EQE) of the optimized solar cells
were measured. In Fig. 2(b), the solar cells of all polymers
exhibit a broad photoresponse from 350 to 800 nm. Except for
P5TI, the EQE values of the polymers are over 50% in the range
of 350–720 nm. The maximum EQE of the polymers is in the
range of 450–600 nm which is consistent with their UV-Vis
absorption spectra of the blend lms (ESI, Fig. S6†). The
calculated Jsc from integration of the EQE with an AM 1.5G
reference spectrum is in agreement with Jsc determined from
the J–V measurements (Table S1†).

In order to explore the correlation between chemical struc-
tures of the polymers and their resulting crystallinity, grazing
incidence wide-angle X-ray scattering (GI-WAXS), and space
charge limited current (SCLC) measurement of hole mobility
were performed. As shown in Fig. 4, GI-WAXS studies revealed
J. Mater. Chem. A, 2014, 2, 8026–8032 | 8029
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Table 3 Characteristic properties of polymer solar cells and hole mobility of PnTIa

Polymer Voc (V) Jsc (mA cm�2) FF (%) PCE avg. (%) PCE max. (%) mh (cm2 V�1 s�1)

P3TI 0.73(�0.00) 13.80(�0.21) 63.61(�0.78) 6.39(�0.10) 6.52 3.68 � 10�5

P4TI 0.76(�0.00) 13.51(�0.20) 57.86(�0.56) 5.96(�0.05) 6.04 3.17 � 10�4

P5TI 0.72(�0.01) 8.28(�0.50) 61.75(�0.47) 3.65(�0.22) 3.85 2.80 � 10�5

P6TI 0.71(�0.01) 15.74(�0.38) 63.90(�0.22) 7.10(�0.08) 7.25 8.93 � 10�5

a Standard deviation of Voc, Jsc, FF and PCE of the devices are presented in parentheses.

Fig. 3 AFM images of the active layers of polymer:PC71BM (1 : 1.5). (a)
P3TI processed with DCB + 3 vol% DIO, (b) P4TI processed with CF +
DCB (1 : 1 vol), (c) P5TI processed with DCB + 3 vol% DIO, and (d) P6TI
processed with DCB + 3 vol% CN.

Fig. 4 Two-dimensional GIWAXS patterns of P3TI (a), P4TI (b), P5TI (c),

8030 | J. Mater. Chem. A, 2014, 2, 8026–8032
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that all polymers have edge-on orientation wherein the p–p

stacking direction is parallel to the substrate. The out-of-plane
linecuts of GI-WAXS images (ESI, Fig. S7†) show that lamellar
spacing of the polymers is in the range of 1.8–2.2 nm. Intensi-
ties of (100) reections of the polymers are normalized with
those of (200) reections to estimate crystallinity of the poly-
mers. Crystallinity follows the order: P4TI > P6TI > P3TI > P5TI.
According to the previous work reported by Pei's group,41 poly-
mers with centrosymmetry have better crystallinity than those
with axisymmetry, thus resulting in better charge mobility. This
tendency provides an explanation for why P4TI and P6TI, where
the thiophene numbers of the donor segment are even, have
better crystallinity than the polymers with odd thiophene
numbers (P3TI and P5TI). It is worth noting that the calculated
ratio of the amount of thiophene with the side chain to the total
amount of thiophene of P3TI, P4TI, P5TI, and P6TI is 0.67, 0.50,
0.80, and 0.67, respectively. The ratio not only has a roughly
proportional correlation with the polymer solubility (higher
ratio has better solubility) but also with the polymer crystallinity
in the context of conformation asymmetry. Detailed studies of
correlations between the chemical structures and solubility and
crystallinity are ongoing. The results are also reected in the
hole mobility of the optimized polymer:PCBM blends, which
and P6TI (d).

This journal is © The Royal Society of Chemistry 2014
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has been measured by the technique based on the SCLC model
(see ESI†). The hole mobility is listed in Table 3 and found to be
3.68 � 10�5 cm2 V�1 s�1 for P3TI, 3.17 � 10�4 cm2 V�1 s�1 for
P4TI, 2.80 � 10�5 cm2 V�1 s�1 for P5TI, and 8.93 � 10�5 cm2

V�1 s�1 for P6TI, respectively, which coincides with the GI-
WAXS results. Higher hole mobility and suitable solubility of
polymer will favor charge transport in photovoltaic devices and
thus lead to better Jsc and device efficiency.

Conclusions

A series of isoindigo-based low-band-gap copolymers with an
extended thiophene unit in the donor segment of the polymer
were synthesized. The polymer absorption is broadened by
increasing the length of the thiophene unit, while the HOMO
and LUMO levels remain within an appropriate range for PCBM-
based PSCs. As bithiophene was introduced in the donor
segment with centrosymmetric conformation, the polymers
indeed display better crystallinity and thus better hole mobility.
Finally, with additional improved solubility, the polymer P6TI
reaches the highest PCE of 7.25% (and a high Jsc of 16.24 mA
cm�2) among isoindigo-based low-band-gap copolymers to
date. This work highlights that by simply adjusting the donor
segment and implementing simple synthetic schemes, a mate-
rial for high-performance and scalable PSCs will become avail-
able in the near future. Work targeting optimized chemical
structure relevant to these polymers for reaching still higher
efficiency is in progress.
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