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a b s t r a c t

Controlling solid-state order of p-conjugated polymers through macromolecular design is essential for
achieving high electronic device performance. Our work investigates the various effects of polymer
structure on solid-state packing, especially, regarding polymer-packing orientation (edge-on vs. face-on).
Various number of thiophene-containing isoindigo polymers (P4TI, P4TI-3, P4TI-4, P6TI-3 and P6TI-4) are
synthesized via Stille coupling reaction. Differences in side chain position and spacer length are attrib-
uted to variation in energy levels and polymer backbone curvature. The orientation of the obtained
polymers in thin films is confirmed by XRD measurement. Polymers (P4TI, P6TI-4) with shoulder peaks
in UVevis spectra of solution and film exhibit crystalized domains. Planar polymers prefer face-on
orientation and provide more efficient organic photovoltaic (OPV) devices. The polymer solar cells are
fabricated through a solution process and compared power conversion efficiency (PCE). P6TI-4 shows
PCE up to 3.5%, with a short-circuit current density of 7.2 mA/cm2, an open-circuit voltage of 0.70 V, and a
fill factor of 66%.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer solar cells (PSCs) have received considerable attention
as promising alternatives to inorganic photovoltaic devices in ac-
ademic research and industrial applications in recent years due to
their lightweight, flexible, inexpensive manufacturing and the
possibility of large scale production by solution processing [1]. The
general architecture of the active layer of PSCs is designed to ach-
ieve high efficiency in the bulk heterojunction (BHJ) configuration
comprising an electron-donor (conducting polymer) and electron-
acceptor (fullerene derivative) combination [2,3]. High-
performance BHJ solar cells can be fabricated using a rational
design to achieve the optimal configuration of numerous chemical
and structural parameters, such as conjugated backbones and side
chains [4]. In particular, the donor-acceptor (D-A) concept has been
widely applied to the design of the conjugated polymer main chain
of PSCs [5]. Using this approach, the frontier molecular orbital en-
ergy levels of the target-alternating conjugated copolymer can be
obtained with precision through fine-tuning via intramolecular
).
charge transfer (ICT), thus achieving a low band gap. The drawbacks
of this approach are that they show dual-band absorption spectra
and poor energy harvesting in the range of 400e600 nm, which is
the keywavelength of solar radiation that reaches the surface of the
Earth.

Isoindigo has two electron-deficient lactam rings with a planar
structure and thus exhibits excellent electron-withdrawing ability.
Due to this unique advantage, isoindigo has recently garnered
attention as an acceptor unit in the synthesis of DeA alternating
type low band gap conjugated polymers for solar cells. In 2010, the
Reynolds' group performed spectral engineering using the intra-
molecular donor-acceptor interactions to develop a polymer for full
solar spectrum absorption [6] and succeeded in developing
oligomer-based organic solar cells using isoindigo as a dye [7].
Although the UV absorption spectrum was extended to 744 nm
(band gap: 1.67 eV), the power conversion efficiency (PCE) was still
low (1.76%) [8]. Since then, a large number of isoindigo-containing
conjugated polymers have been synthesized and utilized for PSCs
[9]. The highest PCE ever reported was 7% [10]. Although numerous
isoindigo-based donor polymers have demonstrated intense and
broad absorption, the organic photovoltaics (OPVs) based on
isoindigo-containing conjugated polymers have been reported to
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have a low PCE despite the low band gap [11,12]. This is attributable
to the fact that intense and broad absorption, which is important
for the donor polymer, does not necessarily ensure a high PCE. For
efficient transport of the electron/hole generated by solar energy to
the electrode, the crystallinity of the active layer and the orienta-
tion are major factors for determining the PCE of the active layer.
Furthermore, most semiconducting organic materials exhibit
anisotropic charge transport whereby charge is efficiently trans-
ported in the p-stacking direction [13,14]. More recently, Tajima
and Takimiya's group reported their results on surface manipula-
tion by XRD spectral analysis. They verified that donor polymers
with the face-on structure can give rise to a higher PCE due to
efficient polymer chain packing [15e17].

Our group reported that in the DepeA type polymer, poly
[alkylidenefluorene-alt-di-2-thienyl-2,1,3-benzothiadiazole], steric
hindrance and orientational change can occur depending on the
side chain positioning. In particular, when a side chain was intro-
duced into the spacer, an edge-on rich structure was generated
with increased steric hindrance, resulting in a low PCE. In contrast,
introduction of a side chain into the acceptor led to a face-on rich
structure [18]. It was also confirmed that in various poly
[quinacridone-alt-acceptor] molecules, when a side chain is intro-
duced into the acceptor core, the polymer orientation is affected by
the acceptor structure (type), irrespective of the position of the side
chain. The study also revealed that polymers based on benzothia-
diazole, quinoxaline, and dibenzo [a,c]phenazine formed edge-on
structures, whereas diphenylquinoxaline-based polymers formed
a face-on structure, although the side chain position changed from
6,7- to 2,3- [19e21].

All thiophene-isoindigo-based conjugated donor copolymers
reported by Jian Pei's group andWei-Fang Su's group have edge-on
structures [10,22]. Fre

́

chet and coworkers achieved face-on align-
ment of the polymer by changing the fused phenyl ring into a
thiophene moiety to reduce the torsional strain of the p-systems
adjoining the isoindigo core [23].

This paper presents a method for synthesizing DeA alternating
conjugated polymers (P4TI, P4TI-3, P4TI-4, P6TI-3, and P6TI-4)
using 3,30- or 4,40-dialkyl-2,20-bithiophene (D3 or D4) as the
donor, which adopt a different side chain position from that
adopted by 2,20-bithiophene (D0), and using isoindigo-introduced
thiophene and bithiophene (A1, A2) as the acceptor. XRD analysis
is performed to track the structural changes of these polymers.
Based on the results, we verified that the polymer arrangement can
be analyzed even using UVevis spectra. In particular, P4TI and P6TI-
4 form films with face-on structures in which absorption shoulder
peak is observed in the UVevis spectra of both the solution and film
states. Furthermore, the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy
levels of the resulting polymers could be adjusted based on the
difference in the electron-donating ability of the polymer donor
moiety. We also verify that these polymers demonstrate a hole
mobility of up to 1.07 � 10�3 cm2 V�1 s�1. PSCs are also fabricated
by using PC70BM as an acceptor, and the performance of these
devices is evaluated. By using P6TI-4 as the donor polymer, a
photovoltaic performance (expressed as the PCE) of 3.2% at the
P6TI-4:PC70BM (1:0.5 by weight) ratio is achieved.

2. Results and discussion

2.1. Synthesis and characterization of polymers

Scheme 1 presents the chemical structures and the common
methods of synthesis of the monomers and polymers shown in
Fig. 1.

The relevant monomers were synthesized by using bithiophene
(D0), 3,30-dodecylbithiophene (D3), and 4,40-dodecyl bithiophene
(D4) as donors and 6,60-dibromo-N,N0-(2-octyldodecyl)isoindigo
(A0) as the acceptor according to the methods proposed in the
literature. In the case of the acceptor (A0), the 2-octyldodecyl side
chain was introduced into the isoindigo core to enhance the solu-
bility, as shown in Scheme 1.

Thiophene and bithiophene were incorporated into the spacers
for the synthesis of 6,60-bis(5-bromothiophen-2-yl)-N,N0-(2-
octyldodecyl)isoindigo (A1) and 6,60-bis(5-bromo-2,20-bithio-
phen)-N,N0-(2-octyldodecyl)isoindigo (A2), respectively. To avoid
steric hindrance that may arise from the introduction of the side
chain, no side chain was introduced on the thiophene and bithio-
phene spacer moieties. The polymers were synthesized by poly-
merizing A1 with donors D0, D3, or D4 and A2 with donor D3 or D4
using the palladium-catalyzed Stille coupling reaction. Polymeri-
zation was performed for 48 h at 90e95 �C using toluene as the
solvent, Pd2dba3(0) as the catalyst, and tri-(o-tolyl)phosphine as
the co-catalyst. Polymerization was followed by end-capping with
2-bromotihophene and 2-trimethylstannylthiophene for 3 h each.
The five types of PnTI polymers, poly [thiophene moiety-alt-N,N0-
(2-octyldodecyl)-6,60-p-isoindigo] (P4TI, P4TI-3, P4TI-4, P6TI-3,
and P6TI-4), obtained were re-precipitated in methanol. Purifica-
tion was performed sequentially with methanol, acetone, and
chloroform using a Soxhlet apparatus. Finally, the chloroform-
soluble portion was re-precipitated in methanol and recovered.
The obtained powders were greenish black solids with yields of 33,
67, 60, 43, and 41%. In the case of P4TI, which has a donor unit
without any side chain, deposition was observed during polymer-
ization, and the lowest yield (33%) was obtained with this polymer.
P4TI dissolved only at an elevated temperature, even in common
organic solvents such as THF, chloroform (CF), chlorobenzene (CB),
and o-dichlorobenzene (DCB). In contrast, P4TI-3 and P4TI-4, which
polymerized the donor unit by introducing a dodecyl side chain
onto the 3,30- or 4,40-C with A1, gave rise to high yields of 67 and
60%, respectively, owing to the increased solubility. P6TI-3 and
P6TI-4 also gave rise to yields of 43 and 41%, respectively, and
dissolved well in the aforementioned solvents at room
temperature.

The structures of the synthesized polymers were verified using
1H-NMR spectra (described in the ESI Figure S1). The 1H-NMR
spectra of the polymers were similar because of the similar poly-
mer backbones. The spectrum of P4TI had a peak at 7.74e7.30 ppm
that was attributed to the hydrogen of the carbon in the aromatic
phenyl of isoindigo, and the signals of the hydrogen from the 3, 4-
carbon of the thiophene unit appeared at 9.50e9.28, 9.26e8.90,
and 7.23e6.50 ppm. The peaks of the aromatic protons of P4TI-3
and P4TI-4 showed upfield-shifts to 7.17e7.10 and 7.18e6.38 ppm,
respectively, due to the electron-shielding effect derived from the
introduction of the dodecyl side chain on the 3, 4-carbon of the
bithiophene donor unit. P6TI-3 and P6TI-4 were determined to
have four more aromatic protons than P4TI-3 and P4TI-4 due to the
introduction of bithiophene spacers. Moreover, the NMR spectra of
P6TI-3 and P6TI-4 showed lower resolution and broader peaks than
those of the other polymers. This is a common phenomenon in
polymers having various carbon types due to the overlapping line
shapes of chemical shift anisotropy [24].

Table 1 summarizes the results of the molecular weight mea-
surements for the obtained polymers. As shown in Table 1, the
number average molecular weight (Mn) of P4TI, P4TI-3, P4TI-4,
P6TI-3, and P6TI-4 were 14, 14, 22, 13, and 17 kDa, respectively, and
the corresponding polydispersity index (PDI) of each polymer was
3.94, 2.07, 2.17, 1.69, and 1.65, respectively. This reduces the
planarity of the polymers by increasing steric hindrance, resulting
in a decrease in the yield [18].

The thermal stability of the obtained polymers was evaluated



Scheme 1. Synthetic route to polymers.

Fig. 1. Isoindigo-based conjugated polymers with different side chain and thienyl
spacers.

Table 1
Physical and thermal properties of polymers.

Polymer Yield [%] Mna [kDa] Mwa [kDa]

P4TI 33 14 58
P4TI-3 67 14 29
P4TI-4 60 22 49
P6TI-3 43 13 22
P6TI-4 41 17 28

a Determined by GPC in tetrahydrofuran (THF) using polystyrene standards.
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using thermogravimetric analysis (TGA) and the resulting profiles
are presented in the ESI (Figure S2). The TGA profiles of all the
polymers revealed the temperature of 5% of the thermal weight loss
in N2 environment to be 318 �C or higher. All of the synthesized
polymers exhibited superior thermal stability, indicative of suit-
ability for device fabrication and application.

2.2. Optical properties

The UVevisible absorption of the polymers in the solution and
in the film was measured to evaluate the effects of the spacer and
donor side chain on the optoelectronic properties of the isoindigo-
based polymers. The results are presented in Fig. 2 and Table 2.

As shown in Fig. 2, the absorption spectra of all polymers were
relatively broad with onsets at 750 nm or higher (751e765 nm) and
with two absorption peaks in the range of 300e800 nm. The peak
in the high-energy range (400e500 nm) is ascribable to pep*
PDIa Degree of polymerizationb Td [�C]

3.94 12 325
2.07 9 394
2.17 15 344
1.69 8 318
1.65 10 384



Fig. 2. UVevis absorption spectra of polymers in solution and film: (a)P4TI, (b)P4TI-3, (c) P4TI-4, (d) P6TI-3, (e) P6TI-4.
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transition of the donor segments (oligothiophene group), and the
peak in the low-energy range (600e750 nm) is ascribed to the
intramolecular charge transfer (ICT) transition between the donor
and the acceptor [25].

In the solution state, as illustrated in Table 2, all polymers
exhibited similar maximum-absorption peaks (lmax¼ 610e638 nm).
Additionally, these polymers had similar molar absorption co-
efficients (εmax ¼ 3.8� 104e5.0� 104 M�1 cm�1) as presented in ESI
Figure S3. P6TI-4, despite its low molecular weight (Mn ¼ 17 kDa,
Mw ¼ 28 kDa), had a higher molar absorption coefficient
(εmax ¼ 5.0 � 104 M�1 cm�1) than P4TI-4 (Mn ¼ 22 kDa,
Mw¼ 49 kDa). In the film state, all polymers had a low optical band
gap (Eg) of 1.62e1.66 eV, as calculated fromEonset (746e765 nm) [26].

However, the characteristics of the absorption peaks
(600e750 nm) that induced the ICT transition were observed to be
dependent on the donor side chains and spacers. In both the
solution and film, the UVevis absorption spectra of P4TI and P6TI-4
exhibited absorption shoulder peaks at lsh ¼ 680 and 690 nm and
lsh ¼ 683 and 687 nm, respectively. Shoulder absorption peaks are
caused by polymer-chain stacking, which implies that polymers
that exhibit shoulder absorption peaks have more intensive inter-
molecular interactions than those that do not [27,28]. In particular,
P4TI and P6TI-4 were verified to have a strong aggregation or
orderly p-p stacking among their polymer chains, even in dilute
solution [29,30]. But, for P4TI-3 and P4TI-4, inwhich the side chains
are connected to the donors, no absorption shoulder peaks were
observed in either the solution or the film. This is attributed to
weakened inter-chain interactions in these polymers due to the
introduction of the side chains. The absorption spectra of P4TI-3
were blue-shifted by 15 and 19 nm in the solution and in the
film, respectively, relative to those of P4TI. The absorptions of P4TI-
4 were also blue-shifted by 4 and 12 nm in the solution and in the



Table 2
Optical and electrochemical data of polymers.

Polymer UVevis absorption Eopg ,a [eV] Cyclic voltammetry

CHCl3 solution [nm] Film [nm] Eonsetox [V] HOMOb [eV] LUMOc [eV]

lmax [nm] lsh [nm] lmax [nm] lsh [nm] lonset [nm]

P4TI 625 456, 680 633 456, 690 765 1.62 0.98 �5.33 �3.71
P4TI-3 610 381 614 406 746 1.66 1.31 �5.67 �4.01
P4TI-4 621 426 621 437 764 1.62 0.89 �5.23 �3.66
P6TI-3 620 425 614 440, 676 751 1.65 1.12 �5.33 �3.68
P6TI-4 638 474, 683 630 477, 687 751 1.65 0.80 �5.14 �3.49

a Calculated from the intersection of the tangent on the low energetic edge of the absorption spectrum with the baseline.
b EHOMO ¼ - [Eonset(vs Ag/AgCl) e E1/2(Fc/Fcþ vs Ag/AgCl)] e 4.8 eV.
c LUMO ¼ HOMO þ Eg.
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film, respectively. These reductions in the absorption region are
attributable to an increase in the electron-donating property of the
polymers induced by the introduction of side chains. This may be
explained by the fact that the decreased ICT effect between the
donor and acceptor segments leads to a reduction in the electron-
withdrawing effect of the isoindigo segments [31]. The absorption
region was blue-shifted more for P4TI-3 than for P4TI-4 because of
the change in the conjugation length of the main chain due to the
difference in the tilt angle depending on the side chain position.
However, for P6TI-3 in which bithiophene is introduced into the
spacer, no absorption shoulder peaks were apparent in the solution
absorption spectrum, whereas a shoulder peak was apparent for
the film (lsh ¼ 676); this is in contrast with P6TI-4 and P4TI-3 that
showed absorption shoulder peaks in both states and neither state,
respectively. This is attributed to the increased conjugation length
as a result of extended electronic delocalization mediated by the
bithiophene introduced into the spacer compared to thiophene. In
other words, the bithiophene spacer resulted in a polymer main
chainwith amore planar conformation between the donor unit and
isoindigo acceptor unit than was achieved with the thiophene
spacer, and thus induced orderly p-p stacking. This result is in good
agreement with greater extension of the absorption range
(lonset ¼ 746 / 751 nm) and band gap reduction
(Eg ¼ 1.66 / 1.65 eV) achieved with P6TI-3 compared with P4TI-3
[29,32].

The UVevisible spectra of the polymers in the film were
different from that in the solution depending on the type of spacer.
Although the spectra of P4TI, P4TI-3, and P4TI-4 that had thiophene
spacers were red-shifted (8 nm, 4 nm, 0 nm, respectively) for the
filmwhen comparedwith the solution state, P6TI-3 and P6TI-4 that
had bithiophene spacers exhibited a blue-shift (6 nm and 8 nm,
respectively). These results lead to the confirmation that the side
chain position and spacer length have a significant impact on the
planarity of the polymer main chain.

2.3. X-ray diffraction (XRD) measurement

To better understand the characteristics of the polymer chemi-
cal structure and thin-film ordering and crystallinity, XRD mea-
surements were performed on samples treated at annealing
temperatures.

Figure S4(a) presents the XRD profiles of the polymer thin films
measured in the out-of-plane mode for evaluation of the ordering
structure.

The XRD spectra of the P4TI and P6TI-4 thin films measured in
the out-of-plane mode showed diffraction peaks at 5.04�, 22.66�

and 3.68�, 19.09e23.38�, respectively. This suggests that the poly-
mers form the (h00) lamellar structure and (0h0) lamellar structure
simultaneously. When a p-p stacking peak is observed for the (010)
plane in the out-of-plane mode, it is highly probable that the
polymer thin film adopts a crystalline form with face-on orienta-
tion. This can be verified by acquiring XRD data in the in-plane
mode. The results of a calculation using Bragg's law (l ¼ 2dsinq)
indicated that the highly ordered (100) lamellar d-spacings (dl)
were 17.53 and 24 Å, respectively, and the p-p stacking distances
(dp) were 3.92 and 4.67e3.70 Å, respectively. However, unlike the
P4TI thin film, for the P4TI-3 thin film had very weak intensity of
XRD spectra. The peak intensity of the (h00) diffraction peak for
P4TI-3 is negligible and close to the baseline level, P4TI-3 forms
almost amorphous thin film. And P4TI-4 thin film only the (h00)
diffraction peak was observed at 3.92� and the (0h0) peak could not
be observed. This indicates that this polymer form an edge-on
orientation aligned perpendicularly to the substrate. Calculations
of the d-spacing (d1) for the P4TI-4 thin film gave values of 22.54 Å
which is larger than the value for P4TI. This is in good agreement
with the observation that the shoulder peaks disappeared in the
UVevis absorption spectra due to the weakened intermolecular
interactions. The (h00) diffraction peak was not observed for P6TI-
3, and only the (010) diffraction peak was observed at 18.98�. The
dp value calculated for P6TI-3 was 4.67 Å. To determine the crystal
structure of the P4TI, P6TI-3 and P6TI-4 thin films, the XRD patterns
were acquired in the in-plane mode.

Figure S4(b) presents the XRD profiles of the P4TI, P6TI-3, and
P6TI-4 polymer thin films measured in the in-plane mode. The XRD
profile for P4TI in the in-planemode had one diffraction peak at low
angle, which suggests that the polymer thin film formed a face-on
structure. P6TI-3 showed one broad diffraction peak at high
(2q ¼ 15�e20�) angles, which suggests that the polymer thin film
formed an edge-on structure. The thin film of P6TI-4 showed XRD
peaks at both low and high angles in the in-plane mode, demon-
strating that this crystal structure had a bimodal orientation;
however, the sharp diffraction peak at approximately 5� had a
higher intensity than the broad peak at 20e25�, thus confirming
that the face-on structure was predominant within the bimodal
thin film [16]. In studies by Jian Pei and Wei-Fang Su's groups, all of
the evaluated thiophene-isoindigo copolymers adopted the edge-
on conformation on the substrate [10,22]. This is consistent with
the present observations for P4TI-3, P4TI-4, and P6TI-3, for which
dodecyl side chains were introduced into the respective donor
moieties. This is because the introduction of the side chain
increased the tilt angle between the donor and spacer and the tilt
angle inside the donor unit to 39e66� (refer to the DFT computa-
tional study).

In contrast to these polymers, P4TI formed face-on structures
and P6TI-4 formed face-on rich structures. Comparison of these
results with the shoulder peaks in the UVevis absorption spectra in
Fig. 2 reveals that P4TI and P6TI-4, which adopted face-on struc-
tures, exhibited shoulder peaks in solution as well as in film. P4TI-3
and P4TI-4 with edge-on structures showed shoulder peaks in
neither state. In contrast, P6TI-3 with edge-on structure showed
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shoulder peaks in the film, whereas no shoulder peaks were
observed in the solution.

Erjun Zhou and Keisuke Tajima et al. reported that
dithienopyrrole-benzothiadiazole polymers with no absorption
shoulder peaks had amorphous structures, indicated by the
absence of defined XRD peaks; however, those with shoulder peaks
in the absorption spectra had crystalline structures based on XRD
[33]. Keisuke Tajima and coworkers reported that the UV spectra of
the diketopyrrolopyrrole-oligothiophene polymers differed based
on the types of side chains introduced, where the clearest shoulder
peaks in the solution and in the film were observed for polymers
with eOH groups; these polymers were verified to have face-on
structures based on the analysis of the in-plane XRD patterns
[34]. Thus, polymers for which shoulder peaks are observed in the
UVevis absorption spectrum in both the solution and in film un-
dergo aggregation among the main chains and p-p stacking and
strongly tend towards face-on orientation.
2.4. Electrochemical properties

Fig. 3 presents the cyclic voltammograms (CV) of the thin films
of the synthesized polymers. CVs were measured to investigate the
effects of varying donor segments and spacers on the optoelec-
tronic properties. CV measurements were performed using 0.1 M
tetrabutylammonium-hexafluorophosphate (TBAHFP) in acetoni-
trile solution. The cyclic voltammograms of the polymers exhibit
reversible oxidation/reduction behavior, and the HOMO energy
levels of the polymers were calculated using ferrocene (Fc) as the
internal standard, where {EHOMO (eV) ¼ �4.8 - (Eonset - E1/2(Ferro-
cene))}. The LUMO energy level was calculated by obtaining the
difference between the optical band gaps and the HOMO energy
level. These results are summarized in Table 2.

The oxidation onset potentials (Eoxonset) of P4TI, P4TI-3, P4TI-4,
P6TI-3, and P6TI-4 were þ0.98, þ1.31, þ0.89, þ1.12, and þ0.80 V,
respectively. Their calculated HOMO levels
were �5.33, �5.67, �5.23, �5.33, and �5.14 eV, respectively. The
P4TI, P4TI-3, and P6TI-3 polymers had low HOMO levels
below �5.27 eV, which indicates superior oxidative stability [35].

The calculation results indicated that the HOMO energy levels of
the polymers tended to increase in proportion to the increase in the
electron-donating property and conjugation length of the donor
segments. The introduction of side chains into the donor segments
Fig. 3. Cyclic voltamograms of polymers.
gave rise to a 0.1 eV increase in the HOMO level for P4TI-4 due to
the increased electron-donating ability relative to P4TI. However,
the HOMO level of P4TI-3 decreased relative to P4TI. This can be
attributed to the reduced electron-donating activity caused by the
disrupted conjugation resulting from the large tilt angle inside the
D3 donor, which weakened the donor ability of the D3 to below
that of the D0 donor, thereby lowering its HOMO level. Additionally,
the respective HOMO levels of P6TI-3 and P6TI-4 that had bithio-
phene spacers were up-shifted by 0.34 and 0.09 eV relative to the
HOMO levels of P4TI-3 and P4TI-4, which was driven by the in-
crease in the electron-donating properties of P6TI-3 and P6TI-4.
These results are consistent with those reported by You et al. in
which the HOMO energy level were found to be dependent on the
donor strength in the pushepull system [5]. The introduction of a
side chain on the donor unit, increasing the number of spacers, and
increasing the coplanarity were found to be favorable conditions
for increasing the donor strength. This is also in linewith reports by
Lidzey et al. that verified an increase in the HOMO level in pro-
portion to the increase in the electron-donating properties of
thiophene [36,37].

2.5. Computational study of polymers

Density functional theory (DFT) simulations were performed to
understand the electrical properties, molecular geometries and
electron density of states of the polymers. Gaussian 09 with the
hybrid B3LYP correlation functional and split valence 6e31G(d)
basis set was used for the DFT calculation. Oligomers with two
repeating units were selected for the calculation. The calculated
HOMO and LUMO orbitals are shown in Fig. 4 and Table 3.

The HOMOs are delocalized over the polymer main chains,
whereas the LUMOs are localized on the acceptor indigo dye. This is
due to the structural features of the quinoid formed between the
non-bonding electron pairs on nitrogen and sulfur that exhibit
electron-withdrawing characteristics [38].

As shown in Table 3, the HOMO levels determined from the DFT
calculations tended to increase with the introduction of side chains
on the P4TI (�4.86 eV) backbone or elongation of the spacer lengths
(P4TI: �4.86 eV; P4TI-4: �4.84 eV, P6TI-4: �4.76 eV). This is in
agreement with the CV measurements in which the HOMO level
increased as the electron-donating ability of the donor unit
increased (Table 2). Interestingly, we observed that differences in
the positions of the side chains introduced into the donors resulted
in different HOMO levels. The polymers with the D3 unit (P4TI-3
and P6TI-3) had lower HOMO levels (�4.99 and �4.85 eV, respec-
tively) than those (�4.84 and �4.76 eV) of the polymers with the
D4 unit (P4TI-4 and P6TI-4, respectively). This is due to the differ-
ence in the 2, 20-C tilt angles in the respective donor segments, as
shown by the calculation side views shown in Fig. 4 inwhich the tilt
angles (66.55� and 59.5�) of the polymers with the D3 unit (P4TI-3
and P6TI-3, respectively) are observed to be larger than those (15.14
and 11.73�) of the polymers with the D4 unit (P4TI-4 and P6TI-4,
respectively). Therefore, the position in which the side chain is
introduced on the donor unit plays a decisive role in determining
Table 3
Calculated parameters.

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

1 2 3

P4TI 15.94 20.50 21.36 �4.86 �2.87
P4TI-3 14.68 22.11 21.78 �4.99 �2.83
P4TI-4 39.37 22.58 21.07 �4.84 �2.81
P6TI-3 16.47 22.07 21.69 �4.85 �2.84
P6TI-4 14.72 21.05 21.07 �4.76 �2.84



Fig. 4. The calculated LUMO and HOMO orbitals for monomer unit and the dimermodels of polymers.
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the HOMO energy level. In the case of P4TI, the introduction of the
side chain on 3-C, rather than on 4-C, disrupts conjugation in the
bithiophene unit. This curtails the electron-donating activity of
P4TI-3 and P6TI-3 and results in the lower HOMO level and the
decrease in the absorption region due to the shortening of the
conjugation length compared to P4TI-4 and P6TI-4 [39].

The dihedral angles, 2 and 3, between the two spacer groups and
the isoindigo core were similar (20.50�e22.58�) for all polymers.
However, in the case of P4TI-4, the dihedral angle 1, between the
core acceptor and donor was as large as 39.37�, which is approxi-
mately 20� larger than the other polymers. This difference arises
from positioning of the side chain of D4 closer to the acceptor, thus
inducing a strong steric hindrance with the bulky 2-octyldodecyl
side chain of isoindigo and expanding the dihedral angle, 1.
Although the D4 unit is also present in P6TI-4, steric hindrance was
mitigated using bithiophene for mediating elongation of the spacer
length. This expanded the distance between the donor and
acceptor, decreased the dihedral angle, 1 (14.72�), in the P6TI-4 to
37% of P4TI-4, thus indicating a high planarity of the overall
structure. The strong steric hindrance leads to a decrease in inter-
molecular p-p stacking and disruptive conjugation, thus reducing
charge transport [40]. Additionally, the increase in the tilt angle
breaks the conjugation and diminishes the current. It is therefore
Table 4
Photovoltaic properties of polymers.

Polymer Device structure Solvent þ additive PC70BM r

P4TI conventional ODCB þ none 1: 1
P4TI-3 conventional ODCB þ none 1: 2
P4TI-4 conventional ODCB þ none 1: 1
P6TI-3 conventional ODCB þ none 1: 2
P6TI-4 conventional ODCB þ none 1: 0.5
P6TI-4 conventional CB þ DIO 1: 2
P6TI-4 inverted CB þ DIO 1: 2
expected that the current of the P6TI-4 and P4TI polymers that have
a small tilt anglewill keep a high JSC during the OPV cell production.
2.6. Photovoltaic properties

To evaluate the photovoltaic (PV) properties of the synthesized
polymers, BHJ PSC devices were fabricated with ITO/PEDOT:PSS/
polymer:PC70BM/BaF2/Ba/Al structures. All of the fabricated de-
vices were encapsulated inside a glove box. The J-V characteristics
of the devices were measured under ambient atmosphere at an
active area of 4 mm2. The weight ratio of Polymer:PC70BM in the
devices was varied as follows: 1:0.5, 1:1, and 1:2. Dichlorobenzene
(DCB) was used as the solvent. The ratio of polymer to PC70BM
optimized condition was 1:1(P4TI, P4TI-4), 1:2(P4TI-3, P6TI-3) and
1:0.5(P6TI-4). The four individual devices were tested under
various conditions. Table 4 and Table S1 summarize the photovol-
taic response data including VOC, JSC, FF, and PCEs. The J-V curves at
the optimized weight ratios of the polymers are presented in Fig. 5
(a), and the resulting IPCE is shown in Fig. 5 (b).

As indicated in Table 4, the JSC of P4TI was higher (6.7 mA/cm2)
than the other polymers, and the open circuit voltage (Voc ¼ 0.82 V)
of P4TI was also moderately high. However, the limited solubility of
this polymer was reflected in the low fill factor (FF) of 48.9%, and
atios Voc[V] Jsc[mA/cm2] FF[%] PCE[%]

0.82 6.7 48.9 2.8
0.92 1.3 38.9 0.48
0.82 1.6 46.4 0.61
0.82 5.6 39.7 1.8
0.76 6.3 67.1 3.2
0.66 6.4 63.3 2.8
0.70 7.2 66.0 3.5



Fig. 5. The JeV curves of the PSC based on polymer: PC70BM (a), (b) under the illumination of AM 1.5G, 100 mW/cm2. The IPCE spectra (c), (d).
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led to a rather low PCE (2.8%). In contrast, despite its low VOC
(0.76 V) due to the high HOMO level (�5.14 eV), the P6TI-4
exhibited a high FF (67.1%) because of its superior solubility and
H-stacked face-on structure, resulting in a higher PCE of 3.2%. Low
FF indicates strong recombination in the OPV cells. There have been
several efforts to improve the transport property of BHJ OPV by
controlling its morphology [41]. The polymer solubility is basic
property to influence not only the processability and morphology,
but also physical polymer properties such as phase behavior,
structural order and charge transport properties [42]. These two
polymers were evaluated as having planar and face-on rich struc-
tures based on the XRD analysis (Figure S4). However, P4TI-3 and
P4TI-4 that had edge-on structures and large tilt angles had a low
JSC (1.3 and 1.6 mA/cm2, respectively). Notably, the highest open
circuit voltage (0.92 V) and deepest HOMO level (�5.67 eV) were
observed for P4TI-3 due to the weakened conjugation induced by
the large internal tilt angle of this polymer. Nevertheless, P4TI-3
and P4TI-4 had PCEs as low as <1%. In contrast, despite its edge-
on structure and the large tilt angle of the donor unit, the JSC of
P6TI-3 was higher (5.6 mA/cm2) than for P4TI-3. This is due the
differences in their stacking patterns (while P4TI-3 forms a J-
stacked structure, P6TI-3 forms an H-stacked structure, which in-
duces parallel aggregation). But, the PCE of P6TI-3 did not exceed
1.8% due to its low FF (39.7%).

The devices fabricated with these polymers exhibited
adequately broad and large EQE values in the absorption spectral
range of 300e750 nmwith a decline at wavelengths above 750 nm.
In particular, the P4TI:PC70BM blend-based devices exhibited a high
EQE (up to 39.7%) at 460 nm, and this is consistent with the highest
photo-current achieved with these devices [43].

To optimize and enhance the performance of P6TI-4 device, 3
vol% 1,8-diiodooctane(DIO) was add as solvent additive. However,
the PCE was not increased by the additive. Compared with
conventional OPVs, inverted type devices can also take advantage
of the vertical phase separation and concentration gradient in the
active layer, which is naturally self-encapsulated because air-stable
metals are used as the top electrode [44]. So we manufactured
inverted PSC devices with ITO/ZnO/P6TI-4:PC70BM/MoO3/Ag
structures, PCE is increased to 3.5%. It showed slightly increased a
Jsc, from 6.3 to 7.2 mA/cm2.

2.7. Charge carrier mobility and morphology analysis

The space charge limited current (SCLC) model based on the
PooleeFrenkel Law was used to determine the hole mobility in
polymers and blends containing polymers and PC70BM. The graphs
are described in the ESI* (Figure S5eS14, Table 5).

P4TI and P6TI-4 blend films, which formed face-on crystallites,
exhibited the highest hole mobilities with values of 2.15� 10�2 and
5.80 � 10�2 cm2(V�1 s�1), respectively. P4TI and P6TI-4 blend films
had high hole mobility and produced the highest JSC in the fabri-
cated photovoltaic cells. P4TI-3 and P4TI-4 blend films, in which
side chains were introduced into the donors, exhibited the lowest
hole mobilities of 5.64 � 10�4 and 6.08 � 10�4 cm2(V�1 s�1),
respectively. This is due to the decrease in the conjugation length
induced by the large intermolecular tilt angle. The associated
decrease in the carrier mobility led to a low JSC of the fabricated
photovoltaic cells (1.3 and 1.6 mA/cm2, respectively). P6TI-3 blend
film that had the bithiophene spacer exhibited a higher hole
mobility (4.03 � 10�3 cm2(V�1 s�1)) than P4TI-3 despite the large
tilt angle within the donor unit of P6TI-3. This is consistent with the
JSC of photovoltaic cells fabricated with this polymer.

Based on the linear fitting between ln(JL3/V2) and (V/L)0.5 for the
hole only SCLC, the zero-field hole mobility of P4TI, P4TI-3, P4TI-4,
P6TI-3 and P6TI-4 can be calculated to be 1.89 � 10�2, 3.59 � 10�4,
4.87� 10�4, 3.53� 10�3 and 3.89� 10�2 cm2(V�1 s�1), respectively.



Table 5
Hole mobility of polymers and polymers blended with PC71BM.

Polymer PC71BM ratios
(w:w)

Film thickness
[nm]

Hole mobility
[cm2(V�1 s�1)]

P4TI 1: 1 56.7 2.15 � 10�2

P4TI-3 1: 1 34.3 5.64 � 10�4

P4TI-4 1: 1 35 6.08 � 10�4

P6TI-3 1: 2 13.6 4.03 � 10�3

P6TI-4 1: 0.5 19.7 5.80 � 10�2

P4TI none 55.9 1.89 � 10�2

P4TI-3 none 38.7 3.59 � 10�4

P4TI-4 none 45.7 4.87 � 10�4

P6TI-3 none 27.9 3.53 � 10�3

P6TI-4 none 28.1 3.89 � 10�2
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The carrier mobilities of the polymer:PC70BM blend films are only
slightly higher than that of neat polymer films.

The surface morphology of polymer blends is also a critical
factor influencing the performance of PSCs. Therefore, the mor-
phologies of the polymer:PCBM blend films were evaluated via
AFM as illustrated in Figure S15. The dark-colored and light-colored
areas correspond to PCBM domains and polymers, respectively
[45]. The surface of the P6TI-4:PC70BM blend filmwith a FF ¼ 67.1%
was smooth with nanoscale features and the root-mean-square
(RMS) roughness was approximately 1.94 nm. In contrast, black
dots were observed in the AFM images of the P4TI, P4TI-3, P4TI-4,
and P6TI-3:PC70BM blend films due to large aggregate PCBM do-
mains. The P4TI:PC70BM blend film had a high RMS roughness of
5.61 nm due to its low solubility.When side chains were introduced
into the donors of the P4TI, P4TI-3 and P4TI-4:PC70BM blend films
exhibited higher RMS roughness due to the polymer chain tilt
compared to P4TI. In particular, the P4TI-3 blend film that
employed D3 as a donor induced intensive phase separation, and its
RMS roughness was as large as 7.04 nm. The phase separation in the
active layer lowered the FF to 36.3% for the fabricated photovoltaic
cells and increased the charge recombination, thus reducing the
charge transport rate and Jsc. P6TI-3, which employed the bithio-
phene spacer, had a lower RMS roughness (6.73 nm) compared to
P4TI-3. This is in good agreement with the reduced tilt angle be-
tween the donor unit and the acceptor unit.

3. Experimental

3.1. Materials

All starting materials were purchased from Sigma Aldrich and
Alfar Aesar, and used without further purification. Toluene and
tetrahydrofuran (THF) were distilled from benzophenone ketyl and
sodium. The following compounds were synthesized following
modified literature procedures: 2,5-bis(trimethylstannyl)-2,20-
bithiophene (D0) [46], 3,30-didodecyl-2,20-bithiophene-5,50-diyl)
bis(trimethylstannane) (D3) [47], (4,40-didodecyl-2,20-bithio-
phene-5,50-diyl)bis (trimethylstannane) (D4) [48], 6,60-dibromo-N,
N0-(2-octyldodecyl)isoindigo (A0) [49], 2T [50].

3.1.1. N, N0-(2-octyldodecyl)-6, 60-dithiphen-2-yl-isoindigo (1)
To the solution of A0 (5.5224 g, 5.634 mmol) and 2-(tributyl-

stannyl)thiophene (4.836 g, 13.22 mmol) in toluene (47 mL), tet-
rakis(triphenylphospine)palladium(0) (Pd(PPh3)4) (0.26 g) were
added in one portion. The mixture was stirred under reflux 96 h.
Then the mixture was cooled to room temperature and poured into
water. The organic phase was extracted by diethyl ether, and then
washed with water, dried over MgSO4. After the removal of the
solvent under reduced pressure, the solids were purified by silica
chromatography with dichloromethane: hexane ¼ 2:3. Yield (3.4 g,
61%) dH (400 MHz; CDCl3; Me4Si): 9.19 (d, 2H), 7.43 (d, 2H), 7.37 (d,
2H), 7.32 (d, 2H), 7.16e7.11 (m, 2H), 7.00 (s, 2H), 3.72 (d, 4H), 1.95
(m, 2H), 1.46e1.19 (br, 48H), 0.89e0.83 (br, 12H).
3.1.2. N, N0-(2-octyldodecyl)-6, 60-di-2,20-bithiphen-5-yl-isoindigo
(2)

2 was synthesized with the same procedure of 1. To the solution
of A0 (1.8 g, 1.83 mmol) and 5-(tributylstannyl)-2,20-bithiophene
(1.483 g, 4.507 mmol) in toluene (15 mL), tetrakis(-
triphenylphospine)palladium(0) (Pd(PPh3)4) (0.086 g) were added
in one portion. The mixture was stirred under reflux 96 h. Then the
mixture was cooled to room temperature and poured into water.
The organic phase was extracted by diethyl ether, and then washed
with water, dried over MgSO4. After the removal of the solvent
under reduced pressure, the solids were purified by silica chro-
matography with dichloromethane: hexane ¼ 2:3. Yield (1.681 g,
78.2%) dH (400 MHz; CDCl3; Me4Si): 9.19 (d, 2H), 7.32e7.17 (m,
10H), 7.07e7.03 (m, 2H), 6.92 (s, 2H), 3.78 (d, 4H), 1.90 (m, 2H),
1.36e1.22 (br, 48H), 0.85e0.83 (br, 12H).
3.1.3. N, N0-(2-octyldodecyl)-6, 60-di(5-bromothiophen-2-yl)-
isoindigo (A1)

To a solution of 1 (1.92 g, 1.94 mmol) in 58 mL THF, NBS (0.725 g,
4.07 mmol) was added portionwise in 2 h in the dark. The reaction
mixture was stirred at room temperature for 12 h. Then it was
poured into water and extracted with diethyl ether. Removal of the
solvent and column purification on silica gel using
dichloromethane:hexane ¼ 1:2. Yield (1.78 g, 80%) dH (400 MHz;
CDCl3; Me4Si): 9.19 (d, 2H), 7.20e7.15 (m, 4H), 7.07 (d, 2H), 6.87 (s,
2H), 3.70 (d, 4H), 1.90 (m, 2H), 1.42e1.19 (br, 48H), 0.86e0.83 (br,
12H).
3.1.4. N, N0-(2-octyldodecyl)-6, 60-di(5-bromo-2,20-bithiophen-2-
yl)-isoindigo (A2)

A2was synthesizedwith the same procedure of A1. To a solution
of 2 (1.68 g, 1.46 mmol) in 44 mL THF, NBS (0.52 g, 2.92 mmol) was
added portionwise in 1 h in the dark. The reaction mixture was
stirred at room temperature for 12 h. Then it was poured into water
and extracted with diethyl ether. Removal of the solvent and col-
umn purification on silica gel using dichloromethane:hexane¼ 1:2.
Yield (1.88 g, 98.3%) dH (400 MHz; CDCl3; Me4Si): 9.15 (d, 2H),
7.29e7.25 (d, 4H), 7.10e7.09 (d, 2H), 6.99e6.95 (m, 4H), 6.89 (s, 2H),
3.68 (d, 4H), 1.90 (m, 2H), 1.41e1.22 (br, 48H), 0.87e0.83 (br, 12H).
3.2. General polymerizations

To a mixture of tris(dibenzylideneacetone)dipalladium(0)
(Pd2dba3) (9.52 mg, 0.0104 mmol, 4 mol%), tri-(o-tolyl)phosphine
(12.66 mg, 0.0416 mmol, 16 mol%), stannane compound
(0.26 mmol, e.g. D0, D3 and D4) and equivalent of halogen com-
pound (e.g. A1 and A2) were dissolved in 10 mL of degassed
toluene. The mixture was vigorously stirred at 90e95 �C for 48 h
under the nitrogen. After 48 h, 2-bromotihophenewas added to the
reaction, 3 h after which 2-trimethylstannylthiophene was added
and the reaction refluxed for 3 h to complete the end-capping re-
action. After the mixture was cooled to room temperature, poured
into methanol and filtered. The filtered polymer was further dis-
solved in CHCl3 and reprecipitated into methanol and filtered. The
polymer was further purified by washing methanol and acetone,
respectively, in a Soxhlet apparatus for 24 h. The chloroform part
was reprecipitated with methanol and filtrated then, dried under
reduced pressure at 50 �C.
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3.2.1. Poly[2,20-bithiophene-alt-N, N0-(2-octyldodecyl)-6, 60-
dithiphen-2-yl-isoindigo] (P4TI)

Greenish black solid, 0.099 g (yield ¼ 33%). 1H NMR (400 MHz,
CDCl3, d): 9.50e9.28 (m, 2H), 9.26e8.90 (m, 2H), 7.74e7.30 (m, 6H),
7.23e6.50 (m, 4H), 3.82e3.38 (m, 4H), 2.58e2.41 (m, 4H), 2.05e1.76
(m, 8H), 1.49e0.98 (m, 52H), 0.98e0.69 (m, 12H).

3.2.2. Poly[3,30-didodecyl-2,20-bithiophene-alt-N, N0-(2-
octyldodecyl)-6, 60-dithiphen-2-yl-isoindigo] (P4TI-3)

Greenish black solid, 0.26 g (yield ¼ 67%). 1H NMR (400 MHz,
CDCl3, d): 9.30e9.11 (m, 2H), 7.56e7.50 (m, 4H), 7.22e6.88 (m, 6H),
3.88e3.58 (m, 4H), 2.64e2.46 (m, 4H), 2.26e1.82 (m, 24H),
1.66e1.46 (m, 16H), 1.48e0.96 (m, 70H), 0.96e0.76 (m, 18H).

3.2.3. Poly[4,40-didodecyl-2,20-bithiophene-alt- N, N0-(2-
octyldodecyl)-6, 60-dithiphen-2-yl-isoindigo] (P4TI-4)

Greenish black solid, 0.23 g (yield ¼ 60%). 1H NMR (400 MHz,
CDCl3, d): 9.25e9.08 (m, 2H), 7.56e7.34 (m, 4H), 7.17e7.10 (m, 2H),
7.08e6.84 (m, 4H), 3.86e3.52 (m, 4H), 2.86e2.62 (m, 4H),
2.62e2.48 (m, 2H), 2.06e1.80 (m, 6H),1.76e1.64 (m, 8H), 1.64e1.50
(m, 10H), 1.50e0.96 (m, 62H), 0.95e0.74 (m, 18H).

3.2.4. Poly[3,30-didodecyl-2,2’-bithiophene-alt-N, N0-(2-
octyldodecyl)-6, 60-di-2,20-bithiphen-5-yl-isoindigo] (P6TI-3)

Greenish black solid, 0.19 g (yield ¼ 43%). 1H NMR (400 MHz,
CDCl3, d): 8.12e8.09 (m, 4H), 7.42 (s, 4H), 7.08e7.04 (m, 8H),
4.70e4.68 (m, 4H), 2.17 (s, 4H), 1.58e1.46 (m, 34H), 1.32e1.14 (m,
82H), 0.91e0.76 (s, 18H).

3.2.5. Poly[4,40-didodecyl-2,20-bithiophene-alt-N, N0-(2-
octyldodecyl)-6, 60-di-2,20-bithiphen-5-yl-isoindigo] (P6TI-4)

Greenish black solid, 0.18 g (yield ¼ 41%). 1H NMR (400 MHz,
CDCl3, d): 8.16e8.06 (m, 10H), 7.18e6.90 (m, 6H), 4.72e4.66 (m,
4H), 2.19e2.14 (m, 4H), 1.58e1.46 (m, 32H), 1.46e0.98 (m, 92H),
0.96e0.76 (s, 18H).

3.3. Measurements

The 1H NMR (400 MHz) spectra were recorded using a Brüker
AMX400 spectrometer in CDCl3, and the chemical shifts were
recorded in units of ppm with TMS as the internal standard. The
absorption spectrawere recorded using an Agilent 8453 UVevisible
spectroscopy system. The solutions that were used for the UVevi-
sible spectroscopymeasurements were dissolved in chloroform at a
concentration of 10 mg/ml. The films were drop-coated from the
chloroform solution onto a quartz substrate. All of the GPC analyses
were carried out using THF as the eluent and a polystyrene stan-
dard as the reference. The TGA measurements were performed
using a TG 209 F3 thermogravimetric analyzer. The cyclic voltam-
metric waves were produced using a Zahner IM6eX electro-
chemical workstation with a 0.1 M acetonitrile (substituted with
nitrogen for 20 min) solution containing tetrabutylammonium
hexafluorophosphate (Bu4NPF6) as the electrolyte at a constant
scan rate of 50 mV/s. ITO, a Pt wire, and silver/silver chloride [Ag in
0.1 M KCl] were used as the working, counter, and reference elec-
trodes, respectively. The electrochemical potential was calibrated
against Fc/Fcþ. The HOMO levels of the polymers were determined
using the oxidation onset value. Onset potentials are values ob-
tained from the intersection of the two tangents drawn at the rising
current and the baseline changing current of the CV curves. The
LUMO levels were calculated from the differences between the
HOMO energy levels and the optical band-gaps, which were
determined using the UVevis absorption onset values in the films.
The current densityevoltage (JeV) curves of the photovoltaic de-
vices were measured using a computer-controlled Keithley 2400
source measurement unit (SMU) that was equipped with a Class A
Oriel solar simulator under an illumination of AM 1.5G (100 mW/
cm2). Topographic images of the active layers were obtained
through atomic force microscopy (AFM) in tapping mode under
ambient conditions using an XE-100 instrument.

3.4. Photovoltaic cell fabrication and treatment

All the bulk-heterojunction PV cells were prepared using the
following device fabrication procedure. The glass/indium tin oxide
(ITO) substrates [Sanyo, Japan(10U/g)] were sequentially patterned
lithographically, cleaned with detergent, ultrasonicated in deion-
ized water, acetone, and isopropyl alcohol, dried on a hot plate at
120 �C for 10 min, and treated with oxygen plasma for 10 min to
improve the contact angle just before film coating. Poly(3,4-
ethylene-dioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS,
Baytron P 4083 Bayer AG) was passed through a 0.45-mm filter
before being deposited on ITO at a thickness of ca. 32 nm by spin-
coating at 4000 rpm in air, and then dried at 120 �C for 20 min
inside a glove box. A blend of 1-(3-methoxycarbonyl)propyl-1-
phenyl-[6,6]-C71 (PC70BM) and the polymer [1:0.5e1:2 (w/w)] at
a concentration of 7.5 mgmL�1 in chlorobenzene was stirred
overnight, filtered through a 0.2-mm poly(tetrafluoroethylene)
(PTFE) filter, and then spin-coated (500e3000 rpm, 30 s) on top of
the PEDOT:PSS layer. The device was completed by depositing thin
layers of BaF2 (1 nm) and Ba (2 nm) as an electron injection cathode,
followed by the deposition of a 200-nm-thick aluminum layer at
pressures less than 10�6 torr. The active area of the device was
4 mm2. Finally, the cell was encapsulated using UV-curing glue
(Nagase, Japan).

The hole-only devices were fabricated with a diode configura-
tion of ITO(170 nm)/PEDOT:PSS(40 nm)/Polymer:PC70BM(50 nm)/
MoO3(30 nm)/Al(100 nm). The hole mobility of the active layers
was calculated from the SCLC using the JeV curves of the hole-only
devices in the dark as follows:

J ¼ 9
8
εε0mhðeÞ

V2

L3
expð0:89g

ffiffiffiffi
V
L

r

where ε0 is the permittivity of free space (8.85 � 10�14 F/cm); ε is
the dielectric constant (assumed to be 3, which is a typical value for
conjugated polymers) of the polymer; m is the zero-field mobility of
holes (electrons); L is the film thickness; and V¼Vappl�Vr þ Vbi),
where Vappl is the applied voltage to the device, Vr is the voltage
drop due to series resistance across the electrodes, and Vbi is the
built-in voltage.

4. Conclusions

In this study, five types of polymers, P4TI, P4TI-3, P4TI-4, P6TI-3,
and P6TI-4, were successfully synthesized via the Stille coupling
reaction using N,N0-(2-octyldodecyl)-6,60-di(5-bromothiophen-2-
yl)-isoindigo (A1) and N,N0-(2-octyldodecyl)-6, and 60-di(5-
bromo-2,20-bithiophen-2-yl)-isoindigo (A2) as acceptors while
the thiophene donor types were varied. Introduction of a side chain
on the donor unit increased the band gap, which led to an increase
in the electron-donating properties and a decrease in the ICT effect
of the polymers. However, this increase in the band gap could also
be reduced by increasing the number of thiophene spacers. Addi-
tionally, shoulder peaks were observed in the UVevis absorption
spectra of P4TI and P6TI-4 in both solution and film. However,
when side chains were introduced into the P4TI donors (P4TI-3 and
P4TI-4), no absorption shoulder peaks were detected in the
UVevisible spectra. In contrast to P4TI-3, P6TI-3 with the bithio-
phene spacers showed absorption shoulder peaks in the film. Thus,
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the absence or presence of side chains influenced the appearance of
absorption shoulder peaks, and the number of spacers is more
significant than the effect of the side chain. XRD measurements
revealed that P4TI and P6TI-4 adopted face-on structures, whereas
P4TI-3, P4TI-4, and P6TI-3 adopted the edge-on structure common
to thiophene-isoindigo-based polymers. The P4TI and P6TI-4
polymers with the face-on orientation that is suitable for OPV cell
devices gave rise to higher PCEs because of their superior hole
mobility and JSC values compared to the other three polymer types.
In particular, when P6TI-4 that formed a face-on structure was used
as the active layer, the inverted device performance was fairly high
(PCE ¼ 3.5%) with the use of a P6TI-4:PC70BM ratio of 1:2, w/w.

Notes
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