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ABSTRACT: Conjugated polymers with a donor−acceptor (DA)
structural motif have found extensive use in a wide variety of
optoelectronic devices; however, despite their ubiquity in the literature,
the vast majority of these materials are simple alternating copolymers
one electron donor alternates with one electron acceptor in the polymer
backbone. As a result, the impact of composition (e.g., donor/acceptor
ratio) and structure (e.g., alternating, block, or random) on the
optoelectronic properties of these copolymers remains poorly under-
stood. In this work, the number of acceptor units in alternating DA
copolymers is systematically increased. Two dimers of the common
electron acceptor isoindigo are synthesized, one with free rotation between the subunits and one with enforced coplanarity. The
two dimers are then used to synthesize donor−acceptor−acceptor (DAA) copolymers with either thiophene or terthiophene
comonomers. These DAA polymers feature two electron acceptors in their repeat unit, and their optoelectronic properties are
compared to those of the analogous DA polymers. It is shown that increasing the number of acceptor units causes a decrease in
the LUMO energy of the resulting polymer; this effect is enhanced by enforcing coplanarity between acceptor units via ring
fusion. All six polymers were tested in both organic photovoltaics (OPVs) and organic thin film transistors (OTFTs). While the
DA polymers performed better in OPVs, the DAA polymers displayed more balanced charge carrier mobilities in OTFTs.

■ INTRODUCTION

Organic electronic devices, such as organic photovoltaics
(OPVs) and organic thin film transistors (OTFTs), have made
great strides in key figures of merit over the past two decades
because of advances in the design and synthesis of donor−
acceptor (DA) copolymers.1−3 These materials are composed
of alternating electron-rich (donor) and electron-poor (accept-
or) units.4 This results in the partial isolation of the frontier
molecular orbitals; the donor makes the greatest contribution
to the highest occupied molecular orbital (HOMO), while the
lowest unoccupied molecular orbital (LUMO) has more
acceptor character. This results in low-band gap materials
that can absorb in the near-infrared region.5 Common donor
units include oligothiophenes, thienothiophenes, and benzodi-
thiophene; typical acceptor units incorporate either electron-
withdrawing functional groups (e.g., amides, imides, and
cyano) or electronegative halogen atoms.6−11

Conventional DA polymers have a repeat unit consisting of a
simple donor−acceptor pair. Recently, several research groups
have investigated the effects of increasing the number of donor
units in DA copolymers, often by varying the number of
thiophenes in an oligothiophene donor. Zhou et al. varied the
number of thiophene donors in a series of DA polymers with
two different acceptor units, thieno[3,4-c]pyrrole-4,6-dione
(TPD) and bithiopheneimide (BTI).12 They showed that the

polymers’ HOMO energy increased with the length of the
thiophene block. Additionally, the conjugation length of the
polymers also increased with the number of thiophene units,
reaching its maximum with a terthiophene donor. Both the
TPD-based and BTI-based polymers were used in OPVs, and
when compared, the power conversion efficiencies (PCEs)
were found to be greater for the terthiophene-containing
polymers. Similar studies have also been performed using
isoindigo [iI (Chart 1)] as the acceptor unit.13,14 Ma et al.
synthesized isoindigo−oligothiophene polymers containing
one, three, five, and six thiophenes in the repeat unit.13 The
LUMO level was identical for all four polymers, while the
HOMO levels increased with the number of thiophenes. The
terthiophene copolymer had the narrowest optical band gap
(Eg,opt), and it was found that longer donor units did not
further red-shift the absorbance profiles; the best OPV
efficiency was also achieved with the isoindigo−terthiophene
polymer. Transmission electron microscopy and grazing-
incidence wide-angle X-ray scattering (GIWAXS) measure-
ments showed that donor units larger than terthiophene led to
aggregation in the active layer, resulting in a loss of PCE.
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Following this, Reynolds and co-workers investigated the OPV
performance of isoindigo−thiophene (iI-T) and isoindigo−
terthiophene (iI-3T) copolymers.15−17 Despite the similar
optoelectronic properties of the two polymers, OPVs
fabricated with iI-3T were more than twice as efficient as
those made using iI-T. They discovered that iI-3T:PC71BM
films had relative permittivities higher than those of iI-
T:PC71BM blends; this implied better electronic coupling
between iI-3T and PC71BM. The improved coupling promoted
faster exciton dissociation, leading to the increase in PCE.16

This work clearly shows that the number of donor units in a
DA copolymer can significantly impact optoelectronic proper-
ties, film morphology, and device performance. Yet despite the
numerous studies of oligothiophene donors, there is a paucity
of work examining copolymers with multiple acceptor subunits
(presumably because the synthesis of electron-deficient
oligomers is more complex than the synthesis of oligothio-
phenes). One acceptor that could be useful in such a study is
isoindigo. Isoindigo was first used as the electron acceptor in
DA systems by Mei et al.18 and has since become a common
acceptor unit in many organic semiconductors.18−27 Modified
isoindigo structures, such as thienoisoindigo and other ring-
fused derivatives, have also recently been explored.28−35

Thienoisoindigo and its derivatives are readily brominated,
making dimers synthetically accessible.28,29,36 James et al. used
this approach to synthesize a thieno−benzoisoindigo dimer,

Chart 1. Isoindigo (iI), Diisoindigo (di-iI), and Bisisoindigo
(bis-iI)

Chart 2. Structures of the DA Copolymers (iI-T, iI-3T) and the DAA Copolymers (di-iI-T, di-iI-3T; bis-iI-T, bis-iI-3T) in This
Study
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which was subsequently incorporated into a polymer.37 These
DAA polymers featured a repeat structure of one donor unit
and two acceptor units. They were used to fabricate OTFTs,
revealing a high hole mobility (μh = 1.1 cm2 V−1 s−1) and
ambipolar charge transport behavior (μe = 6.6 × 10−3 cm2 V−1

s−1).37 In 2016, we reported a small molecule DA system based
on bisisoindigo (bis-iI), an isoindigo dimer in which the two
halves are ring-fused across positions 6 and 7 (Chart 1);38 the
coplanarity substantially reduced the Eg,opt relative to that of
isoindigo. Shortly thereafter, Jiang et al. incorporated bis-iI
into a series of DAA polymers, which were shown to have
balanced charge carrier mobilities (μh = 1.79 cm2 V−1 s−1, and
μe = 0.087 cm2 V−1 s−1).39 Very recently, Xu et al. produced a
series of DAA polymers in which the two isoindigo acceptor
units are bridged by a vinyl spacer.40 The polymer containing
fluoroisoindigo acceptors and a bithiophene donor unit
exhibited excellent ambipolar charge transport characteristics
(μh = 1.03 cm2 V−1 s−1, and μe = 1.82 cm2 V−1 s−1), owing to
its highly planar nature.
Herein, we describe the synthesis of an isoindigo dimer,

diisoindigo [di-iI (Chart 1)]; in this case, two isoindigo
subunits are joined by a single bond at position 6. Using di-iI
and bis-iI, we have synthesized four DAA copolymers featuring
either a thiophene or terthiophene donor unit; for comparison,
we also synthesized the analogous iI polymers (Chart 2). Via
comparison of the iI and di-iI polymers, the effect of adding a
second acceptor to the repeat unit of a DA copolymer was
studied. Additionally, comparing the di-iI and bis-iI polymers
allowed us to evaluate the impact of planarizing the two
acceptor units. We show that altering the number of acceptor
units in a DA copolymer is a viable strategy for fine-tuning
both the LUMO energy and the charge transport properties of

the material; the effect is magnified when the acceptor units are
forced to adopt a more coplanar geometry.

■ RESULTS AND DISCUSSION

The synthesis of both bis-iI and di-iI involves first synthesizing
the appropriate isatin dimer (either ring-fused or connected at
positions 6 and 6′), followed by two concurrent crossed-aldol
condensations with 6-bromo-2-oxindole to form the desired
dihalogenated isoindigo dimer; the synthesis of dibrominated
monomer Br2-di-iI is shown in Scheme 1. First, the 6-
bromoisatin is alkylated, and then a Miayura coupling is used
to generate the boronic ester-functionalized isatin. The 6-
isatinboronate ester and an equivalent of the 6-bromoisatin are
combined in a Suzuki coupling to form the 6,6′-diisatin dimer
in moderate yield. Finally, the dihalogenated Br2-di-iI dimer
(Scheme 1) is synthesized by a double crossed-aldol reaction.
In our previous report on bis-iI, the central ring-fused isatin

dimer was first synthesized by the Martinet isatin synthesis and
subsequently alkylated using 2-ethylhexyl iodide, to produce a
soluble product.38 However, in this work, longer 2-hexyldecyl
alkyl groups were required to solubilize the DAA polymers. It
was found that the size of these bulkier alkyl chains prevented
the effective alkylation of the lactam nitrogens; therefore, we
employed a new synthetic method to produce dibrominated
monomer Br2-bis-iI (Scheme S1). In this synthesis, 1,5-
diaminonaphthalene is first alkylated before being subjected to
the Martinet isatin synthesis and subsequent aldol condensa-
tions, producing Br2-bis-iI.

39

All six polymers (Chart 2) were then synthesized by
palladium-catalyzed Stille polymerizations. iI-T and iI-3T were
synthesized according to procedures reported by Stalder et
al.15 Likewise, di-iI-T and bis-iI-T were synthesized by
polymerization of the extended isoindigo monomer (Br2-di-

Scheme 1. Synthesis of Dibromodiisoindigo (Br2-di-iI)
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iI and Br2-bis-iI) with 2,5-bis(trimethylstannyl)thiophene.
Because of the difficulty purifying the bis(trimethylstannyl)-
terthiophene comonomer used by Stalder et al.,15 both di-iI-
3T and bis-iI-3T were synthesized by methods analogous to
those used by Wang et al.22 to synthesize iI-3T (Schemes S2
and S3). First, the extended isoindigo (Br2-di-iI or Br2-bis-iI)
was coupled to 2 equiv of 2-trimethylstannyl-4-hexylthiophene;
the product was brominated twice, and a Stille polycondensa-
tion with 2,5′-bis(trimethylstannyl)thiophene was used to
produce polymers di-iI-3T and bis-iI-3T (Schemes S2 and
S3). All six polymers had weight-average molecular weights
(Mw) between 51 and 93 kDa and number-average molecular
weights (Mn) between 17 and 37 kDa (Table 1), as
determined by size exclusion chromatography (SEC). The
Mn values of the DAA polymers were all lower than those of
their DA counterparts, possibly because of the lower overall
solubility of these polymers. The molecular weights of iI-T and
iI-3T, while reasonable, were slightly lower than those reported
by Stalder et al.17 After purification by Soxhlet extraction, the
dispersity (Đ) of all of the polymers was between 2.4 and 3.2.
This is in line with the expectations for a step-growth
polycondensation (Đ ≥ 2) and perhaps indicates that the
Soxhlet fractionation process removed only monomers and
very short oligomers and had little impact on the overall
dispersity.
On the basis of the work of Zhou et al.12 and Ma et al.13

(where increasing the number of thiophene donors was found
to increase the HOMO energy), here we expected that
increasing the number of acceptors in the polymer repeat unit
would lower the LUMO energy of the resulting polymers; the
lower LUMO energy should therefore reduce Eg,opt for the di-
iI- and bis-iI-based polymers relative to those of their iI
counterparts. However, the ultraviolet−visible (UV−vis)
spectra of polymer thin films (Figure 1) show that the iI and

di-iI polymers have similar Eg,opt values, with only the bis-iI
polymers displaying the expected red-shift in absorbance
(Table 1). The narrow band gap of the bis-iI polymers is due
to the coplanar nature of the two isoindigo units in this dimer
(Figure 2). When there is free rotation between adjacent

acceptor units, as in the di-iI-containing polymers, steric
repulsion forces them to adopt a twisted geometry. The large
dihedral angle between adjacent isoindigo units limits the
degree of conjugation, diminishing the effect of having two
acceptors in the polymer repeat unit. This is especially clear
when comparing the spectra of iI-T and di-iI-T; the Eg,opt of
di-iI-T is red-shifted by only 5 nm relative to that of iI-T.
While the red-shift is slightly more pronounced between iI-3T
and di-iI-3T, the Eg,opt of di-iI-3T is still much larger than that
of the more coplanar bis-iI-3T.
Density functional theory (DFT) calculations [B3LYP/6-

31G(d,p)] were performed on di-iI and bis-iI to determine
their optimized geometries, as well as the isosurfaces and
eigenvalues of the frontier molecular orbitals. The optimized
geometry of di-iI has the expected large dihedral angle (34°)

Table 1. Molecular Weights, Dispersities, and Optoelectronic Properties of All Polymers

polymer Mw (kDa) Mn (kDa) Đ Eg,elec
a (eV) Eg,opt (eV) μh

b (cm2 V−1 s−1) μe
b (cm2 V−1 s−1)

iI-T 93 37 2.5 1.90 1.61 (9 ± 1) × 10−4 (5.1 ± 0.9) × 10−4

iI-3T 80 27 3.0 1.72 1.57 (4.1 ± 0.4) × 10−3 n/a
di-iI-T 55 17 3.2 1.88 1.60 (1.6 ± 0.2) × 10−3 (1.3 ± 0.5) × 10−3

di-iI-3T 51 21 2.4 1.73 1.54 (9 ± 4) × 10−4 (2.3 ± 0.3) × 10−3

bis-iI-T 52 20 2.6 1.64 1.30 (1.5 ± 0.1) × 10−3 (1.7 ± 0.6) × 10−3

bis-iI-3T 69 25 2.8 1.62 1.31 (2.6 ± 0.3) × 10−3 (6 ± 1) × 10−4

aEg,elec = ELUMO − EHOMO.
bμh and μe values determined from OTFT measurements of an average of five devices.

Figure 1. Thin film UV−vis spectra of (a) iI-T, di-iI-T, and bis-iI-T and (b) iI-3T, di-iI-3T, and bis-iI-3T.

Figure 2. Optimized geometries of di-iI and bis-iI, calculated at the
B3LYP/6-31G(d,p) level of theory.
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between the isoindigo groups (Figure 2). This supports the
theory that backbone twisting is responsible for the relatively
small change in the Eg,opt of the di-iI polymers as compared to
that of their iI analogues; the enforced planarity in bis-iI
results in a flatter structure (Figure 2). Similar calculations
were performed on oligomeric models of all six polymers. In all
three thiophene copolymers, the frontier molecular orbitals are
delocalized across the entire repeat unit (Figures S1−S3).
However, the effect of the increasing acceptor length is
noticeable in the frontier orbitals of the terthiophene
copolymers (Figures S4−S6). In the LUMO of iI-3T, there
is still significant electron density on the central terthiophene;
in the LUMOs of di-iI-3T and bis-iI-3T, there is almost no
electron density remaining on the terthiophene unit, as the
increased acceptor strength of the di-iI and bis-iI units results
in less orbital mixing.
Cyclic and differential pulse voltammetry were used to study

the electrochemical behavior of the polymers and to estimate
the energies of their frontier molecular orbitals. The oxidation
of the polymers is largely governed by the identity of the donor
unit (Figures S7−S9). All six polymers exhibit irreversible
oxidation; this process happens at a lower potential versus Fc/
Fc+ for the polymers containing terthiophene than those
containing the weaker thiophene donor group. The decrease in
oxidation potential is consistent with the electrochemical
behavior of iI-T and iI-3T observed by others.13,17 The
behavior of the polymers at a negative potential is much more
dependent on the identity of the acceptor unit. Both of the DA
polymers exhibit a single reduction peak; for iI-T, this peak is
sharp and quasi-reversible, while in iI-3T, it is much broader
and irreversible. The DAA polymers have more complex
reduction behavior; di-iI-T exhibits one quasi-reversible
reduction, followed by two irreversible reductions at lower
potentials, while di-iI-3T can be quasi-reversibly reduced
twice. Both bis-iI polymers show two peaks at negative
potentials; however, only in bis-iI-3T were both reductions
quasi-reversible.
The polymers’ HOMO and LUMO energies were estimated

from the onset of oxidation and reduction using differential
pulse voltammetry, respectively (Figure 3),15,17,22,23,41 and the
electrochemical band gaps (Eg,elec) are summarized in Table 1.
The HOMO levels are largely determined by the identity of
the donor unit; in general, the terthiophene-containing
polymers have HOMO levels approximately 0.2 eV higher in
energy than those of the thiophene-containing polymers. The

LUMO energy is much more dependent on the identity of the
acceptor unit. The LUMO energies of the di-iI polymers are
slightly lower than those of the iI polymers because of the
electron-withdrawing influence of the additional acceptor unit.
The decrease in LUMO energy upon addition of a second
acceptor is 0.05 eV for the thiophene copolymers (iI-T to di-
iI-T) and 0.03 eV for the terthiophene copolymers (iI-3T to
di-iI-3T). These changes are smaller than those observed in
the HOMO when the number of donor units was increased,
reflecting the increased torsion between adjacent isoindigo
units. Coplanar bis-iI is the strongest acceptor unit of those
studied; it lowers the LUMO energies of bis-iI-T and bis-iI-3T
by 0.17 and 0.13 eV, respectively, relative to those of their iI
analogues. These low LUMO levels contribute to the low Eg,opt
of the bis-iI polymers, an important criterion in designing NIR
absorbers for OPV applications.
To test the effect of the additional acceptor units on the

charge carrier mobilities of our DAA semiconductors, the
polymers were used to fabricate bottom-gate bottom-contact
OTFTs. Figure 4 compares the average charge carrier

mobilities of the six polymers; representative output and
transfer curves of OTFTs made using di-iI-3T are shown in
Figure 5, with the remainder shown in Figures S10−S14. With
the exception of iI-3T (which is already known to be a p-type
semiconductor),15 all of the polymers displayed ambipolar
charge transport behavior (Table 1). In all cases, the DAA
polymers had electron mobilities that were higher than those
of their DA analogues. This demonstrates the ability to
systematically tune the electron mobilities of DA polymers by
inserting additional acceptor units into the polymer repeat
unit; however, it is impossible to completely ascribe these
changes to electronic effects, as changes in molecular packing
may also play a role. In addition to better electron transport,
both di-iI-T and bis-iI-T also had hole mobilities slightly
higher than that of iI-T; this improvement may be due to
changes in the polymer packing induced by the presence of the
extended isoindigo units. Of all six polymers, iI-3T showed the
highest hole mobility [(4.1 ± 0.4) × 10−3 cm2 V−1 s−1]; this is
unsurprising, given that it has the highest donor/acceptor ratio
and also the highest HOMO energy of all six polymers. The
charge carrier mobility of bis-iI-T is similar to that reported by
Jiang et al. (μh = 3.0 × 10−3 cm2 V−1 s−1, and μe = 3.7 × 10−3

cm2 V−1 s−1);39 the small difference is likely due to different
interchain packing, resulting from the different alkyl sub-

Figure 3. HOMO and LUMO energies of polymers vs vacuum, as
estimated from the onset of oxidation and reduction in differential
pulse voltammetry; Fc/Fc+ is assumed to be −5.1 eV vs vacuum.

Figure 4. Average charge carrier mobilities of the polymers as
measured using bottom-gate bottom-contact OTFTs. Error bars
denote plus or minus one standard deviation from the mean,
calculated using five devices.
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stituents used.42−44 The polymer with the highest electron
mobility [(2.3 ± 0.3) × 10−3 cm2 V−1 s−1] was di-iI-3T, again
highlighting the impact of adding additional electron acceptors
to the polymer repeat unit.
Having established that all six polymers are capable of p-type

transport, we evaluated their performance as the p-type
material in OPVs. The polymers were tested in a bulk
heterojunction active layer alongside PC71BM, using an ITO/
ZnO/polymer:PC71BM/MoO3−x/Ag device architecture. The
results are summarized in Table 2, and the current−voltage
(J−V) curves of the champion devices for each polymer are
shown in Figure 6. Both iI-T and iI-3T have been tested in
OPVs by others and are well-studied.13−17,22,23 The perform-
ance of our iI-T:PC71BM OPVs is consistent with published
results;17 however, the average PCE of the iI-3T:PC71BM-
based devices reported here (4.2 ± 0.3%) is slightly lower than
that reported by others (6.5 ± 0.2%).17 This is likely due to the

lower molecular weight of the iI-3T used in this work (Mn =
27 kDa); previous studies by Ma et al. found an improvement
in the maximum PCE of iI-3T-based OPVs (from 6.3 to 6.9%)
when Mn improved from 43 to 100 kDa.13 This molecular
weight dependence is likely amplified in the lower-Mn sample
studied here. Comparing the device performance of all six
polymers, we can identify several distinct trends. The open-
circuit voltage (Voc) and fill factor (FF) are similar for all
polymers with the same donor unit. Because the Voc is
primarily governed by the energy difference between the
HOMO of the donor polymer and the LUMO of the fullerene
(and the HOMO energy is primarily set by the number of
thiophene units in the donor), the Voc decreases when the
donor changes from thiophene to terthiophene. This is
somewhat offset by an increase in the device fill factor with
the terthiophene donors. However, the largest difference in
performance between the various polymers is a decrease in
short-circuit current density (Jsc) as the acceptor is changed
from iI to di-iI and bis-iI. Both di-iI-T and di-iI-3T had PCEs
lower than those of their isoindigo analogues, owing chiefly to
a lower Jsc; the bis-iI polymers had the lowest PCEs because of
low photocurrents.
Because none of the polymers have issues with efficient light

absorption (Figure 1), the low photocurrents in the di-iI- and
bis-iI-based polymers must be due to either geminate or
bimolecular recombination. The former would be due to
inefficient exciton dissociation, while low carrier mobility or
trap state formation may lead to the latter. The OTFT data
(Figure 4) show that there is only a small difference between
the hole mobilites of di-iI-3T and bis-iI-3T as compared to
that of iI-3T, while the hole mobilities of di-iI-T and bis-iI-T
were even slightly higher than the hole mobility of iI-T.
Although charge carrier mobilites derived from OTFT
measurements reflect charge transport in the horizontal
plane, rather than in the vertical direction (as in the OPV
devices), we believe that the small differences in carrier
mobility are unlikely to account for the pronounced differences
in Jsc. Assuming that the trap state density does not depend on
the polymer identity, then it is more likely that geminate
recombination processes are responsible for the low Jsc
observed in the di-iI and bis-iI systems.
The other explanation for the low Jsc is that inefficient

exciton dissociation in the OPV active layer leads to substantial
geminate recombination and a lack of free charge carriers. This
could be caused by phase domains that are overly large
(preventing excitons from reaching a donor−acceptor
junction) or by slow rates of electron transfer at the interface.
The exciton diffusion length in organic semiconductors is
typically ∼10 nm; therefore, phase domains must be
comparably sized for efficient exciton separation.45 Atomic

Figure 5. (a) Output and (b) transfer curves of bottom-gate bottom-
contact OTFTs made using di-iI-3T, annealed at 50 °C.

Table 2. Device Performance Parameters for OPVs with an ITO/ZnO/Polymer:PC71BM/MoOx/Ag Architecturea

polymer Voc (V) Jsc (mA cm−2) fill factor (%) PCE (%) Jsc
b (mA cm−2)

iI-T 0.85 ± 0.02 (0.87) 6.3 ± 0.2 (6.51) 58 ± 1 (58) 3.1 ± 0.1 (3.28) 6.10
iI-3T 0.72 ± 0.01 (0.72) 8.7 ± 0.5 (9.78) 66.8 ± 0.6 (67) 4.2 ± 0.3 (4.73) 9.47
di-iI-T 0.86 ± 0.03 (0.91) 4.2 ± 0.1 (4.55) 50 ± 3 (51) 1.8 ± 0.2 (2.12) 4.68
di-iI-3T 0.77 ± 0.01 (0.79) 5.9 ± 0.3 (6.54) 61 ± 2 (58) 2.8 ± 0.1 (3.04) 6.58
bis-iI-T 0.8 ± 0.1 (0.78) 0.8 ± 0.1 (0.89) 54 ± 8 (59) 0.3 ± 0.1 (0.42) 0.82
bis-iI-3T 0.66 ± 0.01 (0.66) 2.4 ± 0.2 (2.61) 58 ± 4 (62) 0.9 ± 0.1 (1.07) 2.29

aNumbers in parentheses are for champion devices. Averages calculated using a minimum of 17 devices. bJsc calculated from the IPCE spectrum of
the champion cell.
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force microscopy (AFM) and GIWAXS were therefore used to
assess the morphology and crystallinity of the OPV active
layers. AFM height images (1 μm × 1 μm) of the active layers
were recorded (Figure 7), and the root-mean-square roughness

(Rq) was calculated. The AFM images of the iI-T:PC71BM and
iI-3T:PC71BM active layers were similar to those reported by
others,17 and the morphologies of the di-iI-based active layers
were very similar to those of the iI-based analogues (Rq = 3−5
nm). In contrast, the bis-iI-T and bis-iI-3T phase domains
were coarser, with root-mean-square roughnesses of 23 and 9
nm, respectively. However, while both bis-iI-T and bis-iI-3T
displayed approximately the same drop in photovoltaic
performance relative to the di-iI and iI polymers, the bis-iI-
T domains were noticeably coarser than those in the bis-iI-3T
system. This lack of correlation between the film morphology
and the device performance makes it unlikely that a change in
the active layer morphology is the sole cause of the drop in
OPV efficiency, although it may play a contributing role.
The crystallinity of the polymers in pristine thin films as well

as in blends with PC71BM was evaluated by GIWAXS (Figure
8 and Figures S15 and S16). GIWAXS patterns of iI-T and iI-

3T have previously been reported by Grand et al.;17 the
principal peaks at 0.3 and 1.6 Å−1 were assigned to the (100)
and (010) reflections, respectively.15,17 The (100) and (010)
planes represent the interchain lamellar packing and π-stacking
interactions, respectively. The GIWAXS patterns of all six
polymers in this study were found to be similar to those
previously reported for iI-T and iI-3T. With the exception of
iI-3T, the polymers show preferential face-on orientation to
the substrate in the as-cast (Figure S15) and annealed (Figure
S16) films, as evidenced by the greater intensity of the (010)
peak along the qz axis and the (100) peak along the qr axis.
Conversely, iI-3T appears to exhibit a preferential edge-on
orientation, with a (100) maximum along the qz axis; the (010)
signal along the qr axis was obscured by shadowing from the
sample stage. The d spacing of the (100) and (010) planes has
been reported to be approximately 20−22 Å for the lamellar
packing (100) and 3.7−3.8 Å for the π-stacking (010) in iI-T
and iI-3T;17 this is similar to the d spacing distance found for
di-iI-3T and bis-iI-3T (Table S1). However, di-iI-T and bis-
iI-T both had a π-stacking distance of 4.0 Å, 0.2 Å longer than
that in iI-T. The increased π−π distance for di-iI-T and bis-iI-

Figure 6. J−V curves of champion OPVs with an ITO/ZnO/polymer:PC71BM/MoOx/Ag architecture: (a) iI-T, di-iI-T, and bis-iI-T and (b) iI-
3T, di-iI-3T, and bis-iI-3T.

Figure 7. AFM height images (1 μm × 1 μm) of polymer:PC71BM
OPV active layer blends: (a) iI-T, (b) di-iI-T, (c) bis-iI-T, (d) iI-3T,
(e) di-iI-3T, and (f) bis-iI-3T.

Figure 8. GIWAXS patterns of as-cast polymer:PC71BM active layer
blends.
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T may be due to the difference in the relative size of the donor
and acceptor units. The GIWAXS patterns of the OPV active
layer blends are shown in Figure 8; in addition to the (100)
reflection for each polymer, an isotropic peak attributed to
PC71BM is seen at ∼1.3 Å−1.46 The similarity of the patterns
for all six blends suggests that there are no drastic differences in
the crystallinity of the films that can solely account for the
variation in OPV performance.
Given the similarity of the morphology and crystallinity for

all six polymers, they are unlikely to be the only factors
responsible for the observed trends in OPV performance.
Another possible cause of the lower photocurrents in the di-iI
and bis-iI polymers is a low energetic driving force for exciton
dissociation. Because excitons in organic semiconductors are
relatively tightly bound, an energetic driving force must be
present to promote electron transfer from the LUMO of the p-
type semiconductor to that of the n-type semiconductor. From
Figure 3, it is obvious that the polymer LUMO energies are
controlled by the acceptor and decrease in the following order:
iI > di-iI > bis-iI; the decrease in LUMO energy correlates
very well with the drop in Jsc. The LUMO level of PC71BM is
reported to lie between −4.0 and −4.2 eV versus vacuum,12,47

and a minimum LUMO−LUMO offset in the range of 0.1−0.5
eV is typically required to drive electron transfer.1,2,48,49

Because the LUMO levels of bis-iI-T and bis-iI-3T are slightly
below −4.0 eV versus vacuum (Figure 3), inefficient exciton
dissociation is certainly a possible cause of the trends in Jsc.
The incident photon to current efficiency (IPCE) spectra

(Figure 9) support this hypothesis, especially for bis-iI-T and
bis-iI-3T. The IPCE spectra of OPVs based on the iI and di-iI
polymers closely match the UV−vis spectra of the polymer
films (Figure 1), and the onset of photocurrent production is
at the Eg,opt of the polymer. The IPCE spectra of OPVs made
using bis-iI-T and bis-iI-3T are distinctly different; despite the
fact that these polymers absorb well out to 950 nm, negligible
photocurrent is produced beyond 700 nm. While these IPCE
spectra do not match the UV−vis absorbance spectra of the
polymers, Figure 9c overlays the normalized IPCE spectrum of
a bis-iI-3T:PC71BM-based OPV with the normalized thin film
absorbance spectrum of PC71BM. These spectra match very
well, and the onset of photocurrent production is at the
HOMO−LUMO gap of the fullerene. This implies that
excitons generated in the bis-iI polymers are not dissociating
and that the majority of photocurrent in these OPVs is
generated by fullerene-based excitons. In this case, the driving
force for exciton dissociation is governed not by the LUMO−
LUMO offset but by the offset of the HOMO levels of the two
semiconductors. The HOMO level of PC71BM is approx-

imately −6.10 eV versus vacuum;12 there is a substantial
enough HOMO−HOMO offset with bis-iI-3T (−5.64 eV vs
vacuum) to provide the energetic driving force for exciton
dissociation. The IPCE spectra combined with the measure-
ments of the LUMO level demonstrate that as the acceptor
strength of the polymers is increased, the energetic driving
force for exciton dissociation decreases. As this process
becomes less energetically favorable, the Jsc decreases. In the
extreme case of the bis-iI polymers, there is no longer
sufficient driving force for electron transfer between the p- and
n-type semiconductors, and the efficiency of the OPV
decreases dramatically.

■ CONCLUSION
To study the impact of acceptor length and planarity on the
optoelectronic properties of donor−acceptor systems, we
synthesized a series of four DAA copolymers based on
thiophene donors and isoindigo-based acceptors. The opto-
electronic properties of these four DAA copolymers were
compared to those of the analogous, well-studied, DA
copolymers. We found that increasing the number of acceptors
in the polymer repeat unit decreased the LUMO energy of the
polymer and increased the electron mobility; this effect was
amplified when the two acceptor units were fused together in a
coplanar fashion. These changes can have a pronounced effect
on the performance of optoelectronic devices, as illustrated
here with both OTFTs and OPVs. We believe that changing
the number of acceptors in the polymer repeat unit is a general
strategy that could be used to fine-tune the properties of
donor−acceptor systems, leading to better materials with
precisely tailored frontier orbital energies and charge carrier
mobilities.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemma-
ter.8b02535.

Materials and characterization methods, detailed syn-
thetic procedures, cyclic and differential pulse voltam-
mograms, thin film GIWAXS patterns, and OTFT
output and transfer curves (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: tim.kelly@usask.ca. Fax: +1-306-966-4730. Tele-
phone: +1-306-966-4666.

Figure 9. IPCE spectra of champion polymer:PC71BM OPVs: (a) iI-T, di-iI-T, and bis-iI-T and (b) iI-3T, di-iI-3T, and bis-iI-3T. (c) Normalized
IPCE spectrum of the champion bis-iI-3T:PC71BM device and the normalized thin film absorbance spectrum of PC71BM.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.8b02535
Chem. Mater. 2018, 30, 4864−4873

4871

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.8b02535
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.8b02535
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b02535/suppl_file/cm8b02535_si_001.pdf
mailto:tim.kelly@usask.ca
http://dx.doi.org/10.1021/acs.chemmater.8b02535


ORCID
Nicholas M. Randell: 0000-0001-9408-3510
Yuning Li: 0000-0003-3679-8133
Timothy L. Kelly: 0000-0002-2907-093X
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The Natural Science and Engineering Research Council of
Canada (NSERC, RGPIN-2017-03732) and the University of
Saskatchewan are acknowledged for financial support. T.L.K. is
a Canada Research Chair in Photovoltaics. This research was
undertaken in part, thanks to funding from the Canada
Research Chairs Program. N.M.R. and C.L.R. thank the
NSERC for scholarship funding. The GIWAXS experiments
described in this paper were performed at the Canadian Light
Source, which is supported by the Canada Foundation for
Innovation, NSERC, the University of Saskatchewan, the
Government of Saskatchewan, Western Economic Diversifica-
tion Canada, the National Research Council Canada, and the
Canadian Institutes of Health Research. Technical support
from HXMA beamline scientist Dr. Chang-Yong Kim is
gratefully acknowledged. Federico Cruciani and Prof. Pierre
Beaujuge (KAUST) are gratefully acknowledged for the SEC
analysis.

■ REFERENCES
(1) Brabec, C. J.; Gowrisanker, S.; Halls, J. J. M.; Laird, D.; Jia, S.;
Williams, S. P. Polymer-Fullerene Bulk-Heterojunction Solar Cells.
Adv. Mater. 2010, 22, 3839−3856.
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