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ABSTRACT: A novel electron acceptor was synthesized from
one-step functionalization of the readily available indigo dye.
The resulting bay-annulated indigo (BAI) was utilized for the
preparation of a series of novel donor−acceptor small
molecules and polymers. As revealed experimentally and by
theoretical calculations, substituted BAIs have stronger
electron accepting characteristics when compared to several
premier electron deficient building blocks. As a result, the
donor−acceptor materials incorporating BAI acceptor possess
low-lying LUMO energy levels and small HOMO−LUMO
gaps. In situ grazing incidence wide-angle X-ray scattering
studies of the thin films of BAI donor−acceptor polymers
indicated improved crystallinity upon thermal treatment. Field
effect transistors based on these polymers show excellent ambipolar transporting behavior, with the hole and electron mobilities
reaching 1.5 and 0.41 cm2 V−1 s−1, respectively, affirming BAI as a potent electron accepting unit for high performance organic
electronic materials.

■ INTRODUCTION

A major trend in the development of high performance organic
semiconductors is reflected by the recent burst of research
efforts on low bandgap small molecules and polymers.1 As a
common structural feature of the majority of such materials,
alternating electron-rich (donor) and electron-deficient (ac-
ceptor) units are linked along the electroactive backbone. The
highly modular synthetic protocols, which rely on potent metal
catalyzed cross-coupling reactions between electron donors and
acceptors, essentially provide access to an unlimited array of
functional materials for applications in organic field effect
transistors (OFETs)2 and organic photovoltaics (OPVs).3

Along the lines of materials discovery, the search for efficient
electron donor and acceptor units is one of the most critical
steps to better control of key materials parameters, such as
electronic energy levels, optical bandgaps and absorptivity, and
morphology.1b,2e Over the years, several electron acceptors,
such as benzothiadiazole (BTD),4 diketopyrrolopyrrole
(DPP),5 isoindigo (iI),6 benzobisthiadiazole (BBT)5f,7 and
those based on arylene diimides8 (Scheme 1a), among others,

have become the workhorses in the development of high
performance low bandgap materials. Small molecules and
polymers incorporating these units have displayed impressive
power conversion efficiencies in OPVs and remarkable charge
transport mobilities in OFETs.
Some of these acceptors, such as DPP and iI, are based on

industrial pigments, which add extra value in terms of materials
stability. The centrosymmetric ketopyrrole cores of DPP and
isoindigo are, however, not readily available from naturally
occurring sources and have to be synthesized in several steps.
Indigo, on the other hand, as one of the oldest known dyes, has
a similarly appealing symmetric ketopyrrole structure and is an
inexpensive pigment material (several US dollars per kilogram)
that can be obtained from natural sources or synthetically.
Native indigo and other indigoid dyes have received
considerable attention for their electron accepting properties
and good performance in ambipolar FET transistors.9 Their
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direct use as semiconducting materials is however restricted,
largely due to limited solubility. Considering the isoindigo-
based chemistry that has experienced a burst in the past a few
years,6f it is imperative to build electroactive units directly from
the parent indigo to provide more informed search for novel
class of functional material systems. Yet a clear chemical
pathway to derive practical electroactive units from this high
performing dye is still lacking, which warrants detailed
experimental and theoretical investigations.
Indigo has a trans-planar molecular structure due to strong

intramolecular hydrogen bonding between the two 3-oxindole
units that are centrosymmetrically connected by a double bond.
Functionalization of indigo can be realized on three positions−
one on the two end benzene rings (route 1 in Scheme 1b) and
the others on the nitrogen or carbonyl groups at the bay
positions of the oxindole units (route 2 and 3 in Scheme 1b).
The disadvantage of the former route is that the conjugation
does not extend over the central double bond and thus the π
electron resonance is localized within each oxindole unit. On
the other hand, derivatization on the bay positions introduces
steric groups that twist the two oxindole units out of plane,10

unless these units are fixed into a coplanar geometry where
both carbonyl groups and N atoms are incorporated into an
annulated diketopiperidinopiperidine structure (Scheme 1b,
route 4). In addition to reinforced planarity, this annulation
also facilitates effective conjugation across the bay−as the part
highlighted in red in Scheme 1b−to the substituents. This bay
annulated indigo (BAI) constitutes the core of the dye
Cibalackrot that contains two phenyl substituents.11 Ketone-12

and N-derivatized indigo10 have been reported recently, yet
little has been explored on the bay annulation chemistry,13 not
to mention the use of BAI as electroactive units. Herein we
report the synthesis of BAI and its use as a new potent electron
acceptor. Optical and electrochemical measurements reveal that
they have low lying LUMO energies and narrow optical
bandgaps. The frontier orbital energies and the optical
transitions are verified by detailed computational studies. This
electron acceptor is compatible with conventional metal-
catalyzed cross-coupling reaction conditions, leading to novel
low bandgap donor−acceptor−donor (DAD) triads and

donor−acceptor (DA) polymers that possess excellent
electronic and optical properties.

■ RESULTS AND DISCUSSION
Materials Synthesis. Our initial trials targeted at the

synthesis of thiophene-flanked BAI (Scheme 2) through direct

double annulation of the indigo core. Heating a mixture of
indigo and 2-thienylacetyl chloride in xylene under reflux gave
the purple T-BAI-T (1) in 73% yield. This double annulation
presumably undergoes sequential amidation and intramolecular
aldol condensation steps to give the desired product in one pot.
Bromination of 1 using N-bromosuccinimide (NBS) in DMF
yielded dibromide 2 in 74% yield, which underwent Stille
coupling with either 3 or 5 to give the DAD type molecules 2T-
BAI-2TC6 (4) and 2T-BAI-2TC12 (6). Further bromination
of 6 gave rise to the corresponding dibromide 7, which
polymerized with either the benzodithiophene stannane 8 or
carbazole boronic ester 9 to yield DA polymers P1 or P2 in
86% and 82% yields, respectively (Scheme 3).

Optical and Electrochemical Properties. Optical
absorption properties of the BAI derivatives were evaluated
both in dilute solutions and as thin films (Figure 1), and the
relevant data were summarized in Table 1. Solution emission
spectra were also included in Figure S1 in Supporting
Information. The absorption spectrum of T-BAI-T (1) displays
two absorption bands at 530 and 579 nm, respectively. The
former band can be ascribed to the π−π* transition and the
latter attributable to intramolecular charge transfer, which
undergoes a bathochromic shift in more polar THF solvent
(Figure S2 in Supporting Information) and is characteristic of
donor−acceptor systems.14 The maximum absorption shows a
20−40 nm blue shift with respect to the parent indigo,
consistent with indigoids losing intramolecular hydrogen

Scheme 1. (a) Structures of Several Commonly Used
Electron Acceptors; (b) Illustration of Different Motifs for
Functionalizing Indigoa

aThe bonds in red in (b) highlight the conjugation pathway in the BAI
core.

Scheme 2. Synthesis of BAI-Based Small Molecules

Scheme 3. Synthesis of Polymers P1 and P2
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bonding and the “H-chromophore” characteristics.10 The
absorption maxima undergo bathochromic shift to 652 and
629 nm in the cases of 2T-BAI-2TC6 (4) and 2T-BAI-2TC12
(6), respectively, together with the loss of the fine peak splitting
feature. The red shifts are in accordance with extended
conjugation involving the extra thiophene units, and the
difference between 4 and 6 is attributable to steric induced
nonplanarity of the bithiophene units by the 3-alkyl substitution
in 6. The absorption edges at the longest wavelength
correspond to optical bandgaps of 1.67 and 1.74 eV for 4
and 6, respectively. Interestingly, the color of the thin films of 4
and 6 is purple as opposed to the blue color of their solutions,
indicating strong H-aggregation in the solid state. This is
confirmed by the absorption spectra of thin films of these
compounds, which display hypochromic shift of these
transitions when compared to their solution spectra (Figure

1a). Such solution-to-thin film spectroscopic shift is reversed
(Figure 1b) for the DA polymer P1, which has an absorption
maximum at 729 nm in solution that shifts bathochromically to
783 nm in thin film. For P2, the solution and thin film
absorptions peak are nearly overlapping at around 682 nm. The
difference for the solution-to-thin film peak shifts between P1
and P2 suggests strong interchain interactions in P1 but less
significant in P2. The optical bandgaps of these materials are
estimated from the onset of absorption of both solution and
thin film spectra and listed in Table 1. It should be noted that
the bandgap estimation from thin films of small molecules is
less accurate due to the strong H-aggregation and ill-defined
absorption edges. The strong absorption of BAI derivatives in
the near IR region is in accordance with the electron
withdrawing character of the BAI unit. Not surprisingly, P1
has a smaller bandgap than P2, which can be understood by the
fact that benzodithiophene (BDT) is a stronger electron donor
unit than carbazole and thus gives higher HOMO energy
levels.1a Since the LUMO energy levels are similar in the two
polymers on account of the same BAI acceptor unit, the
bandgap is smaller in P1.
The electrochemical properties of BAI compounds were

investigated both in solution (Figure 2) and in thin film (Figure

S3 in Supporting Information) by cyclic voltammetry using
conventional three-electrode setup and ferrocene/ferrocenium
(Fc/Fc+) redox couple as the internal reference. Two quasi-
reversible one-electron reduction processes are observed for all
the BAI-based small molecules in solution. The energy levels of
the LUMOs of BAI-containing compounds are around −3.6

Figure 1. UV−vis absorption spectra of the BAI (a) small molecules
and (b) polymers in CHCl3 solution (solid line) and in thin films
(dashed line).

Table 1. Summary of Optical and Electrochemical Parameters of BAI derivatives

UV−vis cyclic voltammetry

solutiona film

compd λmax ελmax λonset Eg
b λmax λonset Eg

c E1/2
Ox,d E1/2

Red,d EHOMO ELUMO Eg
elec,e

(nm) (M−1 cm−1) (nm) (eV) (nm) (nm) (eV) (V) (V) (eV) (eV) (eV)

1 579 130,200 620 1.98 477 703 1.76 0.51 −1.41 −5.38 −3.53 1.85
4 652 256,200 740 1.67 545 802 1.55 0.41 −1.26 −5.15 −3.62 1.53
6 629 320,700 712 1.74 549 756 1.64 0.36 −1.28 −5.20 −3.61 1.59
P1 729 311,400 950 1.31 783 1000 1.24 0.27 −1.27 −4.91 −3.63 1.28
P2 682 388,700 880 1.41 685 904 1.37 0.22 −1.25 −5.03 −3.65 1.38

aIn CHCl3.
bSolution optical bandgap. cThin film optical bandgap. dHalf-wave potentials (vs Fc/Fc+). eSolution electrochemical bandgap.

Figure 2. Cyclic voltagram of the BAI derivatives in CHCl3 solution at
a scan rate of 100 mV/s. The potential is referenced to the Fc/Fc+

redox couple.
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eV, confirming BAI’s excellent electron accepting character-
istics. The electrochemical bandgaps in solution match well
with the solution optical bandgaps, from which the HOMO
energy levels could also be derived (see Table 1).
Theoretical Modeling of Molecular Orbitals (MOs)

and Frontier Orbital Energies (FOEs). Density functional
theory (DFT) calculations were carried out to (1) illustrate the
nature of the MOs and the FOEs of BAIs, (2) compare their
MOs and FOEs against several other commonly used electron
acceptors, and (3) understand the influence of donor
functionalization on the BAI and the corresponding optical
transitions. Ground state geometries of the molecules in the
solvent were first optimized using 6-31+G(d)15 basis set. The
optimized geometries were then used for characterization of the
low-lying excited states relying on time-dependent DFT (TD-
DFT) calculations using 6-311++G(d,p) basis set. Since the
experimental measurements were done in chloroform solvent,
we used continuum solvation model (SMD) based on the
quantum mechanical charge density of a solute16 that shows
more reliable results for prediction of the excitation energy.17

Additionally, calculations using B3LYP/6-311++G(d,p) give
reliable results18 for molecular orbital eigenvalues after linear
correlation correction.19

Figure 3 and Supporting Information Figure S6 depict the
calculated frontier orbitals of several BAI derivatives with

different donor groups. The LUMO of the H-BAI-H (the
unsubstituted BAI, not synthesized) is delocalized all over the
planar aromatic surface of BAI, while HOMO is more localized
on diketopiperidopiperidine and both have π*-character. Upon
functionalization of the BAI with benzene or thiophene units,
localized HOMOs exhibit significant contribution from the
attached donors, with the HOMO spreading over the
diketopiperidopiperidine unit and extending to the conjugated
donor units but much less so to the two orthogonally arranged
benzene rings in the BAI core. This clearly confirms our
original design highlighted in Scheme 1 that bay annulation
indeed facilitates effective conjugation to the attached donors.
On the other hand, all LUMOs are highly delocalized over the
aromatic surface, including the two annulated benzene rings.
The extensive delocalization might account for the low-lying
LUMO character of the BAI core, while the HOMO is

dominated by the conjugation along the orthogonal direction
that involves the diketopiperidopiperidine and the thiophene
units.
The frontier orbitals and FOEs of the T-BAI-T were

calculated and compared against T-DPP-T, T-BTD-T, and T-
iI-T, all of which are in a similar donor−acceptor−donor
fashion and differ mainly by the center acceptor units
(Supporting Information Figure S5 and Figure 4). Methyl

groups are used for N-substituents in the cases of T-DPP-T
and T-iI-T for simplicity. It is noteworthy that the calculated
HOMO energies of the molecules are generally in good
agreement with experiment, while computed LUMO energies
are all overestimated for B3LYP functional (see Table S1 in
Supporting Information).20 Such systematic overestimation has
been reported previously and can be adjusted by applying the
following linear correlation correction:19

ε ε= · −1.0729 0.181LUMO
exp

LUMO
calc

ε ε= · −1.001 0.050HOMO
exp

HOMO
calc

Very good agreement with experimental LUMO energies is
obtained after applying the linear correction (Figure 4). The
correlation correction is also applied on the HOMO energies,
which shows a much smaller effect.
The predicted order of the LUMO energies for the various

DAD molecules agrees well with the experimental results. As
can be seen from Figure 4, T-BAI-T has the lowest LUMO
energy, which is about 0.17 eV lower than the second lowest T-
iI-T. On the other hand, the HOMO is at the similar level to
that of T-iI-T but significantly lower than that of T-DPP-T
acceptor. The calculated bandgap is 1.85 eV, also consistent
with the experimental optical and electrochemical bandgap
measured in solution.
To further understand the effect of functionalization of the

BAI acceptor by various donor groups, the energy levels of the
series of BAI-based DAD derivatives are also calculated
(Figures 3 and 5). Upon functionalization of the H-BAI-H
with two flanking benzene units, the HOMO exhibits
significant contribution from the benzene rings, while LUMO
contains relatively small contribution from the benzene rings.
As a result, HOMO of B-BAI-B raises its energy by 0.24 eV,
while the LUMO level is barely affected compared to these of

Figure 3. Frontier orbitals for the BAIs functionalized with different
donor units.

Figure 4. Correlation diagram of FOEs of four representative acceptor
units. The values in color are calculated FOEs after linear correlation
correction, and the values in parentheses are experimental data.
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the H-BAI-H. Thiophene functionalization of BAI also results
in extended delocalization of HOMO. This delocalization is
even more significant than in B-BAI-B, resulting in an increase
of the HOMO level by 0.4 eV in T-BAI-T. LUMO also has
some contribution from the thiophene units, which leads to
greater overlap with HOMO and subsequently stronger
HOMO−LUMO columbic interaction. Consequently, the
LUMO is further stabilized by 0.14 eV when compare to
benzene substituted B-BAI-B. Addition of another thiophene
ring to each side of T-BAI-T results in even more delocalized
HOMO, further raising its energy by around 0.4 eV, while
LUMO is barely affected. However, there is a slight variation
between differently functionalized 2T-BAI-2TC6 (4) and 2T-
BAI-2TC12 (6). Thiophene−thiophene dihedral angles for 4
and 6 are 16° and 21°, respectively. This difference implies
better conjugation between thiophene groups for 4, resulting in
higher HOMO and slightly lower LUMO. Indeed, this is
consistent with previous investigations of the impact of the
dihedral angles on HOMO and LUMO energies,21 which show
that increasing the dihedral angle lowers the HOMO and raises
LUMO.
The effects of the donor functionalization on the frontier

orbitals and their energy levels also account for the differences
in their electronic absorption spectra, as calculated using time-
dependent DFT (TD-DFT). Since T-BAI-T is smaller than
2T-BAI-2TC6 and 2T-BAI-2TC12, we calculated the first 20
singlet excitations for the former and 10 singlet excitations for
the others; thus, only absorption bands above 350 nm are
calculated for the latter two bigger molecules. Qualitatively, the
calculated (Figure 6) and experimental (Figure 4) spectra are in
good agreement, including the relative positions and number of
adsorption bands, except that the experimental spectrum of T-
BAI-T has an additional shoulder that is attributed to the
intramolecular charge transfer.14 The lowest energy excitation is
attributed to HOMO−LUMO transition in all molecules
(Table S2 in Supporting Information). It should be noted
that there is no HOMO → LUMO + 1 intramolecular charge
transfer transition. Though inclusion of the triplet excitations
results in appearance of HOMO → LUMO + 1 transition
mixed with HOMO − 1 → LUMO transition at 2.01 eV (616
nm), oscillator strength of this excitation is 0 (see Table S2 in
Supporting Information). This can explain why the computed
result does not show the charge transfer shoulder in the T-BAI-
T molecule. In reality, this transition can be caused by lowered

molecular symmetry, phonon-assisted processes, or other more
complicated processes which are not accounted for during the
calculations.

Charge Transport and Morphological Studies of
Polymers. BAI’s strong electron accepting properties make
their derivatives great candidates for n-type or ambipolar
electronic materials, which are of particular interests for the
application in integrated circuits.22 We thus investigated the
charge carrier transport properties of the two BAI-containing
polymers P1 and P2 in OFET devices. Bottom-gate/bottom-
contact (BG/BC) devices were fabricated by spin coating
polymer solutions in CHCl3 onto silicon substrates (with a 300
nm-thick thermally grown oxide layer) that were predeposited
with octadecyltrichlorosilane and Au/Cr source and drain
electrodes. All devices were fabricated and annealed at 160 °C
in gloveboxes. Both P1 and P2 show ambipolar behavior when
the OFET devices were tested under high vacuum (1 × 10−6

mbar). For P1, the maximum hole and electron mobilities reach
1.5 and 0.41 cm2 V−1 s−1, respectively, and for P2, the
maximum hole and electron mobilities are 0.14 and 0.09 cm2

V−1 s−1, respectively (Table 2 and Figure 7). When measured in
air, the corresponding devices show only unipolar hole
transporting behavior with comparable hole mobilities (Table
2 and Supporting Information Figure S7). The lack of electron
transporting in the air is ascribed to the trapping of electrons by
H2O or O2.

2e,23 Nevertheless, the ambipolar transporting
properties correlate well with the electron accepting properties
of BAI unit. Further lowering of the LUMO of BAI-based
materials below −4.0 eV should increase the air stability and is a
subject of future study.2e

Grazing incident wide-angle X-ray scattering (GIWAXS)
measurements were conducted to probe the molecular packing
within the spin-coated films of P1 and P2. For the as-spun thin
film of P1, a strong (100) scattering peak with a spacing of 2.24
nm is oriented in the out-of-plane (OOP) direction with a
broad angular distribution, indicating slight preferential
orientation of the polymer chains on the substrate. A second-
order diffraction peak is also observed in the OOP direction,
confirming the edge-on orientation. An additional azimuthally
independent broad reflection is seen at ∼1.54 A−1, which arises
from the average chain separation distance of the amorphous
part of the polymer. When the sample is thermally annealed at
250 °C for 10 min and cooled back to room temperature, the
structural order of the film is greatly improved. Higher order

Figure 5. Correlation diagram of FOEs of five BAI derivatives with
different donor units. The values in color are calculated FOEs after
linear correlation correction, and the values in parentheses are
experimental data.

Figure 6. TD-DFT calculated electronic absorption spectra of the BAI
derivatives.
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(100) reflections become more pronounced, accompanied by
significant reduction in the intensity of the amorphous halo,
indicating a largely enhanced crystallinity of the film. The
angular distribution of the (100) peak is much narrower and
more focused in the direction normal to the film surface and
the (010) reflection, characteristic of the π−π stacking (3.83 Å)
being clearly evident in the plane of the film, in keeping with an
edge-on packing. P2 polymer thin film shows a quite different
morphology. A (100) reflection, oriented normal to the film
surface, with a characteristic distance of ∼1.46 nm, much less
than that of P1, is seen, indicating that the side chains of the
polymer are highly frustrated. It should be noted that this
reflection and two higher order reflections are also observed in
the in-plane direction, indicating that P2 chains take a mixed
edge-on and face-on orientation. A diffuse halo with a slight
intensification in OOP direction is seen at 1.52 A−1,
corresponding to a distance of 4.13 Å. After annealing the P2
thin film at 250 °C for 10 min, a hexagonal packing emerges
with a characteristic distance of 22.4 Å. The amorphous halo is
still present, though weaker. It is apparent that altering the
BDT copolymerization unit to carbazole leads to drastic change
in packing, which is expected from their chemical structure
origin. BAI-BDT copolymer P1 shows a more planner chain
conformation, as seen from the small dihedral angle between
the two copolymerization units. Thermal annealing imparts
mobility to the polymer chains, promoting an intermolecular
packing into ordered structures, with π−π stacking retained in
in-plane direction. Such packing facilitates lateral charge
transport in the thin film transistors, leading to high mobility.

Incorporation of carbazole unit leads to twisting and larger
dihedral angle between the two copolymerization units. The
long branched side chains on carbazole unit further keep the
backbone π surfaces from approaching each other, conse-
quently no obvious π−π stacking signal is seen in GIWAXS. In
thermally annealed samples, the hexagonal packing is a direct
consequence of conformational complexity of P2 polymer
chain,24 which should be viewed as a rod since thermal energy
activates free rotation of the copolymerized repeating units.
π−π Interactions are, however, strongly restricted, and, thus,
the formation of lamellae packing is disfavored. The observed
difference in interchain π−π stacking in the thin films of P1 and
P2 correlates very well with the UV−vis spectra absorption
shifts (Figure 1b). For P1, there is a significant red shift (54
nm) of the lowest energy transition from solution to thin film,
while in the case of P2, there is barely any shift. The hexagonal
packing in P2 is not ideal for charge transport from the
perspective of π−π stacking assisted hopping mechanism.
Nevertheless, moderate mobilities are recorded, which are
higher than the state-of-the art π−π hopping transport model of
PBTTT25 and P3HT.24 This result suggests that other charge
transporting pathways, such as in-chain transport, and tight
chain hoping might be contributing to the mobility.26 A more
detailed study of structural evolution by GIWAXS at different
temperatures was carried out under in situ thermal annealing,
where thin film samples were mounted on a heating stage
inside a helium box. A ramping rate of 10 °C/min was used in
the heating cycle and natural cooling was used for the cool-
down process. For P1 samples, polymer chains start to become
ordered at 100 °C (Figure 8). When the temperature is raised

to 150 °C, the growth of (100) becomes obvious while the
azimuthal distribution of this peak remains quite broad (Figure
9). Further increasing the temperature to 200 °C induces
higher order diffraction peaks, meanwhile π−π stacking peak
also becomes more obvious. At 250 °C, the azimuthal
distrubtion of (100) peak is significantly narrowed, indicating
that in this temperature range crystals reorganize into edge-on

Table 2. Summary of OFET Characteristics of P1 and P2

compd μmax,h/μmax,e
c μaver,h/μave,e

d Vth,h/Vth,e
e IOn/IOff (h/e)

f

P1a 1.5/0.41 1.4/0.36 −5.7−7.2/50−53 3 × 103−2 × 104/3 × 101−3 × 102

P1b 1.7/- 1.3/- 20−22/-- 3 × 103−5 × 104/-
P2a 0.14/0.09 0.12/0.07 −19−22/34−38 2 × 103−5 × 103/5 × 102−6 × 102

P2b 0.36/- 0.32/- 20−23/- 1 × 103−2 × 104/--
aMeasured in vacuum. bMeasured in air. cMaximum hole and electron mobilities. dAverage hole and electron mobilities. eThreshold voltages for hole
and electron transporting region. fOn/off ratio for hole and electron transporting region.

Figure 7. (a) Output and (b) transfer characteristics of P1-based
OFETs; (c) output and (d) transfer characteristics of P2-based
OFETs. The devices are annealed at 160 °C before being tested in
vacuum.

Figure 8. GIWAXS of spun-cast thin films of (a and b) P1 and (c and
d) P2; (a and c) as cast films; (b and d) annealed films.
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orientation, presumably due to the chain-substrate interactions.
During the subsequent cooling process, this edge-on
orientation is retained. For P2 samples, evident ordering
process emerges above 100 °C, and the packing transforms to a
hexagonal structure from above 150 °C. At temperatures above
200 °C, a fairly strong hexagonal lattice is observed in the
GIWAXS images. During subsequent cooling this packing
structure is also retained.
Atomic force microscopic (AFM) images of both unannealed

polymer films revealed (Figure 10) the formation of fiber-like
intercalating networks. Consistent with thermally induced
molecular reorganization and changes of molecular packing
within the films, crystallite domain size and the roughness
increased slightly after annealing in each case. It is noteworthy
that void spaces were present in both P1 and P2 thin films,
which are not desirable for charge transport as such grain
boundaries can cause an energy barrier and limit charge carrier
mobilities in thin films.27 As demonstrated by Pei and others,28

modification of the polymers by altering the side chain
structures is an effective way to enhance molecular order and
packing within the thin film. Given that no significant efforts
have been made to optimize the thin films and the device
performances, it is reasonable to expect that more efficient
carrier transport can be realized in BAI-based materials with
further side chain engineering.

■ CONCLUSIONS

In summary, we have designed and synthesized a new electron
acceptor unit that is based on the cheap and one of the oldest

naturally occurring indigo dye. The synthesis of BAI is realized
by a one-pot reaction that involves double annulation steps to
give a new annulated diketopiperidinopiperidine core. The
derivatization on the indigo ensures extension of the π-
conjugation without disturbing the planarity of indigo, resulting
in novel electron acceptors that have deeper LUMO energy
level than reported imide-based acceptors such as isoindigo and
DPP derivatives. Detailed theoretical calculations have been
carried out to understand the frontier orbitals and energies, as

Figure 9. GIWAXS patterns of thin films of P1 and P2 taken during in situ heating and cooling cycles.

Figure 10. AFM images (2 μm × 2 μm) of (a and b) P1, and (c and
d) P2; (a and c) as cast films; (b and d) annealed films.
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well as electronic transitions of BAI derivatives. The versatility
of the BAI acceptor has been demonstrated by its facile
incorporation into donor−acceptor small molecules and low
bandgap polymers through conventional metal-catalyzed cross-
coupling reactions. The preferred formation of lamellar or
hexagonal packing in thin films of the two BAI polymers upon
thermal annealing, as revealed by in situ GIWAXS experiments,
attests to different interchain interactions and well-behaved self-
assembly processes that are also dependent on the
conformation of the conjugated backbone. The OFETs based
on solution processed thin films of both BAI polymers have
shown ambipolar transport properties, with high hole and
electron mobilities reaching 1.5 and 0.41 cm2 V−1 s−1,
respectively. With the added benefits of easy access to cheap
starting material and the straightforward chemistry, this BAI
acceptor is poised as a versatile electron deficient building block
that is readily available for the discovery of new series of high
performance optoelectronic materials.
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