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performance in polymer solar cellsw
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Amide functionalized anthradithiophenes (ADTs) play active
acceptor roles in polymer bulk-heterojunction solar cells. The
first separation of ADT isomers is reported, and the regio-
chemistry of the ADT has significant impact on crystal packing
and solar cell performance. Cell efficiency up to 0.80%, due
in large part to high open-circuit voltage (VOC 4 1.0 V), is
achieved in bulk-heterojunction solar cells comprising syn-ADT
and poly(3-hexylthiophene).

The fast-growing field of bulk heterojunction (BHJ) polymer
solar cells1 has gained enormous attention in recent years.
Since the new millennium, significant progress in the under-
standing of fundamental device physics,2 the discovery of new
materials3 and the invention of new processing protocols4

triggered a series of impressive gains in power conversion
efficiencies (PCEs). Some of the greatest strides have arisen
from new high-performance low-band-gap polymer donors,
yielding PCE over 7%.5 In contrast, the development of new
acceptors has been sluggish, with [6,6]-phenyl-C61-butyric acid
methyl ester (PC61BM)6 and related derivatives7 still dominating
the field after more than 15 years. In the past few years, research
activities on non-fullerene acceptors, whether small molecules8 or
polymers,9 have become more common. This class of acceptors
has interesting potential, with convenient synthesis, low cost,
easy tunability of energy levels, and perhaps most importantly,
better absorption in the visible spectrum. Small molecule accep-
tors have received particular attention, as shown by the work
on perylene diimides,10 Vinazenes,11 diketo-pyrrolopyrrole12 and
bifluorenylidene.13

Based on our previous studies on acene-based electron
donors,14 we have extended our research to acceptor materials

by preparing electron-deficient pentacenes,15 some of which16

are among the best small molecule acceptors for BHJ polymer
solar cells. More importantly, we have found that there is
a correlation between the crystal structure of acene-based
acceptors and cell performance, with a unique ‘‘sandwich
herringbone’’ structure yielding the best PCE (B1.5%) in
bulk-heterojunction devices with poly(3-hexylthiophene)
(P3HT). Encouraged by these results, we reasoned that the
well-studied heteroacene anthradithiophene (ADT) may be
even more interesting due to its better ambient stability.
In this communication, we report on the synthesis and
characterization of isomerically-pure electron-deficient ADT
amides (ADTAs), namely syn-ADTA and anti-ADTA (Fig. 1),
and their solar cell performance in both bulk- and planar-
heterojunction devices with P3HT.
ADTs are usually prepared and studied as inseparable

mixtures of the syn- and anti-regioisomers, and the precursors
of the ADTAs in this study, including the quinone, dibromide,
dicarboxylic acid and diacid chloride, were prepared as
such mixtures (Scheme S1, ESIw). The as-synthesized amide
(mix-ADTA) was also a mixture showing no sign of isomer
separation on silica gel thin layer chromatography. However, it
was noted that in certain solvents, such as toluene and chloro-
benzene, syn- and anti-ADTAs crystallized independently out of
the isomer mixture to form distinct crystals (Fig. 1). Thus,

Fig. 1 Molecular structures and optical images of the crystals of

syn- and anti-ADTAs.
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gram-scale isomerically-pure ADTAs could be easily obtained
using a simple, scalable fractional crystallization process. The
differential solubility of the isomers is likely a result of a
difference in dipole moment—calculations (Fig. S2, ESIw)
estimate the dipole moment of syn-ADTA (8.87 Debye) to be
significantly larger than the anti counterpart (0.02 Debye).

The spectroscopic and electronic characteristics of these two
isomers are quite similar. The 1H and 13C NMR spectra of the
two isomers differ only in the proton signals for the triethylsilyl
groups, and in the carbon signals for the alkyne (Fig. 2). Both
isomers yield an electrochemically estimated HOMO at!5.34 eV
and LUMO at !3.21 eV vs. vacuum (Fig. S7, ESIw), and
absorption spectra exhibit small differences only in the near-
UV region. Compared to PC61BM, which has poor absorption in
the visible spectrum, ADTAs exhibit intense absorption between
500–700 nm (Fig. S7B, ESIw). Since P3HT absorbs mostly in the
same window (Fig. S8, ESIw), in principleADTAs could pair with
other low-band gap polymer donors to capture more visible light.

In contrast to their electronic properties, the crystal packing
of the isomers was found to vary depending on the regio-
chemistry of thiophene moieties, as already indicated by the
different crystal forms noted during purification (Fig. S1,
ESIw). Single crystal X-ray analysis revealed that syn-ADTA
adopts a triclinic crystal structure with two ADTAs and two
toluene molecules per unit cell. The two ADTA molecules are
related by inversion with strong p–p interaction (B3.4 Å) and
opposing dipole moments, resulting in a strong 1-D p-stacking
motif (Fig. 3A). However, anti-ADTA forms twinned crystals
without the incorporation of solvent. A herringbone packing
motif was observed, with no p–p interactions between mole-
cules because of the complete facial offset of adjacent ADT
cores (Fig. 3B).z Clearly, the remarkable difference in crystal

packing suggests completely different transport properties for
the isomers.
In most literature work, ADT derivatives were studied as

syn/anti mixtures due to the great challenge in the preparation
of isomerically pure materials. Although excellent device
properties were still achieved,17 the impact of isomeric impurity
on materials properties remains unclear. There are several reports
of other heteroacenes18 addressing the correlation of regio-
isomers and charge mobilities when tested in thin film transistors,
but such studies have not been carried out on ADT-based
materials.
We evaluated the acceptor properties of syn-, mix- and anti-

ADTAs in both planar- and BHJ solar cells (Fig. 4), and we
indeed observe significant performance differences based on
the isomer configuration and isomeric purity (Table 1).
In planar heterojunction devices, the cell performance of the
three acceptors is low due to the limited charge separation
interface, but devices with syn-ADTA still clearly out-
performed those with anti-ADTA by a factor of about three
in PCE, mainly due to differences in photocurrent. In the BHJ
architecture, an even greater contrast was seen. Compared to
the barely functioning devices comprised of the anti-isomer,
syn-ADTA yielded much better cell efficiency, up to 0.8%.
Furthermore, mix-ADTA yielded a device performance inter-
mediate between the pure isomers. Most likely, when this
statistical mixture is used, anti-ADTA behaves essentially as
an inactive impurity, forming poorly-functioning crystalline
domains that hinder charge transport. This effect is much

Fig. 2 Differences in the NMR spectra of syn- and anti-ADTAs.

Fig. 3 Crystal packing of syn-ADTA (A) and anti-ADTA (B). Ethyl

groups omitted for clarity.

Fig. 4 Top: planar (left) and BHJ (right) device configurations. Bottom:

J–V curves of anti-ADTA (A) and syn-ADTA (B) BHJ solar cells.

Table 1 Solar cell performance of syn-, mix- and anti-ADTAs

Voc/V Jsc/mA cm!2 FF PCE (%)

No annealing (planar)
syn 0.98 " 0.01 0.31 " 0.01 0.30 " 0.01 0.091 " 0.001
mix 0.98 " 0.01 0.29 " 0.02 0.29 " 0.01 0.084 " 0.006
anti 0.88 " 0.01 0.14 " 0.01 0.29 " 0.01 0.035 " 0.002
Before thermal annealing (BHJ)
syn 0.88 " 0.05 1.31 " 0.12 0.31 " 0.01 0.36 " 0.03
mix 0.59 " 0.08 0.72 " 0.21 0.29 " 0.01 0.13 " 0.05
anti 0.06 " 0.01 0.30 " 0.04 0.25 " 0.02 0.004 " 0.001
After thermal annealing at 120 1C for 1 min (BHJ)
syn 1.05 " 0.01 1.93 " 0.10 0.39 " 0.01 0.80 " 0.04
mix 0.59 " 0.03 0.55 " 0.10 0.28 " 0.01 0.09 " 0.01
anti 0.10 " 0.01 0.30 " 0.02 0.26 " 0.03 0.008 " 0.001
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more profound in BHJ cells, presumably as a reflection of the
strong dependence of cell performance on subtle morphology
changes in the active layer. The issue is likely exacerbated by
the differential rate of crystallization of the two ADTA iso-
mers, which will have a dramatic impact on phase separation.

The impact of blend morphology is also the driving force for
the dramatic difference in the Voc of test cells fabricated in the
BHJ configuration. The identical LUMO energies of the two
isomers make this difference unusual, since Voc is typically
estimated based on the energy offset between the donor
HOMO and the acceptor LUMO.19 However, a more recent
equation derived by Kippelen and co-workers which correlates
Voc to ln(Jsc/Jdark) seems to better describe our results.20 For
anti-ADTA, larger scale aggregation was observed in the blend
film (Fig. S9A, ESIw), resulting in pinholes and higher dark
current that is believed to be responsible for its lower Voc

(Fig. 4A). On the other hand, films of syn-ADTA/P3HT show
a more uniform coverage textured with small grains of the
acceptor (Fig. S9B, ESIw), yielding a lower Jdark and leading
to a Voc commensurate to its estimated LUMO (Fig. 4B).
Although the Kippelen equation was originally based upon
bilayer cells, our results indicate its viability in BHJ cells.

Consistent with results from other small-molecule acceptors,13

the electrochemically derived LUMO for our acceptor is nearly
identical to that reported for P3HT (!3.2 eV). Of course,
electrochemical measurements are only rough estimates of the
energy levels, and there may indeed be significant offset between
the two LUMO levels. A detailed exploration of the impact of
small changes in ADTA LUMO energy on device current, as well
as manipulating substituents to induce the ‘‘sandwich herringbone’’
crystal packing motif we found beneficial in pentacene
acceptors, are targets for materials under development.

In conclusion, we have demonstrated that the introduction
of amide groups to ADTs has not only converted these p-type
materials into novel acceptors that can be used in organic solar
cells, it also caused differential self-assembly of the syn- and
anti-isomers that allowed for the first time the separation and
property evaluation of isomerically pure ADTs. This class of
amide functionalized ADT acceptors features high Voc (41 V)
in P3HT based solar cells and 0.8% PCE has been achieved.

This work was supported by the Office of Naval Research
(grants N00014-05-1-0019 and N00014-11-10328). Y.-F. Lim
acknowledges a research fellowship from A*STAR, Singapore.

Notes and references

z Crystallographic data for syn-ADTA:T=90.0(2) K, C51H60N2O2S2Si2,
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