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ABSTRACT: Oligothiophenes provide a highly controlled and adaptable platform to
explore various synthetic, morphologic, and electronic relationships in organic semi-
conductor systems. These short-chain systems serve as models for establishing valuable
structure−property relationships to their polymer analogs. In contrast to their polymer
counterparts, oligothiophenes afford high-purity and well-defined materials that can be
easily modified with a variety of functional groups. Recent work by a number of research
groups has revealed functionalized oligothiophenes to be the up-and-coming generation of
advanced materials for organic electronic devices. In this review, we discuss the synthesis
and characterization of linear oligothiophenes with a focus on applications in organic field
effect transistors and organic photovoltaics. We will highlight key structural parameters,
such as crystal packing, intermolecular interactions, polymorphism, and energy levels, which
in turn define the device performance.
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1. INTRODUCTION

Polythiophenes are among the most highly investigated
semiconductor materials for applications in organic electronics
because of their efficient charge transport properties, low cost,
and compatibility with flexible substrates.1−4 It has become
clear in recent years that structural order in these materials
improves the properties, such as charge transport, that lead to
better performance in devices. Therefore, any information
regarding the self-assembly of these molecules in the solid state
is important and valuable.5−11 However, to understand the
optical and electronic properties of semiconductor polymers,
one must study well-defined systems.12 This is not a trivial
problem for polymer-based systems, as batch-to-batch variation
in molecular structure, including head-to-tail coupling and
chain length, and sensitivity to processing conditions can
drastically alter the performance characteristics of these
materials.13−16 The experimental conditions must be painstak-
ingly optimized to produce reliable, compelling data. Although
this trial-and-error approach has proven fruitful, resulting in
organic photovoltaics with efficiencies beyond 8%17,18 and
organic thin film transistors exhibiting mobilities of over 1 cm2

V−1 s−1,19−23 it does not address the true maximum potential of
these materials.
Oligothiophenes with the same repeat unit structure as their

polymer counterparts offer the opportunity to study the true
charge transport nature of these materials, free from structural
defects.24−33 The absence of chain entanglement allows these
molecules to form crystals suitable for X-ray single-crystal
analysis. This reveals detailed information on the chain packing

in the solid state, which plays an important role on the device
performance. Furthermore, the syntheses of oligomers can be
well-controlled, resulting in monodisperse populations. These
well-controlled systems have been widely used as semi-
conductors in organic devices. Power conversion efficiency
(PCE) of 6.9% and mobility up to 6 cm2 V−1 s−1 have been
achieved based on functionalized oligothiophenes.34,35 A
number of comprehensive reviews of the oligothiophenes and
their applications have been published over the past few
years.24,36−38 In this review, we will describe the recent progress
in the synthesis oligothiophenes and their applications in
organic transistors and organic solar cells. In particular, we will
highlight the parameters which play important roles in device
performance, such as crystal packing in the solid state,
polymorphism, intermolecular interactions, and conjugation
length as well as discuss the X-ray techniques used to
characterize oligomer thin films.

2. SYNTHESIS OF OLIGOTHIOPHENES

The past decade provided a variety of methods to synthesize
polythiophenes and their derivatives.39 Many of the modern
oligothiophene syntheses are borrowed and adapted from these
methods. However, most of them provide methods for the
synthesis of short oligothiophenes (less than 8 units).40,41

Fortunately, the recent success in the exploration of the
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effective catalysts and the development of versatile building
blocks have resulted in a wide variety of defect-free,
monodisperse, long oligothiophenes.
2.1. Oxidative Coupling. Thiophene derivatives can be

either oxidized in the presence of certain oxidizing agents, such
as ferric chloride, or deprotonated and then dimerized by
CuCl2 to form a mixture of short α-conjugated oligomers
(Scheme 1A).42,43 This method takes advantage of the varying
electron density at different positions of the thiophene
monomer; the coupling mainly occurs at the positions of the
highest electron density.44 Although this method is very simple,
it became rapidly evident that the oligomers produced by this
method contain considerable amounts of undesirable α−β
couplings and regioirregularity, both of which have a
detrimental impact on the conjugation and crystallinity of the
polymers.45 It should also be noted that an increase of
conjugation in the precursor molecule causes a rapid loss of
reactivity of the corresponding cation radical, resulting in short
oligomers.42

Another major problem with this technique is the
purification of the materials. Repeated sublimation and tedious
chromatographic separation are needed to purify the desired
product because of metal residues that often contaminate the
desired products. Recently, Baüerle and coworkers described a
new “metal template approach” to synthesize oligothiophenes.
The preparation of the oligothiophenes involves a reaction
between lithiated shorter oligothiophenes and dppfPtCl2 or
dpppPtCl2 to afford an oliothiophene-based Pt complex, which
was then oxidized to the longer oligothiophenes by treatment
with silver triflate.46

2.2. Palladium-Catalyzed C−H Homocoupling. Tran-
sition metal-catalyzed cross-coupling has been well explored for
the synthesis of polythiophenes.39 It has been proven that these
reactions proceed by a chain growth mechanism and therefore
it is difficult to synthesize monodisperse oligomers with precise
molecular weight. Mori and coworkers developed a new
synthetic strategy involving the palladium-catalyzed C−H
homocoupling of bromothiophene in the presence of a silver
reagent system as an activator.47,48 This technique results in

oligothiophenes with C−Br bonds at the terminal rings, which
can be further functionalized. More recently, these authors
reported an improved procedure for the synthesis of HT
oligothiophenes. Treatment of 3-alkylthiophene with Knochel−
Hauser base (TMPMgCl·LiCl) induces metalation at the 5-
position selectively. Subsequent addition of 2-bromo-3-
alkylthiophene and a nickel catalyst leads to the corresponding
bithiophene (Scheme 1B).49 The obtained bithiophene is
converted to the terthiophene and then to the quaterthiophene
by repeating an analogous protocol.

2.3. Palladium-Catalyzed Cross-Coupling. This syn-
thetic strategy relies on the divergent−convergent approach to
conjugated oligomers, which affords monodisperse molecular
systems with relatively facile isolation and purification.
Typically, long oligothiophenes are prepared by the successive
addition of bromine, tin, and/or boronic acid groups to
thiophene intermediates for palladium catalyzed cross-coupling,
such as Stille or Suzuki reactions.24,41 Recently, Briseno and
coworkers prepared a series of didodecyl-quaterthiophene
oligomers with up to 24 thiophene units via Pd-catalyzed Stille
coupling reactions.50 In recent papers, regioregular head-to-
head oligothiophenes have been efficiently prepared by
combining Pd-catalyzed Stille coupling reactions with micro-
wave radiation.51 Heeney and coworkers also reported the
synthesis of regioregular oligo (3-hexylthiophene) up to a
length of 36 units with large quantities via “Fibonacci’s route”
(Scheme 1C).52 To get longer homologues, oligothiophenes
need to be selectively functionalized at the terminal α-positions.
However, the reactivity at α-positions of long oligothiophenes
decreases and the possibility of reaction at ß-positions increases
due to the increase of the number of ß-positions relative to α-
positions with increased chain length.53 This presents a major
problem, as the desired α-linked products are inseparable from
the undesirable ß-linked products. To avoid the undesirable ß-
reactions, the use of substitutent groups to block the ß-
positions is a possible solution. Otsubo and coworkers designed
a complete ß−blocked monomer which allowed for the
formation of extraordinarily long oligothiophenes, up to 96
units, by the combination of oxidative coupling and cross-

Scheme 1. Strategic Routes for the Synthesis of Long Oligothiophenes: (A) Oxidative Coupling, (B) Palladium-Catalyzed C−H
Homocoupling, and (C) Palladium-Catalyzed Cross-Coupling
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coupling reactions.28 Although this route requires a number of
synthetic steps, it simplifies the purification significantly.

3. DETERMINING CONJUGATION LENGTH IN
OLIGOTHIOPHENES

On a molecular scale, the optoelectronic properties in
semiconductor systems are largely a result of the degree of
conjugation. The conjugation and the resulting band gap in
solution are restricted by four variables: variation in bond
length (known as Peierls distortion), torsion along the polymer
backbone, aromatic resonance, and electronic effects from side
groups.44 These factors limit the delocalization of orbitals and
lead to the oligomer exhibiting an effective conjugation length,
necl. Thus, an oligomer of length equal to or greater than the necl
is electronically commensurate with the polymer.
The highest occupied molecular orbital (HOMO) and the

lowest occupied molecular orbital (LUMO) levels, as well as
the resulting band gap, are direct results of electron
delocalization within a molecule. As such, there is a clear
inverse relationship between the band gap and the number of
monomers, i.e. the absorption of longer oligomers is red-
shifted. According to classic Kuhn theory, this can be modeled
as
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where h is Planck’s constant, m is the mass of an electron, L0 is
the average length of a conjugated bond, and V0 corrects for
Peierls distortion.54 However, this underestimates the band gap
of the polymer and a clear deviation from linearity is observed
for high molecular weight oligomers. A more accurate model
was put forth by Meier which divides the band gap into two
components.55 The first component is representative of the
band gap of an infinitely long polymer and the second
component accounts for effect of conjugation going from the
monomer to polymer, with an exponential decay.
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where n is the number of repeat units, Eg(1) and Eg(∞) are the
band gaps of the monomer and infinite polymer, respectively,
λ(1) and λ(∞) are their corresponding wavelengths, and a and

b are the rates of convergence. By fitting experimental UV−vis
data to this model, one can determine the effective conjugation
length where the absorption is within 1 nm of the infinitely
long polymer.
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b

ln( ( ) (1))
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Bendikov and coworkers compared a number of density
functional theory (DFT) quantum mechanical modeling
methods to calculate the energy levels of a series of oligomers.56

They found that the 1/n Kuhn approximation overestimated
the absorption of the polymer and did not account for the
limitations of conjugation when n > 12 for any models.
Additionally, they concluded that although the HF/6-31G(d)
and BLYP/6-31G(d) levels of modeling converged, they did
not accurately predict the optoelectronic structure for
unsubstituted polythiophenes, yielding band gaps of 7.43 and
0.93 eV, respectively. The B3LYP/6-31G(d) level, especially
when incorporating periodic boundary conditions (PBC) in the
calculations, accurately modeled the band gap of oligothio-
phenes when using sufficiently long oligomers (up to n = 50).
These calculations predicted a band gap of 2.06 for the
polymer, which has a band gap of 2.0 when measured
experimentally.
Oligo- and polythiophenes typically incorporate alkyl side

chains to enhance solubility for processing; these bulky groups
induce twisting along the backbone. This out-of-plane
deformation limits the electron overlap and leads to a decrease
in conjugation, increasing the band gap. Lavarda et al. used
molecular dynamics simulation to model the conformation of
P3HT and found that the dihedral angle between neighboring
thiophene units is expected to be 115° in solution.57

Experimental data is available for a similar system consisting
of poly(3-octylthiophene) (P3OT) oligomers (Figure 1).58

Fitting the obtained UV−vis data to Meier’s model, we find
that the twisting in P3OT decreases the effective conjugation
length to 14.7 thiophene units (Table 1). Furthermore, the
reduction in conjugation reduces the maximum absorption of
P3OT by 156 nm relative to the calculations for unsubstituted
thiophenes.
To produce solar cells with high efficiencies, one needs to

optimize the short-circuit current (Jsc), open-circuit voltage
(Voc), and fill factor (FF).

36,37 The extended conjugation across
planar oligomers increases the HOMO and lowers the energy

Figure 1. (A) Correlation between the maximum absorption (λmax) and ring numbers (n) of oligothiophenes, and (B) bandgap energy vs inverse
ring number.
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of the LUMO of the molecules, decreasing the bandgap. This
leads to increased light absorption which generates more
excitons, increasing the Jsc. Planar oligomers also generally pack
better, enhancing charge transport and increasing the FF.
Efforts have been made to synthesize soluble polythiophenes
which maintain more planar backbones. One approach has
been to incorporate fewer, longer alkyl side-chains, as is the
case with 3,3‴-didodecyl-2,2′:5′,2″:5″,2‴-quaterthiophene
(DDQT). These oligomers have an effective conjugation
length of 22.4 thiophene units with a maximum absorption at
470 nm (Table 1).50 Another approach has been to reduce the
steric interactions between the solubilizing groups of
neighboring thiophene units. Otsubo and coworkers used a
2,2-bis(butoxymethyl)-1,3-propanediyl group at both β-sites of
each thiophene unit to pull the alkoxy side chains away from
each other.28 This “tying back” of the solubilizing groups
induced a more planar conformation of the oligomer
backbones, extending the effective conjugation length to 20.9
thiophene units and increasing the maximum absorption to 524
nm.

Baüerle and coworkers further increased the absorption of
planar oligothiophenes, which lacked solubilizing side chains,
by utilizing dicyanovinyl (DCV) groups as end-caps.59 These
electron-withdrawing moieties reduced the band gap of the
rigid molecules, resulting in a theoretical maximum absorption
at 547 nm for the corresponding polymer. The pentamer
exhibited a maximum absorption at 530 nm, 17 nm higher than
that of an equivalent oligomer that contained butyl side
chains.60 It is interesting to note that these oligomers produced
an effective conjugation length of only 11 thiophene units
because of the large influence of the end-caps on the electronic
structure; increasing the length beyond this point would only
serve to decrease the effect of the DCV end groups. Because of
electron-accepting cyano groups at both ends, the optical band
gap of the oligomers reduced as compared to that of
unsubstituted quinquethiophene. Figure 2 shows representative
oligothiophenes mentioned in this review.

4. CRYSTAL PACKING IN THE SOLID STATE

4.1. Effect of Substituents on Crystal Packing.
Unsubstituted oligothiophenes crystallize in the monoclinic
space group and display 2D herringbone arrangement due to
strong edge-to-face interactions.61 Although some high
mobilities are reported for 2D layered arrangement, the edge-
to-face configuration limits the electronic overlap between π
orbitals.62−65 As a result, higher performance may be achieved
in crystal structures which exhibit more “π-stacking” because of
the strong electronic coupling.64

4.1.1. α-Substituted Oligothiophenes. A number of efforts
have been made to tune the crystal packing by modifying the
molecular structure of the oligomers under study.62 The
incorporation of substituents along the backbone has a
dramatic influence on the crystal packing of the oligothio-
phenes.38 However, it is somewhat surprising to see that

Table 1. Absorption and Effect Conjugation Length (ecl) of
Different Polythiophenesa

λmax (nm) necl (units)

1/n
linear
fit

exponential
fit experimental

linear
fit

exponential
fit

PT
(theoretical)

685 590 602 20 27.7

PQT 508 470 471 16 22.4
P3OT 488 434 440 12 14.7
aThe data of unsubstituted oligothiophenes is from theoretical
calculations, see ref 58.

Figure 2. Representative examples of oligothiophenes 1−25 in this review.
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substitution at the high electron density (α-) positions with
linear alkyl chains or less bulky substituents does not alter the
molecular packing motif significantly.66 As an example, the
crystal packing of quaterthiophene terminated with different
alkyl chains and different number of trimethylsilyl (TMS)
groups has been investigated (Figure 3).67 It was observed that
each of the molecules adopted a layer-by-layer herringbone
motif, but the tilt angle of the molecules within the bc plane
varied with the terminal substitution. This indicates that in
addition to enhanced chemical stability and solubility, the end-
substitution does not induce inter-ring torsion and the

dominant force dictating the crystal packing is the interaction
between aromatic cores. Alternatively, branched alkyl chains or
other bulky substituents at the α-positions reduce the relative
density of the thiophene cores, causing the packing to deviate
from the herringbone arrangement.38

Barclay et al. reported a series of oligothiophenes (4−7) that
were symmetrically substituted by two nitrile groups at the α-
positions. Interestingly, in compounds 4, 5, and 6, the
intermolecular CN···H interactions linked oligothiophene
molecules into extended ribbons, adopting a slipped π-stack
motif rather than a herringbone packing (Figure 4).68 In

Figure 3. Chemical and crystal structures and lattice parameters of, (A) unsubstituted 1 (high-temperature polymorph), (B) mono-TMS-substituted
2, and (C) di-TMS-substituted quaterthiophene 3. Terminal substitution determines the in-plane tilt of the oligothiophene cores, with 3 (51°) > 1
(34°) >2 (26°). Reprinted with permission from ref 67. Copyright 2009 Wiley.

Figure 4. (A) Intermolecular C−N···H interactions, and (B) side view of packing in 5 showing ribbonlike arrays.
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compound 7, which had the longest backbone of the
oligothiophenes in that study, the CN···H interactions were
offset to form an interlocking pattern, which allows consecutive
molecules along a given ribbon strand to rotate and a
herringbone packing pattern to be maintained.
4.1.2. β-Substituted Oligothiophenes. In contrast to

substitutions at the α-positions, substitutions at the low-
electron-density positions (ß-) have a great effect on the
backbone planarity and thiophene conformation.69 The
introduction of a substituent along the backbone may induce
a twist along the polymer chain and consequently decrease
intermolecular interactions between the thiophene cores.70,71

This influence is clearly seen in many β-substituted
oligothiophenes, which crystallize to form π−π stacks instead
of following the herringbone motif typical of unsubstituted
oligothiophenes.31 The crystal packing behavior of substituted
oligothiophenes arises not only from the backbone organization
but also from the side chain conformation. The chain length,
position, and concentration of substituents all play important
roles in the crystal packing.
A family of quaterthiophene derivatives functionalized at the

β positions with alkyl chains display differences in the packing

depending on the length of alkyl chain.30 Oligothiophene
derivatives with longer alkyl chains, such as 9 and 14, form
lamellar packing motifs by self-assembly through π−π
interactions between cofacial thiophene units and intermolec-
ular dispersive interactions between the alkyl chains which are
perpendicular to the backbones (figure 5a). However, a
derivative with a shorter alkyl chain, 8, displays π-stacking
which is “slipped” in two directions. The difference in the
crystal structures arises from the alkyl side chains: hexyl and
dodecyl chains are sufficiently long to provide hydrophobic
alkyl−alkyl interactions with neighboring chains, while propyl
chains are too short to maintain the hydrophobic interactions
between each other.30 Another interesting example arises when
comparing tetramethylquaterthiophene 12,72,73 and tetrahex-
ylsexithiophene 13,74 which display parallel, layered-type
packing in the bulk crystals. It indicates that the ratio of alkyl
chains and thiophene units is key to governing the crystal
packing characteristics. It is apparent that the compounds with
high ratio of alkyl chains to thiophene units potentially exhibit
lamellar packing rather than herringbone packing.
It is surprising to see that 1075 and 1176 show slipped

herringbone packing patterns which slightly differ in alkyl chain

Figure 5. Representative packing models of ß-substituted oligothiophenes. (A) Lamellar packing of 14, and (B) herringbone packing of 11.

Figure 6. (A) Crystal packing of compound 15 along b-axis; (B) compound 16 along b-axis, and (C) Herringbone packing and alkyl interdigitation
of compound 15. Hydrogens were omitted for clarity. Reprinted with permission from ref 50. Copyright 2013 American Chemical Society.
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orientation (Figure 5b). These structures have a herringbone
configuration arranged in layers and separated by the alkyl side
chains, with essentially no π-overlap between adjacent
molecules. This is likely due to the increased concentration
of electrostatic repulsion between cofacial molecules relative to
the dispersive interactions of the alkyl side-chains.
The backbone length also has an effect on the crystal

packing. Compounds 14 and 16, a monomer and trimer,
respectively, adopt lamellar-type packing motifs by self-
assembly through the π−π interactions of the backbone and
intermolecular hydrophobic interaction between alkyl chains
(Figure 6).31,50 However, compound 15, a dimer, crystallizes in
a “lamellar herringbone” packing motif with half of the
backbones overlapping. The formation of different crystal
packing is possibly due to the difference in symmetry;
compound 15 has a lower molecular symmetry with respect
to its side chains. It should be noted that the crystal structure of
longer oligothiophenes are helpful models for understanding
packing trends in corresponding polythiophenes.
4.2. Conformational Polymorphism in the Solid State.

It is well-known that because of the weak interaction energies,
organic molecules are prone to forming various polymorphs in
the solid state.77 There are some significant differences in the
crystal structures, mainly involving molecular packing and
intermolecular interactions, which can be greatly affected by
substitution patterns, solubility, and crystallization condi-
tions.78,79

4.2.1. Backbone Polymorphism. The crystal polymorphism
of unsubstituted oligothiophenes has been known for two
decades.80 For instance, there are two different crystal forms of
α-4T and α-6T, each of which crystallize in monoclinic space
groups. Although both of the two different forms give rise to
herringbone packing, a different number of molecules in the
unit cell (two and four) and a different tilt angle of the
molecular long axis are observed. However, the polymorphism
of substituted oligothiophenes arises from not only the
backbone conformation, but also the side chain conformation.80

The thiophene units along the backbone can exhibit anti
conformation (the thiophene rings have the sulfur atoms
pointing alternatively in opposite directions) and syn
conformation (the thiophene rings have the sulfur atoms
pointing alternatively in one direction) under different
crystallization conditions. The syn-conformations have recently
been reported for several oligothiophenes, and theoretical
studies indicate that, depending on the substitution pattern of
the oligothiophene backbone, the energy difference between
syn and anti conformations is rather small.31

In compound 20, which contains methyl sulfide substituents,
the molecules crystallize in monoclinic and triclinic space
groups. In the triclinic crystal, all of the thiophene rings display
an anti conformation to each other, which are illustrated in
Figure 7. The torsion angle of the two thiophenes located at the
external and internal positions are 27.3 and 0°, respectively.69,81

This triclinic form has a sandwich-type molecular arrangement
instead of the usual herringbone packing. In the monoclinic
form, the two terminal thiophenes are in syn conformations
with torsion angles as large as 57.6°, resulting in a more twisted
backbone. The coplanar inner thiophenes display herringbone
packing, while the orientation of the outer rings appears to be
mainly determined by intermolecular interactions. Similar
polymorphism has been observed in compound 21, which
displays a strongly twisted syn conformation in the monoclinic
form, and a less titled anti conformation in triclinic form. The
authors attributed this similarity to the fact that substituents on
the two molecules have the same regiochemistry.82

Compound 22, a molecule that contains 3,4-disubstituted
thiophenes in its backbone, crystallizes in two different forms,
each with four molecules in one unit cell. Three of the
molecules show all-anti conformations, whereas the fourth
exhibit anti conformations except for the two outermost rings,
which display syn conformations.70 The thiophene rings
adjacent to alkyl groups adopt mainly anti conformations to
minimize steric crowding. These results support the idea that
the syn or anti conformations are essentially determined by

Figure 7. (A, B) Anti-conformation of 20 with triclinic space group and its packing arrangement, (B) crystal structure of 20 with triclinic space
group, and (C, D) syn-conformation of 20 with monoclinic space group and its packing arrangement.
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packing forces at the detriment of intramolecular forces. It is
worth noting that thiophene rings in the syn conformation
deviate from coplanarity significantly more than those in the all-
anti conformation.31 The steric interactions introduce rota-
tional defects into the backbone, disrupting conjugation.
Typically the terminal thiophene rings deviate from coplanarity
significantly more than the internal rings, therefore the
conjugation length is at least two units shorter than expected.70

These disruptions may also affect intermolecular charge
transport, especially from chain-end to chain-end, decreasing
carrier mobility.
4.2.2. Side-Chain Polymorphism. Side-chain conformational

arrangement can also affect the polymorphism of oligothio-
phenes. Such polymorphism has been observed in a family of
didodecylquarterthiophenes crystals, depending on the solvent
from which they are grown. In non-polar solvents (e.g., hexane,
toluene), the molecules crystallize in a herringbone stacking
pattern with fully extended dodecyl side-chains which are
almost perpendicular to the quarterthiophene backbone.83

However, in polar solvents (e.g., 2-propanol), the molecules
crystallize in a slipped herringbone stacking with bent alkyl
chains that are almost parallel to the backbone (Figure 8). The
same polymorphism was also observed in the crystalline regions
of thin films. From these observations, it is clear that the crystal
structure containing bent side chains represents a local energy
minimum, whereas the crystals that contain fully extended side
chains are more thermodynamically stable.
4.2.3. Thin-Film Polymorphism. It was also found that

certain polymorphs only arise in thin films (particularly
monolayer films). These “thin-film phases” do not occur in
bulk single crystals. Although the crystal structure of thin film
polymorphs cannot be resolved by conventional single crystal
diffraction methods, the thin films can be characterized
successfully by various X-ray diffraction methods and
theoretical approach. The appearance of these polymorphs
depends on the growth conditions, such as the substrate,
temperature, or film thickness.78,84 For instance, in the
monolayers of 24 and 25, α-functionalized oligothiophenes,
the crystal lattice constants are larger compared to those of the
several-layer films.85,86 Recently, Zhe et al. argued that

crystallization speed is a key parameter for polymorphism in
thin films. Specifically, slow crystallization speed induces
preferential growth in the stable bulk structure, while fast
crystallization leads to the occurrence of metastable thin-film
phases.87

4.3. Intermolecular Interactions. Compared to C−H···π
interactions, which are commonly found in unsubstituted
oligothiophenes and oligo-acenes, there are other types of weak
intermolecular interactions in substituted oligothiophenes that
can play an important role in determining the crystal packing
arrangement.61,78 For ß-substituted oligothiophenes, in addition
to π···π interactions between thiophene rings and dispersive
interactions between aliphatic substituents, there are also H···H
and C···H interactions between the polymer backbone and
alkyl side chains. When the backbone of the oligomer is planar,
these interactions can stretch the alkyl chain perpendicularly to
the backbone to help to crystallize in parallel, layered-type
stacks, especially for oligomers with long alkyl chains.50 For
example, in compounds 9 and 14, quaterthiophenes with hexyl
and didodecyl side chains, respectively, the backbones are
locked together by H···H interactions between the thiophene
units and alkyl chains to form parallel layers. This phenomenon
has also been observed in oligomers with short alkyl chains. In
compound 12, which contains only methyl substituents, the
backbone is nearly coplanar with a torsional angle close to
0°.72,73 The strong interactions between the hydrogen atoms of
the methyl groups and the thiophene rings block the edge to
face interactions of the herringbone motif.
Another type of molecular interaction widely observed in

oligothiophene crystals is the S···S interaction, which can
provide enhancement of the electronic dimensionality and
provide an alternative charge transport pathway beyond the
π···π interactions.78,88 Additionally, there are multiple inter-
molecular contacts from S···H, and H···H interactions between
overlapped backbones, which have been shown to help stabilize
lamellar packing and are favorable for π-electron delocalization
and charge transport .50

Figure 8. Thermal ellipsoid plots (prepared at the 30% probability level) of single-crystal structures of 23 (A) grown from hexane, and (B) crystals
grown from 2-propanol. Reprinted with permission from ref 83. Copyright 2007 Wiley.
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5. X-RAY CHARACTERIZATION OF OLIGOMERS

A number of X-ray characterization techniques are suitable to
study oligomeric and polymeric thiophene derivatives, such as
near edge X-ray absorption fine structure (NEXAFS), grazing
incidence X-ray diffraction (GIXD), and polarized soft X-ray
scattering (PSoxS). Near edge X-ray absorption fine structure
(NEXAFS) has most commonly been employed to study the
alignment of the aromatic cores relative to the substrate in
crystalline films of oligothiophenes, thiophene-based small
semiconductor molecules, and thin films of polythiophenes
such as poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]-
thiophene) (PBTTT).90−93 In those system, the NEXAFS
analysis can take advantage of the fact that all dipole moments
associated with the electronic 1s-pi* transitions in the carbon
atoms forming an aromatic ring system point in the same
direction. In the case of planar oligo- or polythiophene ring
system, these transistions represent a marker for the orientation
of the molecule’s aromatic core, and the resonant stimulation of
these transitions in NEXAFS experiments, therefore, allows one
to estimate the molecular tilt or roll angle relative to the
substrate. However, because the NEXAFS signals are averaged

over the entire sample, a quantitative analysis of the molecular
“tilt angle” based on NEXAFS data heavily relies on a high
degree of single-crystalline order or a well-known crystalline
texture in the sample. Furthermore, the analysis breaks down
for materials with non-primitive unit cells (more than 1
molecule per cell) or when there is significant torsional
disorder/twist along the aromatic core. Spectroscopically
performed scanning transmission X-ray microscopy (STXM)
provides NEXAFS-type orientational information in addition to
spatial resolution down to 30−50 nm length scales and was
recently applied to oligothiophene thin films.94

Hard X-ray diffraction in grazing incidence geometry
(GIXD) is the most direct method to analyze the crystalline
fraction in oligothiophene thin films and has been used to study
oligothiophene films since the earliest days of their use for in
organic field effect transistors (OFETs).95 The position of
peaks is directly related to the periodic distances in the thin film
and yields the crystalline unit cell. The peak shape on the other
hand can contain information on the orientation distribution,
the dimensions of the film’s crystalline grains, whereas the
width evolution of the in-plane peaks at the same position near
1.0 Å−1 with increasing scattering vector can be used to quantify

Figure 9. GIXD images of oligothiophenes on Si substrate by spin-cast from chlorobenzene solution. (A) 14, (B) 15, (C) 16, (D) 17, (E) 18, and
(F) 19. Reprinted with permission from ref 50. Copyright 2013 American Chemical Society.
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defect density, and paracrystalline disorder in the film. The
grain distribution and texture in thin films of oligothiophenes
based on DDQT was recently studied by Zhang et al.50 The
diffraction peak shape characteristics in these films vary with the
DDQT backbone length, and the evolution from small
molecule-like packing to polymer-like packing in DDQT thin
films can be followed in the respective GIXD diffractograms
(Figure 9). Ong and coworkers directly determined poly-
morphism of polymeric and oligomeric thiophene thin films on
silicon oxide substrates from the measured X-ray diffraction
patterns.83 For thin films prepared by dip-coating in a solution
of alkylated oligothiophene derivatives in 2-propanol, the
diffraction patterns revealed the presence of a polymorph with
bent side chains, whereas a mixture of polymorphs with
extended and bent side chains was found in films cast from
hexane or toluene (Figure 10).83

In a recently developed resonant soft X-ray scattering
method (PSoxS), X-ray scattering is resonantly performed on
and off the C1s* transition (the same transition used in
NEXAFS to determine aromatic molecule orientations) to
obtain the length scale over which the alignment of aromatic
cores is largely preserved.97 Chabinyc and Ade used PSoxs to
determine the orientation length scale in PBTTT films and
were able to show a direct correlation with FET device
performance.97 In thin films of long oligothiophene derivatives,
PSoxS could reveal the length scales over which neighboring
grains exhibit small domain angles.98 Salleo and coworkers
demonstrated that this quantity is important to understand the
trap-limited charge transport in OFETs of polycrystalline thin
films.98

6. APPLICATIONS FOR ORGANIC DEVICES
6.1. Organic Field-Effect Transistors. Bao and coworkers

systematically investigated the dependency of charge-carrier
mobility on the number of terminal α-substituents.67 They
compared the crystal packing and electronic properties of 1, 2,
and 3 and found that the terminal groups lead to differences in
the molecular overlap, which has a dramatic influence on the
effective charge transport. The mobility decreases with the
increase of substitutions, following the trend, 4T (1) > 4TTMS

(2) > 4T2TMS (3) and the predicted charge transport
efficiency coincided with the measured one. Figure 11 gives
examples of oligothiophene-based materials used in organic
transistor and solar cell applications.
Briseno and coworkers recently investigated the effect of

backbone length on the transistor performance of oligothio-
phenes and this was correlated to molecular orientation.50 The
DDQT oligomers (compounds 14−19) showed a significant
decrease in crystalline order with increasing oligomer length;
charge transport measurements showed a corresponding
decrease in mobility with increasing chain length. The mobility
trend is comparable with that reported by Neher and coworkers
(Figure 12).99 This indicates that the molecular weight is not a
decisive factor for improved carrier mobility in the low
molecular weight region, and the increasing in-plane lattice
disorder with increasing chain length contributes to the
decreased carrier mobilities. The variation of threshold voltage
indicates that the quality of the gate dielectric/organic
semiconductor interface plays a significant role in terms of
device operation. Takimiya and coworkers investigated a series
of longer oligothiophenes 20T-40T (compound 26−29),
lengths at which the oligomers are considered polymers.
These long oligomers formed lamellar packing in the solid state
and the measured device mobilities gradually increased with
chain extension.27

Although the mobilities in thin films formed from the shorter
oligomers are limited due to lack of electronic communication
between crystallites, oligothiophenes are much more easily
crystallized than their polymer counterparts. This allows for the
fabrication of transistors with single-crystal conduction
channels. For example, single crystals of 15, the DDQT
dimer, were prepared from a hexane solution by the slow
addition of ethanol. The long axis of the belt corresponds to the
π−π stacking direction, which is the direction of greatest orbital
overlap; the backbones of 15 are oriented perpendicular to the
long axis of each crystal. The mobilities observed were in the
range of 0.01-0.04 cm2 V−1 s−1, with an on/off current ratio of 1
× 104. These results are comparable to those reported for thin
film transistors based on the analogous polymer, PQT-12,
without post- annealing, and are one order of magnitude higher
than that of the thin film transistors based on the same material
due to the elimination of crystal defects and grain boundaries.50

Gentili et al. recently demonstrated the first example of
controlled self-assembly of 30, which contains thioether side
groups, by confinement effects.51,100 This strategy allowed the
direct integration of well-ordered supramolecular semiconduct-
ing fibers in OFET devices. In the fibers, the oligothiophene
backbones lie almost perpendicular to the substrate surface.
Although the compound shows low charge mobility, it might
provide a technique for the reproducible fabrication of
functional devices that requires controlled integration of
supramolecular fibers with precise density, orientation, and
size for more demanding applications.
Very recently, Guo and cowokers reported a unique

asymmetric oligothiophene that is terminated with long alkoxy
side chains (compound 31).35 The long side chains not only
increased the molecular solubility, but also improved the self-
assembly properties; the molecule formed lamella-like stacking
in the solid state, which allowed optimal intermolecular π−π
interactions. The mobility of thin films was ∼0.1 cm2 V−1 s−1

and increased to 0.2 cm2 V−1 s−1 upon annealing, while
transistors based on single crystals of the molecule reached 6.0
cm2 V−1 s−1.

Figure 10. Images of 2D GIXRD measurements (incident X-ray angle
= 2.5°) of dip-coated films of 23 (A) from 2-propanol, and (B) from
hexane. Insets show thin-film XRD of the corresponding dip-coated
films of 23. (C) from 2-propanol, and (D) from hexane. Reprinted
with permission from ref 83. Copyright 2007 Wiley.
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Monolayers are an extreme example of thin films that
highlight the dependence of charge transport on conduction
pathways. The mobility in monolayer transistors is typically
orders of magnitude lower than in the corresponding multilayer
film due to the structural defects and grain boundaries in the
monolayer. Mourran and coworkers investigated monolayer
transistors based on 24, an oligothiophene with branched alkyl
chains at the α positions, which is capable of forming crystalline
and liquid crystalline phases.86 They found that the bulkiness of
the end groups enhanced the solubility and allowed for the
solution deposition and self-assembly of an electrically
connected monolayer, resulting in mobilities up to 0.02 cm2

V−1 s−1. They also discovered that, in a monolayer, the
molecules are tilted at an angle greater than in the bulk crystal.
Recently, Mannebach et al. selected 25, which has linear alkyl
substituents at the α positions, as a semiconductor for
fabricating monolayer transistors.85 They discovered that the
molecular axis was significantly tilted relative to the surface
normal, resulting in a larger in-plane lattice constant. Because
the conducting thiophene cores were isolated from the interface
by the terminal hexyl chains, the authors attributed the high
performance, with mobilities up to 0.032 cm2 V−1 s−1, to the
reduction in hole scattering. They also found that additional
layers did not improve charge transport in the devices; the
carrier mobility saturated after the completion of a single
monolayer.
6.2. Organic Solar Cells. One popular strategy for tuning

the band gap of oligomers is to incorporate electron-
withdrawing groups at the α-positions, extending the
absorption. Baüerle and coworkers reported a series of
oligomers (32-37) in which they introduced a strong electron

withdrawing unit, DCV, into oligothiophenes and studied their
application in organic photovoltaics.36,59,101 The authors
systematically investigated the effect of conjugation length on
the solar cell device performance. They observed that, for the
longer oligomers (n = 3−6), the VOC gradually decreased with
increasing conjugation because of the increasing HOMO level.
The shift in energy levels and reduction of the band gap
resulted in a clear red-shift and an increase in molar absorptivity
as the conjugation length increased.
The effect of crystal packing and intermolecular interactions

on the device performance in analogous systems has also been
investigated. Hydrogen bonding can also play a role in the
crystal packing of substituted oligothiophenes. For example,
nitrile residues can act as supramolecular synthons to link
molecules into extended ribbons by CN···H interactions.68

Compounds 38, 39, and 40 adopt slipped π-stack arrangement
by CN···H interactions, which exert an orientational influence
on ribbon packing, preventing a herringbone arrangement
(Figure 13). It is should also be noted that the subtle chemical
modification leads to great variations in packing arrangements
and intermolecular interactions: the number of interactions per
molecule in the single crystal is 0.9 for compound 38, 4 for 39,
and 8 for 40.89 These multiple nonbonding short contacts lead
to better ordering within crystallites, resulting in a perfect
coplanar layer structure. The strong π−π interaction and
electronic coupling increases charge transport; compound 39
showed the best PCE (3.8%). This indicates that the selection
of appropriate substituents is necessary to provide efficient
molecular packing for high carrier mobility and solar cell
efficiency. More recently, these authors reported on a novel
series of quinquethiophenes terminated with DCV, in which

Figure 11. Examples of oligothiophene-based materials for organic transistor and solar cell applications.
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the positioning of methyl substituents along the conjugated
backbone was systematically varied.34 These oligomers were
incorporated into vacuum-processed p−i−n-type BHJ solar
cells which exhibited PCEs of 4.8−6.1%. In the solid state, one
molecule of 41 interacts with 10 neighboring molecules via 16
well-defined interactions. As expected, the intermolecular
interactions again have considerable influence on solar cell
efficiency, as they promote better ordering. The PCE of 36 was

up to 6.9%, which is one of the highest reported for small
molecule OPVs.
To increase the solubility in organic solvents and miscibility

with fullerene derivatives, Yang and coworkers reported a series
of solution processable small molecules consisting of
sexithiophene connected to electron-withdrawing octyl cyanoa-
cetate groups via furan, thiophene, or selenophene linkers (42−
44).102 All of these small molecules showed high PCEs of

Figure 12. (A) Field-effect mobility in thin films of PQT-12 (solid symbols) and P3HT (open symbols) versus number-average molecular weight.
Reprinted with permission from ref 99. Copyright 2009 Springer. (B) Thin-film carrier mobilities of oligothiophenes (black squares) and in-plane
peak widths (open circles) as a function of oligomer length. A single-crystal transistor of 16 is shown in red circles. (C) Transfer/square root of
current characteristics, and (D) output characteristics of a 16 single-crystal transistor. Inset: single crystal transistor of 16 on Si/SiO2 (300 nm) with
carbon paste as top-contact source-drain electrodes. Reprinted with permission from ref 50. Copyright 2013 American Chemical Society.

Table 2. Summary of the Field-Effect Mobilities (μ), Threshold Voltages (VT), Current Ion/Ioff Ratios and OFET Device
Structure Based on Oligothiophenes

compd device structurea μ (cm2 V−1 s−1) Ion/Ioff Vt(V) ref

1 BG-TC/SCFET 0.23 1 × 107 −6 67
2 BG-TC/SCFET 0.13 1 × 104 −10 67
3 BG-TC/SCFET 0.03 1 × 103 −12 67
15 BG-TC/thin film (solution process) (1.0−4.3) × 10−3 1 × 103 −0.9 to 0.6 50
16 BG-TC/thin film (solution process) (1.7−2.6) × 10−3 1 × 103 −0.9 to 0.6 50
15 BG-TC/SCFET 0.01−0.04 1 × 103 −1.3 to 6.7 50
27 BG-TC/thin film (solution process) 8.8 × 10−4 1 × 103 4.0 27
28 BG-TC/thin film (solution process) 1.3 × 10−3 1 × 103 5.1 27
29 BG-TC/thin film (solution process) 2.1 × 10−3 1 × 103 −6.0 27
30 BG-TC/aligned fiber (solution process) 3 × 10−3 23 −26 100
31 BG-TC/thin film (solution process) 0.2 1 × 105 −11 35
31 BG-TC/SCFET 4 1 × 106 −9 35
24 BG-BC/SAMFET 0.032 1 × 107 4.4 85
25 BG-TC/SAMFET 1 × 10−2 1 × 104 86

aBG-TC, bottom-gate/top-contact; BG-BC, bottom-gate/top-contact; SCFET, single-crystal field effect transistor; SAMFET, self-assembly
monolayer field effect transistor.

ACS Applied Materials & Interfaces Review

dx.doi.org/10.1021/am4060468 | ACS Appl. Mater. Interfaces 2014, 6, 5327−53435338



3.18−6.15% in OPVs with PC71BM as the acceptor. Compared
to 42 and 43, compound 44 provided stronger heteroaromatic
interactions which lead to a considerable red shift of the

maximum absorption. The best conditions were a D:A blend
ratio of 1:1.15 with PDMS as an additive to tune the
morphology, which produced a device with Voc = 0.85 V, Jsc

Table 3. Summary of the Short-Circuit Current Density(Jsc), Open-Circuit Voltage (Voc), Fill Factor, and Power Efficiency and
Solar Cell Device Structures Based on Oligothiophenes

device structurea Jsc Voc FF PCE (%) ref

ITO/C60 (15 nm)/35 (6 nm)/BPAPF (5 nm)/22:NDP9 (10 wt %, 50 nm)/NDP9 (1 nm)/Au 2.9 0.97 0.42 1.2 59
ITO/C60 (15 nm)/36 (6 nm)/ BPAPF (5 nm)/22:NDP9 (10 wt %, 50 nm)/NDP9 (1 nm)/Au 5.1 0.97 0.52 2.6 59
ITO/C60 (15 nm)/37 (6 nm)/ BPAPF (5 nm)/22:NDP9 (10 wt %, 50 nm)/NDP9 (1 nm)/Au 4.8 0.91 0.64 2.8 59
ITO/C60 (15 nm)/38:C60(20 nm)/BPAPF (5 nm)/BPAPF:NDP9 (10 wt %, 50 nm)/NDP9 (1 nm)/Au 0.92 3.5 0.47 1.5 89
ITO/C60 (15 nm)/39:C60(20 nm)/BPAPF (5 nm)/BPAPF:NDP9 (10 wt %, 50 nm)/NDP9 (1 nm)/Au 0.98 6.5 0.59 3.8 89
ITO/C60 (15 nm)/40:C60(20 nm)/BPAPF (5 nm)/BPAPF:NDP9 (10 wt %, 50 nm)/NDP9 (1 nm)/Au 0.98 5.7 0.39 2.2 89
ITO/C60 (15 nm)/41:C60(20 nm)/BPAPF (5 nm)/BPAPF:NDP9 (10 wt %, 50 nm)/NDP9 (1 nm)/Au 0.95 11.5 0.63 6.9 34
ITO/PEDOT:PSS (40 nm)/42:PC71BM (110 nm)/LiF/Al 6.34 0.78 0.64 3.18 102
ITO/PEDOT:PSS (40 nm)/43:PC71BM (120 nm)/LiF/Al 7.43 0.85 0.72 4.52 102
ITO/PEDOT:PSS (40 nm)/44:PC71BM (120 nm)/LiF/Al 10.79 0.85 0.67 6.15 102
ITO/PEDOT:PSS (40 nm)/45:PCBM (65-120 nm)/LiF/Al 13.98 0.92 0.47 6.1 103
ITO/PEDOT:PSS (40 nm)/46:PCBM (100 nm) /Al 5.13 0.64 0.46 1.49 105
ITO/PEDOT:PSS (40 nm)/47:PCBM (100 nm) /Al 0.06 0.56 0.25 0.01 105

aBPAPF = 9,9-bis[4-(N,N-bis-biphenyl-4-yl-amino)phenyl]-9H-fluorene; NDP9 is a p-type donor compound sold by Novaled, AG.36

Figure 13. X-ray structure analysis of quaterthiophenes (A) 38, (B) 39, and (C) 40 in the molecular plane of the single crystals and details of the
short atomic distances (insets). (C) Absorption spectra of quaterthiophenes 38−40 measured in tetrachloroethane at 80 °C (dashed lines) and in 30
nm thin films (solid lines). (D) J−V characteristics of bulk heterojunction solar cells containing oligomers 38−40 as donor materials. (E) EQE
spectra of BHJ solar cells comprising 38−40. Reprinted with permission from ref 89. Copyright 2012 Wiley.
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= 10.79 mA/cm2, and FF = 67.1%, and PCE = 6.15%. Chen
and coworkers reported a series of solution processable
septithiophenes end-capped with dye building blocks to obtain
high solar absorption.37,103,104 These compounds exhibited
higher absorption, which lead to high Jsc. Compound 44
achieved PCEs of about 6.1% with PCBM. Beyond the
enhanced absorption, the performance was ascribed to the
better network morphology and balanced charge transport in
the active layers.
Barbarella and coworkers investigated two regioregular

thiophene hexadecamers bearing head-to-head and alkyl chains,
46, and thioalkyl chains, 47, as donor molecules for solution
processed solar cells.105 The sulfur atoms acted as a “reservoir”
of electrons to compensate for the decrease in electron
delocalization caused by the backbone torsion. Compared to
46, the absorption of 47 is remarkably red-shifted and the redox
potentials decrease by 0.38 V. The authors note that the λmax
value and redox potentials are similar to those of head-to-tail
poly(3-hexylthiophene). The device based on 47 and PCBM
exhibited Voc = 0.64 V, Jsc = 5.13 mA/cm2, FF = 64%, and PCE
= 1.49%.

7. CONCLUSIONS AND FUTURE RESEARCH
PERSPECTIVE

In parallel to the remarkable developments surrounding
polythiophenes as organic semiconductor materials, oligothio-
phenes have also been investigated as promising active
semiconductor materials for OFETs and OPVs. Structurally
defined, monodisperse oligothiophenes are excellent model
compounds for establishing valuable structure-property rela-
tionships which can be extrapolated to their polymer analogs.
Although the synthesis of oligothiophenes involves multiple
steps, these defect-free materials are easy to modify with
different moieties, providing novel functionality beyond the
thiophene core. This leads some to believe that functionalized
oligothiophenes should be considered as the next generation of
advanced conjugated materials for organic electronic devices,
especially as the performance of solar cells based on these small
molecules is comparable to that of benchmark polymers.
Although the synthesis of oligothiophenes is currently

tedious and time consuming, especially for longer, more
absorptive oliothiophenes (more than 8 units)-new synthetic
methods, including high-efficiency catalyst systems, should
continue to be explored. Much work also still remains to be
done in modifying the structure of these materials to tune their
absorption, solubility, morphology and crystallinity. A deeper
understanding of the relationship between the molecular
structure and crystal packing should be developed in order to
design new materials for high-performance devices. For
example, the understanding of the electronic structure and
charge-transport properties of single crystals remains incom-
plete for even simple systems, such as ß-alkylated oligothio-
phenes. This is in part because the growth of crystals of the
longer oligothiophenes for x-ray diffraction remains challenging.
Beyond that, it is known that molecules with flexible moieties,
such as alkyl chains, show a particularly strong tendency toward
polymorphism which can considerably impact the device
performance. Therefore, it is critical to understand and control
polymorphism in thin films. Fortunately, there are many
talented synthetic chemists and characterization experts
working to further our understanding of these promising
molecules.

Density functional theory (DFT) calculations are routinely
applied to elucidate the electronic properties of conjugated
polythiophenes using the “oligomer thiophene approach”.106

Although, DFT calculations can also provide information on
electronic structure (bandgap, doping energy, structure, orbital
energies/ionization potentials, reorganization energy, electronic
spectra, and so on), the calculated values are method, which is
strongly dependent on the computational level used.107 There
are important deficiencies with common DFT approaches
related to the delocalization errors and the spurious lowering of
charge transfer state energies that can hinder the quantitative
predictability of common DFT functionals for conjugated
oligomers/polymers. An example of this can be the torsion
potentials in the electronic ground state.108 DFT are not useful
in predicting molecular packing, 2D/3D structure and/or
properties which are related to the bulk. The determination of
crystal structures with computational tools is still in its infancy
and many of the methods currently employed have serious
limitations with regard to the pi-pi interactions important for
packing and morphology in conjugated oligomers/polymers.
Oligomer studies are critical to understanding the properties of
the conjugated polymers (especially electronic properties), but
further advances in theoretical methods are needed to: (i)
improve electronic structure methods to introduce quantita-
tive/predictive accuracy to computed electronic properties, and
(ii) improve (probably molecular mechanics) methods for
describing the π−π interactions and for predicting packing
morphologies.
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(15) Thompson, B. C.; Frećhet, J. M. J. Polymer−Fullerene
Composite Solar Cells. Angew. Chem., Int. Ed 2008, 47, 58−77.
(16) Li, G.; Shrotriya, V.; Huang, J. S.; Yao, Y.; Moriarty, K.; Yang, Y.
High-Efficiency Solution Processable Polymer Photovoltaic Cells by
Self-Organization of Polymer Blends. Nat. Mater. 2005, 4, 864−868.
(17) He, Z.; Zhong, C.; Su, S.; Xu, M.; Wu, H.; Cao, Y. Enhanced
Power-Conversion Efficiency in Polymer Solar Cells Using an Inverted
Device Structure. Nat. Photonics 2012, 6, 591−595.
(18) Dou, L.; You, J.; Yang, J.; Chen, C.; He, Y.; Murase, S.;
Moriarty, T.; Emery, K.; Li, G.; Yang, Y. Tandem Polymer Solar Cells
Featuring a Spectrally Matched Low-Bandgap Polymer. Nat. Photonics
2012, 6, 180−185.
(19) Chen, H.; Guo, Y.; Yu, G.; Zhao, Y.; Zhang, J.; Gao, D.; Liu, H.;
Liu, Y. Highly π-Extended Copolymers with Diketopyrrolopyrrole
Moieties for High-Performance Field-Effect Transistors. Adv. Mater.
2012, 24, 4618−4622.
(20) Lei, T.; Cao, Y.; Zhou, X.; Peng, Y.; Bian, J.; Pei, J. Systematic
Investigation of Isoindigo-Based Polymeric Field-Effect Transistors:
Design Strategy and Impact of Polymer Symmetry and Backbone
Curvature. Chem. Mater. 2012, 24, 1762−1770.
(21) Lei, T.; Cao, Y.; Fan, Y.; Liu, C.; Yuan, S.; Pei, J. High-
Performance Air-Stable Organic Field-Effect Transistors: Isoindigo-
Based Conjugated Polymers. J. Am. Chem. Soc. 2011, 133, 6099−6101.
(22) Mei, J.; Kim, D. H.; Ayzner, A. L.; Toney, M. F.; Bao, Z.
Siloxane-Terminated Solubilizing Side Chains: Bringing Conjugated
Polymer Backbones Closer and Boosting Hole Mobilities in Thin-Film
Transistors. J. Am. Chem. Soc. 2011, 133, 20130−30133.
(23) Wang, S.; Kiersnowski, A.; Pisula, W.; Müllen, K. Microstructure
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(60) Schulze, K.; Uhrich, C.; Schüppel, R.; Leo, K.; Pfeiffer, M.; Brier,
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