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ABSTRACT: In the past couple of years, remarkable progress
has been made in solution-processable organic semiconducting
materials for optoelectronics. The development of novel π-
conjugated backbones has always been the central issue in this
field. In contrast, flexible side chains are less developed and
usually used only as solubilizing groups. In this Perspective, we
highlight the effects of the flexible chains in organic
semiconductors, including the influences of length, odd−even
effect, substitution position, terminal groups, branching
position, and chirality of alkyl chains, as well as some
significant features of oligo(ethylene glycol) and fluoroalkyl chains. Although the roles of flexible chains in organic
semiconducting materials are complex and differ when corresponding conjugated skeleton changes, in this Perspective, we
emphasize the synergy of conjugated backbones and flexible side chains, which might significantly facilitate the understanding of
the roles of flexible chains in structure−property relationship and promote the development of high-performance organic
semiconductors.
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1. INTRODUCTION

As the promising materials for the next generation of
electronics, such as displays, thin-film transistors, solar cells,
sensors, and logic circuits, organic semiconductors have
attracted broad attention from both industry and academia.1

Solution-processablilty is one of the most attractive features of
organic semiconductors, enabling low-cost, low-temperature,
and large-area device fabrication.2 To date, a large number of
organic semiconductors have been developed to improve the
device performance, where most of the efforts focused on the
design and synthesis of new π-conjugated backbones.3

However, strong π−π interactions in organic π-conjugated
systems significantly decrease their solubility, and thus flexible
side chains are usually introduced to afford satisfactory
solubility for purification and device fabrication.
Alkyl chains, oligo(ethylene glycol) chains, and fluoroalkyl

chains are three commonly used side chains in organic
semiconductors. As insulating parts, these chains generally do
not directly contribute to charge transport in organic
semiconductors. However, more and more studies have
demonstrated the substantial impact of the flexible chains on
the device performance of organic semiconductors. Some
results have also indicated that even a subtle change of the
flexible chains may result in a great influence on device
performance.4 In this Perspective, we highlighted recent
investigations on the roles of flexible chains in organic
semiconductors. Since the roles of flexible chains in organic
semiconductors is quite complex and highly dependent on the
conjugated backbones, we only show some representative
studies to illustrate the diverse and complex effect of the flexible
chains. Although the effects of flexible chains and the

engineering of these chains are always accompanied by the
solubility factor, herein we emphasize the influences beyond the
solubility, especially those on the device performances of
organic semiconductors. We hope that the summary and
analysis of the roles of flexible chains will contribute to a better
understanding of the structure−property relationship in organic
semiconductors and facilitate the design of new compounds
and the improvement of their device performance.

2. ALKYL CHAINS

Alkyl chains are the most widely used solubilizing groups in
organic materials.3b Two factors may contribute to the
dissolution of the organic materials after introducing alkyl
chains: first, the additional van der Waals interactions between
alkyl chains and solvent, which increase the total interaction
energy between organic molecules and solvent; second, the
vibrational motions of alkyl chains that may destroy the good
molecular arrangement in solid state, which decrease the
interactions between π-conjugated systems. Competition
between solute−solute and solute−solvent interactions deter-
mines the equilibration of crystallization and dissolution,
therefore controlling the self-assembly of organic semi-
conductors and their properties.
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2.1. Length Effects of Alkyl Chains. The first organic
field-effect transistor (OFET) fabricated in 1986 was based on
polythiophene.5 The hole mobility of the device is as low as
10−5 cm2 V−1 s−1 due to the poor quality of the film prepared
by electrochemical polymerization. To improve the film quality,
alkyl chains were introduced, and a high hole mobility up to 0.1
cm2 V−1 s−1 was achieved in edge-on packed regioregular
poly(3-hexylthiophene) (P3HT).6 Babel and Jenekhe reported
the dependence of carrier mobility on the length of the alkyl
chains in regioregular poly(3-alkylthiophene)s (P3ATs)
(Figure 1).7 They found that the hole mobilities of P3AT

generally decreased with the increase of the chain length; for
example, poly(3-butylthiophene) (P3BT) exhibited a hole
mobility of 1.5 × 10−3 cm2 V−1 s−1, whereas poly(3-
dodecylthiophene) gave a much lower mobility of 3.3 × 10−5

cm2 V−1 s−1. In addition, P3HT with hexyl groups gave the best
device performance with a hole mobility of 0.02 cm2 V−1 s−1.
Their results indicated that the hexyl chain is the optimum for
charge transport due to the better self-organization in P3HT.
The effect of alkyl chain length in P3ATs was also observed

in organic photovoltaics (OPVs). Gadisa et al. reported the
morphological, bipolar carrier transport, and photovoltaic
characteristics of (P3AT):[6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) blends.8 Solar cells with active layers of
P3BT:PCBM, poly(3-pentylthiophene) (P3PT):PCBM, and
P3HT:PCBM showed power conversion efficiencies (PCEs) of
3.2, 4.3, and 4.6%, respectively. In these blends, they observed
similar order of photocurrent yields and very close open circuit
voltage irrespective of side-chain length, and the main source of
different device performances came from fill factor values. This
result was explained by the morphological changes that longer
alkyl chains led to increased degree of phase separation.
Besides P3HT, in other polymer systems, optimizing the

alkyl chain length can also effectively improve the device
performance for both FETs and solar cells. For example, for
polymers IDTBT-1 to IDTBT-4, those with longer alkyl chains
(branched or linear) exhibited higher hole mobilities (Figure
1).9 However, their solar cell devices did not show any
consistent device performance: IDTBT-2 with longer branched
alkyl chains outperformed all other polymers, whereas IDTBT-
3 with shorter linear alkyl chains gave higher PCE than
IDTBT-4. A recent work by Liu et al. reported that the length
of alkyl chain could affect the interchain π−π stacking distance
of conjuagted polymers.10 PDVT-10 with 2-decyltetradecyl side
chains exhibited a remarkably high hole mobility up to 8.2 cm2

V−1 s−1, two times higher than that of PDVT-8 with 2-
octyldodecyl chains. The enhanced hole mobility of PDVT-10

was attributed to its shorter π−π stacking distance (3.66 Å)
than that of PDVT-8 (3.72 Å) (Figure 1).
Organic semiconductors containing B−N subunit can afford

additional intermolecular dipole−dipole interactions, thus
providing a novel approach to the molecular engineering of
organic semiconductors. Two azaborine compounds, BN-TTN-
C3 and BN-TTN-C6, with different alkyl chain lengths were
recently synthesized through an efficient one-pot electrophilic
borylation method (Figure 2).11 BN-TTN-C3 with shorter

alkyl chains have obviously stronger B−N dipole−dipole
interactions in single crystal, and the adjacent molecules
showed opposite B−N dipole moment. However, the B−N
dipole interations in BN-TTN-C6 were weakened due to the
larger intermolecular distances caused by long alkyl chains,
resulting in a disordered orientation of BN dipoles arrange-
ment. Devices based on BN-TTN-C3 revealed a hole mobility
up to 0.15 cm2 V−1 s−1, almost 1 order of magnitude higher
than that of BN-TTN-C6 (0.03 cm2 V−1 s−1). Such difference
in device performance was largely explained by the different
crystal packings caused by the different length of alkyl chains.
From the crystallographic perspective, the main driving force
from a crystal structure is close packing of organic molecules.12

For organic semiconducting molecules, both the aromatic
skeleton and alkyl chains contribute to the close packing.
Hence, changing the length of alkyl chains of molecules with
the same aromatic skeleton will also change the van der Waals
interactions and the packing level, thus allowing the modulation
of the intermolecular interactions in organic semiconductors
which may ultimately lead to different device performance.

2.2. Odd−Even Effects of Alkyl Chains. The earliest
observation of the odd−even effect of alkyl chains was probably
in the study of fatty acids in 1877.13 The melting points of the
fatty acids do not show a monotonic increase with increasing
the chain length as do their boiling points. This phenomenon
was also observed in n-alkanes, as well as for most of the
terminally substituted n-alkane derivatives. Single crystal
analysis showed that the odd−even effect in these derivatives

Figure 1. Organic semiconductors with various lengths of alkyl chains.

Figure 2. (a) Chemical structures of BN-TTN-C3 and BN-TTN-C6.
(b) Single crystal structure and molecular packing of BN-TTN-C3. (c)
Single crystal packing of BN-TTN-C6. Reproduced with permission
from ref 11. Copyright 2013 WILEY-VCH Verlag GmbH & Co.
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strongly correlated with their solid-state packing. Even-
numbered n-alkanes have optimal intermolecular contacts at
both ends, whereas the odd-numbered ones possess these only
at one end, and the distances are longer at the other end.14 This
leads to a less dense packing for the odd n-alkanes and thereby
lower melting points. These features observed in alkanes and
related compounds could also be introduced into organic
semiconductors.
The odd−even effect also exerts its influence on crystal

packing and charge transport after being attached onto
aromatic cores. In the investigation of a series of the dimers
of fluoranthene-fused imides (DFAIs), we found that molecules
with odd carbon numbers of alkylene chains displayed stronger
one-dimensional growing tendency and better crystallinity than
those with even carbon numbers (Figure 3a).15 Dimers with
odd-numbered alkylene chains, such as DFAI-C3 and DFAIC5,
exhibited “V”-shaped molecular configuration in single crystals,
whereas those with even numbers (DFAI-C4, DFAI-C6, and
DFAI-C12) showed “Z”-shaped molecular configuration.
Clearly, the zigzag conformation of alkylene chains is inherited
into the molecular geometry of the dimers. Thus, the
conformation of alkylene chains dominated the crystal growth,
presumably due to the weak π−π interactions in this system.
Odd−even effect is also used to tune the molecular

conformation of macrocycles and their crystal packings by
connecting two π-conjugated skeletons with flexible alkylene
linkers (Figure 3b).16 For symmetrically connected macrocycles
(n = m), different molecular conformations are obtained for
odd- and even-numbered alkylene linkers. The heptylene

linkers take all anti-conformations, whereas among the five
methylene−methylene bonds in each hexylene chain, one bond
takes a gauche conformation. Unsymmetrically connected
macrocycles formed similar twisted structures. The structural
features observed for these macrocycles demonstrated that the
macrocyclic restriction caused by the flexible alkylene chains
significantly impacted on the intramolecular arrangement of π-
skeletons, thereby leading to different crystal packing. The
distinct molecular arrangements caused totally different proper-
ties from one another, including solubility, melting point, and
photophysical properties in solid state, though all compounds
consisted of identical π-conjugated skeletons and similar
alkylene chains.
In the investigation of thienoacene-based molecules,17

Takimiya et al. developed a series of 2,7-dialkyl substituted
BTBT molecules Cn-BTBT for solution-processable OFETs.18

They introduced two solubilizing alkyl groups in the molecular
long-axis direction of the core to facilitate lateral intermolecular
interaction (Figure 4). For n = 5−9, the molecules showed
increased solubility in CHCl3 as increasing the alkyl chain
length. However, after n > 10, the molecules showed obviously
decreased solubility in CHCl3, and the solubility further
decreased with increasing length of solubilizing chains. This
result may be due to the increased van der Waals interactions
between alkyl chains and the decreased solubility of the longer
alkyl chains in CHCl3. Solution-processed FET devices based
on these BTBT derivatives all showed hole mobility over 0.1
cm2 V−1 s−1. For n = 5−10, the hole mobilities of derivatives
with even-numbered chains outperformed those derivatives

Figure 3. (a) Chemical and single crystal structures of DFAI with various lengths of alkyl chains. (b) Chemical and single crystal packings of three
macrocycles linked by alkyl chains with different lengths. Reproduced with permission from ref 16. Copyright 2012 WILEY-VCH Verlag GmbH &
Co.
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with odd-numbered chains, but the trend was reversed for n =
10−14. Obviously, the hole mobilities in these materials were
affected not only by the odd−even effect but also by the length
effect of the flexible chains. Both effects influence the molecular
packing and charge transport. The above results indicate that
odd−even effects have significant influence on molecular
conformation and crystal packing though they are always
accompanied by the length effects. Since molecular symmetry
plays a vital role in single crystal packing, odd−even effects
probably originate from the different symmetry of alkyl chains
with odd and even carbon numbers.
2.3. Effects of Substitution Position. In conjugated

polymers, the intrachain transport is realized by π-electron
delocalization of long polymer backbones, which is largely
limited by the effective conjugation length of the polymer.
Since the effective conjugation length is limited by the torsional
disorder along the polymer backbone,19 substitution position of
alkyl chains can exert its influence on carrier mobilities through
tuning the steric hindrance effect or rotational angles. As shown
in Figure 5, PTBzT-1 and PTBzT-2 have identical donor−
acceptor polymer backbone, but with dodecyl chains attached

at different positions.20 In PTBzT-1, alkyl chains were
introduced near the phenyl−thienyl connecting position,
which caused obviously steric repulsion and thereby increased
the dihedral angles in solid state. However, PTBzT-2 has more
planar backbones, and the small rotational angles caused by the
dodecyl chains were suppressed when going into solid state.
PTBzT-2 showed hole mobilities up to 5 × 10−4 cm2 V−1 s−1,
whereas PTBzT-1 only gave a hole mobility of 1 × 10−5 cm2

V−1 s−1. This result can be explained by the different steric
hindrance caused by the alkyl chains. However, rotational
angles caused by alkyl chains do not always degrade the device
performance of polymers. For example, Bao et al. synthesized
PDHBT, an isomer of P3HT, for polymer FETs and solar
cells.21 In PDHBT, larger backbone twisting is found to
increase the ionization potential (IP) and VOC in solar cells. In
addition, reducing the average number of electron-donating
alkyl substituents per thiophene ring also contributed to the
increase of VOC in PDHTT. There, although excessive
backbone twisting resulted in a reduced JSC and fill factor due
to an increase of the band gap and lower hole mobility, a
balance between these factors was reached with PDHTT,
resulting in a higher PCE than P3HT when using PCBM as the
acceptor.
Substitution position of alkyl chains affects the orientation of

alkyl chains in solid state. Li et al. reported three thieno[3,4-
c]pyrrole-4,6-dione (TPD)-based polymers with two dodecyl
chains substituted at different positions.22 Their experimental
results showed that the alkyl chain orientations strongly
affected the molecular packing pattern and the device
performance. The highest hole mobility up to 1.29 cm2 V−1

s−1 was obtained in TPD-3, whereas TPD-1 and TPD-2 only
showed hole mobilites of 0.15 and 1.1 × 10−2 cm2 V−1 s−1,
respectively. They proposed that the large space between the
clusters of the alkyl side chains for TPD-3 facilitated the
interdigitations of the side chains and the formation of lamellar
stacking structures, which contributed to the significantly
higher device performances. Furthermore, several investigations
showed that the substitution position of alkyl chains also played
an important role in the intercalation between polymers and
small molecules, such as PCBM, possibly due to the different
size of spaces formed among the polymer side chains in solid
state.23

Substitution position also affects the interchain π−π stacking
and thereby charge transport in conjugated polymers. In the
single crystal of n-hexane,14 the shortest C−C distance (3.623
Å) comes from the methyl C atoms of adjacent columns, and
the shortest distance between parallel packed alkyl chains is
4.065 Å. These distances are obviously larger than the typical
π−π stacking distances (3.3−3.6 Å) found in many organic
semiconductors.3b Thus, the alkyl chain packing in organic
semiconductors may sometimes impede the π−π stacking of
aromatic cores. For example, in those polymers with each unit
substituted with one alkyl chain, steric hindrance may occur as
indicated by the red circle in Figure 6a. To avoid the steric
hindrance, a strategy named “molecular docking” was proposed
in the design of polymer FETs.24 Figure 6b illustrates the
concept of the molecular docking, where the small units in
conjugated polymers can dock into the cavity formed by the
relatively larger aromatic cores and the branched alkyl chains.
Using this strategy, isoindigo-based polymers IIDDT exhibited
high hole mobilities up to 1.06 cm2 V−1 s−1,24,25 whereas
IIDDT-Me with the identical backbone only showed the
highest hole mobility of 0.11 cm2 V−1 s−1. This result was

Figure 4. (a) Molecular structures, solubility in chloroform, and device
performances of Cn-BTBT. (b) Single crystal packing of C12-BTBT.
Reproduced with permission from ref 18. Copyright 2007 from
American Chemical Society.

Figure 5. Investigation of the substitution position of alkyl chains in
conjugated polymers; blue arrows indicate the rotational angles caused
by the alkyl chains.
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largely explained by the steric hindrance effect caused by the
methyl groups. Similar results were also observed in the
diketopyrrolopyrrole (DPP) based polymers. With an identical
backbone to PDQT26 yet two additional dodecyl chains,
BBTDPP1 showed hole mobility as high as 0.1 cm2 V−1 s−1,27

almost 1 order of magnitude lower than that of PDQT (Figure
6d).
Another effect of changing the substitution position of alkyl

or alkoxyl chains comes from their weak electron donating
properties, which sometimes exhibits strong influence on
intermolecular interactions. Three similar truxenone molecules,
TrO1, TrO2, and TrO3, were synthesized to investigate both
the effects of the substitution position and the number of alkyl
chains (Figure 7).28 TrO2 readily dissolves in CHCl3 and
exhibited a melting transition at 128 °C; however, as the isomer
TrO1 has poor solubility in CHCl3 and a higher melting point
at 179 °C. With more alkoxyl substituents, TrO3 showed better
solubility and no Tg and Tm were observed above 50 °C. After
heating their THF solution and then cooling down, only TrO1
formed one-dimensional (1D) microwires. Upon changing to
the moderately polar solvent dioxane, similar results were
obtained for TrO1, and uniform microwires of TrO2 and
TrO3 clearly emerged. After further decreasing the solvent
polarity to n-hexane, no assembly structure of TrO1 was
observed due to its poor solubility. In contrast, microwires of
TrO2 not only grew longer but also tended to be more rigid
and straight. However, irregular structures for TrO3 were again
observed in n-hexane. These results suggest that different
substitution positions and numbers of alkyl chains can lead to
different intermolecular interactions. Molecular calculations
demonstrated that for TrO3 the steric repulsion between the
two adjacent side chains forced the alkoxyl chains to flip out of
the molecular plane and increased the solubility of TrO3. For
TrO1 and TrO2, it was found that the quadruple moment of
TrO1 was about 50% larger than that of TrO2 due to different

substitution positions, suggesting a much stronger electrostatic
interaction in TrO1. Thus, TrO1 exhibited worse solubility and
higher melting point, and a polar solvent such as THF should
be employed to provide sufficient solubility for initiating the 1D
self-assembly of TrO1.

2.4. Chain-End Functionalized Alkyl Chains. It has been
well recognized that end-functionalized side chains can
modulate the carrier injection of organic semiconductors. We
introduced various functional groups, including electron-rich
carbazole and electron-deficient 1,2,4-triazole and 2,5-diphenyl-
1,3,4-oxadiazole, onto the side chains of organic blue emitters.29

With these “antenna’’ groups, the hole/electron injection
barrier of single-layer organic light-emitting diodes (OLEDs)
was reduced by using electron-rich/electron-deficient groups.
Water/alcohol soluble conjugated polymers are an important

class of side-chain-end functionalized polymers, which can be
processed from water or other polar solvents for interface
modification of organic electronics.30 For example, using PFN,
a side-chain-end functionalized polymer, as the injection layer
in OPVs, the PCE of PTB7 was significantly increased from
7.13% to 8.22% in a conventional device structure31 and then
was further increased to 9.21% when using an inverted device
structure containing PFN as electron transporting layer (Figure
8a).32 Apart from neutral functionalities, ionic functionalities
are also frequently used in organic semiconductors. Conjugated
polyelectrolytes (CPEs), which are conjugated polymers with
pendant groups bearing ionic functionalities, exemplify the
successful application of the chain-end functionalization. CPEs
are widely used as the interfacial layer materials in organic
electronic devices, such as OLEDs,33 OFETs,34 and OPVs.35

Besides interfacial layer engineering, CPEs were also used as the
active layer in organic electronics. Recently, Bazan et al.
developed a low bandgap CPE, PCPDTBT-Pyr+BIm4−, for
OFETs. Compared with p-type PCPDTBT-Br, PCPDTBT-
Pyr+BIm4− unexpectedly exhibited n-type transporting behav-
iors, thus providing interesting properties for CPEs.

Figure 6. (a) Steric hindrance may exist when polymers are stacked
with each other (red circle); (b) proposed interchain docking model
to avoid the side chain impediments. Examples of alkyl side chain
impediment in (c) isoindigo-based polymers and (d) DPP-based
polymers.

Figure 7. SEM images of TrO1, TrO2, and TrO3 microstructures
formed from THF, dioxane, and n-hexane (scale bars: 10 μm).
Reproduced with permission from ref 28. Copyright 2008 WILEY-
VCH Verlag GmbH & Co.

Chemistry of Materials Perspective

dx.doi.org/10.1021/cm4018776 | Chem. Mater. 2014, 26, 594−603598



Using siloxane-terminated alkyl side chains, Bao et al.
designed an isoindigo-based polymer PII2T-Si.36 With such
side chains, the polymer exhibited closer backbone packing and
increased hole mobility up to 2.48 cm2 V−1 s−1 (Figure 8c). The
siloxane groups bring great solubility to the conjugated
polymers, critical for the good processability in device
fabrication. Using the same concept, Yang and Oh et al.
reported the use of the siloxane-terminated side chains for
DPP−polymers and obtained high hole mobilities up to 3.97
cm2 V−1 s−1 and electron mobilities up to 2.20 cm2 V−1 s−1.37

Sometimes, a subtle change in the terminal of alkyl chains
could greatly affect the molecular packing and device
performance not only in FETs but also in solar cells. For
example, the only difference in Sqr-1 and Sqr-2 is the terminal
of side chains (Figure 8d).38 However, Sqr-2 exhibited closer
π−π stacking between adjacent molecules, thereby leading to a
better device performance (PCE: 2.05%) than that of Sqr-1
(PCE: 1.47%) in BHJ solar cells.
2.5. Branched Alkyl Chains and the Influence of the

Branching Point. Besides providing better solubility for
conjugated polymers, branched alkyl chains also affect the
polymer packing in bulk heterojunction solar cells. In the
investigation of alkyl chain effect in PBDTTPD polymers
(Figure 9a),39 Beaujuge et al. found that replacing the branched
side chains by linear ones on the BDT motifs induced a critical
change in polymer packing in thin films. For the polymers with
identical R2 groups (R2 = C8), the polymer with 2EH alkyl
chains preferred to adopt a “face-on” orientation, whereas the
polymer with C14 chains showed a nearly isotropic molecular
packing without a preferential “face-on” orientation. The
polymer with 2EH chains showed obviously higher PCE
(7.5%) than those with linear chains (C14: 4.1%; C12: 3.2%),
which was consistent with the fact that predominantly “face-on”
polymer commonly associated with higher solar cell perform-
ance.40 In addition, the length effect of alkyl chain on solar cell
performance was also investigated in this system. For polymers
with various alkyl chain lengths in the R2 group (R1 = 2EH),
the polymer with C7 chain gave the best performance with
PCE up to 8.5%; however, C6 and C8 chains gave relatively
lower results.

Compared with linear alkyl chains, branched alkyl chains,
such as 2-ethylhexyl, 2-octyldodecyl, and 2-decyltetradecyl
groups, can provide better solubility for conjugated polymers.
Interestingly, only alkyl chains branched at the second position
are commonly used in organic semiconductors, presumably
because they are readily available. With these branched chains,
the distance between the branching points and the conjugated
backbone is merely one methylene group. Similar to the
impediment of alkyl chains in Figure 6a, steric hindrance may
also occur when the branching point of alkyl chains is close to
polymer backbones (Figure 9b).
To avoid such steric hindrance effect, Bao et al. developed

unconventional siloxane-terminated alkyl side chains (Figure
8c). However, because the trimethylsilyl group cannot survive
certain reaction conditions, the application of this elegantly
designed group is limited. On the other hand, the structural
difference between siloxane-terminated chains and conventional
branched alkyl chains is drastic, thus prohibiting a deep insight
into the underlying structure−property relationship. On the
basis of these considerations, we designed three novel branched
alkyl chains (3-decyltridecyl, 4-decyltetradecyl, and 5-decylpen-
tadecyl) to modify the isoindigo-based polymer to investigate
how moving the branching point of these “more conventional”
alkyl chains farther from the backbone influences the mobilities
(Figure 9b).4 IIDDT-C3 exhibited the highest hole mobility up
to 3.62 cm2 V−1 s−1 after thermal annealing, significantly higher
than that of IIDDT. IIDDT-C4 also displayed increased
mobility, and the highest mobility was 1.76 cm2 V−1 s−1.
However, IIDDT-C2 showed decreased device performance,
and its highest mobility was only 0.40 cm2 V−1 s−1. After
moving the branching point away from the backbones, the
polymers showed gradually decreased π−π stacking distances:
3.75 Å for IIDDT, 3.61 Å for IIDDT-C2, and 3.57 Å for both

Figure 8. Chain-end functionalized organic semiconductors.

Figure 9. Polymers and small molecules with branched alkyl chains
and the influence of the branching position on their device
performance.
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IIDDT-C3 and IIDDT-C4. Thus, the largely improved
mobilities are likely due to the decreased π−π stacking
distances. Previous results have shown that the mobilities of
conjugated polymer increased with decreasing the interchain
π−π stacking distances. However, in our system, the mobilities
of the polymers did not always increase with the decrease of the
π−π stacking distances. Such inconsistency between device
performances and π-stacking distances was probably caused by
the different stacking conformations of the four polymers,
which also played vital roles in interchain carrier transport.
Furthermore, we successfully applied these “farther branched
alkyl chains” in both ambipolar and n-type conjugated polymers
and obtained high hole or electron mobilities, demonstrating
their broad applications in organic electronics.41

The roles of both length and branching position of alkyl
chains were recently investigated in a series of naphthalene
diimides (NDI)-based n-type small-molecule semiconductors
(Figure 9c).42 In this system, the authors found that changing
the length of alkyl chains had a moderate influence on thin film
microstructures and only resulted in limited effects on device
performance. However, modulating the branching position of
alkyl chains resulted in dramatic differences in electron
mobilities though only subtle changes in molecular packing
were observed. Through varying the branching position of the
side chains, NDI3HU-DTYM2 exhibited the best device
performance with the highest electron mobility up to 3.50
cm2 V−1 s−1, almost 1 order of magnitude higher than those of
its counterparts with other branched alkyl chains. These results
demonstrated that the variation of the branching point of alkyl
chain is a powerful strategy to modulate the intermolecular
interactions and device performance in organic semiconductors.
2.6. Chirality of Branched Alkyl Chains. Chirality has

been widely investigated in the research of natural products and
drugs, as well as supramolecular systems. Stereoisomers and
their mixtures usually exhibit different crystal structures and
thereby different solid-state properties. By using the chiral alkyl
side chains, circularly polarized electroluminescence (CPEL)
was first demonstrated in poly(phenylene vinylene) derivatives
(PPVs).43 These devices emitted light with the right-handed
emission intensity slightly larger than the left-handed intensity.
To increase the dissymmetry factor in electroluminescence,
chiral alkyl chain substituted polyfluorenes (PFs) were used as
the active layer (Figure 10a).44 Strong circular dichroic (CD)
signals were observed from the films of PF-1 and PF-2.

However, the sign of signal for PF-1 is opposite to that for PF-
2, though they both have alkyl chains with S-chirality. Such
difference in the CD signals might be attributed to the different
distances of the chiral center in the side chain to the backbone.
PF-2 emitted strong circularly polarized light with dissymmetry
factor up to 0.25, almost 200 times larger than above-
mentioned PPVs.
Polymers with chiral side chains can show a large difference

in absorbance of L and R circular polarized light in solid state,45

which is related to the presence of a liquid crystalline state,
presumably of cholesteric nature.46 Thus, they might be useful
for constructing photodiodes or OPVs that are sensitive to the
circular polarization of light. Meskers et al. reported their
investigation of OPVs based chiral PFDTBT-1 and achiral
PFDTBT-2 by using a bilayer device configuration. Compared
with those of achiral PFDTBT-2, photovoltaic devices based on
PFDTBT-1 exhibited different short-circuit photocurrent for L
and R polarized incident light. Interestingly, the devices of
PFDTBT-1 illuminated with left circular polarized light that
was less absorbed produced a higher photocurrent. This
counterintuitive observation can be explained by the effective
utilization of the left light at the polymer/C60 interface due to
the lower probability of the absorption of the left light in the
polymer layer when light passes through the polymer layer.
Asymmetrical branched alkyl chains, such as 2-ethylhexyl

group, are widely used in organic semiconductors. Clearly, the
as-synthesized conjugated molecules will consist of a mixture of
stereoisomers due to the asymmetrical substitutions of alkyl
chains. To investigate the stereoisomerism effects of alkyl
chains, three stereoisomers of DPP(TBFu)2, meso isomer, RR-
isomer, and SS-isomer, were isolated.47 The RR- and SS-isomer,
which are enantiomers, showed very similar crystal structures,
thin-film morphologies, and FET properties. The meso isomer
showed the highest carrier mobility among the stereoisomers
and the as-synthesized isomeric mixture, due to its better π−π
stacking and shorter plane-to-plane distance in single crystal.
Furthermore, the single crystal of isolated isomers were found
to be obtained more easily than the mixture. Thus, modulating
the chirality of alkyl chains is also an effective approach to
improve the device performance of organic semiconductors.

3. OLIGO(ETHYLENE GLYCOL) CHAINS
Compared with hydrophobic alkyl chains, one of the most
important characteristics of the oligo(ethylene glycol) chains is
their hydrophilic property due to many ether groups. Although
oligo(ethylene glycol) chains have been widely used to stabilize
supramolecular structures,48 their applications in organic
electronic devices are rare. Aida et al. built several organic
nanotubes based on hexa-peri-hexabenzocoronene (HBC)
derivatives bearing both hydrophobic alkyl and hydrophilic
triethylene glycol (TEG) chains (Figure 11a).49 These
molecules self-assembled into well-defined 1D bilayer tubular
structures, stabilized by π−π interactions and hydrophobic
interactions. In this system, a quick photoconductive response50

and an interesting supramolecular linear heterojunction51 were
both realized. In our group, we developed a two-dimensional
bilayer nanosheet constructed from a butterfly shaped molecule
for free-standing-film FETs (Figure 11b).52 This molecule
processed both hydrophobic alkyl chains and hydrophilic TEG
chains and formed free-standing bilayer nanosheets in solution
through strong π−π stacking, assisted by van der Waals
interactions of long aliphatic chains. Since the exteriors of the
bilayer sheets were surrounded by TEG chains, furtherFigure 10. Polymers and small molecules with chiral alkyl chains.
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aggregation was inhibited. FET devices based on the nano-
sheets exhibited good device performance with hole mobility
up to 0.02 cm2 V−1 s−1.
Besides their application in organic nano/micromaterials,

oligo(ethylene glycol) chains have also attracted increasing
attention in thin-film devices. Recently, an amphiphilic π-
conjugated molecule DPPamphi was developed by Reynolds et
al. for OFETs (Figure 11c).53 They found that DPPamphi
exhibited much better solubility in organic solvents when
using TEG chains rather than dodecyl (C12H25) chains. Using
the molecules with TEG chains, an average hole mobility of 3.4
× 10−3 cm2 V−1 s−1 was obtained. Similar strategy was also
employed in the design of a conjugated polymer N-CS2DPP-
OD-TEG,54 which also showed better solubility in common
organic solvents when TEG chains were used (Figure 11d).
The polymer exhibited high electron mobilities up to 3 cm2 V−1

s−1. These examples indicate that TEG chains may endow
organic semiconductors with other novel properties rather than
the amphiphilic one, thus demonstrating promising applications
of TEG chains in the design of organic semiconductors.

4. FLUOROALKYL CHAINS
Due to the high electronegativity of fluorine atom, fluoroalkyl
chains exert their electron-withdrawing ability via both
electrostatic (through-space) and sigma-inductive (through-
bond) effects. Oligothiophenes are mainly p-type semi-
conductors. However, Marks et al. prepared a series of
oligothiophenes bearing fluoroalkyl chains to compare with
their alkylated counterparts (Figure 12).55 The introduction of
fluoroalkyl chains improved the chemical/thermal stability,
volatility, and electron affinity of oligothiophenes. The
fluoroalkyl oligothiophenes behaved as n-type semiconductors
whereas the alkyl-substituted oligothiophenes exhibited a p-type
character as the unsubstituted oligothiophenes. For instance,
α,ω-diperfluorohexyl-4T (DFH-4T) exhibited the highest

electron mobility of 0.22 cm2 V−1 s−1. Furthermore, they also
developed a carbonyl-functionalized quaterthiophene with
perfluoroalkyl chains (DFHCO-4T), and an electron mobility
as high as 0.6 cm2 V−1 s−1 was obtained.56

Apart from electron-withdrawing properties, fluoroalkyl side
chains can provide a barrier to oxygen and water and stabilize
electron transport in NDI-C7F15, due to the larger van der
Waals radii of fluoroalkyl chains than their hydrocarbon
counterparts.57 By using this design strategy, Marks et al.
developed PDI-FCN2 based on perylene 3,4:9,10-tetracarbox-
ylic diimide (PDI), which also exhibited air-stable n-type
transporting behavior with electron mobilities up to 0.65 cm2

V−1 s−1.58 However, such “barrier” effect of fluoroalkyl chains is
still under debate. For example, Weitz et al. observed that the
rate of mobility degradation in air was the same for five core-
cyanated PDIs, irrespective of the side chains, which is
inconsistent with the prediction of the “barrier” theory.59

The incorporation of fluorocarbon units into organic
molecules can provide many advantages, such as low friction
coefficient, high rigidity, extremely low surface energy,
hydrophobicity, lipophobicity, chemical inertness, and thermal
resistance.60 For example, due to the lipophobicity of
fluorocarbons, some π-conjugated fluorinated amphiphiles
bearing both alkyl and fluoroalkyl chains exhibited various
self-assembly properties in solid state.61 However, these
interesting properties of fluoroalkyl chains are less studied in
organic semiconductors, thus warranting a further investigation
in this field.

5. SUMMARY AND OUTLOOK
In this Perspective, using several representative examples, we
summarize and discuss the influences of the length, odd−even,
substitution position, end groups, branching position, and
chirality of alkyl chains, as well as some significant features of
oligo(ethylene glycol) and fluoroalkyl chains. These character-
istics of flexible chains have exhibited nonignorable, sometimes
significant, influences on the properties and device performance
of organic semiconductors. Compared with the onerous design
and synthesis of novel π-conjugated systems, modulating the
flexible side chain appears to be a roundabout approach to
obtain higher device performance for organic semiconductors.
Since the device performance of organic semiconductors is
highly dependent on molecular packing, film morphology, and
interfacial properties, the roles of flexible chains on device
performance are thus complex, which cannot be illustrated
simply in one or two examples. Although in-depth under-
standing of the flexible chain effect needs the development of
other disciplines, such as supramolecular chemistry, crystal

Figure 11. (a) The amphiphilic HBC derivative and it molecular
packing in nanotubes. Reproduced with permission from ref 49.
Copyright 2008 from American Chemical Society. (b) The molecular
structure of the butterfly shaped molecule and its proposed molecular
packing in nanosheet. Amphiphilic molecules: (c) DPPamphi and (d)
N-CS2DPP-OD-TEG.

Figure 12. Some n-type organic semiconductors containing fluoroalkyl
chains.
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engineering, and physics of condensed matters, we believe that
the integrated consideration and engineering of both π-
conjugated backbones and flexible chains will greatly facilitate
the development of organic semiconductors.
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