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ABSTRACT: We report six asymmetric alkylated anthracene-
based molecules with different alkyl side chain lengths for use
in organic field-effect transistors (OFETs). Alkyl side chains
can potentially improve the solubility and processability of
anthracene derivatives. The crystallinity and charge mobility of
the anthracene derivatives may be improved by optimizing the
side chain length. The highest field-effect mobility of the
devices prepared here was 0.55 cm2/(V s), for 2-(p-
pentylphenylethynyl)anthracene (PPEA). The moderate side
chain length appeared to be optimal for promoting self-
organization among asymmetric anthracene derivatives in OFETs, and was certainly better than the short or long alkyl side chain
lengths, as confirmed by X-ray diffraction measurements.

KEYWORDS: organic field-effect transistor (OFET), alkyl chain length, asymmetric anthracene, structure−mobility relationship,
crystal orientation

■ INTRODUCTION

Over the past two decades, organic electronics, such as organic
field-effect transistors (OFETs),1,2 organic light emitting diodes
(OLEDs),3,4 organic photovoltaic cells (OPVs),5,6 and organic
photodetectors (OPDs),7,8 have received significant attention
for use in flexible low-cost electronics applications.9−12 In these
fields of research, OFETs have been developed to act as
amplifying and switching devices.13,14 The commercialization of
high-performance OFETs will require several issues to be
addressed, including increasing the field-effect mobility,15

improving operation stability,16,17 developing passivation
methods,18,19 and improving performance reproducibility.20,21

A variety of efforts have been applied toward solving these
problems. The molecular design of organic semiconductors
offers a useful strategy for solving these problems because
tailoring the molecular structures can change the properties of
the organic semiconductors dramatically.22,23 Many classes of
conjugated molecules and polymers have been synthesized,
their electrochemical properties have been investigated24,25 and
they have been found to display high performances and offer
chemically stable conjugated systems.26−28

The class of acene-based molecules shows promise for use as
the active material in organic semiconductors and in OFETs, in

particular, because the extended π-systems of the acene units
can engage in strong intermolecular overlap in the thin film
state, yielding a high field-effect mobility.29−32 Many research
groups have examined the structure-performance relationships
in acene-based molecules.33−36 Most efforts have focused on
tuning the conjugated core backbones of the acene-based
molecules because the main core unit determines the electrical
and chemical properties, including the polarizability, stability
toward oxidation, energy level and intermolecular interac-
tions.37−40 We also reported dialkoxynaphthalene end-capped
anthracene derivatives and 2-hexylthienothiophene end-capped
anthracene derivatives.41,42 The anthracene derivatives with
introduced electron rich end groups showed good stability and
mobility due to enhanced π−π stacking resulting from their
densely packed crystal structures.
Recently, more and more attention has been dedicated to

controlling alkyl chains in acene-based molecules to improve
the intermolecular ordering in the thin film state.43−45 When
functionalized with flexible side groups, these molecules
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become soluble in common organic solvents and can be applied
to solution-process at room temperature.46 Alkyl side chains
have been shown to play an important role in molecular self-
organization and thin film packing structures.47−53 The van der
Waals interactions between alkyl side chains can exert a more
important influence on the molecular ordering than interactions
between conjugated units. Unfortunately, the dependence of
the charge carrier mobility on the alkyl chain length in acene-
based molecules with asymmetric alkyl chain structures has not
been extensively investigated, and many challenges remain
toward improving the OFET device performances. We have
examined the dependence of the charge carrier mobility on the
alkyl chain length in acene-based molecules in an effort to
control the packing structures in the thin film.
In this study, we designed and synthesized six novel

asymmetric alkylated anthracene-based molecules to uncover
the relationship between the alkyl chain length of the
asymmetric acene-based molecules and the OFET perform-
ance. The alkylphenyl ethynyl group might be extended
conjugation of anthracene, leading increased intermolecular
interaction without decrease of the chemical stability. The
designed molecules tested here are 2-(4-ethyl-phenylethynyl)-
anthracene (EPEA), 2-(p-propylphenylethynyl)anthracene
(PPPEA), 2-(p-pentylphenylethynyl)anthracene (PPEA), 2-(4-
he xy l - pheny l e thyny l ) an th r a c ene (HPEA) , 2 - (p -
heptylphenylethynyl)anthracene (HPPEA), and 2-(p-
decylphenylethynyl)anthracene (DPEA), each of which is
composed of an anthracene core and an asymmetrically
alkylated phenyl ethynyl group. The extended π-conjugated
rigid rod structure of the phenyl ethynylated anthracene can
facilitate the formation of a high degree of intermolecular
ordering,54,55 leading to high mobility. In addition, the

asymmetrically introduced alky side chain can potentially
improve the solubility and processability of the anthracene
derivatives. We systematically investigated the effects of the
alkyl chain length to achieve high electrical performances in
OFET devices based on asymmetric acene-based molecules by
increasing the linear alkyl units from two to ten. We expect that
a higher mobility may be achieved by optimizing the alkyl chain
length of the asymmetric acene-based molecules. OFETs based
on these molecules were fabricated using a solution process.
The field-effect mobility in the PPEA bearing pentyl alkyl chain
units was much higher than in the other molecules, which bore
chains that were shorter or longer than the pentyl alkyl chain
units. The correlation between the alkyl chain length and the
mobility is discussed in detail in the context of molecular self-
organization.

■ RESULTS AND DISCUSSION
2.1. Synthesis and Thermal Analysis. The synthetic

scheme used to prepare EPEA, PPPEA, PPEA, HPEA, HPPEA,
and DPEA is shown in Scheme 1. The anthracene derivatives of
the asymmetric structures bearing different alkyl chain lengths
were prepared via a desilylation and Sonogashira coupling
reaction. The chemical structures of the compounds were
confirmed by H NMR and HR-mass spectroscopy analyses.
The thermal stabilities of the obtained compounds were

characterized by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) (Figures S1 and S2,
Supporting Information). All anthracene derivatives exhibited
good thermal stability. The 5% decomposition temperature (Td
5%) of the EPEA, PPPEA, PPEA, HPEA, HPPEA, and DPEA
were 284, 301, 298, 321, 334, and 330 °C, respectively. The
decomposition temperature was found to increase slightly while

Scheme 1. Synthesis of the Six Alkylated Anthracene Derivatives
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the melting transition temperature decreased slightly as the
alkyl chain length was increased. DSC results indicated that all
anthracene derivatives had a sharp melting transition, and the
melting temperatures of the EPEA, PPPEA, PPEA, HPEA,
HPPEA, and DPEA were 200, 183, 169, 168, 151, and 153 °C,
respectively.
2.2. Optical and Electrochemical Properties. We

measured the optical absorption spectra of all anthracene
derivatives with asymmetric structures in the solution and film
states, as shown in Figure 1. All anthracene derivatives in

solution showed the same absorption maxima at 355, 373, and
395 nm, which are characteristic of the anthracene transition
positions because the conjugated segments of the anthracene
derivatives were indistinguishable. We discovered that the
absorption peaks of the asymmetric molecules in the thin films
were almost 25 nm red-shifted relative to those in the solution
state (Figure 1). Such spectral shifts arose from changes in the
energy levels due to the molecular packing geometry,56

indicating a greater degree of intermolecular ordering within
the anthracene derivatives in the film state.57

The electrochemical properties of the films were examined
by cyclic voltammetry measurements. The highest occupied
molecular orbital (HOMO) energy levels were estimated from
the onset points of the oxidation potentials in the cyclic
voltammograms and the lowest unoccupied molecular orbital
(LUMO) energy levels were calculated from the HOMO
energy levels and the Eg values. The calculated energy levels are
presented in Table 1. The HOMO energy level of EPEA,
PPPEA, PPEA, HPEA, HPPEA, and DPEA were almost similar
−5.63∼−5.59 eV. The optical onset of EPEA, PPPEA, PPEA,
HPEA, HPPEA, and DPEA was also almost similar 2.81∼2.83
eV.

2.3. XRD Analysis. Figure 2 shows the XRD patterns
obtained from the thin films of the anthracene-based molecules,

deposited onto an octyltrichlorosilane (OTS)-treated Si/SiO2

substrate by spin coating. The first peak positions along the
out-of-plane direction in the PPPEA, PPEA, HPPEA, and
DPEA films were observed at 2θ = 2.66, 2.44, 2.24, and 1.90°,
with interlayer distances of 2.31, 2.52, 2.74, and 3.23 nm,
respectively (Figure 3). The XRD data revealed that the
interlayer distances depended on the side chain length.

Along the in-plane direction in the anthracene-based
molecular films, three main diffraction peaks were observed,
as shown in Figure 4. The peak positions along the in-plane
direction in the films were very similar, suggesting that the
anthracene−anthracene interactions were independent of the
alkyl side chain length. Ordered Bragg peaks along the in-plane
direction were observed at 2θ = 13.2°, 16.35°, and 19.4°,
corresponding to intermolecular distances of 0.48, 0.38, and
0.32 nm. The intermolecular distance values were difficult to
explain in terms of a simple parallel configuration of the
molecules. One possibility is that the anthracene-based
molecules formed a crystal packing structure through a
combination of T-shaped and slipped-parallel configurations,
as illustrated in Figure 5. The crystalline structures of the
anthracene-based molecules were controlled by the electrostatic
interactions between molecules.58 The energetics of the
interactions between anthracene molecules were investigated.
The energy states of two energy-minimized configurations were
shown to be lower than the energy of a simple parallel
configuration.59

As shown in Figure 2, the Bragg peak intensities of the
PPPEA and DPEA films were weaker than that of other films

Figure 1. UV−vis absorption spectra of the five anthracene derivatives
(a) in chloroform and (b) in the solid state.

Table 1. Optical Properties of the Six Anthracene
Derivatives

HOMO (eV) LUMO (eV) Eg (eV)
a

EPEA 5.63 2.81 2.82
PPPEA 5.59 2.77 2.82
PPEA 5.63 2.81 2.82
HPEA 5.59 2.77 2.82
HPPEA 5.62 2.79 2.83
DPEA 5.63 2.80 2.83

aEg: band gap energy calculated from the equation Eg = hc/λ = 1024/
λ, where λ is the edge wavelength (nm) of UV−vis absorption
spectrum.

Figure 2. 1D XRD patterns: (a) out-of-plane XRD patterns and (b)
in-plane X-ray diffraction patterns.

Figure 3. Estimated crystal structure of PPPEA, PPEA, HPPEA, and
DPEA.
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composed of PPEA and HPPEA, indicating that the degree of
crystallinity in the PPPEA and DPEA films was not as high as
that in the PPEA and HPPEA films.60 The ethyl and propyl side
chain units in EPEA and PPPEA limited their solubility in
chloroform, and molecular self-organization was precluded in
the solid phase. As the side chain length increased, the solubility
of the anthracene-based molecules (PPEA and HPEA)
improved significantly compared to the solubilities of EPEA
and PPPEA. The appropriate side chain length increased the
solubility, thereby enabling solution processing and promoting
the formation of highly crystalline thin film structures. The
well-ordered molecular structures facilitated efficient lateral
charge transport along adjacent molecules in the OFET
architecture.

As the crystalline film formed, the interactions between
aromatic molecules provided the dominant influence on the
structure. Excessively long alkyl chains tended to disrupt the
balance of intermolecular forces between the cores and between
the alkyl chains.51 Long alkyl chains exacerbated molecular
packing in the OFET device architectures. Steric crowding in
the side chain distribution induced the formation of an ordered
structure through intermolecular alkyl chain interactions. The
structural data presented in Figure 4 indicated that an increase
in the side chain length, from the pentyl units (PPEA) up to the
decyl units (DPEA), was accompanied by increased resolution
in the circular scattering patterns, indicating that the fraction of
randomly oriented molecules had increased.61 Molecular
packing models of anthracene-based compounds in films are
proposed here, as illustrated in Figure 6.

2.4. FET Behavior. The effects of the alkyl chain length in
the asymmetric molecule derivatives on the organic semi-
conductor performance were explored by first fabricating
OFETs based on these derivatives using a solution process.
As shown in Figure 7, OFET devices composed of asymmetric

Figure 4. Grazing-incidence wide-angle X-ray scattering (GIWAXS)
patterns obtained from thin films prepared from PPPEA, PPEA,
HPPEA, and DPEA.

Figure 5. Estimated configurations of the π−π stacking structure.

Figure 6. Estimated packing structures for the four anthracene derivatives.

Figure 7. Transfer curves obtained from OFETs prepared from (a)
EPEA, (b) PPPEA, (c) PPEA, (d) HPEA, (e) HPPEA, and (f) DPEA.
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molecules showed typical p-channel responses in the saturation
regime. The electrical parameters of the OFETs prepared from
asymmetric molecular films are summarized in Table 2.

As shown in Figure 8, the field-effect mobilities depended on
the asymmetric molecule alkyl chain length. A nonmonotonic

trend in the field-effect mobility with the alkyl chain length was
observed. A 3 orders of magnitude increase in the field-effect
mobility was observed, from 3.5 × 10−4 to 5.5 × 10−1 cm2/(V
s), in moving from the ethyl (EPEA) to the pentyl (PPEA) side
chains. A sharp decrease in the hole mobility of about 2 orders
of magnitude was observed in moving from the heptyl
(HPPEA) to the decyl (DPEA) groups (around 10−3 cm2/(V
s)) (Figure 8). The maximum field-effect mobility measured
from the PPEA-based OFET was observed among the series of
asymmetric molecules.
An excessively short linear alkyl chain did not convey good

solubility to the molecule in organic solvents. Poor solubility
prevents self-organization and molecular packing in a thin film
during the spin-coating process. The semiconducting materials,
then, do not readily form uniform and smooth films, and the
long-range molecular ordering needed to form carrier
percolation pathways is absent. On the other hand, excessively
long alkyl chains disrupt the carrier percolation pathways and
form randomly oriented crystals, as shown in Figure 6. The
long alkyl chains then create bulky insulating layers between the
semiconducting π−π stacks along the polycrystalline thin film
that limit the vertical carrier percolation pathways from the
source to the drain (injection and extraction). A high fraction of
insulating regions in a film matrix can dilute the number of π
systems close to the channel interface, thereby reducing the
mobility in the OFETs.62

■ CONCLUSIONS
Six anthracene-based molecules were designed and synthesized.
The field-effect mobilities were measured as a function of the
alkyl chain length by systematically investigating OFETs
prepared using thin films of these molecules. We found that
the length of the alkyl side chain influenced the ordered
molecular packing structure and the field-effect mobility. The
mobility varied with the alkyl chain length, reaching its highest
value for PPEA. Short alkyl chains could not provide good
solubility, which prevented the development of well-ordered
structures during solution processing. Long alkyl chains
interrupted hole transport and negatively affected the crystalline
structures of the molecules. Small changes in the alkyl lengths
in the molecular structures dramatically affected the solid-state
ordering of these molecules. These results confirmed that the
presence of optimized alkyl side chains with asymmetric
structures of acene-based molecules enhanced the π−π stacking
and improved the molecular ordering in the solid film state. We
conclude that optimization of the alkyl chain length is essential
for preparing high-performance OFETs.

■ EXPERIMENTAL SECTION
Measurements. The 1H NMR spectra were recorded using an

Avance-300 MHz spectrometer. Mass spectra were measured using a
Jeol JMC-700 and GCmate2. The thermal analysis measurements were
performed using a TA 2050 TGA thermogravimetric analyzer under a
nitrogen atmosphere. The samples were heated at 10 °C/min.
Differential scanning calorimetry was conducted under nitrogen using
a TA Instruments 2100 DSC. The samples were heated at 20 °C/min
from 0 to 250 °C. UV−vis absorption spectra were measured using a
PerkinElmer LAMBDA-900 UV/vis/IR spectrophotometer. Cyclic
voltammograms of materials were recorded on an epsilon E3 at a room
temperature in a 0.1 M solution of tetrabutylammonium perchrolate
(Bu4NClO4) in acetonitrile under nitrogen gas at a scan rate of 50
mV/s. A Pt wire was used as the counter electrode and a Ag/AgNO3
electrode as the reference electrode.

Materials. 2-Bromoanthracene, trimethylsilyl acetylene, copper(I)
iodide, tetrabutylammomium fluoride, 1-bromo-4-ethyl-benzene, 1-
bromo-4-propyl-benzene, 1-bromo-4-heptyl-benzene, 1-bromo-4-
decyl-benzene, and triethylamine were purchased from Aldrich.
Pd(PPh3)Cl2 was purchased from Amicore.

Synthesis. Anthracen-2-ylethynyl-trimethyl-silane. 2-Bromo-an-
thracene (30 g, 0.117 mol), Pd(PPh3)2Cl2 (2.5 g, 0.004 mol), and CuI
(1.2 g, 0.006 mol) were dissolved in 200 mL of THF. Triethylamine
and trimethylsilylacetylene were then slowly added to the mixture, and
the mixture was refluxed for 18 h. The reaction was quenched using
saturated NH4Cl, and the organic layer was removed with hexane and
dried over MgSO4. After concentration, the residue was purified by
column chromatography on silica gel (hexane) to give (anthracen-2-
ylethynyl)trimethylsilane as a yellow solid in an 68% yield. 1H NMR
(300 MHz, CDCl3): δ 8.38 (s, 2H), 8.19 (s, 1H), 8.03−7.99 (m, 2H),
7.95−7.92 (d, 1H), 7.52−7.45 (m, 3H), 0.33 (s, 9H). MS (EI) m/z:
274 (M+).

2-Ethynylanthracene. (Anthracen-2-ylethynyl)trimethylsilane
(20.00 g, 0.080 mol) was dissolved in THF (600 mL), and
tetrabutylammonium fluoride (473.5 mL, 0.43 mol) was added to
the solution. The mixture was stirred for 2 h, the reaction was
quenched with water, and the organic phase was extracted with ethyl
ether. The crude product was purified by column chromatography on
a short silica gel column (hexane) and recrystallized in methylene
chloride (MC) and hexane (1:1) to yield 2-ethynylanthracene as a
yellow solid in 84.81% (12.5 g) yield. mp: 181−182 °C. 1H NMR (300
MHz, CDCl3): δ 8.41 (s, 2H), 8.22 (s, 1H), 8.03−7.95 (m, 3H), 7.53−
7.47 (m, 3H), 3.22 (s, 1H). 13C-NMR (500 MHz, CDCl3, ppm): δ
136.35, 134.18, 133.58, 133.31, 133.25, 130.82, 130.20, 129.48, 129.20,
128.18, 126.44, 126.21, 125.88, 120.52, 85.55, 78.55. MS (EI) m/z:
202 (M+).

Table 2. Performance Properties of the Solution-Processed
OFET Devices

compounds mobility (cm2/(V s)) Ion/Ioff Vth (V) SS (V/dec)

EPEA 3.5 × 10−4 4.5 × 103 −16 0.28
PPPEA 0.046 1.9 × 104 −19 0.26
PPEA 0.55 1.9 × 106 −16 0.23
HPEA 0.49 1.5 × 106 −16 0.25
HPPEA 2.3 × 10−3 1.8 × 104 −3.4 0.31
DPEA 1.4 × 10−3 1.5 × 104 −3.7 0.37

Figure 8. Dependence of the field-effect mobility on the alkyl chain
length in asymmetric anthracene derivatives.
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2-(4-Ethyl-phenylethynyl)anthracene (EPEA). 1-Bromo-4-ethyl-
benzene (2 g, 0.011 mol), Pd(PPh3)2Cl2 (2.9 mg, 0.006 mmol), and
CuI (7.6 mg, 0.040 mmol) were dissolved in toluene/triethylamine
(20 mL/20 mL). To the mixture was added 2-ethynyl-anthracene
(3.28 g, 0.016 mol), and the solution was stirred for 24 h at 90 °C. The
crude product was extracted with chloroform and washed with 5 N
HCl. It was purified by column chromatography using ethyl acetate/
hexane (1:10) as the eluent, and recrystallized using MC and hexane
(1:1). Yield: 1.5 g (45.6%). 1H NMR (300 MHz, CDCl3): δ 8.41 (s,
2H), 8.23 (s, 1H), 8.03−7.97 (m, 3H), 7.56−7.48 (m, 5H), 7.25−7.22
(d, 2H), 2.74−2.67 (m, 2H), 1.31−1.23 (t, 3H). HRMS: calcd for
C24H18: 306.1409. Found: 306.1406.
2-(4-Propyl-phenylethynyl)anthracene (PPPEA). The reaction

applied to the synthesis of EPEA was conducted using 1-bromo-4-
propyl-benzene. Yield: 2.41 g (75%). 1H NMR (300 MHz, CDCl3): δ
8.41 (s, 2H), 8.23 (s, 1H), 8.03−8.00 (m, 3H), 7.56−7.48 (m, 5H),
7.26−7.20 (d, 2H), 2.66−2.61 (t, 2H), 1.75−1.62 (m, 2H), 1.00−0.95
(t, 3H). HRMS: calcd for C25H20: 320.1565. Found: 320.1565.
2-(4-Pentyl-phenylethynyl)anthracene (PPEA). The reaction ap-

plied to the synthesis of EPEA was conducted using 1-bromo-4-
propyl-benzene. Yield: 0.3 g (39%). 1H NMR (300 MHz, CDCl3): δ
8.41 (s, 2H), 8.24 (s, 1H), 8.05−7.97 (m, 3H), 7.57−7.49 (m, 5H),
7.3 (d, 2H), 2.68 (t, 2H), 1.65−1.58 (m, 2H), 1.34−1.39 (m, 4H),
0.94 (t, 3H). HRMS: calcd for C27H24: 348.1878. Found: 348.1875.
2-(4-Hexyl-phenylethynyl)anthracene (HPEA). 1H NMR (300

MHz, CDCl3): δ 8.41 (s, 2H), 8.24 (s, 1H), 8.05−7.97 (m, 3H),
7.57−7.49 (m, 5H), 7.3 (d, 2H, J = 8.1 Hz), 2.68 (t, 2H, J = 7.65 Hz),
1.65−1.58 (m, 2H), 1.34−1.39 (m, 6H), 0.94 (t, 3H, J = 6.75 Hz).
HRMS: calcd for C28H26: 362.2034. Found: 362.2031.
2-(4-Heptyl-phenylethynyl)anthracene (HPPEA). The reaction

applied to the synthesis of EPEA was conducted using 1-bromo-4-
propyl-benzene. Yield: 1.44 g (49%). 1H NMR (300 MHz, CDCl3): δ
8.41 (s, 2H), 8.23 (s, 1H), 8.04−7.97 (m, 3H), 7.56−7.48 (m, 5H),
7.23−7.20 (d, 2H), 2.68−2.63 (t, 2H), 1.67−1.62 (m, 2H), 1.35−0.31
(t, 8H), 0.93−0.89 (t, 3H). HRMS: calcd for C29H28: 376.2191.
Found: 376.2187.
2-(4-Decyl-phenylethynyl) anthracene (DPEA). The reaction

applied to the synthesis of EPEA was conducted using 1-bromo-4-
propyl-benzene. Yield: 1.46 g (52%). 1H NMR (300 MHz, CDCl3): δ
8.41 (s, 2H), 8.23 (s, 1H), 8.04−7.97 (m, 3H), 7.56−7.47 (m, 5H),
7.22−7.20 (d, 2H), 2.67−2.62 (t, 2H), 1.67−1.62 (m, 2H), 1.51−1.28
(d, 14H), 0.92−0.88 (t, 3H). HRMS: calcd for C32H34: 418.2661.
Found: 418.2663.
Fabrication and Characterization of the OFET Devices. Top-

contact OFETs were fabricated on a common gate prepared using
highly n-doped silicon with a 100 nm thick thermally grown SiO2

dielectric layer. The hydrophobic octyltrichlorosilane monolayer was
treated in toluene solution for 2 h. Solutions of the organic
semiconductors were spin-coated at 2000 rpm from 0.7 wt %
chloroform solutions to form thin films with a nominal thickness of
40−50 nm, as confirmed using a surface profiler (Alpha Step 500,
Tencor). Gold source and drain electrodes were evaporated on top of
the semiconductor layers (100 nm). All measurements were
conducted using channel lengths (L) of 160 μm and channel widths
(W) of 1600 μm. The electrical characteristics of the FETs were
measured in air using Keithley 2400 and 236 source/measure units.
Field-effect mobilities were extracted in the saturation regime from the
slope of the source−drain current. 1D XRD studies were performed at
the Pohang Accelerator Laboratory (beamline 5A), and synchrotron-
based 2D GIWAXS experiments were performed at the Pohang
Accelerator Laboratory (beamline 9A).
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